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Intro duction
Dominant angula momentumtransport mechanismn RFPsis
electromagneticstressgeneratedoy magneticperturbations
What is nature of magneticperturbations?

How do theseperturbationsinteract so asto generateEM
stressesand henceto transport angula momentum?
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MHD stability theory

Model RFP equililrium as periodic cylinder:

B =1[0;B (r);B,(r)]:
Periodicity lengthin z-directionis 2 Ry, whereRg is \major
radius".

Considemagneticperturbation with m periods in poloidal
direction and n periods in \to roidal" direction.

To very good approximation perturbation dynamicsgovernedby
balancingperturbed pressuregradientagainstperturbed | * B

force: i.e., plasmainertia, resistivity, viscosiy, etc. negligiblysmall.
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Newcomb's equation

This approachyieldsNewcomb'sequation
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where =rb,andf =f(r;B ;B,;m;n),

g=g(r;B ;Bz;m;n).

Bounday conditions: well behavedatr = 0, and = 0O at

r = rw, Wherer,, is radiusof conductingwall surroundingplasma.

Newcomb's equationsingula (i.e., f = 0) at rational surface
where

m B n B, =0:

Here, = r=Ry.
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Tearing modes

Singulaity at rational surfaceresolvedby includinginertia,

resistivily, etc. in analysis,sincethesee ects locally important.

Stability governedby singleparameter:
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0_ din _
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Here, (r) issolutionto Newcomb's equationwhich satis es
bounday conditions,and possessegradientdiscontinuity at
rational surface,r = rs.

Mode unstablewhen ©> 0. Instability grows on resistive
time-scaleand saturatesat 1% level. Mode reconnects
magnetic eld in vicinity of rational surfaceto form chain of
magneticislands This instability known astearing mode.
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Tearing modes in RFPs

Two classesf unstabletearing modesin typical RFP.

m = 1 modesresonantin plasmacaore. Maybe, ve or six unstable
modes.

m = 0 modesresonantat reversalsurface(whereB, = 0) closeto
plasmaedge. Maybe, ten to twenty unstablemodes.

Both classesf unstablemode are global in nature: i.e., their
eigenfunctionseextendoverwhole plasma.
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Tearing mode rotation

RFP plasmasrotate toroidally Typical rotation velccity
10km=s.
Teaing modesco-rotate with plasmaat their rational surfaces

Hence,if toroidal angula velccity pro le of plasmais ,(r), then
tearing mode resonantat rs hastoroidal angula frequency

V= n ,(rs):

Any e ect which slonvs-davn/speeds-uprotation of tearing mode
will alsoslowv-dowvn/speed-upplasmarotation at rational surface.
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Electromagnetic torques

Possibleto demonstratethat zeronet electromagnetidorque
ass@iated with tearing mode in any regionof plasmagovernedby
Newcomb's equation.

Follows that electromagnetidorqguescan only developin plasma
at locationswhereNewcomb's equationbreaksdown: i.e., at
rational surfacesassaiated with unstabletearing modes.
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Plasma equation of motion

Plasmatoroidal equationof motion takes form:

@, @ @, _X .
r@@r@— Th (r rp);

n

where ,(r) istoroidal angula velacity, (r) massdensiy, (r)
viscosiy, and the r,, are active rational surfaces.

Viscosiyy (r) dueto free-streamingalongergadic eld-lines in
plasmacare, and shat-wavelengthelectrostaticturbulenceat

plasmaedge. Viscosiy not known very exactly from theary, but
can be measuredexperimentally
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Wall eddy current torgues

RFP plasmassurroundedby close- tting conductingwall needed
to suppessdangeroudast-groning instabillities.

A rotating tearing mode in plasmainduceseddy currentsin wall.
Eddy current phaselagsthat of tearing perturbation dueto nite
wall resistiviy. Phaselag generates€=M torque acting on wall.

Equaland opposite torque acts on plasmaat rational surface.
Torque opposesmode rotation. Torque can be calculatedfrom
tearing mode eigenfunctionand wall characteristics.

Solveplasmaequationof motion with calculatedtorque. Compae
with experimentaldata.
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Eddy current rotation braking
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Error- eld torques

Conductingwall possessewroidal and poloidal gapsneededio
allov magnetic ux from external eld-coils to reachplasma.

Gapsgeneratesmall magneticperturbations,someof which have
samehelicity as active tearing modesin plasma. This type of
perturbation known aserra- eld.

An erra- eld resonantwith giventearing mode exertstorque on
rational surfaceproportional to sin(' ' o), where' is helical
phaseof tearing mode, and' o is ( xed) erra- eld phase.

Cancalculateerra- eld torque from tearing eigenfunctionand
amplitude/phaseof erra- eld. Canthen solveplasmaequationof
motion.
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Nonlinear coupling torgues

Teaing modesin RFP plasmaof su ciently high amplitudethat
substantialEM torquesarise from nonlinea coupling.

Two core tearing modes: the 1;n,; and 1; n, modes,say: can
couplewith an edgetearing mode: the O; n3 mode, say: provided
that

N{ Ny = Ng:

EM torquesgeneratedat 1;n4, 1;n,, and 0; n3 rational surfaces
takeform n{ T, n, T, andns T, respectively ConstantT canbe
calculatedfrom tearing mode eigenfunctionsand equililrium.

Canwrite equationof motion of plasmaunderin uence of
nonlinea torques.
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Nonlinear coupling torques

Many tearing modespresentin typical RFP plasma. Many mode
triplets generatingnonlinea torques. Equation of motion of
plasmavery complicated. Seeksomesimplifying concepit.

Considemodel dissipativesystem:

d?x dx
2 T — + F(x) = 0:
m iz It Vo (x)=0
If conseravtivdorce,F = d =dx, large, andinertia, m,

dissipation, , and dragvp, small,then expect systemto

eventuallysettle down closeto stableequilirium point [F (x) = O,
FYx) > Q]. If we are only interestedin nal state then we canjust

seach for suchpoints, rather than solvingequationof motion.
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Torque minimization principle

RFP plasmais dissipativesystemin which nonlinea EM coupling
torguessigni cantly greaterin magnitudethan inertial and viscous
terms in equationof motion.

In accadancewith previousdiscussiongxpect plasmato nd nal
state in which EM couplingtorquesminimized This is achieved
by adjustingrelative phasesf coupledmodes. This, in turn,
requiresredistribution of angula momentumwithin plasma,since
mode angula velccities relatedto angula velccity of plasmaat
rational surfaces.
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m = 0 mode locking rule

Principleyieldsfollowing mode locking rule for m = 0 phases:

1 Oon — .
=N —.
2

Rule generateshaacteristic patternin m = 0 eld perturbation.
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m = 1 mode locking rule

Torque minimization principle yieldsfollowing mode locking rule
for m = 1 phases:

v Ion — .
n 1 15

where i verycloseto o, and ; arbitrary.

Rule generatescharacteristic pattern in m = 1 eld perturbation.




Slinky pattern

Nonlinea couplingbetweenm = 0 and m = 1 modesin RFP
plasmagenerateschaacteristictoroidally localizedpattern in
perturbed radial eld known asslinky pattern. Edgeheat ux
funneledthrough peak of slinky pattern, giving riseto
\blow-torch" e ect on surroundingwall. E ect far mare
dangeroudf pattern is non-rotating

Accading to mode locking rules, slinky pattern rotates at angula
rotation frequencyof plasmaat reversalsurface.

m = 1 componentsof pattern generallyrotate at much higher
angula frequenciesvhich are all di erent: i.e., slinky pattern is
merelyinterferencepattern in perturbed magnetic eld.

In general,formation of slinky pattern does not requirecollapsein
central plasmarotation.
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E ect of error- elds on slinky pattern

Supposeone of constituentm = 1 componentsof slinky pattern:
the 1, n; mode, say: is locked to an erra- eld: 1.e., its angula
frequencyis zero.

Phaselocking rulesnow yield

u_l;n — (n nI)I_O;

where' g is angula frequencyof pattern. m = 1 modeswith
n > n; rotate in samedirection as pattern, modeswith n < n,
rotate in opposite direction. All angula friquenciesinteger
multiples of pattern frequency Formation of pattern requires
collapsein central rotation.

If O; 1 mode alsolockedto erra- eld then plasmarotation at
reversalsurfacehalted. Slinky mode and all constituent modes
stationay. Plasmarotation pinnedto zeroat all rational surfaces.
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Conclusions
Teaing mode theay ableto accountpretty well for
electromagnetianomentumtransport seenin RFP plasmas.

Theay explainssloving down of mode/plasmarotation at very
high mode amplitudes.

Theay alsoexplainschaacteristic patternsseeninm = O=m= 1
elds dueto nonlinea coupling.
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