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Abstract

The paper reviews recent theoretical and experimental results focussing on the identification of the key factors con-
trolling ELM energy and particle losses both in natural ELMs and in the presence of external controlling mechanisms.
Present experiment and theory pointed out the benefit of the high plasma shaping, high qos and high pedestal density in
reducing the ELM affected area and conductive energy losses in Type I ELMs. Small benign ELMs regimes in present
machines (EDA, HRS, Type II, Grassy, QH, Type III in impurity seeded discharges at high ¢ ) and their relevance for
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ITER are reviewed. Recent studies of active control of ELMs using stochastic boundaries, small pellets and edge cur-

rent generation are presented.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Edge Localised Modes (ELM) represent Magneto
Hydro Dynamics (MHD) instabilities in the pedestal re-
gion typical for H-mode scenarios [1-4]. They provide
burst-like energy and particle transport through the
external transport barrier (ETB) on a fast MHD time
scale in a quasi-periodic way followed by a phase of
the pedestal pressure profile rebuilding. The strong link
between the maximum achievable plasma confinement
and ELM regimes is well established in present tokam-
aks [3,5-7]. In particular, the most studied Type I ELMs
correspond to the high confinement H-mode scenario
foreseen for ITER [8]. At the same time energy losses
in Type I ELMs in ITER can be problematic for the
divertor target plates leading to melting, erosion, and
evaporation of proposed divertor materials [9]. Accord-
ing to the present erosion estimates for carbon and tung-
sten divertor plates, the acceptable lifetime for the target
(>10° Type I ELMs,) can be achieved if the energy loss
from the pedestal per ELM does not exceed 5 MJ-
14 MJ. Due to the large uncertainties in the previous
extrapolations and to the statistical properties of Type
I ELMs themselves [10] the predictions for ITER still re-
main an open question, but are still too marginal to be
optimistic, motivating the present study of Type I ELMs
control.

Type III ELM regimes are usually observed at lower
input power as compared to Type I regimes or at high
density [7] and are characterized by high frequency
and acceptably small energy losses per ELM. But at
the same time the poor confinement of such regimes is
not sufficient for a standard H-mode scenario in ITER
[8]. A recent investigation of high triangularity impurity
seeded (N,) discharges in JET suggests the possibility of
an H-mode scenario with Type 11T ELMs for ITER with
the reference plasma current increased to 17 MA [11].
However, impurity injection to enhance divertor radia-
tion is a questionable technique because of the potential
for their accumulation in the plasma.

The possible combination of high confinement (close
to Type I ELMs regimes) H-modes and small benign
edge MHD activity instead of large energy bursts was
demonstrated in many tokamaks in specific plasma con-
ditions. However, Grassy ELMs [12], Type II regimes
[13,14], EDA [15], HRS [16], QH mode [17] have been
obtained in a narrow operational windows that do not
match ITER parameters [4]. Some of these small ELM

regimes can be combined with improved core confine-
ment [18,19,16,20,21] but still their extrapolation to
ITER is an open question.

The present situation has motivated recent experi-
mental and theoretical development of active ELMs
control using externally imposed control mechanisms.
In particular stochastic boundaries [22-25], small pellets
[26], edge electromagnetic ELM triggering by vertical
plasma displacements in an inhomogeneous magnetic
field [27], and in plasma current ramp experiments
[4,7,22] were tried as ELM control tools.

The paper reviews recent theoretical and experimen-
tal results focussing on the identification of the key fac-
tors controlling ELM energy and particle losses for
natural and externally induced ELMs. The recent results
of an ideal linear MHD stability analysis, non-linear
explosive evolution of ballooning modes and transport
modelling with Type I ELMs are presented in Section
2. In Section 3 the convective and conductive losses
behaviour is discussed with respect to the changes in tri-
angularity, gos factor, density, and collisionality. In par-
ticular conditions the burst-like transport in Type I
ELMs can be replaced by a more continuous (in time)
edge MHD activity providing increased transport
through ETB. These benign ELMs regimes in present
tokamaks and their operational domains are presented
briefly. Section 4. revises presently known techniques
of active ELMs control such as edge ergodisation by
external coils, pellets and edge current generation using
plasma current ramps and vertical oscillations of plasma
column. Conclusions are presented in Section 5.

2. Progress in theory

The most dangerous for the ITER divertor are Type |
ELMs which have similar characteristics in all tokam-
aks. In particular the temperature and density crash first
on the low field side (LFS) as seen on many diagnostics
suggests the presence of the ballooning like instability
[28-32]. The characteristic time of the pedestal crash
(~200-300 ps) and the MHD signature observed on
the magnetic probes are also similar [4,10]. There is also
a large amount of experimental evidence of the bursty
nature of ELM induced perpendicular transport in the
SOL [33,34].

The destabilisation of the peeling and ballooning
modes driven by the edge parallel current density
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(mainly by the large bootstrap current fraction), and the
edge pressure gradient respectively, are considered pres-
ently as candidates for Type I ELM triggers [1,35-38].
The development of the ideal linear MHD stability
codes for ballooning and peeling modes and their con-
frontation of experimental data suggests that the main
mechanism of Type I ELMs has been identified. For
example, the maximum achievable pedestal pressure in
experimental Type I ELMs regimes correspond to the
calculated ideal MHD limit for coupled ballooning-
peeling modes [36]. The improvement of the pedestal
confinement with plasma shaping (triangularity) was
demonstrated in many machines [5,12-14] and was also
explained by MHD stability calculations. The improve-
ment of edge stability is attributed to the increased mag-
netic shear and the possible access to the second stability
regime at high triangularity [36,39-41]. All these facts
give confidence in the stability calculations for ITER
[36]. The pedestal width scaling for ITER remains the
main uncertainty. However, with reasonable assump-
tions for ITER pedestal parameters, one can expect
the ideal coupled ballooning-peeling mode destabilisa-
tion and hence Type I ELMs.

Linear codes are limited in the description of the
ELM dynamics. A recently proposed non-linear model
suggests that ballooning modes can develop explosively,
giving birth to narrow fingerlike structures pushing aside
other field lines and spreading the instability over a large
plasma region [42], demonstrating a qualitative agree-
ment with experiment [35]. 3D non-linear calculations
with BOUT-code [43] also suggest the bursty transport
to the SOL due to ballooning modes at least in the early
non-linear stage [36]. For the moment this image of
Type I ELMs is not developed far enough to reproduce
ELM cycles.

1,5D transport modelling with ELMs [41,44,45] is
based on the assumption that the transport coefficients
in the ELM affected area are increased proportionally
to the unstable modes amplitudes suggested by the linear
ideal MHD theory. These transport models reproduce
the ELM cycle, but they contain adhoc parameters to
match experimental ELM time and size.

A similar ideology for a growth rate calculation for
ballooning modes is adapted in the 2D transport code
TELM [4] which is coupled with the ideal MHD code
MISHKA [37]. The difference to previous models is that
the non-linear TELM model calculates additional con-
ductive and convective fluxes which appear when bal-
looning modes are destabilized.

3. Key factors limiting energy and particle losses in
Type I ELMs. Small ELMs regimes

In spite of the fact that the present status of ELM
theory cannot predict the size of the ELMs there are

at least a number of theoretical suggestions of how to
decrease the ELM affected pedestal volume. In particu-
lar the beneficial effects of high triangularity, high safety
factor, high f, in increasing of edge magnetic shear and
decreasing the ELM affected area were largely discussed
in the recent literature [36,38-40,45,4,46]. On the other
hand the improved edge stability at high triangularity
usually leads to a higher maximum achievable density
in these regimes (n/ngg ~ 0.8—1). The density increase
plays an indirect role in the edge stability, first in
decreasing characteristic diffusion time and the edge
bootstrap current [36,45,41] and second, leading to the
increased transport in ETB [45,4]. The comparison of
the experimentally identified ELM affected area
[47,10], and calculated eigenmodes width are correlated
in DIII-D [36], JT-60U [38], AUG [40] and JET [48].
However the ELM size is not linked to the eigenmodes
width in a simple way since there are many experimental
examples when the ELM energy losses varies by factor
of 3 while the ELM affected area is unchanged [48].
The separation of convective ( ~ An®™™ T) and conduc-
tive( ~ AT*"™™p) energy losses in Type I ELMs [47] dem-
onstrated similar dependences on plasma parameters
and magnetic configurations in many tokamaks
[10,48,49,42]. In particular it was shown that the con-
ductive losses decrease strongly with the pedestal density
while the particle convective loss fraction remains al-
most constant [49,10]. The other important factor
decreasing conductive losses is high edge safety factor.
Small (AWgLm/Wpea ~ <5%) convective ELMs were
demonstrated in JET at high ITER-like triangularity
(0 ~0.5) and high g9s5 > 4.5 even at low collisionality:
v¥ ~ 0.06 (Fig. 1). The theoretical explanation of the dif-
ferent dependence of convective and conductive losses
on plasma parameters is still missing. However such
plasmas have rather low collisionality (v¥ = 0.07—0.16)
and high confinement (Hog,» ~ 1) Grassy ELM regimes
that are observed at high 6 ~ 0.55 and high g¢5 > 6 in
JT-60U [12] could be the manifestation of the same
trend in Type I ELM behaviour seen in strong edge
shear configurations. The specific feature of the benign
ELM regimes is the increased level of density and mag-
netic fluctuations characterized by a broadband fre-
quency spectrum (<30 kHz) [13,39,14]. This suggests
the existence of a mechanism increasing the transport
through the ETB [14]. For example the high-n toroidal
mode number ideal ballooning modes [46], or resistive
Washboard modes, are proposed as a Type II ELMs
mechanism [50].

There are H-modes without Type I ELMs at high
pedestal collisionality (v¥ > 1-5), such as the EDA re-
gime observed in Alcator-C-Mod [15], High Recycling
Steady (HRS) regime in JFT-2M [16], small ELMs in
NSTX [51]. Such high collisionality regimes are hardly
achievable in present machines and even less in ITER
(v* ~0.05). A common feature of H-modes without
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Fig. 1. (a) Normalized ELM energy loss to the pedestal energy
versus pedestal plasma collisionality for different go5 in JET for
medium and high triangularity (6). The ELM energy loss is
smaller for higher 6 = 0.45 and higher go5 = 4.5. (b) Normalized
pedestal electron temperature drop in the ELM versus pedestal
plasma collisionality in the same scans. Figures from [48].

ELMs is edge MHD activity as observed in EDA and
HRS in the form of a quasi-coherent (QC) mode. This
mode was associated with a resistive ballooning instabi-
lity according to stability calculations, for example as
done for Alcator-C-Mod [52].

A low collisionality v* ~ 0.05 Quiescent H-mode
(QH) without ELMs was first observed in DIII-D
[17,20] and reproduced in AUG [3] as well as JT-60U
[53]. Plasma shaping is not very important in this
regime, but there are a number of other specific condi-
tions. In particular, a high upper clearance configura-
tion, low density (0.1-0.4 ngr depending on the
machine) and counter (opposite to the plasma current
direction) neutral beam injection are required for QH re-
gime. The resulting poor particle confinement and high
Zg ~ 3.3-5 are the most common features for these re-
gimes. The presence of the of the edge harmonics oscil-
lation (EHO) is also a significant feature. All H-modes
with benign small ELMs discussed above support the
idea that in certain conditions the pedestal transport

can be self-organized in a form of continuous MHD
and turbulent activity sufficiently small so as not to loose
the high confinement H-mode but at the same time
resulting in avoidance of large Type I ELMs crashes.

4. External mechanisms of Type I ELMs control

According to the present knowledge, none of the be-
nign ELM regimes discussed above seem directly appli-
cable for ITER, but their physics suggest new ideas for
external control mechanisms mainly based on the pedes-
tal pressure and current profiles control.

4.1. Stochastic boundary

It is known that a small resonant (g = m/n) mag-
netic perturbation from control coils can create a sto-
chastic layer in the plasma, where the perpendicular
diffusion can be effectively increased by the diffusive-like
behaviour of the magnetic field lines [54,55]. The trans-
port in a stochastic magnetic field was largely studied
mostly in circular machines [56-58]. The application of
ergodic fields in H-modes in COMPASS-D [22] demon-
strated the transition from ELM-free to ELMy regime
(possibly Type III) when the radial magnetic perturba-
tion was applied. An edge density and temperature
decrease was observed, confirming the interpretation of
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Fig. 2. ELM suppression during discharge 115467 in DIII-D
using stochastic boundary created by the I-coil perturbation. (a)
D, from midplane and lower divertor, (b) particle flux to a
Langmuir probe, (c) the surface temperature from an IR
camera, (d) in the lower divertor. The edge toroidal rotation (e),
(f) Mirnov signal. The shaded region indicates when the I-coil is
on with current 4.4 kA. Figures from [25].
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increased transport in the stochastic layer. The almost
complete suppression of Type I ELMs in high triangu-
larity H-modes was demonstrated in DIII-D at constant
confinement [25] (see Fig. 2). The external magnetic per-
turbation from the internal coils (I-coils) (I.o; = 4.4 kKA),
mainly with toroidal number n = 3, was used. The effect
was demonstrated in the range of g9s = 3.5—4 confirm-
ing its resonant nature. The electron pressure profile is
unchanged as compared to Type I ELMs probably indi-
cating only marginally increased transport in the ETB,
but the recycling level for C' is increased with the ergo-
dic field. The increased level of edge MHD was observed
while the I-coil perturbation was applied. The observed
decrease of the toroidal plasma rotation (Fig. 2(e)),
which was expected in the presence of the static pertur-
bation applied at the edge, did not perturb the H-mode
in present experiments.

4.2. Pellets

The control of the ELM frequency and size by pellets
was intensively studied on AUG [26]. The fact that pel-
lets usually trigger an ELM was known from plasma
fuelling experiments. The product of ELM frequency
and averaged energy loss from an ELM is roughly con-
stant in most H-mode experiments in many tokamaks
[59] apart from some exceptions at high triangularity
or high collisionality [39]. This general experimental
observation suggest that increasing ELM frequency
leads to smaller ELMs, but at the same time to plasma
confinement degradation. One possible way to break
this link is to control ELM frequency and ELM size
independently. This was done for example in pellet
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ELM control experiments in AUG. The aim of ELM
control by pellets is to trigger ELMs with given size,
but to avoid over-fuelling of the main plasma and
decreasing the global confinement. It was demonstrated
[26] that the injection of small (~1.4 mm?®, ~ 6.10"
D-atom, V ~ 560 m/s, High Field Side) pellets can trig-
ger ELMs with the pellet injection frequency fpeiet if
the natural Type I ELM frequency, fintrinsic </fpeliet
(Fig. 3). Increasing fyeniec imposes refuelling and confine-
ment degradation, but with weaker plasma diamagnetic
energy dependence on ELM frequency: Wyup ~ fi5¢
as opposed to the experimental scaling with gas puff in
AUG, Wymp ~ f558 (Fig. 3). The electron pressure pro-
files (however lower gradients were observed for pellets),
magnetic signature, heat loads on the divertor plates of
pellet triggered ELMs are all very close to the intrinsic
ELMs with similar frequency [26]. This probably sug-
gests that triggered ELMs have the same nature as
destabilized MHD modes. The pedestal collisionality is
usually increased by pellets [26]. The modelling of the
possibility of controlling ELMS using pellets to increase
the pedestal collisionality in ITER has been done in [60].

4.3. Edge current and electromagnetic ELM triggering

Another control tool suggested by ideal MHD stabil-
ity theory is the edge current density [37,35,36,41]. The
possibilities to change edge current are limited in present
machines since reliable current drive techniques are not
known at the plasma edge. However, the edge current
can be changed in current ramp experiments since the
resistive time (~ T°/?) at the edge is much lower then
in the plasma centre, leading to the local increase and

80

ferm (H2)

Fig. 3. (Left) Density, diamagnetic energy, pellet monitor and Du signals during external gas puff without pellets (fgr v = 29 Hz), small
pellets and no puff (fgm = 68 Hz) and with external puff only (fgrm = 68 Hz). (Right) Diamagnetic energy and line averaged electron
density dependence on ELM frequency without gas(squares), gas puffed(triangles) and pellet phases (circles). Increasing f,e; imposes
slight refuelling and confinement degradation. A fit to data with pellets:Wyup ~ f55. Experimental scaling with gas puff in AUG

Wanp ~ [ Figures from [62].
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decrease of the parallel current density in ramp-up and
down phase respectively. Edge current can play a stabi-
lising role giving access to the second stability regime for
ballooning modes, but further increase of the edge cur-
rent density can destabilise low n-peeling modes. [4,7].
Current ramp experiments confirmed the main trends
given by ideal MHD stability theory. However the
possibility of ramping current (and in particular time
derivation dI,/d?) usually is limited by technical limits
specific for each machine. Depending also on the resis-
tive time, the plasma response can be rather slow
(~0.5s in JET [4,7]).

More rapid changes of edge current density is possi-
ble using the technique of vertical displacements of the
plasma column, first done in COMPASS-D [22], and
more recently in TCV with vertical control coils [27].
It was demonstrated that ELM frequency locks to the
frequency of these oscillations. At present these ELMs
are interpreted as a manifestation of a peeling instabil-
ity occurring periodically due to the periodic changes in
the edge current density. First optimistic estimations of
such a technique for ELM control in ITER using exter-
nal poloidal coils have been done [27] but further
experimental investigations on larger tokamaks are re-
quired and, in particular, the study of the plasma con-
finement in such regimes. In particular, recent similar
AUG experiments demonstrated that Type I ELMs
are preferentially triggered when plasma column moves
downwards to the divertor meaning at lower edge cur-
rent density which is opposite to TCV results [61]. The
possible explanation can be in the different stability and
collisionality regimes in the machines. If such pedestal
parameters as pressure gradient and current are close
to the high n ballooning stability limit the decrease of
edge current density could trigger Type I ELMs (as
in AUG). If the pedestal pressure is low (as in TCV)
and the pedestal parameters are close to the low n peel-
ing limit the increased edge current density could lead
to the triggering of Type III ELMs. Further experi-
ments and stability analysis should be done before
any extrapolation of this ELM control method for
ITER.

5. Conclusions

The destabilisation of ballooning and peeling modes
in the region of steep edge gradients in H-mode is largely
supported by experimental data as a triggering mecha-
nism at least for Type I ELMs. The present status of
the modelling does not permit self-consistent calcula-
tions of energy and particle losses in ELMs. Neverthe-
less, both theory and experiment suggest the benefit of
high plasma shaping (triangularity), high ¢9s, and high
pedestal density on the reduction of the size of Type I
ELMs.

In particular the most important conductive part of
energy lost during the ELM decreases strongly with den-
sity (collisionality) and also at high gos, leading to the
small (AWgLm/ Wpea < 5%) convective ELMs.

Small benign ELMs regimes (EDA, HRS, Type V,
Type 11, Grassy, QH) were demonstrated in present ma-
chines in very specific conditions regarding magnetic
configuration and pedestal parameters, and are not
applicable directly to ITER.

Active control of Type I ELMs is progressing in pres-
ent tokamaks. The possibility of almost complete Type |
ELMs suppression, by edge ergodisation at constant
confinement, was demonstrated in DIII-D. ELM fre-
quency and size can be controlled by small pellets
(AUG), minimising confinement degradation due to
fuelling as compared to gas injection. The experiments
on TCV and AUG demonstrated the possibility of lock-
ing the ELM frequency to the frequency of rapid vertical
plasma oscillations induced by position control coils.
For the moment active control ELM tools are in the
stage of the demonstration of the main principle fol-
lowed by a study of the underlying physics. Further
investigations will identify the applicability of these
methods to Type I ELM control in ITER.
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