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Stable Pendulum

Unstable Inverted Pendulum |

(rigid rod) l T

L 2

0= (-g/IL2 = i(g/IL)2 = iy
L Instability

Density-stratified Fluid
p=exp(-y/L)

stable w=(g/L)!/?

Inverted-density fluid

=Rayleigh-Taylor Instability
p=exp(y/L)

Max growth rate y=(g/L)"?



“Bad Curvature” instability In p’Ias’mas'

=~ Inverted Pendulum / Rayleigh-Taylor Instability

Top view of toroidal plasma: Growth rate:

2
Y = /8eff= / Vi _ Vi
L VRL .RL
Similar instability mechanism
in MHD & drift/microinstabilities
| 1/L = Vp/p in MHD,

o« combination of Vn & VT
in microinstabilities.

plasma = heavy fluid

| ' B = "light fluid”
\__/v | |

2 .
l Jeit = VW centrifugal force



The Secret for Stabilizing Bad-Curvature Instabilities
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Cut-away view of tokamak turbulence simulation

Waltz (General Atomics), Kerbel (LLNL), et.al., gyrofluid simulations. Similar pictures from gyrokinetc particle

simulations.

Lots more pictures at www.acl.lanl.gov/GrandChal/Tok/gallery.html.
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In this ordering, the Viasov equation reduces to a condi-

tion on the zeroth-order parallel (relative to the magnetic
field) electric field Ey =0, and the following kinetic equation
f or the zeroth—ordcr distribution function of each species

= fO (U! » M, T, t)

-——-6f0‘+ b+ve) -V, + ‘ﬁDvE b VB+ EE
ot ‘(UI ) V.E')v' fo, Y ";(- -} . +;;;En

Where e, is the charge on species s, b is a unit vector in the

mxgnctxc field direction b~— B/B, vg=c(EXB)/B?,
p*vlllB and D/Dt = 9/ 3t + (v,b+ ve)- V. o

-

Combining moments of this kinetic equation with Max-
v«:ﬂ s cquanons and takmg the usual low Alfvén speed limit

«tc ' yields Kulsrud’s set of colhsxonless MHD equanons

;3;'.+V-(pU)==0 , o SR @
(aU ) (VXB)XB S
AFHOT) e O

SV, @

CPeplGaopbh. )
2 jfo (Uu‘“U b)?'dsv’: | ; »_’...(7).["

velocity, and P is the pressurc tensor.

| The above set of equations is exact to zeroth mda in Iiie
expansion parameter, but the kinetic equation itself, Eq. (1),
must be used to evaluate py and p, to close the system. -

Because Eq: (1) is difficult to solve directly, this system 1s
rarely employed without further sxmphﬁcauon

2 ]fo dU’*O ) o _-‘[(3) |

where p is the total mass densxty U‘" vE+ u,b 1s the ﬂmd |
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lem, it is necessary to introduce an additional ordering which
removes the compressional Alfvén time scale.

Another complication is the evaluation of the |k|/k,
terms found in the Landau closures. As pointed out by Finn
and Gerwin,'® the Landau damping must be evaluated along
perturbed field lines. Hence, for nonlinear calculations, trans-
forming the closure to real space requires an integral along
the perturbed field line. The numerical evaluation of these
nonlinear closures may be burdensome in some cases, as
discussed in Sec. VIL

It is anticipated that the model will be useful for nonlin-
ear numerical simulations. Some of the caveats involved in
using Landau closures in nonlinear simulations have been
extensively discussed in the gyrofluid literature, !1+1%:23:24.26-30
but these caveats are an area of ongoing research. There are
some regimes where certain nonlinear kinetic effects are not
well modeled by Landau-fluid closures.*® But we generally
believe!#?42":28 these closures will be adequate for stronger
turbulence regimes where rapid decorrelation is occurring
and the velocity space details of the distribution function are
not critically important.

It is hoped that the model will prove useful for simulat-
ing both laboratory and astrophysical plasmas in the colli-
sionless MHD regime. The model should be able to predict
the onset and structure of instabilities, as well as the heat and
particle transport caused by the instabilities.
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