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The potentially damaging ELMs in Tokamaks such as JET aievesl to be triggered by the
Peeling-Ballooning instability[1, 2]. However, numeiicalculations[3] have suggested that the
Peeling mode should be stable in plasmas whose separatrs n X-point, these include the
plasmas in JET. In contrast, analytical work by Laval etJatf@ncludes that the Peeling mode
is unstable in cylindrical plasmas with a shaped crossesettat can in principle approach an
X-point configuration; a conclusion that potentially coctli with the numerical calculations.

To help resolve these concerns, we consider the Peeling meodeidal tokamak geometry,
generalising cylindrical calculations at marginal stiypito arbitrary toroidal geometry. Our
calculations solely concern the Peeling mode, and ourtseard not complicated by coupling to
the Ballooning mode for example. We will relate these caltiahs to thedW = oWk + W5+
oWy, of the energy principle[5], wher@\k is a plasma contributio@Ws is a surface integral,
and dOW is a vacuum contribution. We find that the Peeling mode desdrby these studies,
corresponds to takingWe: < dWs+ dW,, and solving (at marginal stabilitWs+ W, = 0.
Our calculations do not use an expansion in a Fourier séoiesxample, and appear to be valid
arbitrarily close to a separatrix with an X-point. Finallyewonsider Peeling mode stability in
an X-point equilibrium, and explain the results found in 8¢8] and [4].

We generalise studies of the Peeling mode at marginal gyainila circular cross-section
plasma, by observing that they implicitly assume: (1.) Zegailibrium skin currents, but the
equilibrium currently can be discontinuous at the plasma-vacuum interface. €2tyifations
to the magnetic field induce perturbation skin currents. Weuse these assumptions to solve
the linearised form of the force balance equatierB = Op at marginal stability. We will write

Bo = I (¢)0e+ D@ A Oy, for which

-
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Firstly we define perturbation skin currents as
V =
/ Jdy=5 2)
P

1The mode in Ref. [4] uses straight field-line variables far fioloidal angle, and hence can be difficult to

represent in a numerical calculation when the outermo$iseiapproaches a separatrix with an X-point.
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with fF\,’ denoting the integral from just inside the plasma to jusid@she vacuum, withg
evaluated at the equilibrium surface position. We will alse Ampére’s law antdl.B = 0 at the

surface, that require[6]
WBH:O 3)
Dw/\<l§v—§>:6 (4)
where([| f|] denotes the difference betweérvaluated just outside the plasma minus the value

of f evaluated just inside the plasma. Usihg= 0 A B1, we may evaluate Eq. 2 in terms of the

discontinuities in the perturbed magnetic field at the pksorface, with
G = RPO@[|Bp.By|] — RPBy[|0.By ] (5)

We take the curl of the linearised equation fop = J A B, project in the poloidal, toroidal,

andy directions, and forrrfF\,’ dy, while noting that Eq. 5 implieBl.6 = 0; then we obtain

0 :%D< §>+&D¢H%&ﬂ—6ﬂ§ ©
0 —Bo.0(G D¢»+BlmeD¢Jq]+mGDR
We write 2258 = —g.00 <%) =— (05—2”) Bp.0 (%) and using Egs. 1 we get,
’ :%O'D(aagp“é&”) o o8 (7)
0 —B0.0(3.0¢+& (ph+ %)) —BoO (%) (% +14Sw)
Therefore becausg = 0 whenéy, = 0, Eq. 7 implies that
8 = Jo&y 8)

where we have used Eq. 1 to write Eq. 8 in terms of the equilibriurrently again.

Next we considef|[.By|], the difference between.B evaluated just inside the plasma and

just outside the plasma, and consider the mgbroidal mode number limit. Then using Eq. 5
we find,
i d

h3u }:§06+0(%) (9)

This in conjunction with Eq. 8 is the generalisation of theslfey mode’s marginal stability

#§{ —Oy.B,

condition at highn to toroidal geometry. In the cylindrical limit it reducesttee usual result[2]

1y m-nq|[r$
o ] "
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We outline how this result relates to the energy princigigitsng from the higha expression

for OW given in Ref. [7]. We repeat here for convenience their itefsuloWs:

—

B.J
JxBK&y) + B fw] (11)

R’B51 9
e =11 y{dx—JXBk| [J 0

with Jy Bk = iJy B.0, andJy the Jacobian in the orthogoral ¢/, ¢ co-ordinate system.
In the vacuunil A BY = 0 so we may writ¥ = 00V, and.BY = 0 impliesd2V = 0. The

boundary condition at the plasma-vacuum boundary redbires

fo.BY = Bo.O (ﬁo.é’) _ (ﬁ0.5> (ﬁo.ﬁo.DI§0> (12)

which may be shown to be identical to requiring simply thgt.B; = Dw.ﬁ\l/, with both equa-
tions being evaluated at the equilibrium plasma surfacealse require thaB¥ — 0 at large
distances from the plasma, ignoring the presence of a vagalhfior simplicity.

We evaluat®W, = 2 [ dr|BY|?= 1 [ dr|0V|? by using Gauss’ theorem afffV = 0 to write
OW, as a surface integraW, = —ifVﬁo.DV dS. The termip.0V* = ET‘” BY*, which using
the plasma vacuum boundary condition described atiogel; = DL,U.BY, becomesiy.[IV* =

RinDLpEj. The largest terms in a highexpansion of]2V = 0, require

vz—p——(mw.§\1’> (13)

which along withrg.OV* = =&-0y.B; anddS= (J,B,)dxRdgp, may be substituted intdW, .
RBp, 1 xPp

After integrating with respect t@ we obtain

_ anX <n) Dw B { Dw.§1>] (14)

Becausel, Bk = iJyB.0, and for highn %%

B.O = % .0, then integrating by parts

gives

B.0¢&; d -
SWs = —anXdX <n) BZ"’ [RZBZI awB D£w+BJEw] (15)

Finally, using@.DELp = 0y.B; and adding® W, we obtain

OWs+ OW, = n}z{J dx( )@{RZBZ{

(00)

hau } — é.jfw} (16)

The term in{} is exactly Eq. 9 withg = %Ew as in Eq. 8. Therefore marginal stability of the
Peeling mode corresponds (at highto neglectingdWe, and solvingdWs + W, = 0. This
suggests we should define the higlfeeling mode as a mode wittw < dWs+ dW,, and
whose subsequent stability is determined\ys and oW, .
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X-point Plasmas: We start from Eq. 16, usingy.BY = Oy.B; = B.0é&y, to write
— 9 —
i\ B.O&; agW-BL|| /i < -
OWs+ OWy = n?{JXdX ('ﬁ) Bf"’ {stf, [ UL ] (ln) B.DELp—J.B«SqJ} (17)

OyB,
Now we consider the stability of plasmas to a single Fouriede® = &,(y)e™m "% where

0= %”fx vdy’ is the usual straight field-line poloidal coordinate, firglin

OW = —11|&m|? A (AL + J) (18)
whereA = ™M §— ¢dl _L_2B andA’ = ||4dIB 12 F5 0Bl i 6l — 3, Bdy an ele-
~oonq 'Y R?B,, B2 - PRZBZ Qy.B, = JxBpdX

ment of arc length in the poloidal cross-section. If the plass approximated as a vacuum, then
it may easily be seen for a circular cross-section Mas a negative constant of order~ nq.
Equation 18 is minimised foh = —J/2, giving W = +11|&n|*J2/4A'. Hence the Peeling
mode remains unstable for profiles that are arbitrarilyelosa separatrix with an X-point, but
provided X-point plasmas hav€ ~ —nq thendW — 0 asq — 2 in agreement with [3, 4, 8].
Current work should confirm whethéf ~ —nq for an X-point plasma[9].
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2This might help explain the easier H-mode access in X-pdagrpas.



