PPPL–3243 – Preprint: March 1997, UC–427 Microinstability Properties of Negative Magnetic Shear Discharges in the Tokamak Fusion Test Reactor and DIII-D

G. Rewoldt Plasma Physics Laboratory, Princeton University, Princeton, New Jersey 08543-0451

L. L. Lao General Atomics San Diego, California 92186-9784

W. M. Tang Plasma Physics Laboratory, Princeton University, Princeton, New Jersey 08543-0451

Abstract

The microinstability properties of discharges with negative (reversed) magnetic shear in the Tokamak Fusion Test Reactor (TFTR) and DIII-D experiments with and without confinement transitions are investigated. A comprehensive kinetic linear eigenmode calculation employing the ballooning representation is employed with experimentally measured profile data, and using the corresponding numerically computed magnetohydrodynamic (MHD) equilibria. The instability considered is the toroidal drift mode (trapped-electron-η_i mode). A variety of physical effects associated with differing q-profiles are explained. In addition, different negative magnetic shear discharges at different times in the discharge for TFTR and DIII-D are analyzed. The effects of sheared toroidal rotation, using data from direct spectroscopic measurements for carbon, are analyzed using comparisons with results from a twodimensional calculation. Comparisons are also made for nonlinear stabilization associated with shear in E_r/RB_θ . The relative importance of changes in different profiles (density, temperature, q, rotation, etc.) on the linear growth rates is considered.

52.55Fa, 52.35Kt, 52.35Qz

Typeset using REVTEX

I. INTRODUCTION

The properties of drift-type microinstabilities are addressed for negative (reversed) magnetic shear discharges^{1,2} in the Tokamak Fusion Test Reactor^3 (TFTR) and DIII-D^4 tokamak experiments. In particular, application of a fully kinetic linear instability calculation is made to these tokamaks. The instability studied is the electrostatic toroidal drift mode, which is destabilized by the combined effects of trapped-electron magnetic-drift precession frequency resonances and of ion temperature gradients. The theoretical tool employed here is the comprehensive kinetic toroidal microinstability code, known as the “FULL” code, described in detail in Refs. 5 and 6, which has been compared with alternative calculation methods for equivalent instability equations in Ref. 7. An approach used here is to vary the minor radius and other parameters and observe the resulting changes in the linear growth rates and real frequencies.

One question considered here is whether linear theory by itself is sufficient to account for the relatively sudden confinement transitions observed in the negative magnetic shear discharges in these two devices. This turns out not to be the case, since the linear growth rates for the instability, and the resulting quasilinear transport, are determined by the equilibrium density, temperature, q, and bulk plasma rotation profiles, along with the magnetohydrodynamic (MHD) equilibrium, all of which change only on the slow, transport time scale. For the cases considered, the evolution of the density and temperature profiles has more influence for the changes in the growth rate curves than the evolution of the q profile. Thus, some additional effect, which allows changes on a faster time scale, has to be considered. One possibility is the nonlinear stabilization^{8,9} due to E_r/RB_θ shear, since E_r can change on a faster time scale.

Changes in the q-profile associated with the introduction of negative magnetic shear affect this instability in more than one way. In addition to the direct effect of changing the magnetic shear parameter ŝ ≡ (r/q)dq/dr on the magnetic drifts, or “bad curvature”, pointed out originally by Kadomtsev and Pogutse in Ref. 10, there can be additional effects of changing the local value of q itself on the mode, associated with changes in the ion Landau damping, in the Shafranov shift, and in the size of the ion sound term and therefore in the strength of the ion temperature gradient destabilization mechanism. The overall effect combines all of these things.

In order to roughly assess the effects of rotation on these instabilities, several different approaches are compared. An approximate toroidal rotation model derived in Refs. 11 and 12 is employed. This rotation model has associated destabilizing and stabilizing effects which are mainly due to changes in the total particle drifts resulting from the toroidal rotation and the associated centrifugal force, with the corresponding self-consistent radial electric field. In addition, stabilizing effects due to radial shearing of the eigenfunction were also observed in the two-dimensional calculation of Refs. 11 and 12, and these additional rotational effects are modeled here by means of the ballooning parameter,^{13} θ_0. Finally, the linear growth rates γ can be compared with the nonlinear decorrelation frequency γ_E ≡ |(R^2B^2_θ /B)d/dψ(E_r /RB_θ )| ≃ |(RB_θ /B)d/dr(E_r /RB_θ )| ≃ |(B_θ/B)d/dr(E_r /B_θ )| discussed in Refs. 8 and 9. It has been suggested in Ref. 8 that when γ_E >∼ γ, nonlinear stabilization may be sufficient to completely suppress this linearly unstable mode.

The FULL code is employed for calculating the linear eigenfrequencies and eigenfunctions of high-n (toroidal mode number) toroidal instabilities, using the ballooning representation.^{13} These calculations focus on the lowest order in 1/n ballooning representation solutions, for which the analysis is local to a single, chosen magnetic surface, though the “1/n” correction term is calculated for one case to verify that it is small. The calculation includes transit frequency resonances for untrapped particles of each species, bounce frequency and magnetic drift precession frequency resonances for trapped particles of each species, finite Larmor radius effects to all orders, and finite banana orbital dynamics. Collisions are included by means of a Krook collision operator that has been adjusted to give growth rate results close to those which would be obtained with a Lorentz operator, as described in Ref. 7. Using these eigenfrequencies and eigenfunctions, the FULL code can also calculate the corresponding quasilinear fluxes of particles and energy for each plasma species in terms of an externallyspecified nonlinear saturation level.^6

The calculation is interfaced with realistic, numerically calculated MHD equilibria. In general, we use finite plasma pressure/toroidal magnetic pressure (β) numerical MHD equilibria, but employ the electrostatic version of the instability calculation for the toroidal drift branch. This is done because we know from prior results^{5,6} that the dominant finite-β effect on the eigenfrequency comes through the MHD equilibrium, and the direct coupling effects of the perturbed electrostatic potential to the perturbed magnetic vector potential are much smaller for the present range of β values. Also, in these calculations, the equilibrium velocity distribution function is usually taken to be a Maxwellian for all species, including the hot beam ion species and the carbon impurity species. However, a slowing-down distribution is also sometimes employed for the hot beam species. It turns out numerically to make little difference whether a Maxwellian or a slowing-down distribution is used for the beam species in these cases.

In Sec. II, the various physical effects associated with changes in the q-profile are explained. In Sec. III, calculation results for TFTR and DIII-D negative magnetic shear discharges are presented in the absence of plasma rotation. In Sec. IV, several different ways of including rotational effects are presented, and results are shown for several TFTR cases. Conclusions are given in Sec. V.

II. PHYSICAL EFFECTS OF q-PROFILE CHANGE

The toroidal drift mode can be destabilized either by the trapped-electron time-average toroidal magnetic precession drift resonance mechanism (collisionless trapped-electron mode mechanism) or by the ion temperature gradient (ITG or η_i) nonresonant mechanism. Accordingly, the toroidal drift mode can be stabilized completely only if both of these driving mechanisms are suppressed simultaneously. Changes in the q-profile, for instance from an ordinary positive magnetic shear profile (with ŝ > 0) to a negative magnetic shear profile (with ŝ < 0) can affect the instability in more than one way. The direct effect of chang-

FIG. 1. Pitch-angle dependence of trapped-particle orbit-average magnetic drift frequency, for DIII-D discharge 84736 at t = 1.200 s and r/a = 0.300, with numerically-calculated MHD equilibrium.

ing ŝ on the trapped-particle orbit-average magnetic drift frequency for species j, ω^{(0)}_{dj} , was originally pointed out by Kadomtsev and Pogutse in Ref. 10. We denote the pitch-angle dependent part of ω^{(0)}_{dj} as G(κ), where ω^{(0)}_{dj} ≡ ω_{∗j} (r_{nj} /R)(E/T_j )G(κ), and κ is a pitch-angle variable that goes from zero for the most deeply-trapped particles to one at the trappedpassing boundary. G(κ) is shown in Fig. 1 for two identical DIII-D cases, except that one case has a monotonically increasing q-profile (dq/dr > 0) and the other has negative magnetic shear (dq/dr < 0) at this minor radius. Positive G(κ) corresponds to destabilizing, or “bad”, curvature of the magnetic field lines, and negative G(κ) corresponds to stabilizing,

FIG. 2. Linear growth rate γ versus magnetic shear parameter ŝ ≡ (r/q)dq/dr, for electrostatic toroidal drift mode with parameters of TFTR discharge 84011 at t = 3.00 s and r/a = 0.325 with carbon and Maxwellian beam, with k_θ ρ_i = 0.57 and q = 2.263, for ŝ – α model MHD equilibrium. or “good”, curvature. It can be seen in Fig. 1 that going from positive to negative ŝ lowers the G(κ) curve for all κ. Also, for positive ŝ, G(κ) is negative only for a small fraction of barely trapped particles, while for negative ŝ, G(κ) becomes negative for almost half of the trapped particles; this change for these particles is referred to as “drift reversal”.

The effect of this change on the linear growth rate γ of the toroidal drift mode is shown for a TFTR case in Fig. 2. For purposes of illustration, we temporarily employ the ŝ – α model MHD equilibrium,^{14} because it allows us to vary ŝ while keeping all of the other equilibrium parameters fixed, including q. Here, γ is the radially-local growth rate at lowest-

FIG. 3. γ versus q, for case of Fig. 2, without (α = 0) and with (α ≠ 0) Shafranov shift effect, for fixed ŝ = −0.3073.

order in 1/n in the ballooning representation.^{13} It is seen that γ decreases strongly as ŝ decreases, due mainly to the reduction in the strength of the collisionless trapped-electron mode destabilization mechanism.

However, other physical effects on the toroidal drift mode depend on the local value of q, rather than on its radial derivative. First, the strength of the local ion Landau damping depends on q in the following manner. When q increases, k_‖v_‖, which can be estimated as ω_{ti} ≡ v_i/qR for the ions where v_i ≡ (2T_i/m_i)^{1/2}, decreases. In the usual analytic limit where ω ≫ ω_{ti}, this implies that the ion Landau damping will decrease, so that the linear growth rate γ will increase. This effect is illustrated in the upper curve in Fig. 3 for the same ŝ – α model MHD equilibrium case as in Fig. 2, but with α set to zero, so that the Shafranov shift effect is not included. Here, γ is seen to increase monotonically with q.

Then, when nonzero values of α ≡ −q^2R(dβ/dr) are included, increasing q implies increasing values of α, and thus of the Shafranov shift, so that the amount of “bad curvature” decreases and thus γ decreases. This effect is illustrated in the lower curve in Fig. 3, where, above a certain value of q, increasing q corresponds to decreasing γ.

Finally, changing q can affect the strength of the ion temperature gradient destabilization mechanism directly. For increasing q in the limit ω ≫ ω_{ti}, this mechanism depends on the ion sound term, which is proportional to ω^2_{ti} ∝ q^{−2}, so that the term decreases, thereby decreasing the strength of the mechanism and decreasing the growth rate. The overall effect of changing the q-profile will be some combination of all of these effects.

III. RESULTS WITHOUT ROTATION

In both the TFTR and DIII-D experiments, confinement transitions associated with negative magnetic shear in the interior region of the plasma have been observed. These transitions take the form of relatively sudden decreases in the amount of anomalous transport in one or more of the channels (particle transport, electron energy transport, ion energy transport) to substantially below their ordinary anomalous levels. These regions can thus be referred to as “internal transport barriers”. For TFTR, these are referred to as “enhanced reversed shear” (ERS) transitions, as distinguished from the “reversed shear” (RS) state with the normal anomalous transport. These ERS transitions are further classified^{15} for TFTR as “Type-I” transitions, where mainly the confinement of n_e improves, and “Type- II” transitions, where the confinement of T_e and T_i improves, along with that for n_e. For DIII-D, they are referred to as “negative central shear” (NCS) transitions,^2 or as the more gradual “weak or slightly negative magnetic shear” (WNS) transitions.^{16}

An example of a TFTR Type-I ERS transition occurred in TFTR discharge 84011, over a time scale of 30 ms or so, from t = 2.70 s to t = 2.73 s. Changes over a longer,

FIG. 4. Experimental profiles for TFTR Type-I ERS discharge 84011 versus r/a, at t = 2.70 s, 2.73 s, and 3.00 s, for (a) T_i, (b) T_e, (c) n_e, (d) q, and (e) η^e_i ≡ (d ln T_i/dr)/(d ln n_e/dr).

FIG. 5. Results from FULL code for electrostatic toroidal drift mode with carbon and slowing-down beam, with γ maximized over k_θρ_i or n, for cases of Fig. 4, for (a) γ and γ_E = |(B_θ/B)d/dr(E_r/B_θ )|, (b) real frequency ω_r , and (c) (k_θρ_i)_{max}, versus r/a, and (d) γ versus k_θρ_i at selected radii

“transport” time scale are seen after 300 ms at t = 3.00 s. The corresponding experimentallyderived profiles of T_i, T_e, n_e, and q are shown in Fig. 4 versus r/a. The resulting profile for η^e_i ≡ (d ln T_i/dr)/(d ln n_e/dr) is also shown in Fig. 4. Results from the FULL code for the electrostatic toroidal drift mode are shown in Fig. 5. The linear growth rates γ for this instability, maximized over k_θρ_i or n, are shown in Fig. 5(a) versus r/a, from a calculation including a carbon impurity species and a hot deuterium beam species with a slowing-down equilibrium distribution function. This instability normally has a stable region adjacent to the magnetic axis, but the width of this stable region can change from case to case and with time. For this TFTR discharge at t = 2.70 s and t = 2.73 s, the stable region extends out to r/a ≃ 0.125, while for t = 3.00 s, it has widened to r/a ≃ 0.200, mainly due to the decrease in η^e_i in this region caused by the increase in n_e and in |dn_e/dr|. However, for r/a > 0.200, γ increases from t = 2.73 s to t = 3.00 s, due to the increase of the ion temperature gradient in this region, as seen in Fig. 4(a). The corresponding curves for the nonlinear decorrelation frequency γ_E at the three times are also shown in Fig. 4(a). γ_E >∼ γ only out to r/a ∼ 0.15 for t = 2.70 s and t = 2.73 s, while γ_e >∼ γ out to r/a ∼ 0.25 for t = 3.00 s. Thus, this nonlinear stabilization may cause some moderate additional widening of the stable regions.

The corresponding real frequencies ω_r for the instability are shown in Fig. 5(b). At t = 2.70 s and t = 2.73 s, the real frequency is mainly in the ion diamagnetic direction due to the large value of η^e_i > (η^e_i )_{crit}. However, for r/a <∼ 0.2, ω_r is in the electron diamagnetic direction because η^e_i < (η^e_i )_{crit} there. The toroidal drift mode can be destabilized by the ion temperature gradient mechanism only for η^e_i > (η^e_i )_{crit}, while it can be destabilized by the trapped-electron toroidal precession resonance mechanism for any value of η^e_i ; (η^e_i )_{crit} can be roughly estimated^{17} as being around 1.5, though it depends on other parameters. At the later time, t = 3.00 s, η^e_i has decreased by a factor of two for 0.2 < r/a < 0.4 and ω_r has correspondingly moved into the electron diamagnetic direction there.

The values of k_θ ρ_i that maximize γ, (k_θ ρ_i)_{max}, are shown in Fig. 5(c). (k_θ ρ_i)_{max} depends on many parameters, but generally it tends to increase when η^e_i decreases, and vice-versa. Here, (k_θρ_i)_{max} is of order 0.8 to 1.0 for smaller radii, where η^e_i is smaller, and of order 0.3 to 0.4 for larger radii, where η^e_i is larger. The dependence of γ on k_θ ρ_i is shown in Fig. 5(d) for a selected radius at each time.

The “1/n” correction term in the ballooning representation is calculated from the formula^{13} δω = (1/2nq^′)[(∂^2ω/∂r^2)(∂^2ω/∂θ^2_0)]^{1/2}, where ω(r, θ_0) is the lowest order mode frequency. Here, the derivatives are evaluated at r = r_0 and ballooning parameter θ_0 = θ^0, the values which maximize γ. For n = 41 or k_θ ρ_i = 0.67, r_0/a = 0.325 and θ^0 = 0, as expected for an up-down symmetric equilibrium. At this radius, ŝ ≃ −0.036. Evaluating the derivatives numerically gives δω = (−0.140 − 0.093i) × 10^5 s^{−1}, compared to ω(r_0, θ^0) = (+0.608 + 2.951i) × 10^5 s^{−1}, so that |δω|/|ω| = 0.056. Thus, omitting the “1/n” correction term even in this case where ŝ is small still gives an acceptably small error, and it will be omitted in the other cases in this work as well.

Using these results for the eigenfrequencies and the associated eigenfunctions, the FULL code calculates the particle flux Γ_j and the total energy flux Q_j for each species j for this value of k_θ ρ_i or n. From these fluxes we construct the thermal diffusivities χ_e ≡ −[Q_e − (3/2)Γ_e ]/[n_edT_e/dr] and χ_i ≡ − ∑ j [Q_j − (3/2)Γ_j ]/[ ∑ j n_j dT_j /dr], where the summation is over all thermal ion species, which are the background deuterium ions and the carbon impurity ions for the present case. These definitions are chosen to match those used in the “TRANSP” experimental data analysis code.^{18} While the quasilinear χ_e and χ_i individually depend on the nonlinear saturation level, the ratio χ_i/χ_e is independent of the saturation level, and can be compared to the corresponding experimental ratio computed from the TRANSP code results. The experimental ratios are shown in Fig. 6(a) and the quasilinear ratios are shown in Fig. 6(b) for the three times. Concentrating on the radial region 0.2 < r/a < 0.4, the experimental ratio has a noticeable decrease from t = 2.70 s to t = 2.73 s, and then drop to a level consistent with zero at t = 3.00 s. The quasilinear ratio, however, can only respond substantially on a transport time scale because it is determined by the profile input data, which changes on that time scale. Thus, the quasilinear ratio is generally the same in this radial region for t = 2.70 s and t = 2.73 s, but then decreases to a value that is small but nonzero by t = 3.00 s. This is mainly due to the decrease in η^e_i in this

FIG. 6. (a) Experimental and (b) quasilinear ratios χ_i/χ_e versus r/a for cases of Figs. 4 and 5.

region, from being larger than (η^e_i )_{crit} for t = 2.70 s and t = 2.73 s to being slightly less than (η^e_i )_{crit} at t = 3.00 s. It is known from previous results^6 that χ_i is normally the dominant transport coefficient for η^e_i > (η^e_i )_{crit}, while χ_e is normally the dominant transport coefficient for η^e_i < (η^e_i )_{crit}. Thus, the change in the quasilinear ratio for the present case is in the expected direction. Also, the electron-ion energy exchange term implemented in the TRANSP code is approximate, so the experimental ratio is correspondingly uncertain. Over the transport time scale, the quasilinear ratio reproduces most of the change seen in the experimental ratio in this radial region where the internal transport barrier has formed. However, the quasilinear ratio change can not account properly for the experimental change on the faster 30 ms time scale.

A useful comparison can be made of “matched” TFTR discharges which start out being almost identical, but one discharge (88299) exhibits a Type-I ERS confinement transition, while the other (88298) does not. These two discharges are compared from an experimental point of view in Ref. 19, including results of fluctuation measurements in the two discharges, showing a very low level of fluctuations over a larger radial distance from the magnetic axis in the ERS discharge than in the non-ERS discharge. Results have been obtained from the corresponding FULL code calculations for the electrostatic toroidal drift mode, including a carbon impurity species and a hot deuterium beam species with a Maxwellian distribution function, with γ maximized over k_θ ρ_i or n. For t = 2.75s (just after the ERS transition time in the ERS discharge), γ is shown in Fig. 7(a) for the discharge that did have the ERS transition, and in Fig. 7(b) for the discharge that did not have the transition. γ is actually larger in the ERS shot, but γ_E is also larger, and γ_E tracks along with γ out to r/a ∼ 0.27, while for the non-ERS discharge, γ_E >∼ γ only out to r/a ∼ 0.19, and further out γ_E becomes much smaller than γ. This presumably wider stabilized region for the ERS discharge correlates with the wider experimentally-observed region of low fluctuation level.

Another type of ERS confinement transition which takes place in TFTR is the Type-II transition, where not just n_e, but also T_e and T_i, start increasing strongly near the plasma center at or after the ERS transition time, as seen in TFTR discharge 91222. Results were

FIG. 7. Results for γ and γ_E versus r/a for TFTR (a) Type-I ERS discharge 88299 and (b) non-ERS discharge 88298, at t = 2.75 s, with γ for electrostatic toroidal drift mode with carbon and Maxwellian beam, (maximized over k_θρ_i at solid points).

FIG. 8. (a) Results for γ and γ_E versus r/a for TFTR Type-II ERS discharge 91222 and (b) corresponding values of (k_θρ_i)_{max} and η^e_i , at t = 3.20 s, with γ for electrostatic toroidal drift mode with carbon and Maxwellian beam, with γ maximized over k_θρ_i.

obtained from the FULL code for the electrostatic toroidal drift mode including a carbon impurity species and a Maxwellian hot beam species for t = 3.20 s, the ERS transition time. Results for γ, ω_r , and γ_E , for γ maximized over k_θ ρ_i, are shown in Fig. 8(a) and for η^e_i and (k_θ ρ_i)_{max} in Fig. 8(b). These results show a strongly unstable region for 0.1 < r/a < 0.7, whose width is not appreciably affected by γ_E . Thus, for this Type-II transition, the combination of γ and γ_E does not appear to be sufficient to account for this transition. This suggests that the mechanism for TFTR Type-II transitions may be different in some qualitative sense from that for Type-I transitions.

Confinement transitions of a somewhat different type are seen in DIII-D. After the NCS transition for DIII-D discharge 84736, the confinement of T_i has a large increase, along with some change in the shape of the T_i profile, while T_e and n_e only have much smaller increases. In particular, before the transition at t = 1.0 s, T_i decreases strongly with radius from the magnetic axis, while after the transition at t = 1.2 s, T_i has a flat region next to the magnetic axis and decreases strongly further out. Results from the FULL code for the electrostatic toroidal drift mode with a carbon impurity species and a Maxwellian hot beam species are shown in Fig. 9(a) for k_θ ρ_i ≃ 0.5, the value which maximizes γ for r/a = 0.50. Fig. 9(b) shows the corresponding profiles of η^e_i and q. Due to the change in the T_i profile, the maximum in η^e_i moves outward, and the value of η^e_i decreases for r/a < 0.2. The linear growth rate γ decreases for r/a < 0.3, mainly due to the changes in the density and temperature profiles. The q profile changes very little over this 200 ms interval, and thus contributes very little to the change in the growth rate curve. However, the moderately negative magnetic shear for r/a < 0.4 is somewhat stabilizing, as can be seen from Fig. 10, where results for an artificial case for t = 1.2 s with a monotonically increasing q-profile are compared with results for the actual negative central shear profile. The stable region adjacent to the magnetic axis is slightly wider for the negative central shear case. This DIII-D discharge is discussed in an experimental context in Ref. 16. As shown in Fig. 5 of Ref. 16, additional width of the stabilized region, due to the increase in γ_E with time, is needed to explain the increase in width of the region in which the experimental total thermal

FIG. 9. (a) Results for γ versus r/a for DIII-D NCS discharge 84736 and (b) corresponding values of q and η^e_i , at t = 1.0 s and 1.2 s, with γ for electrostatic toroidal drift mode with carbon and Maxwellian beam, with k_θρ_i = 0.47.

FIG. 10. (a) Results for γ versus r/a for case of Fig. 9 at t = 1.2 s, and for same case but with artificial monotonic q profile. (b) corresponding q profiles.

conductivity χ is reduced.

Another type of discharge obtained in DIII-D is the WNS discharge, which is also discussed from an experimental point of view in Ref. 16. For WNS discharge 84713 at t = 2.08 s, results have been obtained from the FULL code for the electrostatic toroidal drift mode with a carbon impurity species and a Maxwellian hot beam species for k_θ ρ_i = 0.49, the value which maximizes γ at r/a = 0.70. The γ, ω_r, and γ_E profiles are shown in Fig. 11(a) and the corresponding n_e and q profiles in Fig. 11(b). The H-mode-like density profile is almost flat for r/a < 0.8; in this region η^e_i is extremely large and ω_r is correspondingly in the ion diamagnetic direction. In the edge region, r/a > 0.8, the density gradient becomes large, η^e_i is small, and the real frequency is correspondingly in the electron diamagnetic direction. The central stable region for this case extends out from the magnetic axis to r/a ≃ 0.5. Note that γ_E > γ for all radii, suggesting overall stabilization of this instability. This is consistent with the experimental finding (cf. Fig. 11 of Ref. 16) that χ_i is of the order of the standard neoclassical χ_{neo} throughout the plasma interior.

IV. ROTATIONAL EFFECTS

The effects of sheared toroidal plasma rotation are estimated here by means of an approximate toroidal rotation model derived in Refs. 11 and 12. In this model, the toroidal rotation causes different centrifugal forces for the ions and electrons, which are balanced by an electric field. The E × B drift associated with this electric field gives additional terms which add on to the usual magnetic curvature and gradient drift frequency terms, which are both linear and quadratic in the toroidal rotation frequency, and which can be either stabilizing or destabilizing. The additional drift terms include one proportional to the shear in the toroidal rotation frequency. Also, in the resonant numerator, along with the density gradient and temperature gradient terms, an additional (Kelvin-Helmholtz) term proportional to the toroidal rotation frequency shear appears.

This rotation model makes a number of significant approximations. First, in the usual

FIG. 11. Results for (a) γ, ω_r, and γ_E and (b) q and n_e, versus r/a for DIII-D WNS discharge 84713 at t = 2.08 s, for electrostatic toroidal drift mode with carbon and Maxwellian beam, for k_θρ_i = 0.49.

radial force balance expression, E_r = V_ϕB_θ −V_θ B_ϕ +(1/n_ie_i)dp_i/dr, this rotation model only accounts for the first, toroidal rotation, term and effectively omits the poloidal rotation term (which is experimentally observed to be small in the plasma interior) and the ion pressure gradient term. Second, the rotation model assumes the same toroidal rotation frequency for all species. Third, the rotation model assumes a model toroidal geometry with circular, concentric, large-aspect-ratio magnetic surfaces, whereas all of the rest of the instability calculation allows general, numerically-calculated magnetic surfaces of arbitrary cross-sectional shape and aspect ratio. These limitations are not expected to change the overall rotational effect in a qualitative sense. The numerically largest effect of the toroidal rotation is a Doppler shift of the real frequency of the mode. It should be emphasized that this model is for the linear effects of sheared toroidal rotation of the bulk plasma, and is distinct from the effects of the nonlinear decorrelation frequency γ_E = |(RB_θ /B)d/dr(E_r /RB_θ )| discussed in Refs. 8 and 9. Also, it has been pointed out previously^{20} that large plasma toroidal rotation velocities invalidate the usual one-dimensional ballooning representation; however, for sufficiently small toroidal rotation velocities, the ballooning representation is still usable, according to Ref. 21.

This toroidal rotation model was first applied in the two-dimensional, low-n calculation described in Refs. 11 and 12. Strong stabilization of electrostatic toroidal drift modes (trapped-ion modes) was seen for moderate values of the Mach number on the magnetic axis, M_0 ≡ V_{tor}(r = 0)/v_i(r = 0), where V_{tor} is the local toroidal rotation velocity. For instance, Fig. 8 of Ref. 12 shows a factor of two reduction in the linear growth of the n = 4 trapped-ion mode for normal TFTR L-mode parameters for M_0 ≃ ±0.1. Associated with this value of the rotation is a strong “shearing” of the eigenfunction, as shown in Fig. 10 of Ref. 12. With increasing M_0, the individual eddies of the eigenfunction around the magnetic field minimum at θ = 0 become increasingly twisted and radially narrowed, corresponding to an increase in the local effective k_r . On the other hand, for positive (negative) M_0, the local eddies at some negative (positive) values of θ are not twisted or radially narrowed. Thus, the poloidal angle θ corresponding to the minimum effective value of k_r in the twodimensional eigenfunction shifts to increasingly negative (positive) values with increasing positive (negative) M_0. This effect of the radial shearing of the eigenfunction is in addition to the direct effect on the growth rate of the additional particle drifts.

This approximate toroidal rotation model has been implemented in the ballooningrepresentation FULL code in two parts. First, the additional particle drifts and the other direct effects of toroidal rotation, as described in Refs. 11 and 12, have been added. Several DIII-D monotonic-q cases have been treated with this form of the rotation model in Ref. 22. Second, the effect of the radial shearing of the eigenfunction has been modeled by means of the parameter of the ballooning representation^{13} called the “ballooning parameter”, θ_0. In the absence of rotation, θ_0 is set to the value which maximizes the growth rate, which for an up-down symmetric equilibrium is normally θ_0 = 0. However, with toroidal rotation, θ_0 can be used instead to model the change seen in the two-dimensional results in the effective value of k_r with changing toroidal rotation, since, in the ballooning representation, k_r ∝ (θ − θ_0). Thus, at θ = 0, k_r is proportional to θ_0. In particular, we can make θ_0 an explicit function of the local Mach number M ≡ V_{tor}/v_i by choosing an appropriate functional form and adjusting the constants to give a reasonably good match to the two-dimensional growth rate results.

This has been done for the n = 4 trapped-ion mode case with TFTR L-mode parameters described in Refs. 11 and 12, resulting in the functional form θ_0 = θ_0(M) ≡ −6.83M/[M^2 + (0.02)^2]^{1/4}. The two-dimensional (2D) results (averaged over positive and negative Mach numbers) from Refs. 11 and 12 are plotted here in Fig. 12(a), along with the corresponding one-dimensional (1D) ballooning-formalism results from the FULL code using the same model MHD equilibrium for r/a = 0.475, for θ_0 = 0 and θ_0 = θ_0(M). The 1D curve for θ_0 = 0 corresponds to the toroidal rotation model without the additional effect of eigenfunction radial shearing, and shows very little effect on the growth rate for M(r/a = 0.475) ≤ 0.07. On the other hand, the 1D θ_0 = θ_0(M) curve, which models the additional effect of eigenfunction radial shearing, approximates the 2D curve well, and both show substantial stabilization of this mode at moderate Mach numbers. The extension of

FIG. 12. Linear growth rates γ versus local Mach number M ≡ V_{tor}/v_i at r/a = 0.475 for n = 4 electrostatic trapped-ion mode for TFTR L-mode discharge 49982 at t = 4.00 s with electrons and background ions only, from 2D results^{11,12}, and from 1D (ballooning-representation) FULL code without [θ_0 = 0] and with [θ_0 = θ_0(M)] eigenfunction radial shearing effect, at r/a = 0.475, for (a) 0 ≤ M ≤ 0.07 and (b) 0 ≤ M ≤ 0.8.

FIG. 13. Results from FULL code for γ versus M for TFTR ERS discharge 84011 at t = 2.70 s and r/a = 0.20, for electrostatic toroidal drift mode with carbon and slowing-down beam, with γ maximized over k_θρ_i or n.

these 1D curves to larger Mach numbers is shown in Fig. 12(b). Without the eigenfunction shearing effect (θ_0 = 0), increasing local Mach number is initially somewhat destabilizing, but then becomes strongly stabilizing; the mode is completely stabilized only for M ∼ 0.8. With the eigenfunction radial shearing effect [θ_0 = θ_0(M)], increasing local Mach number is immediately strongly stabilizing; the mode is completely stabilized for M ∼ 0.2. Thus, in at least some cases this eigenfunction radial shearing effect can make a large difference in the critical amount of toroidal rotation for complete stabilization.

This approximate toroidal rotation model, without and with the additional eigenfunction radial shearing effect, can be applied to the same TFTR ERS case for discharge 84011 at t = 2.70 s (just before the ERS transition time) considered in Sec. III, for r/a = 0.20. Here, the FULL code results are obtained for the electrostatic toroidal drift mode including a carbon impurity species and a slowing-down hot beam species, and using the numericallycalculated MHD equilibrium for the other parts of the instability calculation. Varying M artificially, and maximizing γ over n (for n = n_{max}) separately for each value of M, the results shown in Fig. 13 are obtained. For θ_0 = 0, γ and the associated n_{max} decrease slowly with increasing M. On the other hand, for θ_0 = θ_0(M), γ decreases quickly for M < 0.1, and then decreases slowly for M > 0.1; the associated values of n_{max} can also be substantially lower than for θ_0 = 0. For the experimentally measured value of V_{tor} (measured spectroscopically for carbon), γ is reduced by a factor of about three and n_{max} by a factor of about two by the eigenfunction radial shearing effect. Thus, in this case, substantial but not complete stabilization is caused by toroidal rotation due to the eigenfunction radial shearing effect, according to the present model.

The overall stabilizing effects due to toroidal rotation can also be investigated for this TFTR ERS case as a function of time. We choose the radius r/a = 0.225 where the toroidal rotation frequency Ω ≡ V_{tor} /R is a maximum at t = 2.70 s, from the carbon spectroscopic experimental measurements; Ω and γ_E are shown as functions of time at this radius in Fig. 14(a). The FULL code results, calculated as before with θ_0 = θ_0(M), for γ versus t with the associated values of n_{max}, are shown in Fig. 14(b). There is an initial decrease in γ from t = 2.5 s, when the neutral beams turn on, to t = 2.6 s, with a corresponding decrease in n_{max}, as Ω increases. But then from t = 2.6 s to t = 2.7 s, γ stays almost constant. Only after the ERS transition around t = 2.7 s does γ decrease strongly again. This decrease is an effect, and not a cause, of the ERS confinement transition, as was discussed in Sec. III. Thus, sheared toroidal rotation of the bulk plasma does not seem to be sufficient by itself to account for the ERS transition, as might be the case if it completely stabilized the mode and thereby eliminated its associated anomalous transport. Also, γ_E would presumably be having no direct effect locally at the ERS transition time, since it is going through zero then, as seen in Fig. 14(a). However, nonlocal nonlinear effects of the sorts discussed qualitatively in Ref. 23 could still be responsible for the observed transition.

FIG. 14. (a) γ_E and Ω ≡ V_{tor}/R and (b) γ versus t for TFTR ERS discharge 84011 at r/a = 0.225. Results for γ from FULL code for toroidal drift mode with carbon and slowing down beam, maximized over k_θρ_i or n, including toroidal rotation model with eigenfunction radial shearing effect [θ_0 = θ_0(M)].

V. CONCLUSIONS

A number of TFTR and DIII-D plasmas with negative or reversed central magnetic shear have been analysed using the FULL code for high-n electrostatic toroidal drift modes. Realistic experimental profile data and numerically-calculated MHD equilibria were used to examine a variety of cases. Physically, changing the q-profile can affect the linear growth rates through at least four distinguishable mechanisms: (1) reduction of “bad curvature”, (2) ion Landau damping, (3) ion sound term and ion temperature gradient mechanism strength, and (4) Shafranov shift. The overall effect on the instability is a combination of these things. For all of the TFTR and DIII-D negative central shear discharges examined here, and for several others, the direct changes with time in the width of the central stable region adjacent to the magnetic axis are governed more by changes in the density and temperature profiles than by changes in the q-profile, in the absence of rotation. The growth rate profiles change only gradually with time, on the transport time scale, as the density and temperature profiles change. In this sense, the changes seen here for the linear growth rates are an effect, not a cause, of the confinement transition. Thus, the “trigger” for the confinement transitions remains to be found. One possibility is the nonlinear decorrelation frequency γ_E = |(RB_θ /B)d/dr(E_r /RB_θ )|. For instance, comparing similar ERS and non- ERS discharges in TFTR, the linearly stable regions out from the magnetic axis are of almost the same width, but the larger values of γ_E in the ERS discharge would be expected to give a wider nonlinearly stabilized region, consistent with the experimental measurements of a wider region of very low fluctuation level.

The linear effects of sheared toroidal rotation have been included here very approximately by means of a particular toroidal rotation model. The stabilizing effect due to radial shearing of the eigenfunction previously seen in a two-dimensional calculation can be modelled in a one-dimensional, ballooning formalism calculation by means of a suitably chosen functional form for θ_0(M). With the form of θ_0(M) used here, complete stabilization of the low-n trapped-ion mode for parameters of a TFTR L-mode discharge occurs for much lower values of M than for θ_0 = 0, that is, in the absence of the eigenfunction radial shearing. In TFTR ERS discharge 84011, this model for the eigenfunction radial shearing can cause substantial reduction of the linear growth rates and corresponding lowering of n_{max}. However, at one radius in the region where the experimental confinement transition is observed, progressive stabilization of the mode with time is seen, but no complete stabilization by the ERS transition time.

From these results, it is clear that linear theory by itself is insufficient to explain the relatively fast confinement transitions seen in TFTR and DIII-D, since linear growth rates, which depend on the equilibrium profiles and the MHD equilibrium, can only change on the transport time scale. Some additional nonlinear effect such as the γ_E stabilization is needed to give a faster transition. This in turn could require that E_r make a fast, perhaps driven, transition, for instance between two E_r roots of a bifurcated state that results from a feedback loop. A conceptual framework for this kind of bifurcation model in a feedback situation is described in Ref. 23. It is hoped that the present sorts of linear and quasilinear calculations can be coupled into this more general framework.

In future work, it is clear that an improved rotational model would be desirable. In particular, a rotation model is needed which also includes the pressure gradient and poloidal rotation contributions to the radial electric field, not just the toroidal rotation contribution, and which includes general geometry for the magnetic surfaces. Also, if possible, a rotation model which unifies the treatment of bulk plasma rotation and of the nonlinear decorrelation frequency γ_E would be desirable. Such a rotation model has been proposed in general terms in Ref. 24, and it will be investigated in future work. In addition, exploration of kinetic electromagnetic modes, such as the kinetically-calculated MHD ballooning mode, for instance in high-β_p (large p^′) regimes, would be desirable.

ACKNOWLEDGMENTS

This work was supported by United States Department of Energy Contract Nos. DE- AC03-89ER51114 and DE-AC02-76-CHO-3073.

REFERENCES

1 F. M. Levinton, M. C. Zarnstorff, S. H. Batha, M. Bell, R. E. Bell, R. V. Budny, C. Bush, Z. Chang, E. Fredrickson, A. Janos, J. Manickam, A. Ramsey, S. A. Sabbagh, G. L. Schmidt, E. J. Synakowski, and G. Taylor, Phys. Rev. Lett. 75, 4417 (1995). 2 E. J. Strait, L. L. Lao, M. E. Mauel, B. W. Rice, T. S. Taylor, K. H. Burrell, M. S. Chu, E. A. Lazarus, T. H. Osborne, S. J. Thompson, and A. D. Turnbull, Phys. Rev. Lett. 75, 4421 (1995).

3 R. J. Hawryluk, H. Adler, P. Alling, C. Anchor, H. Anderson, J. L. Anderson, V. Arunasalam, G. Ascione, D. Ashcroft, C. W. Barnes, G. Barnes, S. Batha, G. Bateman, M. Beer, M. G. Bell, R. Bell, M. Bitter, W. Blanchard, N. L. Bretz, C. Brunkhorst, R. Budny, C. E. Bush, R. Camp, M. Caorlin, H. Carnevale, S. Cauffman, Z. Chang, C. Z. Cheng, J. Chrzanowski, J. Collins, G. Coward, M. Cropper, D. S. Darrow, R. Daugert, J. DeLooper, W. Dorland, L. Dudek, H. Duong, R. Durst, P. C. Efthimion, D. Ernst, H. Evenson, N. Fisch, R. Fisher, R. J. Fonck, E. Fredd, E. Fredrickson, N. Fromm, G. Y. Fu, T. Fujita, H. P. Furth, V. Garzotto, C. Gentile, J. Gilbert, J. Gioia, N. Gorelenkov, B. Grek, L. R. Grisham, G. Hammett, G. R. Hanson, W. Heidbrink, H. W. Herrmann, K. W. Hill, J. Hosea, H. Hsuan, M. Hughes, R. Hulse, A. Janos, D. L. Jassby, F. C. Jobes, D. W. Johnson, L. C. Johnson, M. Kalish, J. Kamperschroer, J. Kesner, H. Kugel, G. Labik, N. T. Lam, P. H. LaMarche, E. Lawson, B. LeBlanc, J. Levine, F. M. Levinton, D. Loesser, D. Long, M. J. Loughlin, J. Machuzak, R. Majeski, D. K. Mansfield, E. S. Marmar, R. Marsala, A. Martin, G. Martin, E. Mazzucato, M. Mauel, M. P. McCarthy, J. McChesney, B. McCormack, D. C. McCune, K. M. McGuire, G. McKee, D. M. Meade, S. S. Medley, D. R. Mikkelsen, S. V. Mirnov, D. Mueller, M. Murakami, J. A. Murphy, A. Nagy, G. A. Navratil, R. Nazikian, R. Newman, M. Norris, T. O’Connor, M. Oldaker, J. Ongena, M. Osakabe, D. K. Owens, H. Park, W. Park, P. Parks, S. F. Paul, G. Pearson, E. Perry, R. Persing, M. Petrov, C. Kieras-Phillips, M. Phillips, S. Pitcher, R. Pysher, A. L. Qualls, S. Raftopoulos, S. Ramakrishnan, A. Ramsey, D. A. Rasmussen, M. H.

Redi, G. Renda, G. Rewoldt, D. Roberts, J. Rogers, R. Rossmassler, A. L. Roquemore, E. Ruskov, S. A. Sabbagh, M. Sasao, G. Schilling, J. Schivell, G. L. Schmidt, R. Scillia, S. D. Scott, I. Semenov, T. Senko, S. Sesnic, R. Sissingh, C. H. Skinner, J. Snipes, J. Stencel, J. Stevens, T. Stevenson, B. C. Stratton, J. D. Strachan, W. Stodiek, J. Swanson, E. Synakowski, H. Takahashi, W. Tang, G. Taylor, J. Terry, M. E. Thompson, W. Tighe, J. R. Timberlake, K. Tobita, H. H. Towner, M. Tuszewski, A. von Halle, C. Vannoy, M. Viola, S. von Goeler, D. Voorhees, R. T. Walters, R. Wester, R. White, R. Wieland, J. B. Wilgen, M. Williams, J. R. Wilson, J. Winston, K. Wright, K. L. Wong, P. Woskov, G. A. Wurden, M. Yamada, S. Yoshikawa, K. M. Young, M. C. Zarnstorff, V. Zavereev, and S. J. Zweben, Plasma Physics and Controlled Nuclear Fusion Research, 1994 (International Atomic Energy Agency, Vienna, 1995), Vol. 1, p. 11.

4 R. D. Stambaugh for the DIII-D Team (F. Allais, S. L. Allen, P. M. Anderson, S. Attenberger, M. E. Austin, F. W.Baity, D. R. Baker, G. Barber, C. B. Baxi, A. Brizard, N. H. Brooks, D. Buchenauer, K. H. Burrell, O. Buzhinski, R. W. Callis, G. L. Campbell, J. Candy, T. N. Carlstrom, E. Carolipio, W. P. Cary, V. S. Chan, Y. Chenglum, E. Chin, S. C. Chiu, M. S. Chu, S. Coda, J. Cuthbertson, J. C. DeBoo, J. S. deGrassie, R. R. Dominguez, E. J. Doyle, A. Ejiri, R. Ellis, R. G. Evanko, J. Evans, T. E. Evans, M. E. Fenstermacher, W. Ferguson, J. R. Ferron, D. K. Finkenthal, R. K. Fisher, J. Fitzpatrick, C. B. Forest, J. Freeman, R. L. Freeman, R. Geer, Ph. Ghendrih, P. Gohil, A. M. Gootgeld, J. Greene, K. L. Greene, C. M. Greenfield, R. J. Groebner, D. Hayden, R. W. Harvey, W. W. Heidbrink, P. A. Henline, G. Henkel, D. N. Hill, D. L. Hillis, F. L. Hinton, T. R. Hodapp, D. J. Hoffman, J. Hogan, K. L. Holtrop, M. A. Hollerbach, R-M. Hong, W. Houlberg, A. M. Howald, C. L. Hsieh, D. A. Humphreys, A. W. Hyatt, H. Ikezi, G. L. Jackson, R. A. James, T. Jarboe, T. H. Jensen, T. Jernigan, R. Jong, R. Junge, K. M. Keith, A. G. Kellman, D. H. Kellman, R. Khayrutdinov, J. Kim, K. W. Kim, Y. Kim, N. P. Kirkpatrick, C. C. Klepper, S. Konoshima, K. Kupfer, R. J. LaHaye, L. L. Lao, C. J. Lasnier, G. J. Laughon, E. A. Lazarus, V. Lebedev, B. Lee, J.-H. Lee, R. Lee,

R. Lehmer, A. W. Leonard, J. A. Leuer, Y-R. Lin-Liu, J. M. Lohr, G. Lu, T. C. Luce, M. A. Mahdavi, R. Maingi, Y. Martin, J. M. McChesney, W. B. McHarg, R. Mett, M. M. Menon, R. L. Miller, S. M. Miller, P. K. Mioduszewski, T. Mizuuchi, C. P. Moeller, G. Monier, R. A. Moyer, A. Nerem, D. Nilson, M. P. Nilsen, R. O’Neill, I. Opimach, T. H. Osborne, D. O. Overskei, L. Owen, R. Patterson, W. A. Peebles, P. L. Petersen, T. W. Petrie, C. C. Petty, D. A. Phelps, R. D. Phelps, W. Phelps, J. Phillips, P. L. Pinsker, P. A. Politzer, M. Porkolab, G. D. Porter, R. Prater, K. Redler, E. E. Reis, M. E. Rensink, C. L. Rettig, T. Rhodes, B. W. Rice, J. Robinson, M. Rosenbluth, D. Rothwell, A. Rouleau, E. Ruskov, G. T. Sager, O. Sauter, M. J. Schaffer, K. M. Schaubel, D. P. Schissel, J. T. Scoville, R. P. Seraydarian, D. L. Sevier, T. C. Simonen, J. P. Smith, R. T. Snider, J. Squire, G. M. Staebler, B. W. Stallard, R. D. Stambaugh, H. St. John, R. E. Stockdale, E. J. Strait, D. W. Swain, P. L. Taylor, T. S. Taylor, D. M. Thomas, M. Thomas, S. I. Thompson, P. A. Thurgood, A. D. Turnbull, J. Vanderlann, M. L. Walker, M. Wade, R. E. Waltz, J. G. Watkins, F. Weschenfelder, W. P. West, D. Whyte, J. Winter, C. P. C. Wong, R. Wood, and D. Wroblewski), Plasma Physics and Controlled Nuclear Fusion Research, 1994 (International Atomic Energy Agency, Vienna, 1995), Vol. 1, p. 83. 5 G. Rewoldt, W. M. Tang, and M. S. Chance, Phys. Fluids 25, 480 (1982). 6 G. Rewoldt, W. M. Tang, and R. J. Hastie, Phys. Fluids 30, 807 (1987). 7 M. Kotschenreuther, G. Rewoldt, and W. M. Tang, Comp. Phys. Comm. 88, 128 (1995). 8 R. E. Waltz, G. D. Kerbel, and J. Milovich, Phys. Plasmas 1, 2229 (1994). 9 T. S. Hahm and K. H. Burrell, Phys. Plasmas 2, 1648 (1995).

10 B. B. Kadomtsev and O. P. Pogutse, Zh. Eksp. Teor. Fiz. 51, 1734 (1966) [Sov. Phys.

JETP 24, 1172 (1967)] 11 M. Artun, Ph.D. Dissertation, Princeton University, 1994. 12 M. Artun, W. M. Tang, and G. Rewoldt, Phys. Plasmas 2, 3384 (1995).

13 E. A. Frieman, G. Rewoldt, W. M. Tang, and A. H. Glasser, Phys. Fluids 23, 1750 (1980). 14 J.W. Connor, R.J. Hastie, and J. B. Taylor, Phys. Rev. Lett. 40, 396 (1978). 15 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 European Physical Society Conference on Controlled fusion and Plasma Physics, Kiev, June 23–28, 1996, paper a011.

16 L. L. Lao, K. H. Burrell, T. S. Casper, V. S. Chan, M. S. Chu, J. C. DeBoo, E. J. Doyle, R. D. Durst, C. B. Forest, C. M. Greenfield, R. J. Groebner, F. L. Hinton, Y. Kawano, E. A. Lazarus, Y. R. Lin-Liu, M. E. Mauel, W. H. Meyer, R. L. Miller, G. A. Navratil, T. H. Osborne, Q. Peng, C. L. Rettig, G. Rewoldt, T. L. Rhodes, B. W. Rice, D. P. Schissel, B. W. Stallard, E. J. Strait, W. M. Tang, T. S. Taylor, A.D. Turnbull, R. E. Waltz, and the DIII-D Team, Phys. Plasmas 3, 1951 (1996).

17 G. Rewoldt and W. M. Tang, Phys. Fluids B 2, 318 (1990). 18 R. V. Budny, Nucl. Fusion 34, 1247 (1994), and references therein. 19 E. Mazzucato, S. H. Batha, M. Beer, M. Bell, R. E. Bell, R. V. Budny, C. Bush, T.

S. Hahm, G. W. Hammett, F. M. Levinton, R. Nazikian, H. Park, G. Rewoldt, G. L. Schmidt, E. J. Synakowski, W. M. Tang, G. Taylor, and M. C. Zarnstorff, Phys. Rev. Lett. 77, 3145 (1996).

20 J. B. Taylor, H. R. Wilson, and J. W. Connor, Plasma Phys. Controlled Fusion 38, 243 (1996).

21 H. E. Mynick, and S. E. Parker, Bull. Am. Phys. Soc. 41, 1359 (1996). 22 G. Rewoldt, L. L. Lao, and W. M. Tang, Phys. Plasmas 3, 4074 (1996). 23 P. H. Diamond, V. B. Lebedev, D. E. Newman, B. A. Carreras, T. S. Hahm, W. M. Tang,

G. Rewoldt, and K. Avinash, Phys. Rev. Lett. 78, 1472 (1997). 24 T. S. Hahm, Phys. Plasmas 3, 4658 (1996).