N

)
(& o) EUROfusion

/
\

EUROFUSION WP14ER-PR(16) 14672

C Ham et al.

Equilibrium and stability of ITER
plasmas with rotating RMPs using
VMEC and COBRA

Preprint of Paper to be submitted for publication in
Nuclear Fusion

This work has been carried out within the framework of the EUROfusion Con-
sortium and has received funding from the Euratom research and training pro-

gramme 2014-2018 under grant agreement No 633053. The views and opinions

expressed herein do not necessarily reflect those of the European Commission.



This document is intended for publication in the open literature. It is made available on the clear under-
standing that it may not be further circulated and extracts or references may not be published prior to
publication of the original when applicable, or without the consent of the Publications Officer, EUROfu-
sion Programme Management Unit, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK or e-mail
Publications.Officer@euro-fusion.org

Enquiries about Copyright and reproduction should be addressed to the Publications Officer, EUROfu-
sion Programme Management Unit, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK or e-mail
Publications.Officer@euro-fusion.org

The contents of this preprint and all other EUROfusion Preprints, Reports and Conference Papers are
available to view online free at http://www.euro-fusionscipub.org. This site has full search facilities and
e-mail alert options. In the JET specific papers the diagrams contained within the PDFs on this site are
hyperlinked




Non-axisymmetric ideal equilibrium and stability of
ITER plasmas with rotating RMPs

C J Ham!, R G J Cramp'?, S Gibson?, S A Lazerson*, I T
Chapman'? and A Kirk!

LCCFE, Culham Science Centre, Abingdon, Oxon, OX14 3DB

2Department of Physics, University of Bath, Claverton Down, Bath, BA2 7AY
3Department of Physics, Durham University, Durham, DH1 3LE

4Princeton Plasma Physics Laboratory, Princeton, NJ, USA

E-mail: christopher.ham@ccfe.ac.uk

Abstract. High confinement mode (H-mode) is favourable for the economics of a
potential fusion power plant and its use is planned in ITER. However, the high
pressure gradient at the edge of the plasma can trigger periodic eruptions called
edge localized modes (ELMs). ELMs have the potential to shorten the life of the
divertor in ITER [Loarte et al. Plasma Phys. Control. Fusion (2003) 45 1549] and
so methods for mitigating or suppressing ELMs in ITER will be important. Non-
axisymmetric resonant magnetic perturbation (RMP) coils will be installed in ITER
for ELM control. Sampling theory is used to show that there will be significant a
Neoils — Nrmp harmonic sideband. There are nine coils toroidally in ITER so n¢oi1s = 9.
This results in a significant n = 6 component to the n,,, = 3 applied field and a
significant n = 5 component to the n,m,, = 4 applied field. Although the vacuum
field has similar amplitudes of these harmonics the plasma response to the various
harmonics dictates the final equilibrium. Magnetic perturbations with toroidal mode
number n = 3 and n = 4 are applied to a 15MA, gg5 ~ 3 burning ITER plasma. We
use a three-dimensional ideal magnetohydrodynamic model (VMEC) to calculate ITER,
equilibria with applied RMPs and to determine growth rates of infinite n ballooning
modes (COBRA). The magnetic perturbations produced by the RMP coils will be
rotated in ITER so that the spiral patterns due to strike point splitting which are
locked to the RMP also rotate. This is to ensure even power deposition on the divertor
plates. VMEC equilibria are calculated for different phases of the RMP rotation. It
is demonstrated that the off harmonics rotate in the opposite direction to the main
harmonic. The n,.,, = 4 case shows little change in ballooning mode growth rate as
the RMP is rotated, however there is a change with rotation for the n,.,,,, = 3 case.

1. Introduction

It will be important for ITER to demonstrate operation in high confinement mode (H-
mode) because this significantly improves the economics of a potential fusion power
plant. However, it is well known that H-mode can suffer from periodic plasma eruptions
from the edge, called edge localized modes (ELMs). In current machines ELMs do not
cause significant damage, however it is predicted in ITER that natural, type-I, ELMs
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will limit the lifetime of the divertor [1] and so they must be controlled. A number of
potential methods for ELM control exist, such as pellet pacing and vertical kicks [2, 3],
but we focus on the use of resonant magnetic perturbations (RMPs) produced by non-
axisymmetric coils, near the plasma edge. Experimentally, it has been demonstrated on
a number of machines that RMP coils can alter the frequency of ELMs, either increasing
the frequency and thus decreasing the peak heat load (ELM mitigation) or removing the
ELMs completely (ELM suppression) [5-7]. ELMs can also be useful as they are likely
to remove tungsten impurities from the plasma edge which may otherwise accumulate in
the plasma core and cause reduced plasma performance. This provides more motivation
to understand how ELMs can be controlled.

ELMs are thought to be the nonlinear phase of the peeling-ballooning instability
[8]. A significant strand of research has looked at the linear stability of the plasma
to peeling-ballooing modes to understand when the plasma would be unstable to
ELMs. Axisymmetric modelling of peeling-ballooning stability using ELITE [9] has
been particularly successful. However, there is currently little understanding and thus
predictive capability, of what occurs when RMP coils are applied to a plasma in a
particular configuration. In certain circumstances axisymmetric analysis of plasmas
with RMPs applied indicates that the plasma should be stable, however experimentally
ELMs are still observed [10]. This indicates that the effect is due to more than the
change in stability due to the loss in density often caused by the application of the
RMP coils (‘density pumpout’). Non-axisymmetric effects are important.

The response of the plasma to the RMPs develops over several timescales. When
the RMPs are switched on, a new, non-axisymmetric, equilibrium is established and
this happens on an Alfvénic timescale. The new equilibrium has different stability
characteristics to all of the plasma modes. This changes the turbulence and so the
transport of heat and particles. The equilibrium then develops on a transport timescale.
We have observed that both of these effects occur in fusion plasmas. Experimentally we
see the plasma gains a non-axisymmetric midplane displacement [11,12] and also density
pumpout occurs [6]. The second part of applying RMPs is that the new equilibrium
has different stability characteristics to the peeling-ballooning modes, which produce
the ELMs. The change in stability is due to the new profiles of pressure and current
and the non-axisymmetry.

The RMP coils in ITER are made up of 27 coils arranged in three toroidal rows of
nine coils in each row. It is anticipated that these coils will be used in either n,,,, = 3 or
Nymp = 4 configurations, where n,.,, is the toroidal mode number of the applied RMP
field. The maximum current in each coil will be 90kA and each coil will have a separate
power supply allowing them to be controlled independently. The optimal toroidal mode
number for ELM mitigation and suppression is not known, however, toroidal mode
numbers n = 2,3,4,6 were examined in MAST [13]. This work concluded that there
was no clear optimum but that n = 3 and n = 4 were broadly preferred. A note of
caution should be given over the plasma control system when RMPs are applied. Given
the plasma is no longer axisymmetric the plasma will be closer to the wall in some
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locations than in others. If the plasma control system does not take this in to account
then it may inadvertantly move the plasma too close to the wall at a given toroidal
location potentially causing damage to the first wall [14].

In non-axisymmetric toroidal geometry there is no equivilent of the Grad-Shafranov
equation. There are many approaches to modelling the response of the plasma to
RMPs [15], linear or nonlinear, dynamic or equilibrium. The plasma equilibrium will
be studied here using VMEC [16,17], which is an energy minimization code. VMEC is
a fully non-linear 3D MHD equilibrium code and it uses the steepest decent algorithm
to find the minimum energy states of the plasma. The plasma energy is

|§|2 p 3
W:/ —+ —— | dz 1
<2M0 y—1 W

where B is the magnetic field and p is the pressure, and ~ is the adiabatic index.
The equilibrium coil currents, pressure profile, and current density profile define the
equilibrium state in free boundary VMEC (alternatively the iota profile may be specified
instead of the current density) [16,17]. VMEC assumes that the flux surfaces remain
nested, so that no islands or stochastic regions can form. This may not be a fully realistic
assumption as the RMP may cause small islands to be formed. However, theoretical
calculations and modelling, for example with JOREK [18], indicate that diamagnetic
effects and plasma rotation may cause any islands in the plasma to be much smaller
than otherwise expected by a purely resistive MHD plasma [19]. Plasma rotation is
not included within this model. The assumption of nested flux surfaces with non-
axisymmetry implies singular currents at rational surfaces which are not physical [20].
However, VMEC serves as a useful approximation to the non-axisymmetric tokamak
equilibrium.

In this paper we use COBRA [21,22] to calculate the infinite n ballooning stability
of the VMEC computed ITER plasmas. It is well known that infinite n ballooning modes
are correlated to kinetic ballooning modes (KBMs), which are thought to be responsible
for driving turbulence that sets the maximum pressure gradient. Thus if infinite n
ballooning modes become more unstable when RMPs are applied we would expect the
maximum pressure gradient to be reduced. Also, infinite n ballooning stability is an
approximation, in 1/n, to finite n stability. WKB theory can be used to find the next
order approximation to finite n stability [23]. Finally, COBRA is a fast code and so
results can be quickly obtained.

In Section 2 we investigate the equilibria produced using 7., = 3 and 1., = 4
RMPs. It is expected that the currents in the RMP coils will be constantly changing
so that the perturbations rotate toroidally. This is because the pattern of the plasma
strike point on the divertor plates is locked to the RMP and so rotating the perturbation
will spread the wear. We will describe rotation as increasing the absolute phase of
the perturbation. This is not to be confused with a differential phase scan where the
perturbations due to the different rows of RMP coils rotate at different rates. The RMP
rotation rate is expected to slow (of the order of a few Hz) so we can consider the plasma
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Figure 1: Nested flux surfaces for a 15MA burning plasma in ITER calculated
by VMEC.

to be in equilibrium at any point as the RMP is rotated. In Section 3 we investigate
the change caused to the plasma stability by the application of the RMPs. We further
investigate if the change in stability is constant with the rotation of the RMPs. We give
some discussion and conclusions in Section 4.

2. Equilibrium

2.1. Azisymmetric equilibrium

We use a 15MA burning ITER H-mode plasma as modelled by Lazerson [24] and
Liu [25,26] as our base case. In Lazerson [24] plasma pressure and current profiles
arising from axisymmetric transport modelling, using CORSICA, of an ITER H-mode
plasma were used along with the locations of the toroidal and poloidal field coils to
produce a free boundary VMEC equilibrium. It should also be noted that the enclosed
toroidal flux was optimized so that the axisymmetric equilibrium fit inside the CORSICA
separatrix. The flux surfaces of the axisymmetric equilibrium are shown in figure 1. The
computed safety factor profile is shown in figure 2. This matches the CORSICA safety
factor profile well, as shown in [24]. Finally, the pressure profile is shown in figure
3. Notice the pedestal near to the plasma edge which is characteristic of an H-mode
plasma.

2.2. Sampling and aliasing

The RMP perturbation would ideally be applied as one toroidal harmonic. However,
a finite number of coils toroidally are used to produce a given perturbation. If there
were a large number of coils compared to the toroidal mode number then the ideal RMP
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Figure 2: Safety factor for plasma equilibrium in ITER against normalized
toroidal flux.
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Figure 3: Pressure profile for a 15MA burning plasma in ITER plotted against
normalized toroidal flux; high ﬁp pedestal at s =~ 0.95

would be well represented. However, in ITER there will be nine coils toroidally in each
of the three rows which means that aliasing may be a problem.

We wish to apply a single toroidal harmonic magnetic perturbation to the plasma.
We do this by passing currents through the RMP coils. The ideal current in the coils
would have the form [27]

Ipert = IO Cos(nrmp(¢ - ¢0)) (2)

where ¢ is toroidal angle, n,,, is the toroidal harmonic of the RMP applied and ¢, is an
arbitrary phase. However, this ideal current is sampled at each actual RMP coil location
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¢ = 27l /Neoirs Where Ny is the number of RMP coils and [ = {0, 1,2, ..., neirs — 1} s0

that
2ml
Iéoil = Iy cos <nrmp <7L ] - ¢O)) (3)

but we can add another signal at the coil frequency and get the same I’ ; signal

27l
Iéoil = [0 Cos ((nrmp + knCOilS)L - nrmp¢0)
coils
27l
= [, cos <nrmp T + 27kl — nrmp¢0) (4)
Necoils
27l
= Iy cos <nrmp < LN qbo))
Necoils
for a given integer k. If we pick £ = —1 then we have the toroidal harmonic nciis — Trmp

being produced. All other harmonics will be greater than n..;s.
Further, if we take the signal I!

con and fourier decompose it we find that we

have 7y, and 1,y — Neoits harmonics present at equal amplitude. We can use the
identity cosa + cos 3 = 2cos(1/2(a+ 3)) cos(1/2(ov — 3)) to understand the resulting
reconstructed signals. The reconstructed signal is

Ipert - %IO COS (nrmp(d) - ¢O)) + %IO COS ((nrmp - ncoils)¢ - nrmpd)o)
- %IO COS (nrmp(d) - ¢O)) + %IO COos ((ncoils - nrmp)¢ + nrmp¢0) (5)

1 1
- IO COS (incoilsqb) COs (é(ncoils - 2nrmp)¢ + nrmpd)o) (6)

Equation (5) shows that if we aim to rotate the applied harmonic by a phase 7,.,,,%0
the off harmonic rotates to —n,.,,,@o i.€. in the opposite direction. Equation (6) shows
that the perturbation is no longer a pure harmonic but has an envelope with harmonic
Neoils — 2Nrmp.  The above results will be used to understand the ITER cases under
investigation here.

Figure 4 shows the two fourier harmonics for two different phases of an n = 4
applied field, with n.;s = 9. The left hand plots are for 0° phase and the right hand
plots are for 10° phase. It can be clearly seen that although the n = 4 wave is moving
to the right (from the left upper plot to the right upper plot) the perturbation envelope
has moved to the left (lower plots). Figure 5 shows a similar result for n = 3. Notice
that while the total n = 4 structure rotates rigidly the n = 3 structure does not.

2.3. Vacuum field at plasma boundary

In subsection 2.2 an idealized situation was investigated which assumed the current was
sampled at point locations toroidally whereas the RMP coils cover a finite region. It
also should be noted that the magnetic field of each harmonic produced at the coil may
drop off at differing rates. This means that the relative strengths of the harmonics may
change from the radial location of the coils to the radial location of the plasma last
closed flux surface.
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Figure 4: The upper left plot shows the n = 4 (solid) and n = 5 (dash-dot)
harmonics when a zero phase n = 4 RMP is applied. The lower left plot shows
the sum of these two harmonics. The upper right plot shows the n = 4 (solid)
and n = 5 (dash-dot) harmonics when a 10° phase n = 4 RMP is applied. The
lower right plot shows the sum of these two harmonics. Notice that while the
n = 4 wave moves in one direction the n = 5 and the perturbation envelope
move in the opposite direction.
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Figure 5: The upper left plot shows the n = 3 (solid) and n = 6 (dash-dot)
harmonics when a zero phase n = 3 RMP is applied. The lower left plot shows
the sum of these two harmonics. The upper right plot shows the n = 3 (solid)
and n = 6 (dash-dot) harmonics when a 10° phase n = 3 RMP is applied. The
lower right plot shows the sum of these two harmonics. Notice that while the
n = 3 wave moves in one direction the n = 6 and the perturbation envelope
move in the opposite direction.
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Figure 6: Displacement (m) of outer boundary with the n,,,, = 3 ‘designed’
RMP configuration applied (left) and the toroidal fourier decomposition against
poloidal angle (right), neeis = 9.

2.4. Static Ny = 3 and Nypy,y = 4

The response of the ITER plasma to n,,, = 3 and n,,, = 4 RMP configurations
are studied first. The configurations studied correspond to the cases designed using
the maximum island overlap criterion [5] and also to ‘even parity’ where the coils at
each toroidal location have the same current. These are just examples for illustrative
purposes only. Coutour maps showing how the outer boundary has been displaced are
shown on the left of: figure 6 for the designed n,,,,, = 3 case, figure 7 for the even parity
Nymp = o case and figure 8 for the designed n,,,, = 4 case.

We used up to toroidal harmonic n = 6 in VMEC for these calculations because,
guided by subsection 2.2, there are only nine coils toroidally in each row and so there
will be a strong n¢piis — Mymp harmonic. Thus an applied n = 4 will include n = 5, and
the applied n = 3 will include n = 6. We also used up to poloidal harmonic m = 22,
because the plasma response is due in part to the saturation of edge peeling modes.
These modes have the same helicity as the field lines hence the maximum poloidal
harmonic ~ ng, ~ 22.

The right plot of figure 6 shows the fourier decomposition of the toroidal mode
number of the plasma response. This shows that there is a strong n = 3 toroidal
harmonic as well as a smaller n = 6 harmonic. However, this is not always the case for
an n = 3 applied field. The right plot of figure 7 has a smaller amplitude of n = 3 but
has a larger absolute and relative n = 6 component. The right plot of figure 8 shows a
strong n = 5 along with the n = 4 that is designed.

The vacuum field applied to the plasma has a similar amplitude of n,,, and
Neoils — Mrmp, NOWever the plasma response to these different harmonics determines the
relative strength of the harmonics in the final equilibrium. Certain harmonics may be
amplified or damped depending on the plasma and coil configuration.
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Figure 7: Displacement (m) of outer boundary with the n,,,, = 3 even parity
RMP configuration applied (left) and the toroidal fourier decomposition against
poloidal angle (right), neeis = 9.
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Figure 8: Displacement (m) of outer boundary with the n,,,, = 4 ‘designed’
RMP configuration applied (left) and the toroidal fourier decomposition against
poloidal angle (right), neeis = 9.

2.5. Rotating Nypmp = 3 and Ny = 4 RMPs

It is well known that when RMPs are applied the strike point on the divertor plates splits
into a spiral pattern which is locked to the the applied RMP field. ITER will have long
pulse operation which may cause very high heat loads over this spiral pattern and so it
is proposed that the RMP perturbation will be slowly rotated to ensure even wear of the
divertor. This rotation must not come at the cost of reduced ELM control. MAST has
demonstrated that ELM control can be achieved while rotating the RMPs [28]. However,
these experiments were done with 12 coils applying an n = 3 perturbation. ITER has
fewer coils toroidally and thus, as demonstrated in the previous section, not such a pure
applied field and the nciis — nymp harmonic will rotate in the opposite direction to the
Nymp harmonic.

It should be noted that the rotation rate for the RMP will be of the order of a few
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Figure 9: Toroidal variation of the outboard midplane of the plasma as
calculated by VMEC with n,,,, = 3 RMP applied. The absolute phase of
the applied RMP is increased in 10° steps. The shape of the plasma response
changes as the RMP rotates.
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Figure 10: Toroidal variation of the outboard midplane of the plasma as
calculated by VMEC with n,,,, = 4 applied. The rotation of the applied
RMP is increased in 10° steps. The shape of the plasma response does not
change with rotation i.e. we have rigid rotation of the perturbation.

Hz, whereas the plasma will achieve equilibrium on a much faster timescale than this.
This allows us to consider the RMP rotation as a series static equilibria.

Figure 9 shows the radius of the plasma at the outboard midplane as the n;,,, = 3
is rotated, calculated by VMEC. The changing interference pattern between the n = 3
and n = 6 harmonics is clear. This is an important effect when modelling the rotation
of the RMP. The process of sampling the applied current by the nine RMP coils breaks
the symmetry of the problem. This can also be seen in figure 5.

Figure 10 shows the radius of the plasma outboard midplane as the phase of the
Nymp = 4 RMP is changed, calculated by VMEC. Here the shape of the plasma response
does not change as the RMP is rotated, however the whole perturbation structure rotates
rigidly in the opposite direction to the n = 4 harmonic.



Rotating RMPs in ITER 11

0.8
]
[
< 0.6}
=
o
(@)] L
P 0.4
o
£
= 0.2r J T '
-g ¥t n=3 0" phase
o O - --n=310° phase
T R N R n=3 20° phase

-0.2 : ‘
0.85 0.9 0.95 1

Normalized toroidal flux

Figure 11: Maximum infinite n ballooning mode growth rate (normalized to
Alfven time) against toroidal flux. Solid line is for no RMP applied and dashed,
dash-dot and dotted lines show different phases of the n,,,, = 3 designed case.

3. Infinite n stability

We study the ballooning stability of the VMEC calculated equilibria here. We use the
COBRA [21,22] code to determine the infinite n ballooning stability especially in the
edge region of the plasma where both the pedestal is located and the ELM is thought
to be triggered.

3.1. Stability with static Nyymy = 3 and Ny, = 4

We have investigated the infinite n ballooning stability of the n,,,, = 3 designed case
here. Figure 11 shows the ballooning mode growth rate with and without RMPs applied.
It can clearly be seen that the application of RMPs destabilizes the infinite n ballooning
mode. This is in agreement with results found on both MAST and JET plasmas [4,23].

We have also calculated the infinite n ballooning stability of the n,,, = 4 ‘designed’
case here. Figure 12 shows the ballooning mode growth rate with and without RMPs
applied. It can clearly be seen that the application of RMPs also destabilizes the infinite
n ballooning mode.

3.2. Stability with rotating RMPs

We next investigate the effect on plasma stability of rotating the RMP coils. Figure
11 shows the difference in ballooning mode growth rates when there is a 10° and 20°
rotation for the n,,,, = 3 case. It can be seen that there is a difference in the ballooning
mode growth rates as the RMP is rotated. The region of the difference also changes
between these two cases. This is due to the different plasma responses when the RMP
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Figure 12: Maximum infinite n ballooning mode growth rate (normalized to
Alfven time) against toroidal flux. Solid line is for no RMP applied and the
dashed and dash-dot lines show different phases of the n,,,, = 4 ‘designed’ case.

is rotated in the n,,,, = 3 case.

We next investigate the effect on plasma stability of rotating the n,,,, = 4 case.
Figure 12 shows the difference in ballooning mode growth rates when there is a 10°
rotation for the n,,, = 4 case. It can be seen that there is little difference in the
ballooning mode growth rates as the RMP is rotated. This is because the perturbation
rotates rigidly for the n,,,, = 4 case.

4. Discussion and Conclusions

4.1. Equilibrium

We have demonstrated in this paper that with only nine coils in the toroidal direction it
can be difficult to produce pure toroidal harmonics in the vacuum field of RMPs. The
two dominant harmonics 1., and 1 — Npmp have similar amplitude in the vacuum
field. Thus n;,, = 3 RMP vacuum field has a significant n = 6 harmonic sideband and
the n,.,, = 4 case has a significant n = 5 harmonic sideband. However, the n,,,, = 3
case still produces a vacuum field that is broadly n = 3 in character. The n,,,, = 4
response interferes with the n = 5 to produce an n = 1 envelope.

It is well known that the plasma responds to the non-axisymmetric vacuum field
that is applied to it. In some cases the vacuum field can be amplified and in other cases
it can be screened. We have seen above that although the two harmonics are applied
with similar amplitude the plasma response does not show both harmonics at the same
amplitude. In the n,.,, = 3 designed case the n = 6 harmonic was around 25% of the
n = 6 harmonic. This was not true for the even parity n,,, = 3 case where the n = 6
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harmonic was mostly greater than half the n = 3 amplitude. In the n,,,, = 4 designed
case the amplitudes of the n = 4 and n = 5 harmonics in the plasma response were
broadly similar. This holds the prospect that we may design the coil configuration such
that we can get the desired mix of applied harmonics.

It is well known that RMPs cause strike point splitting, which is locked to the
RMP field. This would cause certain toroidal locations to suffer more power deposition
than others. This will be mitigated by rotating the RMP field. If the phase of the
Nymp = 3 field is rotated positively, however, this will simultaneously cause the n = 6
perturbation to rotate in the opposite diection. The two perturbations pass through
each other causing different plasma responses as the RMP rotates. The n,,,, = 4 has
a large n = 5 harmonic, which again moves in the opposite direction. However, the
resulting field moves rigidly.

The above work suggests that once criteria for ELM mitigation or suppression have
been settled upon we should be able to design a coil configuration that will meet the
requirements. However, this will require careful modelling and consideration of all the
harmonics that the coils could produce.

We have used VMEC to calculate the plasma response to the RMPs in this paper.
We have noted that this model has limitations, for example nested flux surfaces are
assumed and there is no plasma rotation etc. However, we believe it still represents a
reasonable approximation to the plasma response. We emphasize that the effects seen
here should also be seen if other models of plasma response are used even if the absolute
response is different.

4.2. Stability

The application of the RMP field causes the infinte n ballooning mode to become more
unstable in the plasma edge region. This may either indicate that the peeling-ballooning
modes have become more unstable and so ELMs will be more frequent or it may indicate
that kinetic ballooning modes will be more unstable. These are known to drive the
transport in the pedestal and so limit the pressure gradient.

The ballooning mode growth rate changes as the RMP is rotated for the n;.,, = 3
case. This indicates that the frequency of ELMs and/or the edge pressure gradient may
change as the RMP is rotated. The amount by which the ELM frequency might change
by is unknown. This requires further investigation to ensure that the rotation of RMPs
in ITER is both safe for the machine and mitigates ELMs as required. The n,,, = 4
RMP has a constant ballooning mode growth rate with rotation because the plasma
response rotates rigidly.

The use of infinite n ballooning mode growth rates to understand finite n stability
has limitations. However, the conclusion that ELM mitigation may be altered with
rotation in the n,,,, = 3 case but not in the n,,,, = 4 case should be valid for finite n
stability analysis.
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4.8. Conclusions

The limited number of RMP coils in the toroidal direction on ITER means that any
applied RMP field will have a significant 9-n,.,, harmonic sideband. It also means that
when the RMP is rotated the toroidal shape of the applied RMP field may not be
constant, as happens for the n,,, = 3. It further means that the infinite n ballooning
mode growth rate profile may not be constant with RMP rotation. This may result in
the ELM frequency not being consistantly mitigated. However, the RMP field rotates
rigidly for the n,,,, = 4 case so ELM mitigation with RMP rotation should be constant.
Unfortunately, the n,,,, = 4 has a strong n = 1 envelope which may cause heat loads
to be deposited strongly in one toroidal location. Other effects such as mode locking
may also occur. It will be important to understand this topic in more detail so that the
ITER first wall is protected.
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