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Toroidicity and shape dependence of peeling mode
growth rates in axisymmetric toroidal plasmas*
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The growth rate of the peeling mode instability with large toroidal mode number is calculated for general axisymmetric
toroidal plasmas, including tokamaks and the spherical torus (ST) equilibia by using formalism presented by Connor et al.
Analytic equilibia with non-zero edge current density and quasi-uniform current profiles are assumed. It is found that in
sharp D-shape tokamak plasma, the derivative of the safety factor with respect to the poloidal flux becomes very large,
making the perturbed poloidal motion very large, in turn making a significant reduction of the growth rate of the peeling
mode, similar to the X-point effect in diverted plasma. The large aspect ratio effect is also studied, which reduces the

growth rate further.
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1. Introduction

Magnetohydrodynamic (MHD) instabilities in the toka-
mak pedestal region of the high-mode (H-mode) confinement
are thought to be responsible for triggering the edge localized
mode (ELMs) and understanding these instabilities is impor-

tant for the control of the ELMs.[!! Responsible ideal MHD in-

stabilities have been first studied widely both analytically!>!

>-101 These are the peeling—ballooning type

11-13]

and numerically. !
modes at intermediate toroidal mode number (~3-30).!
Analytical research!>*! has been carried out for peeling modes
with very large toroidal mode numbers for limiter configura-
tions. For divertor configurations, some new developments
appear recently!!*"17l to treat the separatrix problem appro-
priately. Several non-ideal codes (NIMROD, ['81 BOUT, 19201
BOUT++,[21] M3D-Cm]) have been developed to include
non-ideal effects, such as finite collisionality, ion diamagnetic
stabilization, etc.

In recent years, numerical studies develop rapidly so that
the peeling mode calculations can be routinely carried out.
However, numerical studies usually assume particular equi-
librium or directly use that determined by equilibrium codes.
This makes it unfeasible to understand the parameter depen-
dence of the mode growth rate on, such as the Toroidicity (the
aspect ratio effect) or shaping effects. In this paper, we con-
sider analytic equilibrium solution that covers the tokamak (its
aspect ratio R/a = 3, with R being the major radius, a the half-
width of the boundary at the mid-plane) and the spherical torus
configurations (its aspect ratio R/a = 1.2) and also elongation
and triangularity effects. The selected configurations are very
similar to experimentally realized ones in many tokamak and
ST devices. Some new phenomena are indicated. Especially,
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results for the typical D-shape configuration and the inverse
D-shape (also called the negative triangularity) configuration
are compared. Interest for the latter configuration is recently
attracted due to its potentiality to alleviate the head load on the
divertor plate of a tokamak reactor.

In Section 2, the formula of the growth rate of the peel-
ing mode for general toroidally axisymmetric configuration is
presented.*°! In Section 3 we introduce a Soloviev-type con-
figuration. In Section 4, tokamak plasma is considered to ana-
lyze the shape effects. In Section 5, the spherical torus config-
uration is considered to analyze the aspect ratio effects on the
growth rate of the peeling mode. In Section 6, a brief summary
is made.

2. Growth rate of the peeling mode

The peeling mode instability of cylindrical plasma with
non-zero edge current was first investigated in Ref. [2]. Such
study was generalized to arbitrary toroidal plasma in Ref. [3]
to obtain a general necessary stability condition that was
widely used for analyzing the tokamak pedestal stability of
the H regime. Later, Connor ef al. re-derived this condition
in a clearer way!* that permits estimate of the growth rate
of the unstable mode. To do this, we need to simultaneously
determine the variations of potential energy and the kinetic
energy.[” In the following, we briefly introduce some basic
formulae. A detailed description can be found in Ref. [23].

The growth rate 7y of an unstable ideal MHD mode can be
calculated from the energy principle as

14
=7 (1)
/dTP0|€\
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For toroidally axisymmetric equilibrium, using an orthogonal
coordinates ey, eg, es, with y being the poloidal magnetic
flux function, ) and ¢ the poloidal and the toroidal angle-
like variable, three components of the plasma displacement
&(r,1) = €(y,x)e" "¢ should be related by V - & = 0 and
By €& =By& +BrE =0, so that we have [€]> = E2+ (1 +
B} /B})E;. Let X = RBy &y, !l we use a formalism developed
in Ref. [4] to consider large toroidal mode number # and as-
sume the mode is localized around a rational mode surface

where () =
x=gwe|-in(c- [fvar)|. @

with v = IJ/R? being the local pitch of the field line, and J the
Jacobian. Using the localization condition, from V - £ =0 we

m/n and uniform along the field of lines as

obtain
- p2
iR°By dX

Su = nl oy’

3)

Finally, the unknown function X (x) should be determined by
minimization of the potential energy!>#

3 2
6W:82/dx{Px2 (‘:é) +Q§2+S;x(x§2)}. 4)

Here we use the same terminologies as those in Ref. [4] and

= 27rq’2/f.1£22;)2f, 5)
| B q'] /f
S=Ptq ]/Ifgf%/fjggg. Q)

The corresponding Euler equation is

d (,d§ 0,
dx(x dx) —FE—O. (8)

Around the singular layer, Q and P can be treated as constants,
leading to the Mercier-like solutions!*!

E=ax +axt, )
where
1 )
Ap=—=+4/ -+ =, 10
+ 2 4+P (10)

Quantity Q/P = —Dy is the Mercier coefficient.?>! The so-
lutions (9) mean that the eigen-functions only depend on the

(A-+1)+§jBJdy/27d |Vy|*

Mercier coefficient and the presence of the edge current does
not affect these functions. Now we are interested in the situa-
tion where the rational surface is outside the plasma. Assum-
ing that the location of the rational surface is at x = 0 while the
plasma boundary is at x = A > 0, inside the plasma A < x < o,
then we obtain after substituting Eq. (9) into Eq. (4)

& 5 i+ S
OW = ——a* PA**T [)L + P} . an
The above derivation also gives the displacement components
of interest
&y =X/RB; =a_x* |RBy, (12)
R’ByA-\ 5 4
=ia_ | ——— |x" 7. 13
&y =ia ( ol >x 13)

Using these results, for the kinetic energy we obtain
Jdy > A 2A-+1

K = 832
d apo[( RB} ) 2A_ +1

R'B2 A1
X
+(f 7 ]d");ﬂ(z}tl)]' (14)

The growth rate can be determined by

1 A_P+S
_ I
s o A (15)
_ 1 Jdy
© 2 +1) RB}
_ ’IE]{R“BZJd (16)
2A220 — )2 2’ X

Assuming that gs =m/n and ga = m/n+q' (¥) (o — Ya), then
we have
A= Yo— Va _ (m/nli qa) , (17)
€ q'e
1 q'e
=1 18
nd ~ (m—ng) (o

We are interested in case of g¢'¢ ~ 1 and 0 < m —ng, < 1. Us-
ing the above results, the kinetic term becomes

1 Jdy

K — &3 pnEl AP+ ]{
TE PO&O ‘21__"_” |VII/|2

12
|21 71|F2

fR4BZde] (19)

Defining w3 = B?/poR3, the general expression of the growth

rate becomes

(V/aX) =

(B/Ro)> § B2Idx[(1/122- + 1)) § Jdx /q?| VY| + (A2 /F2) § RUBLI )/ [V >

(20)
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3. Soloviev-type conﬁguration[24,26,27]

To simulate a tokamak pedestal region, we use the simple
Soloviev-type equilibrium of up—down symmetry, and assume
the following type solution of the Grad-Shafranov equation:

_ W4 _
“B[hara-omGer]. e
RZ

In above solution, subscript “b” means the boundary, and pa-
rameter E corresponds to the elongation of the cross-section,
while D is related to the triangularity of a D-shape configura-
tion. Introduce flux-based new variable

Yy = YoV ¥/ Vb,

and a poloidal angle-like variable u from the transformations

(23)

Using Jdu = dI/B,, integrals in above sections can be directly
calculated. Especially, the safety factor g and its derivative
with respect to y can be expressed by

_LoJdx
a(v) = 5
y2IERy /ﬂ du
8ty Jo fiv/fa
qol [ du
- iy 33
710) Jo iR 49
SEIR T (cosu— fssinu
C]/(ll/) — I/q/]_ yb 3/20 / du( f5 )
167y, /0 hvh

(34)

(7t )
ho 2k )

The value of ¢’ () can also be calculated by direct derivative.

R = Ro/1+yycosu=Ro/ fi, 4. Tokamak plasmas
ERy yW sinu ERoyW sinu
= N \/1 D)y, cosu 2Vh 24 For tokamak plasma, the quantity / = RB; can be ap-
proximately taken as constant. Set y, = 0.625 and E = 1.6,
Thus, we have by changing parameter D, different plasma boundary can be
al B 4wbwa bE) 25) obtained. We are mainly interested in configurations with D-
JR beo ’ shape boundary. For comparison, we consider two D-shape
oy Ayhyy /fasinu (26) configurations, one has inner D-shape (the routinely used by
oz 2R0 E general tokamas), the other has outward D-shape (the inverse
l//byq, D-shape). Both have almost straight boundary in inner or out-
v f v/ 27
Vv fa= (yw fa), @7 ward side, as shown in Fig. 1 (the latter is also called the nega-
where tive triangularity configuration). Relationship of the parameter
D with the triangularity can be found in Ref. [24].
JSi=1+yycosu, (28) It is found that all surface quantities in Egs. (6)—(7) and
fo=14+(1—-D)yycosu, (29)  (19) are sensitive to the Jacobian and the value of |[Vy/|. As an
f3 =cosu+ (1 —D)yysin®u/2fs, (30)  example, we consider the variation of [Vy/] along the poloidal
fi= A f32 s sin?u / E?, 31) d1.rect10n. FOI.' ]?-shape conﬁguran(?ns with sharp b.oundary,
this value exhibits a sharp decrease in very local region (near
and the Jacobian the inner mid-plane for D-shape or near the external mid-plane
Sy . yﬁ ER(3) for the inverse D-shape) while for elliptic boundary, its varia-
J= (ybER3> V)T = 8o/ o (32) tion is relatively small, as shown in Fig. 2.
T "l ©
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Fig. 1. Examples of tokamak boundary. (a) Boundary with D-shape; (b) boundary with inverse D-shape; and (c) elliptic boundary.
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Fig. 2. Variation of |Vy/| along the poloidal boundary for configurations shown in Fig. 1. (a) D-shape; (b) inverse D-shape; and (c) elliptic.

4.1. The Mercier index _ Jdy (37)
fer i vyl
To calculate the Mercier index, Dy = —Q/P, we first 5
rewrite the relevant quantities as M I? < Jdy 1 R*Jdy
2= 5= 5| — 52 —
JB*d 2 \/ [Vyl 2 \J |Vy|
—of oy " PMy PP, (35) .
< [ 2K (38)
Dy = —Q/Zﬂq ; (36) IVl
1 (0 B*d
e L (2 o) (e R
2n \Jdy V] Using these relations, we obtain
|
E>+1-D (v, 1/2 d du d [ du d du
o () (25 /(2 ) ) () o
pnm = =g\ ) Man 1 VE) M\aw S ave) B e ava
2
B2 1D\’ </du/f4\/J72) - </f1du/f4\/fz> (/d“/f1f4\/]T2>]
(@720 [ auii V)
Dy = em{[lalvp /Igp — I5] /Iqp + em[I5 — Ialg) /1 5 bt (41) ‘two parts and their sum, Dy = Dy + Dw2, with the change of

E’+1-D
E?yy

Yo
v

(42)

e (B2 (3)

In the above equations, we define several integrals as

cosudu
/fl\/> / 3/2 ’
/du cosu( D)
fivh 2f>
i T du i T du
v 3Y§ Vi e dyy Jo fivFa
/ T du
f1f4\F o fivfr
1du

—/ o Jz/o dufi f//Fo-

In these results, we use the self-consistent equilibrium re-
lations about the p/(y) and I’*(y).
analysis, we are interested in the stable Mercier mode, i.e.,
Dy < 1/2. Tt is found that the Mercier index is in the stable
regime, denoting the first part and the second part of the right-
hand side of Eq. (31) as Dy; and Dyyp. The variations of these

For the peeling mode

the triangularity parameter D is shown in Fig. 3.

Dl\[l

Fig. 3. (color online) The Mercier index Dy versus the triangularity
parameter D for yp, = 0.625 and E = 1.6.

4.2. Current driven term

The edge localized peeling mode is basically driven by
the non-zero edge current.!'* The contribution of this term to

the variation of the potential energy is expressed by o }1{ E
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BJdy/|Vy|?)/rq . Using the equilibrium relation, we have

1/2
L . N
HojB ~ loj¢ B¢ < P 2R2) I8 (43)
iB. n?
j de _ de2 Jdy o
047 Vy|= 2 ) R Vyl
Then, using the following relationships: >4
/ 8Yh (E2 +1- D)
- — 2= T 45
Hop MoPo/ Yo CER (45)
8Dy,
?)2=1/y =~ (46)
VE*RG
. 8Wb 2 R 2
Rj, = E2+1-D)( =) +p|, @47
Ho Je (y%EZR%> ( + )<R0> + 7( )
we obtain
Rjc= (-2 \|(g21-p) (R 2+D (48)
HOMe =\ e Ro ’
jBJdy
——/(nq)
Vy?
= E-+1-— +D
<”anw) k .ﬁwfi fLﬁ»fﬁ

ACIS ) ®

If we denote this term as —8Wjp and define —6W = —[(A_ +
1) + 6Wjg], the variation of the potential energy will be pro-
portional to —0W. The variation of these two quantities with
the triangularity parameter D is shown in Fig. 4.

-0.5 00 05 10 15 20 25

Fig. 4. (color online) Variation of the total potential energy with D for
yp = 0.625,FE = 1.6. The contribution from the current driven term is
also indicated.

4.3. Distributions of |&y[> and |&y|?> along the poloidal
anglel’!
An important feature of the peeling mode is the quite dif-
ferent distribution of the normal component of the displace-
ment function from its poloidal component along the poloidal

angle. We now determine their contributions to the variation of
the kinetic energy. From the expression of the kinetic energy
variation (Eq. (19)), we can find that contribution from the nor-
mal component of the displacement, 2, can be written as
CJ/|Vy|? = A/ f4+/fo, while that from the poloidal compo-
nent is

\§x| [(C/3)q"/F*IR*BJ < A(E?y; /370°)
X (ayw/o M) f1f4/\/]72~ (50)

To plot \/ |“,‘1,,|2 and \/ I3 ‘2 as functions of the poloidal vari-
able u, for a D-shape plasma, we find that, with the inner

boundary getting much steeper (the parameter y,, — 0.625),
the poloidal component becomes much greater than the nor-
mal component and much localized (Figs. 5(a) and 5(b)) while
for the inverse D-shape case, if the magnetic shear is not large,
two components could be comparable (Fig. 5(c)).

300

250

200

5
~ 150
3

100

50

0

Cu‘w CX

Fig. 5. (color online) Displacement functions along the poloidal di-
rection for different boundary parameters: (a) yy = 0.625, E = 1.6,
D = —0.59, (b) yy = 0.625, E = 1.6, D = —0.5, and (c) yy = 0.625,
E=1.6,D=25.
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4.4. Growth rate of the peeling mode

Now we can use the general equation, y*> = —8W /K, to
calculate the growth rate of edge peeling mode for an arbi-
trary D-shape Solov’ev configuration described above. Using
results described in above sections, we can finally write

(7 /o)
_ Gt )+ @rEy) (B 1= D)s+ D)y
- q§l(E2Y3) s /12, + 1)1y ’

For simplicity, in the following we denote 23 /@3 = 7

as a normalized quantity (the square of normalized growth
rate). Including two D-shape configurations, the general vari-
ation of the square of the growth rate of the edge peeling mode
in such kind of Solov’ev configuration is shown in Fig. 6. It
is found that in parameter range —0.41 < D < —0.11, 7/2 <0,
the mode is stable. For D-shape case, with D < —0.41, the
growth rate is small while in the inverse D-shape case, the
growth rate is usually much greater than in the D-shape case.
However, when the parameter D > 2.5, i.e., when the outer
boundary becomes rather straight, the growth rate rapidly

0.030

ypy=0.625, E=1.6

0.025 |
0.020
. 0.015 I
0.010

0.005

Fig. 6. Variation of the square of the normalized growth rate of the edge
peeling mode, y?, with the triangularity parameter D.

decreases. The basic reason that the growth rate becomes very
small in both of these two limiting cases is not due to the de-
crease of the variation of the potential energy (indeed, these
variations are increasing), but due to the rapid increase of the
poloidal displacement value. This situation is quite similar to
the case of a diverted plasma when the very near separatrix

surface is approached.!-14-17]

5. Spherical torus configuration

Analyses carried out above indicate that the magnetic
shear in the tokamak edge (due to large ¢'(y)) has signifi-
cant effects on the edge peeling mode. It is undoubtedly very
interesting to consider the large aspect ratio case, the spheri-
cal torus configuration, because it has a large magnetic shear
in its edge region naturally.?*! Now assume a configuration
with aspect ratio A = 1.2 and E = 1.6, which is equivalent to
yb = 2A4/(A% 4 1) = 0.9836. Examples of the boundary of this
kind of configurations are shown in Fig. 7. Using the same
method as the one discussed above for tokamaks, we obtain
the Mercier index in Fig. 8. It is apparent that dominant effect
is from the Dy term, producing a quite strong stabilizing ef-
fect. Then for typical D-shape ST configuration, the current
driving term is smaller than the Mercier term, so that the edge
peeling mode is stable. This happens for D < 0.129 (Fig. 9)
while the absolute value of A_ becomes larger than the ab-
solute value of S/P so that the total variation of the potential
energy is positive.

Even in the unstable parameter regime, the absolute value
of the displacement function becomes very large and usually
the poloidal displacement is much larger than the normal one
by several orders. This makes > much smaller than the toka-
mak case (Fig. 10).

1.5 1.0
L (a) (b) [ (o)
1.0 F 0.8
1.0 | I
0.6 |
os L 05 F 0.4 |
B 0.2
CE 0 S oF - oF
S 3 S
v 0.2 F
—0.5 | I
—0.5 [ —-04
~1.0 [ )
N —1.0 —-0.8
_15 1 | 1 | 1 | 1 | | 1 | 1.0 I 1 | 1 | 1 |
0 0.5 1.0 1.5 0 0.5 1.0 1.5 ) 0.5 1.0 1.5

R/Ry

R/ Ry

R/Ry

Fig. 7. Boundary of an ST configuration with y, = 0.9836, and E = 1.6. (a) D = —0.016, (b) D =0, and (¢) D = 1.0.
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—0.04 Dy

Dl\l

—0.06 Dy

—0.08

010 y, =0.9836, E=1.6

0 0.05 0.10 0.15 0.20 0.25 0.30
D

Fig. 8. (color online) Variation of the Mercier index Dy of the ST con-
figuration with parameter D.

0.10p y, =0.9836, E=1.6

0.08
0.06

0.04

—oW

0.02

0
—0.02

0 0.05

0.25 0.30

0.15 0.20

D

0.10

Fig. 9. (color online) Change of the total variation of the potential en-
ergy, —6W for the ST configuration with parameter D.

10}
i v, =0.9836, E=1.6

?/107°

[T T R S R N B!
0 0.05 0.10 0.15 0.20 0.25 0.30

D

Fig. 10. Change of the square of the growth rate > for the ST configu-
ration with parameter D.

6. Summary

We have calculated the growth rate of the edge peeling
mode for the tokamak and the ST configurations. For toka-

maks, results are compared for regular D-shape and inverse
D-shape cases. Generally, the variation of the kinetic energy
is dominated by the perturbed poloidal displacement, which
becomes very large in a large magnetic shear region. This
makes the growth rate of the peeling mode very small in near
D-shape and also the inverse D-shape boundary. This situa-
tion is somewhat similar to the case of diverted plasma when
the separatrix is approached. Of course, this is only a simple
one-dimensional analysis, so it would be interesting if a more
complicated numerical simulation could find similar results.
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