1Non-linear Evolution of Double Tearing Modes in TokamaksE. Fredrickson, M. Bell, R. V. Budny, E. SynakowskiThe � formalism with neoclassical modifications has proven to be a useful tool in thestudy of tearing modes in high b, collisionless plasmas. In this paper the formalismdeveloped for the inclusion of neoclassical effects on tearing modes in monotonic q-profile plasmas is extended to plasmas with hollow current profiles and double rationalsurfaces. First, the classical formalism of tearing modes in the Rutherford regime in lowbeta plasmas is extended to q profiles with two rational surfaces. Then it is shown thatthis formalism is readily extended to include neoclassical effects.IntroductionTearing modes were early recognized as an important instability in tokamakplasmas[1,2]. The term �tearing mode� refers to an instability in which the resistivity ofthe plasma allows the magnetic field topology, which would be �frozen� in an idealplasma, to relax to a more energetically favorable state. The process of relaxation candirectly result in the transport of heat and particles in events such as �sawteeth� ordisruptions[3]. Alternatively, the tearing modes can change the magnetic topology fromone with simple nested flux surfaces to one with �magnetic islands� which have beenshown to reduce the confinement of thermal energy[4]. Thus, avoidance of tearingmodes is desirable for maximizing plasma performance.A method of dealing simply with the boundary layer physics inherent in tearing modetheory has been developed in the so-called -formalism[5]. It has been shown that a fullsolution of the resistive MHD equations is not necessary to determine the stability of agiven current profile to tearing modes. In this approach the �external� (i.e., outside thetearing boundary layer region) solutions are found through integration of a second orderpartial differential equation (PDE) in the region between the plasma magnetic axis andthe rational surface (the boundary layer) and in the region from the rational surface to theplasma boundary. The solution, denoted by , is called the perturbed helical fluxfunction. The boundary conditions are that the solution be zero on axis, that it match theplasma edge boundary condition and that the solution matches across the boundary layer

2at the rational surface. The discontinuity across the boundary layer in the minor radialderivative of the solution represents the drive or damping on the tearing mode imposedby the external solution. This normalized discontinuity in the derivative, D¢, is = (¶y-/r - ¶/r) / |. For finite size islands, the discontinuity is taken between the innerand outer island edges with the perturbed flux, = constant across the island. Thisresults in a D¢(w) which generally decreases as the island width w grows. Threeboundary conditions may be used for the edge: a conducting wall at some radius, avacuum boundary condition or an actively imposed boundary conditionThe change in magnetic topology occurs in the boundary layer. The physicsgoverning that topology change also sets the growth rate for the magnetic islands.Rutherford derived a simplified equation[6] governing the growth of islands larger thanthe boundary layer width in terms of (w). For the parameters of discharges consideredhere the boundary layer width is small, much less than 1% of the plasma minor radius.Rutherford�s equation predicts a growth rate proportional to D¢(w):dw/dt = 1.22 h/m D¢(w)Eq. 1where h is the plasma resistivity and m is the magnetic permeability.With the discovery in TFTR [7] of ubiquitous m>2 modes (e.g., m/n = 3/2, 4/3, wherem and n are the poloidal and toroidal mode numbers, respectively) in high beta, hightemperature plasmas, it was realized that this simple resistive model was inadequate todescribe tearing mode stability in high beta plasmas. For normal tokamak currentprofiles the m/n=2/1 mode is generally marginally unstable, but higher m modes arepredicted to be strongly stable with D¢(0) -2 m / r. Thus, modifications to the simpleresistive theory were necessary to account for the presence of the higher n islands.It was pointed out by Qu and Callen [8] that the presence of islands could locallyaffect the bootstrap current, which was substantial in these plasmas, thereby influencingthe non-linear mode stability. It had been predicted[8,9] and then confirmedexperimentally[10] that for monotonic q profiles (q/r >0 everywhere) the evolution of

3the island width in the presence of the bootstrap effect is approximately described bysolving the following equation: dw/dt = 1.22 h / m [ D¢(w) + D¢nc ]Eq. 2In this expression the additional neoclassical term, D¢ is calculated assuming that thepresence of the island flattens the temperature and density gradients across the island,thereby reducing the bootstrap current drive. This effectively drives a negative current atthe island �O� point, which increases the island growth. The growth saturates when D¢(w)+ D¢nc = 0.The form of may be heuristically derived as follows. With the assumption thatthe bootstrap current density is near zero in the island �O� point and unaffected at the �X�point, the amplitude of the effective perturbed current density is approximately Jbs/2.This current can be related to a discontinuity in y as: (y-¢ — y+¢)/w |r=rs = [2 p / 5] Jbs/2Eq. 3where Jbs is in A/cm2 and has units of G-cm. This can be written in the form of a byrelating to the island width. For small islands, the width can be found by making aparabolic approximation to y0 in the region of the rational surface[5], where 0 is theequilibrium helical flux function defined as: y0(r) = B0/R0 � (1/q(r) — n/m) r dr Eq. 4This leads to the following equation relating island width to perturbed y:w2 = 16 (y / yo¢¢) = [16 rs / (s Bq)] yEq. 5and then the destabilizing effect of the modulated bootstrap current can be introducedinto the Rutherford island evolution equation as:

4 D¢nc = (y-¢ — y+¢)/y = 16 k1 Jbs / (s w <J> ) Eq. 6where w is the island width, s ( r q/q) is the magnetic shear at r = r, r is the radius ofthe mode rational surface, and B is written in terms of <J>, the average current densityfor the region 0 < r < r. The derivation is not exact and a coefficient, k1, has beenintroduced. The coefficient will be adjusted to fit the data.In neoclassical theory the bootstrap current, Jbs, has contributions from radialgradients in electron and ion temperature and density. In previous work, for simplicity,the bootstrap current is assumed to be proportional to the radial gradient of poloidal beta,b¢pol and a simple expression for D¢nc results: D¢nc � k e1/2 bpol rs / s LpEq. 7where e = r/R is the inverse aspect ratio, and L is the pressure gradient scale length.Previous papers [10-12] have chosen values in the range from 1.7-7 for the coefficient kto empirically fit experimental data. However, the evolution of the density gradient, andelectron and ion temperature gradient terms need not be the same as the evolution of thetotal . In this work the bootstrap current, as calculated with the TRANSP code[13,14]for the measured and inferred gradients in actual plasmas, is used to calculate D¢nc.In the limit of small island size, the neoclassical term becomes large, therebyimplying instability for many tearing modes. However, in experiments, only some highbeta plasmas had tearing modes, and typically only one or two modes were unstable in agiven plasma. These experimental results could still be consistent with the theory if therewas some threshold for instability of the tearing modes, i.e., that is that the plasmaswithout the tearing modes were in a metastable state.Such a threshold is actually implicit in the model described above. For very smallislands, the parallel connection lengths become long and parallel heat and particletransport will not be as effective in reducing the pressure gradient across the island �O�point. Thus, the effect of the island on the bootstrap current will no longer be linear in

5island size. To approximate this effect, the simple 1/w in the expression for isreplaced with: 1/w => w / (w2 + wd2)Eq. 8where wd is a parameter which measures the extent to which cross-field transport cansupport a parallel temperature or density gradient[15,16]. This model, which predictsthat D¢nc => 0 for small islands, only provides a threshold condition when D¢(0)<0.The contributions to the bootstrap current driven by the density, ion and electrontemperature gradient will each have their own unique dependence on island size[17]. Amore accurate formalism where the contributions to the bootstrap current from electronand ion density and temperature gradients are handled individually is probably necessarywhen studying threshold island physics. A detailed study of island threshold conditionsis beyond the scope of this paper and will not be discussed in detail. For simplicity asingle wd will be introduced to model the at small island size. A more detailed studyof the issue of threshold island size will be left to future papers.Two other mechanisms have been identified which provide stabilizing terms at smallisland width, the so-called �Glasser-Greene-Johnson� [18] and the �polarization drift�terms[19-21]. The form of the Glasser-Greene-Johnson (GGJ) term used here is given inref. 14, Eq. 51:D¢GGJ = -5.4 (bp e2 Lq2)/(r w LP) (1-q2)/q2.Eq. 9The term results from the average good curvature in a tokamak plasma. Thesimplified form for the polarization drift term commonly used is:D¢pol = - (r2qi bp g)/w3 (Lq/LP)2.Eq. 10The parameters Lq and L are the q and pressure gradient scale lengths, respectively. Theion poloidal gyroradius is , the ion collision frequency is and e is the local aspectratio. The parameter g approaches unity for ni/w*e <<1 and e3/2 in the other extreme.

6Both of these terms become large and negative for small island size, but rapidlybecome small as the island size increases. Thus, introducing either of these terms into theisland evolution equation will introduce a threshold condition on island width forinstability. Islands below a critical size will be damped, even for some level of intrinsicinstability D¢(0)>0.Generalization of neoclassical D¢ formalism to double tearing modesThis paper will focus on the non-linear growth of finite sized double tearing modes.The linear stability of double tearing modes has been previously studied[22,23], as hasnon-linear stability without neoclassical effects[24,25]. The formalism developed in theprevious section to describe the non-linear evolution of tearing modes in plasmas withmonotonic q profiles will be generalized for two islands in reversed shear plasmas, i.e.,with hollow plasma current profiles. The threshold island size will be discussed briefly.When two identical rational surfaces are present in the plasma column, there are twoboundary layers across which the external solutions must be matched. The externalregions consist of Region I: 0<r<r1, Region II: r1<r<r2 and Region III: r2<r<rwall where r1and r2 are the inner and outer rational surfaces, respectively. The basis functions fromwhich the radial eigenfunction is constructed are found by integration of the followingequation in these three regions. [¶2/¶r2 + 1/r ¶/¶r —m2/r2 - (¶J0/¶r)/(¶y0/¶r)] ym,n = 0Eq. 11ym,n is the perturbed helical flux function, J0 is the plasma current and 0 was definedpreviously.This formulation is a quasi-cylindrical model in that the J0(r) and q(r) are taken from atoroidal equilibrium code (VMEC in TRANSP) so that J0(r) and q(r) are not related bythe simple cylindrical expression. This approach gets the rational surfaces in the rightlocations and keeps the J0(r) and the J¢0(r) reasonable. In this paper we will restrict consideration to modes with finite island size, and theintegration will be done to the edges of the islands. The is assumed constant across the

7island so the normalized discontinuity in the derivative is D¢ [ (¶y-/r -¶/r) / y]where the +/- now refer to the outer and inner edges of the islands, respectively.As the perturbed helical flux function is a solution to a second order PDE., there aretwo independent solutions for each region. For a single rational surface there would betwo regions and the three boundary conditions ((0)=0, (r) = -(r), y(rwall) = edgeboundary condition) constrain the solution to a unique D¢. For the case with two rationalsurfaces, the four boundary conditions ((0)=0, ) = y-(rs1), y+(rs2) = -(rs2), y(rwall)= edge boundary condition) are insufficient to uniquely define a D¢ for each of therational surfaces. For a unique solution, it is necessary to introduce a third parameter, theratio of y(r1) to y(r2), or expressed differently, the ratio of the inner to outer island width.The ratio of the island widths can be treated as an adjustable parameter and a pair ofbasis functions can be defined from which the solution, , can be constructed. A uniquedefinition of this pair of basis functions can be constructed for which the width of theinner island depends only on the amplitude of the inner basis function, y1(r1) and thewidth of the outer island depends only on the amplitude of the outer basis function,y2(r2). An example of this unique choice of basis functions for TFTR shot 92661 at 2.29s is shown in Fig. 1. Any linear combination of these basis functions will satisfy theoriginal P.D.E. and other linear combinations of these basis functions can be used tocreate a new pair of basis functions. However, as stated above, this particular choice ofbasis functions simplifies the calculation of the island width evolution as the width of theinner (outer) island depends only on the amplitude of y1 (2). As the islands grow, thebasis functions must be modified (slightly) to match the amplitude from the inner edge tothe outer edge of the island and to keep 2 = 0 at the outer edge of the inner island and y1= 0 at the inner edge of the outer island.The numerical solution to these equations described below uses the approximaterelation (Eq. 5) between and w for small islands. As the island size becomes large,asymmetry about the rational surface makes this expression less accurate. The coderelates w and y(rs) numerically by finding dr- and dr+ such that: y0(rs - dr-) + dy1 = y0(rs + dr+) + dy1 = y0(rs) - dy1. Eq. 12

8However, the approximation is quite good for island sizes up to 10-20% of the minorradius. This can be seen in Fig. 2 where the actual and approximate island widths arecompared.T h e b a s i s f u n c t i o n s c a n b e t r e a t e d a s i n d e p e n d e n t , b u t s t r o n g l y c o u p l e d eigenmodes. The growth of each of the modes (islands) is controlled by the D¢1 and 2which depend on the widths of the magnetic islands. The explicit formulas are:D¢1 = (¶y1-/¶r -¶y1+/¶r)/y1 + (¶y2+/¶r)/y1|r=r1Eq. 13aD¢2 = (¶y2-/¶r -¶y2+/¶r)/y2 - (¶y1-/¶r)/y2|r=r2Eq. 13bThe superscripts (+/-) refer to the inner and outer edges of the islands. These equationshave the interesting property that for 1<<y2 (and thus w1<<w2) D¢1 becomes large andpositive. Similarly for y2<<y1, 2 becomes large and positive. This is illustrated in Fig.3 where 1 and 2 are graphed vs. a parameter, a, which describes the relativeamplitudes of the basis functions, y1 and 2, , = (1-a) 1 + a y2. In the Rutherfordregime of island growth, the growth rate is proportional to the D¢, thus there is a naturaltendency for both islands to have finite size.This particular relation between D¢1 and 2 means that as the islands reach theRutherford regime (island width is greater than the boundary layer width), the structure ofthe eigenfunction will naturally change as the �growth rates� for the inner and outerisland need no longer be the same for the same overall eigenmode structure. For thisreason, it is more reasonable to treat the inner and outer islands as separate, coupledmodes.Experimental ObservationsPlasmas with hollow current profiles and thus a region of shear reversal in the corehave been considered as attractive candidates for magnetically confined fusionplasmas[26]. The hollow current profile allows good bootstrap current alignment,minimizing the current drive necessary for steady-state operation. Good ion

9confinement, approaching neoclassical, has been observed in such reversed shearplasmas[27] and plasmas with negative shear are theoretically predicted to be stable tomany forms of MHD.Such plasmas were extensively studied on TFTR. It was found that the low beta, < 0.5, start-up phase of these plasmas in which very hollow current profiles had (thevalue of q at the shear reversal surface) dropping through rational surfaces, often showedbursts of MHD activity. The bursts were often benign, but also could result in minordisruptions and impurity accumulation or, in extreme cases, major disruptions. It wasfound that such bursts of MHD activity could be avoided by programming, at the propertime, pauses in the current ramp, gas puffs or notches in the NBI power. It was presumedthat cooling the edge or temporarily reducing the current ramp rate allowed the edgecurrent density to relax. An example of the start up of a typical reversed shear targetplasma with MHD bursts on TFTR is shown in Figure 4. In Fig. 4a are shown theevolution of the and q(a) from a similar plasma for which MSE data[28] on thecurrent profile is available. In Fig. 4b and 4c are shown qualitatively the presence ofMHD activity as bursts of coherent oscillations on Mirnov coils (Fig. 4b) and in the localelectron temperature near the q radius (Fig. 4c). In this example the magneticfluctuations betray the presence of both single and double tearing modes[29]. Note thatthe bursts of MHD activity are loosely correlated with q passing through rationalsurfaces.The evidence for the presence of double tearing modes is found in the data from theECE Grating Polychromator diagnostics. An example of this data is shown in Figs. 5 and6. The contour plot in Fig. 5 shows the bursts of internal MHD activity corresponding tothe bursts of magnetic fluctuation activity as detected with the Mirnov coil array. In Fig.6a (reproduced from Fig. 11 i n Ref. 29) the profiles of the electron temperature throughthe �O� point of the inner and outer islands are shown. For better perspective, the data istranslated via a simple time-to-space reconstruction[30] to a two dimensional image inFigure 6b. Two flatspots at the inner and outer q=3 rational surface locations are seen, aswell as a third flatspot corresponding to the location of the q=4 rational surface. Fromthe width of the flat spots, or from the flux surface displacement in the region betweenthe islands, the island width can be estimated. From these figures, particularly Fig. 6b, it

10can be seen that the islands are relatively small. This width will be compared to thenumerical simulations discussed below.The last burst of activity in Figure 4 lasts from about 2.1 to 2.35 s and appears to beassociated with the disruption which terminated the discharge. Analysis of the Mirnovfluctuations shows that they are dominated by an m=6, n=1 mode during the initialgrowth period, from about 2.09 sec to 2.13 sec, After 2.13 seconds the dominant modechanges to an m=4, n=1 mode, suggesting that this mode was triggered shortly before thistime. The phase data from which this determination is made is shown in Figure 7.A detailed analysis of the phenomenology of the disruption in this discharge isbeyond the scope of this paper. However, it is worthwhile to note that the magneticfluctuations have remained constant in amplitude for a period of about 80 ms prior to thedisruption. As will be seen below, the widths of the islands show a similar behavior.Thus, while it is tempting to consider the tearing modes to be the proximate cause of thedisruption, the experimental evidence provides only very weak support for that model.Rather, it seems likely that these disruptions resemble disruptions in normal shearplasmas in that the �precursor� MHD activity sets up conditions which trigger a morevirulent mode.With this startup sequence, approximately 40% of the target plasmas had the burst ofMHD at 1.4 — 1.5 s and a much smaller fraction had the burst around 2 sec. Thetechniques mentioned earlier could be quite successful in avoiding the burst at 1.4-1.5 s,dropping the occurrence rate to around 10%. There were no obvious differences in themeasured current profile with or without the MHD. MSE data is not available for theshot with the (2,1) double tearing discussed in this paper. A similar shot for which MSEdata is available was used for the current profile in the following calculations. Thesimilarity of the q profile between these two shots is suggested by the less than 3%variation in the and in the (” b + li/2) from magnetics measurements. Further,signatures of Type II confinement transitions [31] which are associated with q =rational number crossings, in this case q = 3, are seen at about 1.85 s in both shots (c.f.Fig. 5). This, together with the simulations discussed below, suggests that the doubletearing modes are not linearly unstable at the rational crossings, but that some triggermechanism is necessary which then destabilizes the tearing mode.

11Numerical SimulationsA numerical code previously used extensively for tearing mode studies in normalshear plasmas has been adapted for hollow current profiles with two rational surfaces. Asdiscussed above, the basis functions are calculated from TRANSP output files. Asdescribed above, the code finds the two basis functions, 1 and y2, by numericalintegration of Eq. 11. From these, the 1(w1,w2,a) and D¢2(w1,w2,a) can be found. Theparameter �a� describing the linear weighting of the two basis functions is found fromthe island widths using Eq. 1, or a numerical calculation for larger island width, to relatethe island widths to the basis function amplitudes.The growth of the islands can then be simulated by treating the basis functions asseparate, but strongly coupled modes and numerically integrating the Rutherford equationin time to track the island width evolution.dw1/dt = h(r1)/m D1¢(w1,w2) Eq. 14adw2/dt = h(r2)/m D2¢(w1,w2) Eq. 14bIn the time integration, the basis functions are recalculated for each TRANSP time step,i.e., roughly every 10 msec. Between each time step, the D¢s are recalculated as theisland widths change, using the basis functions from the last TRANSP time point.An example of a numerical solution to the problem described above is shown inFigure 8. This calculation was done using current profiles, pressure profiles andbootstrap current profiles as calculated by the TRANSP analysis code for a target plasmasimilar to the one shown in Fig. 6 (MSE measurements of the current profile evolutionwere not available on the plasma shot in which the m=3, n=1 mode was seen). Thecalculation was done for the m=3, n=1 mode, beginning before the dropped belowthree. This calculation was done without the neoclassical, Glasser-Greene-Johnson orpolarization terms. As is commonly found, the mode in this case robustly becomesunstable when qmin drops slightly below three.

12The inner and outer island widths from this purely resistive calculation are about halfthe measured island widths. The predicted onset time for the mode is also well before theexperimentally observed mode onset time. While there is probably some variation in theq-profile time evolution between plasma shots, it is outside the experimental uncertaintythat the variation would be this large, based on comparisons of such similar shots whereMSE data was available, and, as mentioned above, the comparison of , and thetiming of the Type II transition signatures. These two observations suggest that includingthe neoclassical and/or GGJ terms is necessary to provide a threshold condition for islandonset (to explain the delay in island growth) and to drive the saturated island to largeramplitude.A simulation done including just the neoclassical term reasonably matches the size ofthe outer island. In these simulations (Fig. 9) the mode onset is triggered at 2.09 sec,consistent with the experimental mode onset time. As can be seen in Fig. 9 the modegrowth rate is in reasonably good agreement with the experimental data. In both theexperiment and the simulation, the mode saturates at a relatively small size; the outerisland width is about 10% of the minor radius. As previously discussed, the derivation ofthe neoclassical term does not yield an exact value for the coefficient k which is adjustedto match the saturated width of the outer island; in Eq. 6 k1 = 2.0 was necessary to matchthe island width. This is to be compared with k1�s in the range of 0.5 — 0.8 to matchisland widths in normal shear, high b plasmas.The addition of the neoclassical bootstrap current term is, again in this case, notsufficient to provide a threshold island size condition as the resistive is positive.However, the saturated island size in this case can be strongly affected by the assumptionof the form for the parallel electron heat transport. With the assumption of collisionlessparallel heat transport (Eq. 14 in ref. 11), wd is approximately 7-8 cm ( 2 cm in thecollisional estimate). This means that wd plays an important role in the saturated islandwidth. The multiplicative factor on the neoclassical term to match the saturated islandsize is k » 3 if the collisionless estimate of wd of » 7-8 cm is used.In the simulation with neoclassical effects, the inner island is predicted to be muchsmaller than the outer island. This is expected since the neoclassical effects arestabilizing in regions of reversed shear. However, this predicition is not in agreement

13with the experimental observations where the inner island is roughly 60% as large as theouter island. It is interesting to note that the predicted inner island size is in goodagreement with the measurement if the neoclassical term in the reversed shear region isturned off, although there is no justification for doing so.Some or all of this discrepancy might be alleviated if the coupling of the (3,1) and(4,1) modes were considered. The approach described above for modeling the couplingof double tearing modes could be extended to coupling of tearing modes with disparatepoloidal mode numbers with an appropriate model describing the poloidal coupling. Ifthe coupling to the (4,1) mode were destabilizing, which it should be, then the scalefactor on the neoclassical term could be reduced on both the inner and outer (3,1) islands.This would have the effect of increasing the size of the inner island. A simulation wasdone where the outer island was forced to the proper amplitude and the neoclassical termfor the inner island was reduced to a �typical� size by setting k1 = 0.5. In this case thepeak size of the inner island was still too small with a width of about 3.5% of the minorradius.The delay in mode onset, as well as some of the experimental data, is consistent witha model in which a �seed� island is necessary to overcome some threshold condition as innormal-shear neoclassical tearing mode studies. A low amplitude oscillation was visibleon the ECE temperature measurements well before the fast mode growth started at 2.09s.This is visible in the experimental data presented in Figures 8 and 9 as the �measuredisland size�. At these small amplitudes, it is not possible to tell from the ECE datawhether an island is actually present, or whether the perturbation around the q=3 rationalsurfaces is more ideal in character. It is proposed that the oscillations seen near q=3 aredriven by poloidal coupling from higher-m tearing modes nearer the plasma edge. Theseideal perturbations will, on a resistive timescale, drive reconnection at the q=3 surfaces,generating the seed islands needed to overcome the polarization and Glasser-Greene-Johnson stabilizing terms.The island widths in the final simulations are in reasonable agreement, as well as thegrowth rate. However, the simulation predicts a poloidal field fluctuation amplitude ofabout 2 Gauss at the wall. Experimentally, the mode amplitude is about 18 Gauss, andthe dominant poloidal mode number at the Mirnov coils is m=4, rather than the m=3

14which is being simulated. The magnetic fluctuation measured at the vacuum vessel wallis more than likely dominated by the m=4, n=1 mode, visible as a flat spot in the electrontemperature profile in Fig. 6. In this case, the 4/1 mode might, through toroidal coupling,provide the seed island for the 3/1 double tearing mode. An m=4, n=1 island with awidth of about 7-8%, consistent with the ECE data, would result in a magnetic fluctuationlevel of about 9 Gauss at the location of the Mirnov coils. The remaining 7 Gauss islikely attributable to the m=5, n=1 and m=6, n=1 islands.SummaryIn this paper a new formalism for the simulation of double tearing modes, includingneoclassical effects, has been presented. Simulations based on this model have beencompared to experimental data and reasonable agreement has been found. The modelnaturally suggests that, like neoclassical tearing modes, double tearing modes can also bemetastable. That is, for very small island sizes the growth rates are negative, however,above some threshold island size, they become positive, i.e., the modes are unstable.This threshold island size may be the result of Glasser-Greene-Johnson or polarizationcurrent physics. It has also been shown that in finite beta, hollow current profiles, theneoclassical terms naturally stabilize the island in the negative shear region.AcknowledgmentsThe authors are very grateful to Dr. G. Taylor for the use of the fast electrontemperature data and Drs. F. Levinton and S. Batha for the use of the MSE data. One ofthe authors (E. D. F.) would like to acknowledge useful discussions with Drs. D.Monticello, R. White, J. Hastie and F. Nave. This work is supported under DoE ContractNo DE-AC02-76CH03073.

15Bibliography[1]S. V. Mirnov, I. G. Semenov, Sov. Journal of Atomic Energy , 22 (1971) Sov. Phys. JETP 33, 1134 (1971).[2]H. P. Furth, J. Killeen, M. N. Rosenbluth, Phys. Fluids 6, 459 (1963).[3]B. B. Kadomtsev, Fiz Plazmy 1, 710 (1975) [Sov. J. Plasma Phys. 1, 389 (1975)][4]Z. Chang, E. D. Fredrickson, J. D. Callen, K. M. McGuire, M. G. Bel, R. B.Budny, C. E. Bush, D. S. Darrow, A. C. Janos, L. C. Johnson, H. K. Park, S. D.Scott, J. D. Strachan, E. J. Synakowski, G. Taylor, R. M. Wieland, M. C.Zarnstorff, S. J. Zweben, and the TFTR Team, Nucl. Fusion 34, 1309 (1994).[5]R. B. White, D. A. Monticello, M. N. Rosenbluth, and B. V. Waddell,., Phys.Fluids 20, 800 (1977).[6]P. H. Rutherford, Phys. Fluids 16, 1903, (1973).[7]K.M. McGuire, et al., in P l a s m a P h y s i c s a n d C o n t r o l l e d N u c l e a r F u s i o n 1986 (Proc. 11th Int. Conf. Kyoto, 1986), Vol. , IAEA, Vienna (1987)421.[8]W. X. Qu and J. D. Callen, University of Wisconsin Report No. UWPR-85-5,1985 (unpublished).[9]R. Carrera, R. D. Halzeltine, and M. Kotschenreuther, Phys. Fluids , 899(1986).[10]Z. Chang, J. D. Callen, E. D. Fredrickson, R. V. Budny, C. C. Hegna, K. M.McGuire, M. C. Zarnstorff, and the TFTR Group, Phys. Rev. Lett. 74, (1995).[11]Z. Chang, E. D. Fredrickson, S. H. Batha, M. G. Bell, R. V. Budny, F. M.Levinton, K. M. McGuire, G. Taylor, M. C. Zarnstorff and the TFTR Group,Phys. of Plasmas 5, 1076 (1998).[12]D. A. Gates, B. Lloyd, A. W. Morris, G. McArdle, M. R. O�Brien, M. Valovic, C.D. Warrick, H. R. WIlson, COMPASS-D Team, ECRH Team, Nucl. Fusion 37,1593 (1997).[13]R. V. Budny, Nucl. Fusion 34, 1247 (1994), and references therein.

16[14]W. Houlberg, K. Shang, S. Hirshman, and M. Zarnstorff, Phys. of Plasmas 4,3230 (1997).[15]R. Fitzpatrick, Phys. Plasmas 2, 825 (1995).[16]T. A. Gianakon, C. C. Hegna, J. D. Callen, University of Wisconsin Report No.UW-CPTC 96-4, June 1996 (unpublished).[17]N. N. Gorelenkov, R. V. Budny, Z. Chang, M. V. Gorelenkova, and L. E.Zakharov, Phys. Plasmas 3, 3379 (1996).[18]A. H. Glasser, J. M. Greene, and J. L. Johnson, Phys. Fluids 18, 875 (1975).[19]A. I. Smolyakov, A. Hirose, E. Lazzaro, G. B. Re, J. D. Callen, Phys. Plasmas ,1581 (1995).[20]M. F. Zabiego and J. D. Callen, University of Wisconsin Report No. UW-CPTC96-2, March 1996 (unpublished).[21]H. R. Wilson, J. W. Conner, R. J. Hastie, and C. C. Hegna, Phys. of Plasmas ,248 (1996).[22]P. L. Pritchett, Y. C. Lee, and J. F. Drake, Phys. Fluids 23, 1368 (1980).[23]L. Ofman, Phys. Fluids B 4, 2751 (1992).[24]R. B. White, D. A. Monticello, M. N. Rosenbluth, and B. V. Waddell, IAEA...[25]Z. Chang, W. Park, E. D. Fredrickson, S. H. Batha, M. G. Bell, R. Bell, R. V.Budny, C. E. Bush, A. Janos, F. M. Levinton, K. M. McGuire, H. Park, S. A.Sabbagh, G. L. Schmidt, S. D. Scott, E. J. Synakowski, H. Takahashi, G. Taylor,and M. C. Zarnstorff, Phys. Rev. Lett. 77, 3553 (1996).[26]C. Kessel, J. Manickam, G. Rewoldt, and W. M. Tang, Phys. Rev. Lett. , 1212(1994).[27]F. Levinton and M. Zarnstorff, Phys. Rev. Lett.[28]F. Levinton, Rev. Sci. Instrum. 63, 5157 (1992).[29]E.D. Fredrickson, S.A. Sabbagh, M.G. Bell, D. Mansfield, S. Batha, Z. Chang, F.Levinton, Manickam, M. Phillips, and L. Zakharov, Phys. Plasmas 4, 1589 (1997).[30]Y. Nagayama, G. Taylor, E. D. Fredrickson, R. V. Budny, A. C. Janos, D. K.Mansfield, K. M. McGuire, and M. Yamada, Phys. of Plasmas 3, 2631 (1996).

17[31]R. E. Bell, S. H. Batha, M. Beer, C.E. Bush, Z. Chang, P.C. Efthimion, T.S.Hahm, G. Hammett, F. Levinton, B. LeBlanc, E. Mazzucato, D. Mikkelsen, H.Park, S. Paul, G. Rewoldt, G.L. Schmidt, S.D. Scott, E.J. Synakowski, G. Taylor,M.C. Zarnstorff and the TFTR Group, in Proceedings of the 23rd EuropeanPhysical Society Conf. on Plasma Physics and Controlled Fusion Research,(Proc. 23rd EPS Conf., Kiev, 24-28 June 1996), Vol. 20c, Part I, p 59 (1996).

18FiguresFigure 1Basis functions for illustration.Figure 2Island width as estimated with the approximate formula compared to actualisland width.Figure 3D¢1,2(w,a) for the example in Figures 1 and 2.Figure 4Time evolution of and q(a) compared to, b) Mirnov coil trace and, c) localelectron temperature near qmin surface.Figure 5Contour plot of electron temperature showing presence of tearing modes.Figure 6aRadial profiles of electron temperature in a restricted radial range about the attwo extreme phases of the magnetic islands. The flat spots consistent with thepresence of double tearing modes are indicated as well as a flat spot consistentwith an m=4, n=1 island.Figure 6bReconstruction from the data presented in Figure 6a of a 2-dimensional imageshowing contours of electron temperature every 500 eV. The two 3/1 islandsare indicated in the Figure.Figure 7aPhase relationship analysis of last MHD burst at 2.125 s at a frequency of 1.47kHz. Best fit was for m=6, n=1 with L = 0.83, r = 0.84m.Figure 7bPhase analysis of last MHD burst at 2.135 sec. Best fit was for m=4, n=1 withL = 0.83, r = 0.84m.

19Figure 8Resistive simulation of double tearing mode evolution. The solid line is thecalculated outer island width, dashed line is the calculated inner island width.The open squares are the measured outer island width and the solid circles arethe measured inner island width.Figure 9Simulation of double tearing mode with neoclassical term but without thepolarization and GGJ terms. The solid line is the calculated outer islandwidth, dashed line is the calculated inner island width. The open squares arethe measured outer island width and the solid circles are the measured innerisland width.Figure 10Simulation of double tearing mode evolution with the outer island driven to themeasured width and no neoclassical term for the inner island. The solid line isthe calculated outer island width, dashed line is the calculated inner islandwidth. The open squares are the measured outer island width and the solidcircles are the measured inner island width.

20Appendix ATo verify that this approximate solution was sufficiently accurate, a more detailedcalculation relating the island widths to the amplitudes of 1 and 2 was also done. Forthis calculation, the equations for D� are:D�1 = (¶y1-/¶r)/y1(rs1-dr1) - (¶y1+/¶r)/y1(rs1+dr1) + y2+/[y2(rs2-dr2)-y2(rs1+dr1)]D�2 = (¶y2-/¶r)/y2(rs2-dr2) - (¶y2+/¶r)/y2(rs2+dr2) - y1-/[y1(rs1-dr1)-y1(rs2-dr2)]For each set of island widths, w1 and w2, it is necessary to redefine the basis functionsas follows:In the first and third regions:y1- = s1 * y1(r) / y1(r1-dr1)c1- = s1 * c1(r) / y1(r1-dr1)y2+ = s2 * y2(r) / y2(r2+dr2)c2+ = s2 * c2(r) / y2(r2+dr2)in the second region, define two parameters:a = y1+(r2-dr2) / y2-(r2-dr2)b = y2-(r1+dr1) / y1+(r1+dr1)then the basis functions in the second region can be redefined as:y1+ = s1 * (y1(r) — a y2(r)) / (y1(r1+dr1) - a y2-(r1+dr1))

21c1+ = s1 * (c1(r) — a c2(r)) / (y1(r1+dr1) - a y2-(r1+dr1))and:y2- = s2 * (y2(r) — b y1(r)) / (y2(r2+dr2) - b y1+(r2-dr2))c2- = s2 * (c2(r) — b c1(r)) / (y2(r2+dr2) - b y1+(r2-dr2))The D�s are then:D1� = (c1+(r1+dr1) — c1-(r1-dr1) + c2+(r1+dr1))/y1(r1)

012

~92661a05 2.29sr

0.40.30.20.10.00.50.40.30.20.10.0

w1w2

24001

a

D’y2 /(y2 + y1)

25Time (sec)q(a) 3 8 6 7 5

92120 0

q

262.53.03.5Time (sec)

(cm)

92120

27Major Radius (m)012345246

9212092661a05

2800Minor Radius (m)

Minor Radius (m)

291800-1800180360Poloidal Angle

1800

300246810121.81.92.02.12.22.3Time (sec)

30-300

B

q

(G)4/16/1

Measured Outer Island Width

310246810121.81.92.02.12.22.3Time (sec)

30-300

B

q

(G)4/16/1

Measured Outer Island Width

320246810121.81.92.02.12.22.3Time (sec)

30-300

B

q

(G)4/16/1

Measured Outer Island Width