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Energetic Particle Destabilization of shear Alfvén Waves in Stellarators
and Tokamaks

Abstract: An important issue for ignited devices is the resonant destabilization of
shear Alfvén waves by energetic populations. These instabilities have been observed
in a variety of toroidal plasma experiments in recent years., including: beam-
destabilized toroidal Alfvén instabilities (TAE) in low magnetic field tokamaks, ICRF
destabilized TAE's in higher field tokamaks, and global Alfvén instabilities (GAE) in
low shear stellarators. In addition, excitation and study of these modes is a significant
goal of the TFTR-DT program and a component of the ITER physics tasks. We have
developed a gyrofluid model which includes the wave-particle resonances necessary
to excite such instabilities. The TAE linear mode structure is calculated
nonperturbatively, including many of the relevant damping mechanisms, such as:
continuum damping, non-ideal effects (ion FLR and electron collisionality), and
ion/electron Landau damping. This model has been applied to both linear and
nonlinear regimes for a range of experimental cases using measured profiles.

1. Gyrofluid Model

In order to analyze both the linear [1] and nonlinear [2] phases of shear Alfvén
instabilities within a unified approach, we have developed a gyrofluid model with
Landau closure based on a two-pole approximation to the plasma dispersion relation.
By construction, this includes the inverse Landau growth effects necessary to drive
the otherwise stable toroidal and global Alfvén eigenmodes unstable. The linear
model used for the background plasma and fields consists of an Ohm's law and
vorticity equation, as given below.
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Here 2my, U, and —-@/B, are the fluctuating poloidal magnetic flux, toroidal

component of vorticity and electrostatic potential, respectively. The vorticity
equation (2) includes a finite ion FLR term and Landau damping on the background




ions and electrons. In order to model the global Alfvén instability, which is observed
in rather collisional conditions on W7AS, ion and electron collisions are included in
the Landau damping terms. These tend to broaden and reduce the maxima in the ion
and electron resonances. The Ohm's law includes a generalized resistivity which
takes into account both the usual collisional resistive effects as well as collisionless
effects, consistent with the presence of a finite Ejj. These nonideal collisionless
effects arise due to the high frequency, non-resonant (k|| # 0) nature of the Alfvén
modes and the resulting incomplete cancellation of Ej| by the thermal electrons. The

fast ion species (denoted by subscript o) is described by the following two equations

for its perturbed density (i) and parallel velocity moments ( V,, ):
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Here L;‘a =ng},dn0al dr; also, ng,, Ty, M,, Q.. q,, and v, are the fast ion
density, temperature, mass, cyclotron frequency, charge, and thermal velocity,
respectively. The Landau resonance arises from the third term on the right-hand side
of equation (4). This system of equations is solved as an initial value problem for the
3-D mode structure in a straight field line coordinate system based on a toroidal,

finite B equilibrium.

2. Toroidal Alfvén Instabilities

TAE instabilities occur in the gaps induced by toroidicity when two adjacent
cylindrical shear Alfvén continua cross [3]; they involve the coupling of at least two
poloidal harmonics and have been driven in tokamaks both by neutral beams [4-5]
and ICRF produced tails [6]. We also predict TAE's to be accessible in moderate
shear stellarators (e.g., ATF) and in low shear stellarators above a minimum toroidal
mode number (e.g., n = 3 in W7-AS); however, none have yet been observed. An
important topic currently under investigation is whether Alfvén instabilities can be
driven by alpha populations in the DT phase of TFIR [7]. In Fig. 1 we show growth
rates vs. the peak B, for n = 2, 3 and 4 TAE instabilities in a typical TFTR DT
supershot (dashed curves, #76770). As can be seen, the thresholds are significantly
above the achieved values of fB,(0). This is consistent with experimental
observations showing a lack of any new TAE activity in DT operation (7,8]. One
possible way to enhance the accessibility of alpha-driven TAE's is through increasing
the q(0) value. This moves the radial location of the TAE gaps inward, and aligns
them more closely with the location of the maximum alpha pressure gradient. The

effect of such profile changes is shown by the solid curves in Fig. 1 where
MSE-measured q profiles [9] of an enhanced q(0) TFIR case (#75963) are used.

Higher growth rates and lower J3,(0) thresholds are obtained which fall within the
B, range already achieved in TFTR. Such techniques for destabilizing TAE's in the
central region of a tokamak can also be of interest in future ignited devices for ash

removal through g-profile control. An alternate way to lower TAE thresholds is to
lower the ion temperature, thus decreasing ion Landau damping. In Fig. 2 predicted

TAE thresholds and achieved f,(0)'s are shown for a [FTR discharge (#75932)
where a helium-puff was used in order to transiently cool the ions. However, as

indicated, the achieved f3,(0) remained subcritical for driving TAE instabilities.




3. Global Alfvén Instabilities

Global Alfvén instabilities exist as discrete roots below minima in the shear
Alfvén continua ; they tend to be dominated by a single poloidal mode number and
have a global mode structure. Our model predicts that GAE modes may be excited in
tokamaks which have central, slightly negative low shear regions. An example is
shown in Fig. 3 for TFTR parameters. Such modes may become especially likely in
devices such as TPX and ITER where significant bootstrap currents can create weak
negative shear regions which will be in the same location as the maximum pressure
gradient in the fast ion population.

GAE modes have been observed in the W7AS stellarator experiment {10] which
operates with low values of magnetic shear. Their phase velocity is somewhat lower
than the TAE mode, allowing them to be excited for < v, >/v,(0) =0.15 to 0.4.
Also, they are slightly off-resonant with the equilibrium magnetic field helicity
(kyj # 0). Even though the ideal MHD, 8 = 0 gaps close off as rational iotas enter the
plasma, we observe peaks in the growth rates and minima in the real frequencies near
rational iota values (Fig. 4); this is due to a discretization of the contunuum by the
nonideal effects included in our model (i.e., ion FLR, resistivity, etc.) and the effect
of the finite fast ion pressure. Since the instability also persists away from the
rational iota values, it cannot be avoided simply by keeping 1ota in between the low
order rationals. In W7AS the GAE instability is observed to disappear at high [3; the
gyrofluid model indicates a possible cause for this stabilization is the increased shear
in the iota profile with increasing J, with somewhat lesser effects coming from
increased Landau damping on the ambient plasma. An important issue for future
higher shear, higher f§ stellarators is whether there will be a stable window between
the disappearance of the GAE (due to increasing shear) and the onset of the TAE
instability.

4. Nonlinear TAE/GAE Behavior

The nonlinear gyrofluid model has been applied to TAE and GAE instabilities on
both TFTR and W7-AS. A Fourier analysis of the simulated edge magnetic
fluctuations has been compared with experiments and shows reasonably good
agreement with measured spectra. An example of such a time-evolving frequency
spectrum for TFTR parameters is shown in Fig. 5. The spectra are typically
dominated by a peak at the main TAE frequency with higher harmonic peaks
generated nonlinearly as the instability saturates. In the early stages of the nonlinear
evolution, the mode number spectrum is dominated by the toroidal mode numbers
with the highest growth rates; as a saturated state is reached, the nonlinearly
generated n = 0 component typically dominates. This component results in profile

modifications and E x B flow velocities. The saturation mechanisms have been
analyzed [2], indicating that sheared velocity flow amplification and g-profile
modification (through magnetic island formation) are the essential components
necessary to achieve a saturated nonlinear state . This suggests a possible way of
controiling the TAE using RF generated flows [11].

5. Conclusions

A gyrofluid model using Landau closure has proven to be a powerful technique
for analyzing fast ion destabilized shear Alfvén instabilities such as the TAE and
GAE. Applying this both to tokamaks and the low shear stellerator W7-AS we find
that both types of modes can exist in either device under the appropriate conditions.
The model has predicted that the typical TFTR DT supershot should be below the j,
threshold for alpha-driven TAE instabilities, but if g-profiles with higher q(0)'s can be

generated, this threshold can be substantially reduced into a range of B, that has been




realized experimentally. Finally, the gyrofluid model has indicated that the TAE can
achieve nonlinear saturation through mechanisms such as amplification of sheared
flow velocities and quasilinear modification of the g-profile.
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Figure Captions

Fig. 1 - Growth rates for TAE instabilities in a TFTR DT supershot vs. the central 3,
value for a typical DT supershot with low q(0) (dashed curves) and for a higher q(0)
case (solid curves). The shaded rectangular region represents the range of achieved

central f3,'s.

Fig. 2 - Time dependence of n = 2, 3, and 4 TAE f, thresholds along with the

experimentally achieved , fora TFIR DT case where helium was in puff ed in to
transiently cool the ions.

Fig. 3 - (a) two similar g-profiles in TFTR which result in (b) TAE and GAE
instabilities.

Fig. 4 - Dependence of real frequencies (dashed curves) and growth rates (solid
curves) of a n = 2 GAE instability in W7-AS on the edge iota as the iota profile is

uniformly changed (here 7, =R, /v,(0)).

Fig. 5 - Time evolving frequency spectrum of edge magnetic fluctuations in a
nonlinear gyrofluid simulation of a TAE instability.
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