Finite Gyroradius Stabilization of Ballooning Modes

in a Toroidal Geometry
by
* .
W. M. Tang, J. W, Connor , and R. B. White

Princeton Plasma Physics Laboratory, Princeton University

Princeton, New Jersey 08544

Abstract

The stabilizing influence of finite-ion-gyroradius effects on
magnetcahydrodynamic hallooning modes for a simple model toroidal eguil brium

is demonstrated.
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At present it is widely believed that the critical beta (ratio of plasma
to magnet:o pressure) in  toroidal systems is  determined by the anset
conditions far high mode number pressure-driven perturbations in regions of
unfavorable field line curvature. 'These "ballooning instabilities" have heen
extensively studied in the magnetchydrodynamic (MHD) 1imic?"3 with the general
~onclusinn that the most dangerous modes occur for large tornidal mode numbrrs
fn >> 1). However, in more recent work it has been emphasized thar in this
large-n reaimr kinerir modifications due, for example, te finite-inn-
ayraradius effects caould prove to be important.4 n the present paper che
primary purpose is tn demonstrate that for a simple model toroidal equilihrinm
the finire-ion-uyraradius effects can exert a significant stabilizing
influence on the hallooning modes.

The derivation of the appropriate set of kinetic eigenmode equations
governing ballnoning instabilities in general axisymmetric toroidal systems
has heen given in detail in Ref. 4. In the present study these equations Are
arplied to the model equilibrium employed in a number of previous ideal MHD
calculations, 173 The model e¢ssentially corresponds to a large-aspect-ratin
rokamak with circular flux surfaces over which the polridal magnetic field is
uniform but the shear is nonuniform. In a more physically consistent sense,
this model can also be taken to represent a low beta plasma with loc=lly steep
pressure gradients giving rise to the ballooning (destabilizing) forces and to
the shear modulation over the surface.5 For the large aspect ratio limir of
interest here, trapped-particle and drift resonance <2ffects are treated as

4

being negligibly small. Hence, the general! set of eguations™ reduces to the

following simplified form of the governing kinetic ballooning mode eguation,

4 . 2, 8 ) :
o [1 + (sn - osinn)” | gﬁ + afcosn + sinn(sn - asinn) ¢
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+ Q(a-B) [1+ (sn - asinm’ ¢ = 0

where the mean shear and pressure gradient parameters are respectively
2,2
s * dA(¢na) / 4(&nr) and a = - (2Rg /B )dP/dr, and B = w, A/mA represents the
pi

kineric contribution with Wrp being the uswval (pressure-driven ion
diamagnetic drift freguency and mA = VA/qR being the Alfven freguency. Also,
7 1s the familiar safety factor, P is the plasma pressure, R/r is the aspect
ratio, and - = <{n¢= is the range of the extended poloidal variable introduced
in the ballooning representation.1

In analyzing Eq. (1) note that in the absence of the last term, the ideal

MHD ballooning mode equation1'3 governing marginal stability conditions 1is

recovered, The appropriate boundary condition for this problem
. . 1/2

is y + 0 as |al - = . Making the transformation, ¢ = A o , Ba. (1) can he

case in the convenient form,

2
'd—b+p}-_|’.=0 (2)
A
where
cos s 2
) qeosn s - oco
= 1N - R -
F o= 2N Yo I A 1 .
. 2 1/2
A I 1+ {sn - asinn) |, R = (ehA) / /2 . Az b/rp R
2 2
1/¢ = ~ RA{¢nP)/dr , b=k p, /2 . and Xk, = na’r
P L7 L

with n being :the toroidal mode number and Py veing the ion gyroradius. Note



tnat both n and h are assumed to be small in this calculation.

Equation (2) has been solved numerically for an appropriate ranage of
parameters with the results summarized by PFig, 1. Here are plotted ke
marginal stability curves as functions of the shear parameter, s, and the
pressure parameter, «, for various values of the finite gy-oradius parameter,
A In the ideal MHD limit, A = 0, the previously reported results? {dashen
curve) are reproduced. As A is increased, che stahle region ..
correspondingly enlarged, thus demonstrating the stabilizing influence of the
finite-ioun-qyroradius effects. This trend, of course, bhecnmes appreciabie
when h (a measure of the stabilizing qyroradius contributinns) exceeds v’.p fa
measure nf the destabilizing pressure-driven forces). Note also that the so-

2,5,6

callrd sgecond (high beta) stable regire becomes more accessibhle for

finite . Specifically, as the pressure gradient and/or heta is increased ar
a fixed value of shear, thes plasma can pass mnre readily intn the second
stahle reqime.

In summary, for the model toroidal eguilibrium cons:idered, the inclusion
of finite gyrotradius effects is found to exert a significant stabilizing
influence on ballooning modes and 1s suggestive that the correspondina
sriticai beta Llimit could also be impraved. It ghould be emphasized, however,
that an appreciable improvement in <ritical beta (ﬂc) would be possible nniy

if the ideal MHD calculations of this quantity at infinite-n were found t> be

much lower than that at moderate va_ues of n;: i.e., R [n ®) <<
c

R {n ~ 10) . As demonstrated in recent finite-n MHD calcular_ions,/ this can
o

indeed be the case for certain types of realistic equilibria. More general

kinetically-modified ballooning mode calculations, which are properly

interfaced with actual self-consistent 2quilibria, are currently in progress.
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Fig. 1. Stability boundaries for hallooning modes as a function of the shear

parameter, s = rq'/q, and the pressure parameter, o = - (2Rq2/52) Ap/dr

2ﬁq‘/rp, at various values of the finite gyroradius parameter, A = b/np.
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Fiag. 1. Stability boundaries for ballooning modes as a functian of the =boar

S
= 2/H') apsiir -

parameter, s = ra’/a, and the pressure parameter, a = - {?Pn

Dqulcn, at various values of the finite qyroradius parameter, 4 = hJ,F.



