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ABSTRACT

Experimental results from different devices
demonstrate that magnetic topology plays a key
role in plasma confinement, edge MHD stability,
and interactions between the plasma and the first
wall, particularly with the divertor. Recently, three-
dimensional (3D) magnetic topology effects, which
are associated with stochastic boundary plasma
physics, form one of the hottest topics in fusion re-
search today, and understanding them is essential for
the success of future fusion devices. In this paper,
an overview of the physics understanding of the for-
mation first of 3D magnetic topology and then of a
stochastic layer, and its effects on the edge and di-
vertor transport and on MHD stability in tokamak
plasmas will be presented. In addition, comparing
the advantages and disadvantages of 2D and 3D mag-
netic topology effects in magnetic confinement fusion
will be discussed.

I. INTRODUCTION

On the basis of the fusion reseach achievements of
the past half century, it is foreseen that a steady state
operation of ITER [1] and future fusion power plants,
e.g. DEMO, will require the resolution of plasma wall
interaction, in which a tolerable plasma exhaust, in-
cluding steady state and transient heat and particle
fluxes on plasma-facing components, is controlled re-
liably by one or more mechanisms at high power den-
sities.

A. Problem of transient plasma wall interaction

The standard tokamak H-mode [2] is foreseen as
the baseline operating scenario of a future fusion ma-
chine, e.g. ITER. However, the steep plasma pres-
sure gradient and associated increased current density
at the edge pedestal could exceed a threshold value
for driving magnetohydrodynamic (MHD) instabili-
ties referred to as Edge Localized Modes (ELMs).
Using results from various current devices, an extrap-
olation of the heat and particles deposited on the wall
components has been carried out for ITER. Since the
exact physics and scaling is unknown, the predicted
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ELM energy loss ranges from ~ 5 to 22M J[4]. It
is expected that approximately half of this energy
will reach the wall and be deposited over a region of
~ 1m?2, known as the wetted area. Thus, the surface
energy density is suggested to be 2.5 to 11M Jm ™2
which is ~ 5 to 20 times higher than acceptable for
the planned first wall components, primarily made of
tungsten or carbon fibre composites, which can re-
ceive a maximum of 0.5M Jm 2. Therefore, it is im-
portant to find mitigation/suppression solutions for
ELMs.

B. Problem of stationary plasma-wall interaction

In a fusion reactor, a significant amount of heat-
ing power, which is mainly from auxiliary heating and
energetic « particles produced in the D-T burning
plasmas, has to be continuously exhausted through
radiation or deposited directly on the plasma facing
components during long-pulse or steady-state opera-
tion. Since the transport along field lines is several
orders of magnitude higher than the cross field trans-
port, this results a very rapid decay of the profiles
inside the scrape-off layer (SOL) which causes a thin
power deposition width,\,.

~ Xl
q~ Tqu Y1 ) (1)
Here, R is the major radius of the tokamak, ¢ is the
safety factor at the edge, x| and x . are the energy
diffusion coefficients in the direction parallel and per-
pendicular to the field lines, respectively.

Based on the present experimental scaling[3], A,
is expected to be less than 1mm, and then the par-
allel heat flux may approach 1GWm~=2 for ITER.
This obviously exceeds the engineering capability for
any plasma-facing component. Therefore, it is nec-
essary both to decrease the power conducted and
convected to the edge by enhancing exhaust through
non-magnetically confined particles (neutral atoms or
photons) and also to increase the A, by controlling the
edge plasma transport.

C. Stochasticity in Fusion Plasmas

The success of the stochastic ansatz goes back
to 1905, when Einstein published three fundamen-
tal papers, one of which was on Brownian motion




[5, 6], a simple continuous-time stochastic process in
natural science. Nowadays, the term stochastic oc-
curs in a wide variety of professional or academic
fields to describe events or systems that are unpre-
dictable due to the influence of a random variable.
The theory of stochasticity has been further devel-
oped [7, 8, 9, 10, 11]. Recently, stochastic transport
theory was developed for plasmas [12].

In a magnetically confined fusion device, reso-
nant magnetic perturbations (RMPs) can tear the
nested flux surfaces and generate magnetic islands.
The width of the magnetic island is proportional to
the square root of the perturbation field. By sim-
ply increasing the perturbation field, the island width
can be increased. Due to the fixed distance between
neighbouring islands, the island chains will grow and
further overlap. Then, the field lines start to behave
in a chaotic way and all closed flux surfaces between
the two surfaces will be destroyed. A standard cri-
terion of stochastization is the Chirikov parameter,
och, which is the ratio of the island width to the ra-
dial distance between the neighbouring island-chains.
When o, > 1, the criterion indicates island overlap-
ping [8]. The magnetic fields between these two sur-
faces are now called stochastic or ergodic. These two
terms are used with almost the same meaning in the
fusion community although there is some difference
in their mathematical meanings. If the overlapping
of island chains exists, the transport (radial) will be
greatly enhanced and the pedestal gradient could be
reduced.

Very recently, structure formation and transport
in stochastic plasmas has been a topic of growing im-
portance in many fields of plasma physics from astro-
physics to fusion research. In particular, the inves-
tigation of the possibility of controlling the particle
and heat transport by the formation of a stochastic
boundary layer has been investigated on most large
and medium-sized magnetic confinement fusion de-
vices across the world [13]. A major result was dis-
covering that large type-I ELMs in H-mode tokamak
plasmas can be mitigated [14]or even suppressed [15]
by RMPs. This discovery opens up a possible mech-
anism for suppressing large type-I ELMs in future
fusion devices such as ITER. However, it is widely
recognized that a more basic understanding of the
plasma response to the RMPs is needed to extrap-
olate the results obtained in present experiments to
future fusion devices.

D. Scope of this lecture

This lecture will address the topic of stochastic
boundaries and focus on three-dimensional (3D) edge
physics and applications of RMPs in tokamaks. How-
ever, this topic itself is not specific to the tokamak
magnetic configuration. In both tokamaks and stel-
larators, stochastic magnetic fields can arise and in-
fluence the interplay between 3D magnetic topology
and plasma confinement. Stellarator devices repre-
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sent an inherent 3D challenge. They make use of
the island divertor concept, and stochasticity and
magnetic topology therefore play a fundamental role
in their operation. With the extended operational
regimes pioneered on the Large Helical Device (LHD),
and with W7-X, attention has been directed towards
the challenge of 3D plasma equlibria, transport and
plasma-surface interactions.

In this lecture, the fundamental physics of the
formation of a stochastic boundary layer by the ap-
plication of RMPs will be described. The physics of
stochastic boundary plasmas including the rotational
screening effect, the plasma equilibrium effect on the
magnetic topology, and stochastic plasma transport
and its effects on plasma-wall interactions will be dis-
cussed. Finally, the application of RMPs for control-
ling pedestal profiles and stability will be presented.

II. FORMATION OF A STOCHASTIC BOUND-
ARY LAYER IN MAGNETICALLY CONFINED
FUSION PLASMAS

A. Resonant magnetic perturbations

Magnetic perturbations which are resonant with
field lines in the plasma are known as RMPs. The res-
onance condition is fulfilled when the inverse winding
number of the field lines, in tokamak physics known
as the safety-factor

[ B
27 | RB,ds’

q= (2)
corresponds to the ratio of the applied poloidal m
and toroidal n perturbation mode numbers: ¢ = 7.
Here, R is the major radius of the torus, B, and B,
the toroidal and poloidal magnetic field components,
and ds the line element in the poloidal plane. The
term RMP is mostly used if the perturbation is de-
liberately applied. In a magnetic confinement device,
several resonance conditions are usually fulfilled due
to the continuous g-profile. As will be seen below, the
key resonant perturbations are those in the plasma
boundary.

B. Methods of producing RMPs

A standard technique for producing such RMPs
is the usage of either in-vessel or external coil systems
with a certain geometry to apply the required poloidal
and toroidal mode numbers. The main focus is often
on low toroidal mode numbers, usually in the range of
1 to 4. Although the general idea is always the same,
the design of such RMP coil systems differs greatly
from device to device.

On JET, the error field correction coils (EFCCs),
which are located outside of the vacuum vessel, as
seen in figure 1, are used to apply RMPs. They were
originally designed to correct the intrinsic error field
of misaligned toroidal field coils. As a consequence of




the large distance between the coils and the plasma
edge, a strong current of several tens of kA is required
to achieve an adequate perturbation of the plasma
edge using such EFCCs.

Figure 1: Perspective view of JET showing the 4 large
error field correction coils mounted between the trans-
former limbs.

Depending on the wiring of the EFCCs, either
n =1 or n = 2 fields can be created [17]. The ef-
fective radial resonant magnetic perturbation ampli-
tude, b f| = |BRelf ) By|, where BL:¢ff and By are
the radial resonant magnetic perturbation field and
the on-axis toroidal magnetic field, respectively, cal-
culated for Igppcc = 1kAt in n = 2 configuration, is
shown in figure 2. [b717| is the n = 2 effective radial
resonant magnetic perturbation amplitude.
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Figure 2: Radial component of the n = 2 helical mode
spectrum with Igpcc = 1kAt using vacuum fields.
Here, the x-axis is the poloidal mode number, m. The
calculation is based on an equilibrium reconstruction
for JET pulse #69557 at 20s. Pitch resonant modes
with m = ng(¥) are shown by the blue dashed line.
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Recently, the formation of helical current fila-
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ments flowing along field lines has been observed in
the SOL during the application of lower hybrid waves
(LHWSs) on the Experimental Advanced Supercon-
ducting Tokamak (EAST) [18]. Magnetic perturba-
tions induced by the currents flowing in these edge
helical filament structures have been measured by a
set of Mirnov coils during the modulation of LHWs.
Because of the geometric effect of the LHW antenna,
the perturbation fields induced by the HCF's are dom-
inated by the n = 1 component. The magnetic per-
turbation spectrum calculated based on the experi-
mental parameters indicates a good resonant feature,
whereby the plasma edge resonant surfaces are well
aligned on the ridge of the spectrum as seen in figure
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Figure 3: Radial component of the n = 1 helical mode
spectrum calculated with 1A HCF current. The cal-
culation is based on an equilibrium reconstruction for
a EAST pulse. Pitch resonant modes with m = ng()
are shown by the blue dashed line.

C. 3D magnetic topology in tokamaks with RMPs

The application of RMPs results in the reorgani-
zation of the magnetic topology into a new equilib-
rium state. Resonances outside the plasma (in the
SOL) cause an external kinking of the plasma; reso-
nances inside the plasma lead to internal kinking and
magnetic reconnection processes, also known as tear-
ing. Due to this reconnection, magnetic islands are
created on surfaces at locations where ¢ is resonant.
On these flux surfaces, groups of islands form which
correspond in the number of islands in the poloidal
and toroidal directions with the poloidal and toroidal
mode numbers of the resonance at that location.

One method of visualizing the changes in the
magnetic topology is by using a Poincaré plot. The
simplest approach to modelling the effects of RMPs
on the plasma is to superpose the axisymmetric equi-
librium field with the additional perturbation field.
This is a vacuum approach as no plasma is considered,
although the field produced by the toroidal plasma
current is included. Knowing the total magnetic field
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B = (BR, By, Bz), the field lines can be traced based
on the equations

dR By dZ B
— =R=E 2 _RZZ (3)
d® ~ "Bg d® Bg
-80
25
(2]
]
=
2 3
1]
2
1.53
@
=
' 4
30’
3

©=270 deg

230 240 250 260 270 280 290 300
R [cm]

n=2 (based on JPN #69554)

z[cm]
[w L] y3buaj uooauuod

(=270 deg

230 240 250 260 270 280 290 300
R [em]

Figure 4: Poincaré plots of the separatrix topology
combined with the contour plots of the connection
length of the field lines with (upper) and without
(lower) n = 2 EFCC perturbations with Igpcc =
32k At.

The crossing points of the field lines with the
poloidal cross-section at a fixed toroidal angle @
generate the Poincaré plot. Figure 4 (upper and
lower) shows the modification of the magnetic topol-
ogy when an n = 2 EFCC field was applied to a
2D poloidal divertor equilibrium. Here, the com-
bined Poincaré plots of the stochastic magnetic field
structures and the connection length of the perturbed
field lines are calculated by the GOURDON field line
tracing code [16] for an n = 2 EFCC configuration
on JET. The calculation is based on an equilibrium
reconstruction used for the calculation of the spec-
trum in figure 2 with the perturbation field super-
posed according to the vacuum approach [17]. Screen-
ing effects due to plasma rotation have been ne-
glected. However, these initial results clearly exhibit
the stochastic nature of the field line behaviour in the
region around the X-point where the plasma rotation
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is low. The lobes of the manifolds step out, seen as a
splitting of the strike point. The connection length of
the perturbed field lines slightly inside the separatix
is a few 100m, which is less than ~ 20 toroidal turns.

The plasma edge of magnetic confinement devices
is of great interest in RMP physics. In that region,
the effective perturbation (the perturbation field nor-
malized to the toroidal field), is aimed to be highest in
order to achieve a strong stochastization. Within the
stochastic region, the radial transport is enhanced,
which changes the plasma parameters [19, 20, 21, 22]
and may explain experimental observations like the
heat redistribution [23], modification of the edge elec-
tric field [24, 25] , and the control of edge instabilities
[15, 26, 27].

ITI. 3D BOUNDARY PLASMA PHYSICS

Within the last decade, it has become clear that
the magnetic topology of a plasma in a tokamak
cannot be fully described by the simple vacuum ap-
proach. In particular, during plasma operation in H-
mode, additional currents exist in the plasma or are
created as a response of the plasma to the applied ex-
ternal RMP fields. Many studies [28, 29, 30, 31, 32]
have shown that this plasma response needs to be
considered in order to understand the ongoing pro-
cesses in a tokamak plasma in the presence of RMPs.
The two main effects discussed are RMP field screen-
ing and the 3D equilibrium effect in low- or moderate-
beta plasmas. Resonant field amplification has to be
considered in high-beta plasmas, in which the ex-
ternal kink mode naturally becomes unstable. In
addition, particle drifts in H-mode operation ap-
pear to have a strong influence [33]. Different ideas
for improving the vacuum approach are discussed
(33, 34, 35] and new methods based on kinetic [36]
and fluid modelling used [37, 38, 39]. All these im-
proved modelling approaches show an impact on the
magnetic topology in the edge and core regions lead-
ing to modified plasma transport.

A. Plasma rotation screening effect on the RMPs

Depending on the plasma parameters and RMP
spectrum, the actual RMP field could be very dif-
ferent in rotating plasmas, where the generation of
current perturbations on rational surfaces could pre-
vent reconnection and island formation, leading to
the effective screening of RMPs [36, 40]. The equi-
librium radial electric field produces E x B rotation
which, together with the diamagnetic electron rota-
tion, is particularly important for RMP screening in
the pedestal region [38, 41].

Generally, the screening effect increases for lower
resistivity, stronger rotation and smaller RMP am-
plitude. For an H-mode plasma with a steep pres-
sure gradient at the edge pedestal, RMP penetra-
tion typically only occurs in the narrow region near




the separatrix due to the higher resistivity. However,
at certain plasma parameters and/or because of the
non-linear evolution of the radial electric field due to
RMPs, E x B perpendicular rotation can be com-
pensated by the electron diamagnetic rotation, i.e.
(Vo.xs t Voo ~ 0) . In this case, the RMP har-
monic (n,m) penetrates locally and forms islands on
the corresponding resonant surface ¢ = m/n [42].

B. 3D equilibrium with a stochastic boundary

Tokamaks are often considered to be two-
dimensional and consequently, their equilibrium is
treated by solving the Grad-Shafranov equation. In
real devices, the toroidal field ripple, error fields due
to coil misalignments and the deliberate application
of RMPs lead to a three-dimensional problem. The
addition of RMPs to an axisymmetric equilibrium
perturbs the force balance

\W4 7é j)( (é + épert,vac)~ (4)

Here, p, J and B are the plasma pressure, current
density and magnetic field in an axisymmetric equi-
librium, and B'pemvac is the 3D vacuum perturbation
field. To study the effect of the deviations from ax-
isymmetry on the equilibrium the application of com-
plex numerical tools is necessary. To re-establish the
force balance, a 3D equilibrium including an equilib-
rium response to the 3D perturbation fields is needed.

VDP+Dres = (j+ j;"es) X (§+§pert,vac+§res)~ (5)

Here, pres, J;es and Eres are the 3D plasma responses
of pressure, current density and magnetic field to the
applied perturbation fields.

Nowadays, a number of numerical codes for
the calculation of 3D MHD equilibria are available
(VMEC, PIES, HINT?2, IPEC). Some assume nested
flux surfaces (VMEC, IPEC), while others allow for
magnetic islands (PIES, HINT2). On TEXTOR, the
HINT?2 code [43] is used to compute numerical 3D
equilibria. The converged 3D equilibria are compared
with the simple vacuum superposition assumption for
the case with a DED current of 7.5kA/coil. While
the major structures are conserved in the HINT2 cal-
culation, an additional ergodisation around the X-
points of the major islands (e.g. the 3/2 island) ap-
pears. Furthermore, secondary structures appear in
the islands, a feature already observed experimentally
for 2/1 islands with the DED in 3/1 configuration
[44]. This effect is caused by the modified Pfirsch-
Schliiter current density distribution driven by the
pressure gradient around the island. In figure 5 (a)
and (b), connection length plots for an enlarged edge
area are shown and indicate an increased island size in
the HINT?2 case. Furthermore, a statistical analysis
shows an increase in short (< 1000m) and very long
(= 16000m) field lines (see figure 5 (c)) in the HINT2
case. This indicates a shaper transition from the con-
fined core to the vacuum region. It should be noted
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Figure 5: Connection length plots: (a) vacuum, (b)
HINT2. (c) Difference in the number of field lines in
specified length intervals: HINT2 result minus vac-
uum superposition in percent.

that the screening of the RMPs due to plasma rota-
tion is not taken into account in the present HINT?2
calculation.

C. Plasma transport in the stochastic boundary

A strong effect on the electron and thus heat
transport is expected in a deep stochastic boundary
layer (0., > 1). The field line diffusion coefficient
Dryr, and the electron heat diffusion coefficient can
be described as :

Xe = Dy, Dpp = ZﬁqRo

m,n

5Bm n 9

S (0)
Here, 1y, is the electron thermal velocity, 6B, , is
the resonant component of the magnetic perturba-
tion field. The electron heat transport in a stochastic
boundary layer can be of the order of 10 — 100m?s~!
over the perturbed edge and largely exceeds the usual

anomalous transport ~ 1m2s~! at the plasma edge.




Spin-up of the edge plasma rotation in the co-
current direction and a change of the plasma edge
electric field to a more positive value in the stochas-
tic boundary layer have been observed in experiment
[45]. This is due to the much larger electron mobility
compared to the ion mobility implying an electron-
retarding electric field in the plasma edge, which was
previously dominated by ion losses due to their larger
Larmor radius.

The effect of an additional radial diffusion on
particle transport is difficult to analyse due to the
coupling of the complicated transport regime to that
of the physics of particle sources, namely neutral
penetration. On JET, in a low- or a moderate-
collisionality regime (electron collisionality at the
pedestal, v7 ;. < 1), the electron density at the
pedestal top decreased by ~ 20%, the so-called den-
sity pump-out [46], during the application of ann = 1
field, while the pedestal electron temperature in-
creased, keeping the pedestal pressure almost con-
stant. However, the pedestal pressure gradient ob-
tained from the derivative of the fitted curve shows
that the maximum pressure gradient in the profile is
decreased by 20% during the application of the n = 1
field, and the edge pressure barrier is 20% wider [47].
This is an effect mostly ascribable to the strong de-
crease in the n, pedestal height with an almost unvar-
ied width. In a high-collisionality regime (v, . > 1),
the effect of RMPs on the pedestal particle and heat
transport is not clearly observed. [51].

Compensation of the density pump-out has been
also investigated on JET using either gas fuelling or
pellet injection in low-triangularity H-mode plasmas
[17, 49, 50]. Although the ELM frequency stays high
with n = 1 fields, no recovery of stored energy is ob-
served. An optimized fuelling rate for compensating
the density pump-out effect has been identified, and
it depends on the plasma configuration.

D. Effects of a stochastic boundary layer on
plasma-wall interaction

In the edge transport model, the transport of
power in the stochastic layer has been treated as a
diffusive process [55], which gives a significantly en-
larged effective cross-field transport for the electron
energy. As a result, a widening of the contact zone
between plasma and wall has been predicted[56]. Ex-
perimental results from different devices [23, 57] have
proved that the heat and particle deposition patterns
are strongly structured.

The resulting heat deposition pattern reflects the
complicated structure of the perturbed volume. It has
been shown in [52] that the connection length and the
radial penetration of the magnetic field lines defines
the amount of power deposited on the target struc-
tures. The maximum of the heat flux density corre-
sponds to the field lines with long connection length;
however, those with shallow penetration seem to be
strongly affected by the collisionality, in contrast to
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the field lines with deep penetration, which connect
the outermost existing island chain to the divertor
surface. For a proper analysis of such a complicated
topology, inevitably one needs 3D transport codes,
which could describe such a variety of magnetic field
lines.

As an example, splitting of the outer strike point
(SP), appearing as multiple peaks in the ELM heat
flux profile along the outer divertor plate, has been
measured by a fast IR camera during the applica-
tion of n = 2 fields on JET with the ITER-like wall
(ILW) as shown in figure 6. These multiple peaks in
the heat flux profile are observed only during a mit-
igated ELM crash when a certain Igpcc threshold
is reached. The preliminary results indicate that this
Igrcco threshold for the appearance of splitting of
the outer SP during the ELM crash is at a similar
level to that occurring for the saturation effect of the
plasma response. Similar findings of strike point split-
ting have been reported on DIII-D in the presence of
n =3 RMP fields [53].
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Figure 6: Extended time traces of the heat flux dis-
tribution on the outer divertor plate in the phases
(upper left) without n = 2 field, (upper right) with
Igrcc = 44 kA and (lower left) with Igpcc = 88
kA. (Lower right) ELM peak heat flux profiles along
the outer divertor. From reference [51]

IV. ELM CONTROL USING RMP

Active control of ELMs by RMP fields offers an
attractive method for next-generation tokamaks, e.g.
ITER. The results obtained from the DIII-D, JET,
MAST, KSTAR, AUG and NSTX tokamaks have
shown that magnetic field perturbations can either
completely suppress ELMs [15], trigger small ELMs
during ELM-free periods, or affect the frequency and
size of the type-I ELMs in a controllable way, pre-
serving good global energy confinement [14].

A. Type-I ELM suppression with RMPs




The first successful demonstration of the ELM
suppression technique was reported from DIII-D [15],
where the in-vessel coils (I-coils) were employed.
The I-coils consist of 12 single-turn loops, six above
and six below the midplane (up-down symmetric)
mounted on the low-field side of the vessel. For the
ELM suppression experiments, the upper and lower
loops are operated with either the same current polar-
ities (even parity) or opposite current polarities (odd
parity), and induce a static perturbation field with a
toroidal mode number n = 3.

On DIII-D, the experimental results show that
the effectiveness of ELM suppression with n = 3 fields
depends on gg5. In low collisionality (v.,. < 0.2)
H-mode plasmas, ELM suppression without small in-
termittent events is obtained in a narrow qg5 window
ranging from 3.5 to 3.9 with an even parity n = 3
field and ~ 7.2 with an odd parity n = 3 field. Out-
side this go5 range, type-I ELMs are mitigated (ELM
frequency increased and ELM size decreased) by the
applied n = 3 fields. These results indicate a reso-
nant condition on the amplitude of RMPs for ELM
suppression.

B. Type-I ELM mitigation with RMPs

Active control of type-I ELMs by the application
of static n = 1 or 2 perturbation fields has been de-
veloped for more ITER-relevant configurations and
parameters in a wide operational space of plasma tri-
angularity (0y up to 0.45), gos (4.8 — 3.0) and beta
(Bn up to 3.0) on JET [14, 48, 49, 17]. The first re-
sults of ELM mitigation with n = 2 fields on JET
demonstrate that the frequency of ELMs can be in-
creased by a factor of ~ 4—5, limited by the available
EFCC coil current. A wide operational window of gg5
has also been obtained for ELM mitigation with n = 2
fields. During the application of the n = 1,2 fields, a
reduction in the ELM size (AWgrar) and ELM peak
heat flux on the divertor target by roughly the same
factor as the increase in the ELM frequency has been
observed. The reduction in heat flux is mainly due to
the drop of particle flux rather than a change of the
electron temperature. A modest drop (a few per cent)
in the total stored energy has been observed during
the ELM control phase with the EFCCs. However,
when normalized to the I PB98(y, 2) scaling, the con-
finement time shows almost no reduction.

Recently, mitigation of type-I ELMs was ob-
served with an n = 2 field on JET with the ITER-
like wall (ILW) [51]. A strong mitigation of type-I
ELMs was observed when an n = 2 field was ap-
plied in high-collisionality (v, . = 2.0) H-mode plas-
mas. No density pump-out effect was observed in
the high-collisionality case, but was observed in the
low-collisionality case. In the moderate-collisionality
type-1 ELMy H-mode plasmas with the ILW wall, a
saturation effect of ELM mitigation and clear pre-
ELM structures were observed on the outer divertor
plate during the application of n = 2 fields, depend-
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ing on qg5[51, 54].

V. SUMMARY AND OPEN QUESTIONS

Regarding on the control of plasma transport in
the boundary zones, two conflicting issues have to be
balanced. On one hand, to achieve a homogenization
of the power deposition on target plates and reduce
the peak heat flux on the divertor or the limiter, a
high cross field transport level is required in the SOL.
On the other hand, to keep a high fusion gain, good
confinement with the edge plasma transport barrier
(H-mode), is required. One attractive idea for broad-
ening the SOL and distributing the particle and heat
fluxes more evenly and over a larger surface is to
soften the edge of the magnetic cage by the forma-
tion of a stochastic boundary with the application of
external magnetic perturbations.

In tokamaks, non-axisymmetric magnetic pertur-
bations, which change the magnetic topology, have
been applied on the majority of contemporary large-
scale tokamaks to control plasma edge stability and
transport. Recent research has highlighted the signif-
icance of the role that stochasticity and 3D magnetic
topology also play in this fundamentally 2D concept.
Their influence can be seen in transport and energy
confinement, in the control of various MHD instabil-
ities, most notably ELMs, which expel considerable
amounts of energy from the plasma and pose a risk
of damaging plasma-facing components in ITER and
other next-generation fusion devices.

RMP ELM suppression/control has shown very
promising results up to now, although the physics
mechanism is not well understood as yet. Future joint
experiments from different devices (DIII-D, JET,
MAST, NSTX, AUG, TCV, KSTAR and EAST) will
help us to understand ELM suppression physics and
provide support for ITER.

To date, many attempts to explain ELM suppres-
sion have focused on the idea that the edge thermal
and particle losses are enhanced due to the forma-
tion of an outer ‘ergodic’ zone with RMP fields. This
‘ergodic’ boundary would reduce the edge pressure
gradients, and thus stabilize the peeling-ballooning
modes thought to underlie ELM formation [15], [37].
This mechanism is mainly supported by two experi-
mental results from DIII-D: ) splitting of the inner
strike-point observed during the RMP ELM suppres-
sion phase; and ) spin-up of the edge plasma rota-
tion in the co-current direction and a change of the
plasma edge electric field to a more positive value due
to larger losses of electrons than ions with an ergodic
boundary. However, either bulk plasma or diamag-
netic rotation can screen the RMP fields from the
resonant magnetic flux surfaces. Many calculations
of the Chirikov parameter or overlapping of resonant
magnetic islands employ a vacuum assumption, which




neglects the plasma response (rotational screening ef-
fect and equilibrium effect).

Although the mechanism of ELM control with
RMPs is not yet fully understood, it has been exam-
ined in a wide operational window in many different
devices. Further optimisation of the magnetic pertur-
bation with less reduction of the plasma performance,
and an understanding of the underlying physics are
essential for future investigations.

In addition, the existence of these stochastic and
3D magnetic topology effects brings tokamak and
stellarator physics closer together, and a holistic ap-
proach to studying them provides the most promising
path to making good progress. Understanding these
effects is essential for the success of future fusion de-
vices, and they represent a hot topic in current fusion
research. Furthermore, reversed field pinches offer
access to these topics with unique features such as
the bifurcation into self-generated 3D equilibria and
multi-mode unstable plasma conditions with a high
degree of magnetic field stochasticity.
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