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Abstract
Integrating the plasma core performance with an edge and scrape-off layer (SOL) that leads 
to tolerable heat and particle loads on the wall is a major challenge. The new European 
medium size tokamak task force (EU-MST) coordinates research on ASDEX Upgrade 
(AUG), MAST and TCV. This multi-machine approach within EU-MST, covering a wide 
parameter range, is instrumental to progress in the field, as ITER and DEMO core/pedestal 
and SOL parameters are not achievable simultaneously in present day devices. A two prong 
approach is adopted. On the one hand, scenarios with tolerable transient heat and particle 
loads, including active edge localised mode (ELM) control are developed. On the other hand, 
divertor solutions including advanced magnetic configurations are studied. Considerable 
progress has been made on both approaches, in particular in the fields of: ELM control with 
resonant magnetic perturbations (RMP), small ELM regimes, detachment onset and control, 
as well as filamentary scrape-off-layer transport. For example full ELM suppression has now 
been achieved on AUG at low collisionality with n  =  2 RMP maintaining good confinement 

( )≈H 0.95H 98,y2 . Advances have been made with respect to detachment onset and control. 
Studies in advanced divertor configurations (Snowflake, Super-X and X-point target divertor) 
shed new light on SOL physics. Cross field filamentary transport has been characterised in a 
wide parameter regime on AUG, MAST and TCV progressing the theoretical and experimental 
understanding crucial for predicting first wall loads in ITER and DEMO. Conditions in the 
SOL also play a crucial role for ELM stability and access to small ELM regimes.

Keywords: edge localised modes, divertor, heat loads, ASDEX upgrade, MAST, TCV, 
alternative divertor concepts

(Some figures may appear in colour only in the online journal)
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1.  Introduction

One of the key challenges in the realisation of a magnetic 
confinement fusion power plant is to integrate the high-
confinement core with the edge of the plasma, such that 
acceptable wall conditions are obtained whilst maintaining 
high performance. In particular the periodic transient heat 
loads due to edge localised modes (ELM) [1, 2] in the other-
wise promising high confinement mode will not be tolerable 
in ITER and DEMO [3]. Cyclic thermo-mechanical loads may 
limit the number and size of ELMs to much smaller values 
than design criteria to prevent melt damage, especially in 
DEMO. For the achievement of physics understanding of 
the plasma edge and the ability to extrapolate the findings to 
future devices, a wide parameter range needs to be investi-
gated. This is a task ideally suited to the new European task 
force on medium sized tokamaks (EU-MST) that has com-
bined research on three key, complementary devices ASDEX 
Upgrade (AUG), TCV and MAST since 2014.

Research under the EU-MST task force tackles the edge 
challenge from two sides. On the one hand, plasma regimes 
reducing the transient heat loads whilst trying to maintain 
high confinement are developed with active ELM control 
techniques (section 2) and natural small ELM scenarios (sec-
tion 3). On the other hand, divertor solutions with detachment 
control (section 4) and advanced magnetic configurations 
(section 5) are studied. In this paper we will give an over-
view of the progress made in the last two years in these two 
research fields within EU-MST supported by the domestic 
programs. In addition, we will discuss the enhanced filamen-
tary radial transport in the scrape-off layer (SOL) becoming 
more important as transient heat loads on the divertor targets 
are reduced (section 6). Studies have been performed in D, H 
and He as the main discharge species to assess the feasibility 
of the methods for the non-nuclear phase in ITER.

2.  Reducing the ELM size with actuators

Approximations to the ITER baseline scenario on AUG 
( ⩽ ⩽q3 3.695 , / =n n 0.85G , β = 1.8N ) show that the low 
q95 and high triangularity lead to low frequency ELMs with 
exceptionally large energy loss of up to 45% of the pedestal 
energy on AUG [5] (see figure  1). Whilst sometimes these 
large energy losses can be attributed to multiple clearly dis-
tinguishable crash events sometimes called compound ELMs, 
here also long ELMs with crash times of the order of up to 
8 ms are observed (see below) that show some small sub-
structure in the signal for the divertor current. The relative 
ELM energy losses in the AUG variant of the ITER base-line 
scenario lie well above the scaling from Loarte et al [4]. Gas 
fuelling can reduce the ELM size, but will lead to a degrada-
tion of the confinement due to the erosion of pedestal pres
sure, as also seen on JET [6]. A likely reason for this reduction 
in pped is the presence of a high density front at the high field 
side [7], which leads to an outward shift of the density ped-
estal, in turn leading to a reduction of the peeling-ballooning 
stability. The scenario has also proven resilient to active ELM 
mitigation techniques such as pellet triggering or application 

of resonant magnetic perturbations (RMP). Application of 
RMPs has led to a clear, though small density pump-out, 
but not an increase of ELM frequency or reduction in ELM 
energy loss. Interestingly, a slight vertical upshift approaching 
a double null configuration or reduction in divertor pumping 
gives access to a small ELM regime, not unlike the type-II 
ELM regime (see section  3) [5, 8]. Assessing the perfor-
mance of the ITER base-line scenario and its variant in high 
purity He plasmas ( /( )�+ +n n n n 80%He He H D ) shows a 
similar ELM behaviour with larger ELMs  ∆ ≈W 50 kJELM  
( /∆ ≈W W 10%ELM pl ) at lower neutral density and small ELMs 
at high neutral density in the divertor. The new neutral beam 
injection on TCV has enabled studies of these high density 
regimes on TCV, and scenario development has been started.

For single events, the peak parallel ELM energy fluence, 

( ) /∥ε ε α=s sindiv div with ( )∫ε = q s t t, ddiv  the energy fluence 
to the divertor target (q heat flux, s spatial target coordinate, 
αdiv field line angle on the target), of natural type-I ELMs on 
ASDEX Upgrade and JET never exceeds a value proportional 

to the pedestal top pressure, pe
ped, times the geometric minor 

radius, a [9]. This data set has now been extended to MAST 
and discharges with active ELM control, and will be extended 
to TCV in the future.

In figure 2 the comparison of the measured ( )∥εmax  to a 
simple ad hoc model of a toroidally symmetric reconnected 
flux tube

( )∥ε π
κ

π= ∆
+

≈a p
B

B
p Rmax 2

1

2

3

2
6e e

model
eqil.

2
ped t

p

ped
geo

is shown (κ: elongation, qcyl: cylindrical safety factor, Rgeo.: geo-
metric major radius) [9, 10], where ⩽ ⩽∆1.8 2.3eqil.  accounts 
for the difference of the flux tube volume between a simplified 

Figure 1.  Relative ELM energy loss of the ITER base-line scenario 
at q95  =  3 (red) and its q95  =  3.6 (blue) variant in comparison to the 
data (open symbols) showing the ν∗ scaling from a multi-machine 
database [4]. The different open symbols represent different 
devices.
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approximation and the accurate value derived from the equilib-
rium reconstruction. Over two orders of magnitude the data is 
within a factor of three of this simple prediction, which gives 
a lower bound to the data. The data set includes data from the 
inner and outer divertor of AUG, as well as shots with ELM 
control using pellets and vertical kicks in the case of JET and 
RMPs in case of AUG. The data presented in figure 2 are favour-
able for ITER, suggesting that even unmitigated type I ELMs 
in the baseline =Q 10DT  scenario at  =I 15 MAp  may lead 
to target energy densities which are close to, or only slightly 
exceed (by factors of 2–3) the currently specified ELM energy 
density limit (  ε = −0.5MJ mtar

2 [11]). This is a significant gain 
compared with the mitigation factors (>20) which were previ-
ously thought to be imposed by this limit. The limit was, how-
ever, established according to specifications which must now 
be modified in the light of improved studies of tungsten mat
erial response to high transient numbers [3] and refinements in 
the ITER divertor target design and associated calculations of 
energy loading. In particular, the presence of target monoblock 
surface shaping, the inevitable gaps between the monoblocks 
and the requirement to operate below recrystallization temper
ature will all lower the previously specified allowed energy 
density [12]. Work is ongoing at the ITER Organization in col-
laboration with the EUROFusion Programme (as well as other 
ITER Partners) to establish a new material limit.

In figure 2 data of an AUG discharge with RMPs at low col
lisionality are shown as well. As for the cases of ELM control 
in JET the RMP data fits into the overall trend. In detail, the 
application of RMPs increases the ELM frequency on AUG, 
but also reduces the pedestal pressure due to the density pump 
out. It should be noted that this trend is only true for cases 
where the ELMs are still of type I. It is unclear if ELM control/
mitigation techniques for type-I ELMs will be able to move 
the ELM heat loads from the upper boundary to or below the 
lower boundary whilst maintaining the pedestal pressure in a 
robust way. In any case these data suggest that even mitigated 
type-I ELMs may not be acceptable for the =Q 10DT  scenario 
in ITER and are most likely unacceptable for DEMO.

In certain ELM cycles on MAST the density lost due to 
the application of RMPs could be replaced by gas fuelling 

whilst maintaining a reduced ELM energy loss [13]. Similar 
studies have been performed on AUG using pellets fuelling 
under ITER-like conditions [14]. In these experiments the 
full density pedestal could be recovered. To refuel a density 
pump-out of 30% the fuelling rate had to be increased by a 
factor of two. However, it was not possible to fully recover 
the loss of confinement as the increase of the density lead 
to a decrease of temperature and the pedestal pressure could 
only be partly restored. As increased gas fuelling also affects 
ELM stability [7, 15, 16], degrades confinement [6, 7] and 
can be used to control the ELM frequency [17], the increased 
recycling due to the increased fuelling rate may also play a 
role in the loss of confinement. Pellet refuelling during RMPs 
did not trigger further ELMs and a mitigation of the ELM 
energy loss, albeit at a compromised level, was maintained 
[14]. Within the scatter of the data the average peak heat load 

   ≈ −q 4 MW mpeak
2 during the RMP phase with and without 

pellets did not change. Comparison to the pre RMP phase, 

Figure 3.  Normalised ELM energy loss as a function of electron 
density at the pedestal top before the ELM, with and without RMP 
and two different edge safety factors. Reproduced from [19]. © IOP 
Publishing Ltd. All rights reserved.

Figure 4.  Operating space in temperature and density for 
discharges with and without RMP for different ELM energy 
losses. Reproduced from [18]. © 2017 Max-Planck-Institut für 
Plasmaphysik.

Figure 2.  Measured type-I peak ELM energy fluence against model 
prediction for a multi-machine database including AUG, JET  
and MAST [10]. Reproduced with permission from [10].
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however, showed that the application of RMPs in this case 
only reduced qpeak by a factor of two. This is consistent 
with the reduction in average normalised ELM energy loss 
as inferred from the inverse frequency behaviour, implicitly 
assuming that the energy loss rate by ELMs is the same as the 
long term energy loss rate.

The interplay between increased particle transport (e.g. den-
sity pump-out) and the efficiency of ELM control at low col
lisionality is a key question in extrapolating to future devices 
that will have low collisionality at high Greenwald fraction [18]. 
Analysis of the AUG data base of low collisionality discharges 
using n  =  2 RMP to affect the ELMs has shown that the ELM 
energy loss correlates best with the edge density (see figure 3) 
and less well with pedestal collisionality [18, 19]. However, a 
threshold of �ν∗ 0.4ped  has been found, above which ELMs are 
not affected (figure 4). At the lowest edge density the loss of 
stored energy during an ELM can be reduced by 85%, but as 
can be seen from figure 4 not at an isobar corresponding to type 
I ELMy H-mode [13, 19]. At this parameter regime the low 
density branch of type III ELMs (also called type IV) is found 
on DIII-D [20] and MAST [13]. On DIII-D and MAST type-
IV regimes can also be accessed without RMPs. Experiments 
with coil waveforms optimised to achieve a fast switch-off, 
proved that on AUG it is not only the reduction in density that 
gives access to the small ELMs.

More recently, ELM suppression was observed at low col
lisionality ⩽�ν 0.25e,ped  on AUG (see figure 5) [18] in a higher 
triangularity //δ = 0.23 0.43u l  DIII-D/AUG identity shape. 
The experiments on DIII-D revealed the crucial role of the 
triangularity for accessing full ELM suppression motivating 
the shape change on AUG. The suppression phase, starting at 

 =t 2.75 s, is initiated by a reduction in gas fuelling leading to 
a drop in density between t  =  2.30–  2.75 s and is accompanied 
by a further, faster drop in density. Consequently, this leads to 
a drop in confinement by 25% with respect to the mitigated 
phase. However, the confinement soon recovers, reaching 

( )�H 0.95H 98y,2  stably from  =t 3.45 s onwards. This is com-
parable to the ELM mitigation phase (t  =  2.5–  2.75 s), which 
in this shape has considerably higher confinement than in the 
low //δ = 0.1 0.43u l  shape.

A key part of the RMP experiments under EU-MST was 
directed towards the understanding of the plasma response. 
Comparing the experimental data with plasma response calcul
ations using the resistive MHD code MARS-F [21–23] con-
firmed the findings from MAST that the edge kink response 
needs to be maximised to affect the ELMs and is in good agree-
ment with differential phase scans performed on AUG and 
MAST. The optimal phase angle for the applied perturbation 
depends roughly linearly on q95 [23], but also on β [24]. An 
analytical model based on dedicated scans of MARS-F starting 

Figure 5.  Typical time traces for a low collisionality discharge on AUG where ELM suppression was achieved. Reproduced from [18].  
© 2017 Max-Planck-Institut für Plasmaphysik.
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from an example equilibrium has been developed to predict the 
phase angle prior to experiments to within  ± �20  [24] by opti-
mising the plasma response with respect to the displacement 
close to the X-point (kink response) and the perturbation at the 
outermost resonance. Measurements of the 3D perturbation of 
the plasma around the mid-plane using several diagnostics by 
rotating the perturbation field at constant phase angle between 
the upper and lower coils show good agreement with plasma 
response modelling using the 3D equilibrium code VMEC as 
well as MARS-F [25]. The magnetic perturbation was found to 
be amplified by the plasma and to be primarily non-resonant 
| | > | |m nq , whilst the displacement is dominated by resonant 
components | | = | |m nq  as predicted by the codes [25]. Resonant 
modes arise via toroidal and elongation mode coupling [22]. 
The plasma response calculations have now been extended to 
the non-ideal MHD code JOREK [26], showing good agree-
ment with VMEC and MARS-F calculations, together with 
qualitative agreement of the observed change in magnetic 
mode spectrum during the ELM [27] as well as the filamentary 
dynamics measured with ECE imaging [28].

ELM energy loss mitigation was also achieved in He dis-
charges at low collisionality. The phase angle of the applied 
perturbation is similar to that measured in D. Small differences 
may be explained by the lower β achieved in He. This shows that 
it should be possible to transfer the experience gained during a 
potential non-activation He phase on ITER to D and DT. The 
ELMs are affected by the RMP in He at similar density as in D. 
However, the lower pedestal temperature in He leads to a much 
higher collisionality, at which in D ELM control with RMPs 
is not possible on AUG. This suggests that the collisionality is 
not the only factor determining the effect of RMPs. It should be 
noted, though, that ELM mitigation can be achieved on MAST 
with almost all edge collisionalities [13]. For the higher col
lisionality ITER base-line scenarios pump-out as in D could be 
observed, but ELMs became larger at the lower density.

The physics of ELM energy loss mitigation at low and high 
collisionality on AUG is different. At high collisionality the RMP 
spectrum or alignment does not play a role [29]. Experiments at 
different plasma current and heating power showed that these 
mitigated ELMs are also likely a different ELM regime [30]. In 
contrast to the low collisionality regime, however, this regime 
also persists without magnetic perturbation (see section 3).

The potential for ELM control with pellets in metal walled 
devices is greatly reduced due to a dead time after the pre-
vious ELM [31]. Injection of N recovers the trigger potential. 
Analysis of the inter ELM pedestal evolution on AUG shows 
that with and without N seeding ELMs can be triggered after 
the fast density recovery phase [32]. This may be related to the 
existence of long and short ELMs in all-metal devices [33]. 
A long ELM, having an extra 2nd phase expelling filaments 
into the SOL [33], will degrade the pedestal more than a short 
ELM. Comparisons on AUG, JET and TCV of ELMs with and 
without N seeding seem to point at the crucial role of the SOL 
temperature [34] for the existence of the 2nd phase. It should 
be noted that the estimated ( )∥εmax  of N seeded ELMs is higher 
than of unseeded ELMs due to the faster deposition of the 
energy onto the target and the smaller wetted area. However, N 
also leads to earlier detachment of the divertor (see section 4).

3.  Small ELM regimes

Not only type-I ELMs are affected by the SOL; the onset of 
type-II ELMs is also likely related to the SOL conditions. 
Comparison of the filamentary structure of type-II ELMs 
between AUG and MAST suggested the origin of the type-II 
ELM filaments to be at the foot of the pedestal [35]. Type-II 
and type-I ELMs can coexist, giving further evidence for their 
different origin.

Recently, the proximity of the ITER base-line scenario on 
AUG to small (type-II like) ELMs was discovered [5]. Replacing 
the gas fuelling in these discharges with pellet fuelling from 
the high field side (  =l 1.9 mm,  =f 35 Hz,    = −v 552 m s 1, 

   Γ = × −1.3 10 D spellet
22 1) reduced the SOL density, as can be 

seen in figure 6 (right). The pedestal pressure was kept con-
stant, and the gradients of temperature and density are also the 
same within the error bars in both phases. However, the pellet 
fuelled phase has type-I ELMs, whilst the gas fuelled phase 
exhibits small ELMs. The pellets penetrate roughly to ρ≈ 0.8 
and fuel the plasma about three times more efficiently than the 
gas puff (    Γ = × −3.3 10 D sgas

22 1).
Experiments using n  =  2 magnetic perturbations (MP) 

during strong fuelling ramps revealed the importance of the 
increasing intermittent transport for the occurence of small 
ELMs [30]. Discharges with three different plasma currents 
(      =I 0.6, 0.8 and 1.0 MAp ) and two different heating levels 
(      =P 6.3 and 8.7 MWheat ) were performed in order to try to sep-
arate collisionality from density. Here, type-I ELMs and small 
filaments coexist at lower fuelling levels and are fully replaced 
by small ELMs as the fuelling is increased. At the highest fuel-
ling levels small ELMs persist even without MP. Hence, the MP 
is not necessary for the small ELMs to occur. In figure 7 the elec-
tron density (left) and temperature (right) for three time points 
for the =I 0.6p  MA case are shown. With increasing fuelling 
ne

sep and ne
ped rise. With increasing �ν  the filaments become larger 

and form the ne shoulder in the SOL. The larger filaments occur 
together with a wider near SOL mid-plane Te decay length, the 
pedestal becomes wider and its gradient is shallower, due to the 
lower Te

ped. The pedestal is (filamentary) transport limited and 
not peeling–ballooning limited as for type-I ELMs. The pertur-
bation of the equilibrium by the MP leads to lobe structures, 

Figure 6.  Comparison of the electron temperature (left) and density 
(right) profiles in a gas fuelled phase (red) and dominantly pellet 
fuelled phase (blue) from Thomson scattering at otherwise constant 
discharge parameters.
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clearly observable in the heat flux profile (see figure 8). As the 
density rises with increasing fuelling the cross-field transport in 
the SOL is enhanced and the SOL becomes wider (see section 6).  
The application of MPs forms homoclinic tangles [36] that are 
filled by this enhanced cross-field transport, leading to a popu-
lation of lobes further away from the unperturbed separatrix, 
and finally to the onset of detachment. The presence of the MP 
may influence the density at which the general cross field trans-
port changes.

These results, as well as the N seeding experiments, point 
towards the importance of the SOL for the onset of small ELM 
regimes and the ELM stability as such. The SOL at high power 
high density discharges on AUG is closer to ITER/DEMO 
parameters than the SOL in low collisionality plasmas. To date 
it is unclear if the transport leading to the small ELM regime 
can be achieved at low collisionality and high density at the 
same time. Trying to decrease �ν  in small ELM regimes by 
stronger heating usually leads to an increased density with a 
clamped pedestal temperature. The pedestal pressure achieved 
in these regimes is close to that of type-I ELMy H-mode.

The ELM energy loss is also reduced close to the density 
limit whilst maintaining high confinement. This phase has not 
yet been extended into a stable scenario, but the four phases 
of the H-mode density limit identified on AUG [37] have now 
also been observed on TCV despite the different divertor 
geometry.

4.  Buffering the divertor

Partial detachment of the divertor is a key part of the inte-
grated solution and has long been studied in conventional 
divertor configurations. Controlling the divertor temper
ature—estimated from the thermal currents flowing in the 
SOL—using nitrogen influx as an actuator is well established 
on AUG [38]. This method may not be suitable for next step 
devices as it requires isolated tiles in a neutron environment, 
and other observers may be needed for detachment control. 
Recently the position of a poloidally localised radiator close 
to the X-point, as measured by bolometry, has been identified 
as such a possible observer [39]. The time evolution of the 
vertical position of this X-point radiator for a discharge with 
varying heating power and N seeding is shown in figure 9 at 
high /    � −P R 10 MW m 1. With a reduction of heating power, 
this radiator moves further inside the confined region—and, 
with an increase of the heating power, the equilibration point 
of the radiator moves closer to the X-point. The increase of 
the N seeding levels leads again to an inward movement. If the 
radiator moves too far inside the confined region, a disruption 
is triggered. The stability of the poloidal asymmetry is likely 
facilitated by the long connection length around the X-point. 
This is also observed in advanced divertor configurations (see 
section 5).

Furthermore, different seeding gases (N, Ne, Ar, Kr) were 
used to control radiation in different areas of the plasma. 
Detached operation has been achieved with the highest 

/ ⩽     −P R 15 MW m 1 at Greenwald fractions of / ≈n n 90%e G  
and high ( )�H 0.95H 98,y2 , though at high radiation and density 

( )HH 98,y2  may not be the appropriate measure. A key point in 

Figure 7.  Comparison of the electron density (left) and temperature 
(right) profiles for three time points during a gas scan with the 
application of n  =  2 magnetic perturbations. Reproduced with 
permission from [30].

Figure 8.  Comparison of the heat flux profiles at the outer divertor 
target for three time points during a gas scan with the application of 
n  =  2 magnetic perturbations. Reproduced with permission from [30].

Figure 9.  Vertical position of the radiator relative to the X-point in 
AUG #32273 with the modulation of heating power and N seeding. 
Reproduced from [83]. CC BY-NC-ND 4.0.
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understanding this physics is the accurate modelling of the 
fuelling sources and impurity transport in the SOL. Using 
the SOLPS5.0 code the high field side high density region 
on AUG and the effect N seeding has on this front has been 
modelled [40]. Adapted diffusive and additional convective 
radial transport coefficients now reconcile the modeled deu-
terium compression ratio, divertor neutral density, neutral 
radiation levels and deuterium fueling rates with experimental 
measurements. The onset of strong volume recombination in 
the simulations now allows removal of the previously neces-
sary increase of perpendicular transport in the inner divertor 
from the simulations.

The application of 3D fields for ELM control will also 
impact on the divertor heat load, by breaking the toroidal 
symmetry leading to regions of increased heat load far from 
the strike point. Clear lobe structures are seen in the heat 
flux pattern at low and high collisionality on AUG [41] and 
MAST [42, 43]. Such structures have also been observed on 
other devices with the application of MPs such as DIII-D 
[44], EAST [45], JET [42, 46] and NSTX [47] and have been 
compared usually to vacuum calculations which generally 
represent the pattern well in L-mode. Using slowly rotating 
fields on AUG the full toroidal variation of these patterns has 
been measured with IR imaging for the first time in L- and 
H-mode discharges with n  =  1, 2, 3 RMPs [41]. In L-mode 
the heat flux profile averaged over a rotation of the perturba-
tion by /π n2  will recover the unperturbed heat load profile (see 
figure 10), showing that the cross field transport in L-mode 
is much higher than a potential effect due to the perturbation 
itself. Such outward transport could come from a stochastic 
layer [48]. A new method to measure this layer using ECRH 
heat pulses in comparison with EMC3 modelling using an ad 
hoc screening model has been employed on AUG [49]. The 
analysis of L-mode discharges also showed no significant 
difference of the temporal behaviour of the heat pulse with 
and without RMPs. It should be noted that the application of 
RMPs can also lead to localised fast-ion losses [50, 51] that 
may cause localised heat loads to the first wall [52].

5.  Advanced divertors

The work on detachment has been extended to the advanced 
divertor configurations studied experimentally on TCV  
[53, 54] and theoretically for MAST Upgrade geometry  
[55, 56]. These configurations aim to reduce the heat load of 
the target by geometrical means such as flux expansion as well 
as by increasing perpendicular transport and volumetric pro-
cesses. EMC3-Eirene calculations of various TCV snowflake 
configurations, for example, predicted that a snowflake con-
figuration with an additional X-point in the low field side SOL 
(SF-) would not only reduce the heat loads on the outer target, 
but that impurity seeding should create a highly radiating zone 
trapped between the two X-points with a large volume [57].

This predicted trapped radiation zone has now been 
observed experimentally (see figure  11). With respect to 
power balancing, however, fluid modelling is not able to 
reproduce the power distribution between the different strike 
points correctly when the secondary strike points are not con-
nected to the SOL (SF+ ). In particular, more power than the 
modelling suggests arrives at the passive strike points in these 
snowflake configurations [58], and double peaked profiles are 
also observed [59]. Enhanced ×E B drifts in the SF configura-
tion could explain the power distribution. The ×E B drifts are 
predicted to increase with density, increase with low distance 
between the X-points and reverse sign with Bt. All these pre-
dictions are in qualitative agreement with the measurements 
[58].

The dependence of the onset and the evolution of detach-
ment on poloidal flux expansion (incl. strike point flaring 
‘X-divertor’) fx, major radius ROSP of the outer strike point 
(toroidal flux expansion,‘Super-X’), the appearance of a 
2nd X-point close to the target (‘X-point target divertor’) at 

Figure 10.  L-mode heat flux profile on the outer divertor with 
MP (red) and without (blue). The toroidally averaged profile in 
the presence of MP (black) leads to the same distribution as the 
axisymmetric one.

Figure 11.  Comparison of the tomographically inverted radiation 
in (a) a LFS SF− and (b) a conventional divertor configuration at 
similar discharge conditions and seeding levels. Reproduced with 
permission from [84].
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a particular ( )/( )ρ ψ ψ ψ ψ= − −ψ a0 0  (ψ a0,  poloidal flux at 
the separatix (a) and magnetic axis (0)) and vertical plasma 
height ( ∥L  ) have been studied in Ohmic discharges on TCV in 
reversed /B It p [53, 54]. Here, the ion ∇B drift was away from 
the primary X-point, to avoid H-mode transitions. Density 
ramps were performed in a total of 17 configurations changing 
fx  =  2–21,  = −R 0.62 1.06 mOSP , ρ =ψ 1.012, 1.036 and 
= −Z 0.11axis  to  +0.29 m. A change in the detachment onset 

has only been observed with a vertical shift of the plasma 
(figure 12(e)), where a longer outer divertor leg leads to a roll-
over in the ion saturation current at lower density. Changes 
of the poloidal and toroidal flux expansion lead to a roll-over 
of the total ion flux at similar densities, as can be seen from 
figures  12(a),(b) and (d) and 12(c) respectively. At higher 
fx the relative drop in particle flux seems more pronounced 
(figure 12(a) and (d)), which is consistent with recombination 
measurements performed using a new divertor spectrometer 
[60]. In addition, for higher values of fx the cold plasma region 
tends to stay more localized to the target during an increase 
in core density, as indicated by C2+ radiation front measure-
ments [61] and recombination measurements. Deviations of 
the ROSP dependence from the standard 2 point model have 
been observed. The heat flux is reduced as expected, but the 
density decreases rather than increases, leading to a higher 

temperature at the target than predicted. The detachment onset 
is not affected by ROSP, contradicting expectations (figure 
12(c)). Hence, there is no consistent dependence on the total 
flux expansion. SOLPS5.0 modelling of the novel divertor cur
rently being built for MAST Upgrade—comparing a conven-
tional configuration to three Super-X configurations—showed, 
however, that the real advantage of the Super-X configura-
tion only manifests itself with sufficient divertor closure [56], 
although in all Super-X configurations the heat load in compar-
ison to the conventional divertor is reduced. It should be noted 
that not only the change in ROSP, but also the relative change in 
Bt due to the tight aspect ratio configuration in these configura-
tions, are much larger than on TCV. The progression of C2+ 
radiation front towards the core is slowed down considerably 
in the ‘X-point target divertor’ like configurations, due to the 
presence of the secondary X-point, similarly to what is seen in 
a conventional divertor around the primary X-point.

6.  First wall loads

The heat and particle loads in the narrow region around the 
strike points are the most severe in future devices, but as the 
density is increased in present day devices a density shoulder 
forms far out into the SOL [62]. This broader SOL could be 

Figure 12.  Measures of detachment as a function of line averaged density for ((a) and (b)) different flux expansion in the X-divertor, (c) 
Super-X divertor, (d ) different flux expansion in the conventional divertor and (e) different vertical positions at constant flux expansion 
at the strike point. As a measure of detachment in ((a), (d ) and (e)) the total ion flux to the outer divertor is used and in ((b) and (c)) the 
poloidal distance of the C2+ radiation front below the X-point is used. (a) Reproduced from [53]. CC BY 3.0. (b)–(e) Reproduced with 
permission from [84].
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of concern for future devices, in particular if the ion energy 
is above the sputtering threshold, leading to increased heat 
loads and impurity influx. This transport is dominantly driven 
by strong intermittency (filaments). The filament properties 
and their relation to the density shoulder formation have been 
investigated in detail in L-mode on AUG [63–65], MAST 
[66–69] and TCV [70], as well as inter-ELM H-mode phases 
on AUG [63, 65, 71]. The ion temperature in the filaments in 
the L-mode SOL could be measured using a retarding field 
energy analyser on AUG [65] and MAST [68, 72]. At low 
density / �T T 3i e –4 in the far SOL, whilst at higher density 

/ ∼T T 1i e .
Multi-machine L-mode data from AUG and JET in various 

conditions show a clear transition in filament behaviour as the 

effective collisionality, ∥Λ = ν Ω
Ω

L

c
ei

s

i

e
 (cs: sound speed, Ω cyclo-

tron frequency) in the divertor is increased above Λ > 1div  
[64]. The filament motion seems in broad agreement with 2D 
modelling [73] using cold ions [65]. The inter ELM H-mode 
data show that Λdiv may only be a necessary but not sufficient 
condition for the shoulder formation [63]. Matching Λdiv using 
high D fuelling and high D fuelling plus N seeding at various 
densities showed that the shoulder only formed at high Λdiv 
with N seeding when also sufficient D fuelling was applied. 
This suggests that the presence of neutrals may also be impor-
tant for the shoulder formation. This is further evidenced by 
the filament properties measured on TCV in L-mode (see 
figure 13) [70]. These experiments focussed on the connec-
tion length ∥L  dependence (colors), which can be varied in 
TCV independently of q95 by moving the plasma up and down 
and changing the flux expansion. λn depends only weakly on 

∥L . The strongest correlation is found between λn and filament 
size pointing towards the role of the turbulence. The depend
ence of λn on Λdiv is weaker on TCV than on AUG and JET.

The MAST L-mode data rules out divertor detach-
ment and the ionisation source as a reason for the density 
shoulder formation [68], in agreement with TCV L- and 
AUG H-mode data. Statistical analysis of data at different 
Ip showed that the size perpendicular to the flux surface 
(bi-normal), σ⊥, decreases and the radial motion, vb,r of the 
filaments increases with ∥L  [67] without showing signs of 
a clear transition as on AUG or JET, despite the formation 
of a shoulder at low Ip. Given that a 50% reduction in σ⊥ 
is observed alongside a five-fold increase in ∥L , the more 

modest 100% increase in vb,r is substantially less than pre-
dicted by a sheath-dissipative scaling. Neither scaling pre-
dicts the observed change to vb,r which may be an indication 
that both inertial and sheath dissipative effects play a role in 
filament dynamics in MAST.

Another concern for future devices is the heat load to the 
limiters during start-up of the discharge. Heat flux profiles at 
the target of inboard limited L-mode plasmas are also found 
to be characterised by two scale lengths [74], with steeper 
gradients near the separatrix. Recent experiments in TCV are 
revealing that the near SOL gradients disappear at large nor-
malised resistivity (ν∼ −10 2), which seems to correspond to 
the transition from the sheath-limited regime to the conduc-
tion-limited regime in the near SOL. It is seen that the power 
carried by the near SOL component is strongly correlated 
with the amplitude of non-ambipolar currents flowing to the 
limiters. Nonlinear global simulations of plasma dynamics 
for the TCV SOL are able to reproduce the near SOL steep 
gradients, though their strength appears weaker than in the 
experiments. This data may contribute to an international 
multi-machine scaling of λq in limiter discharges assembled 

recently projecting ( ) λ = ±57 14 mmq
imp  for ITER [75]. It 

should be noted that the inter ELM heat flux width in AUG 

Figure 13.  Density e-folding length as a function of (a) normalised perpendicular filament size, (b) effective collisionality in the divertor 
and average density on TCV evaluated at 1 cm outside the separatrix (⬠ DN, � LSN). Reproduced with permission from [70].

Figure 14.  Comparison of up-stream and target (a) heat flux, (b) 
jsat e-folding length in MAST as function of electron collisionality. 
Reproduced with permission from [68]. © 2016 EURATOM.
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and MAST scales like /λ ∝ B1q pol [76, 77] as observed also on 
other tokamaks [76], leading to predictions of a very narrow 

 λ ≈ 1 mmq
ITER  on ITER for I 15p  MA [76] in deuterium. This 

data set will be extended by TCV data in the future.
Comparing upstream SOL profiles from various measure-

ments with target profiles [66, 68] showed that projecting 
target values to up-stream values using a drift-based model 
[78] works well for the heat flux width λq, but is not appro-
priate for the saturation current (see figure 14). Indeed the heat 
flux carried by the filaments in the wings of the profile is only 
a small fraction of the total power balance [66]. The filamen-
tary dynamics in the mid-plane are found to be compatible 
with an established scaling of the heat flux width λq.

7.  Summary and outlook

Research on EU-MST has improved our understanding 
towards an integrated plasma-edge/wall solution. Critical 
questions such as ELM control, small ELM regimes, detach-
ment control, operation in He, advanced divertor configu-
rations and cross field SOL transport have been progressed 
considerably. ELM suppression has been achieved at low 
collisionality for the first time on AUG and the transfer-
ability of RMP ELM control from He to D has been shown. 
The modelling of the plasma response has been validated 
with several different codes. The role of the SOL density for 
access to small ELM regimes has been demonstrated, uni-
fying pictures at high gas fuelling and application of RMP. 
In particular, the ITER base-line scenario has been shown to 
be close to the access to small ELM regimes. Future work 
needs to prove that such regimes are indeed possible with 
high SOL density, but low collisionality. The advanced 
divertor configurations start questioning the validity of our 
understanding of SOL transport. Modelling of the closed 
MAST-U divertor shows very promising reduction in target 
heat loads, but also stresses the importance of divertor clo-
sure. Filamentary transport leads to the formation of a broad 
density shoulder. Far SOL heat loads, however, seem to be 
only a fraction of the total power balance. The shoulder for-
mation is clearly governed by a change in turbulent behav-
iour, but a unifying parameter characterising this transition 
has not been found yet.

Despite the considerable progress achieved many open 
questions still remain. The importance of this issue is reflected 
by two of the top three priorities for the future EU-MST1 pro-
gramme, namely:

	 •	Explore the applicability of type-II/grassy and RMP sup-
pressed ELM regimes, as well as I-mode [79] and QH 
mode [80], to ITER and DEMO with respect to SOL 
density, collisionality, metal wall compatibility and target 
heat and particle loads.

	 •	Explore alternative scenarios making use of novel divertor 
configurations to reach high PB/R with acceptable power 
and particle loads.

In the plasma edge neutrals and atomic physics play a cru-
cial role, and extrapolation to ITER and DEMO is difficult to 

achieve by experimental means such as scalings or dimension-
less comparisons alone. A key issue for the future EU-MST 
programme is, therefore, the more and more detailed compar-
ison between experiments and models over a broad parameter 
range. Also models have to be developed and benchmarked 
that accurately describe a 3D SOL. For this purpose, work 
is planned in the near future to port the ELM suppression 
regime to MAST-U and COMPASS. Accessing ELM suppres-
sion on further devices should help to identify the key physics 
ingredients needed for this regime and help in extrapolating 
it to ITER and DEMO. Similarly, effort is directed towards 
establishing similar small or no-ELM regimes on all three 
EU-MST devices, as well as having a coordinated effort on 
modelling these regimes. The availability of these regimes on 
devices with different size and parameter regimes will help 
to disentangle the roles of density and collisionality, which is 
key to understanding if these regimes are accessible to future 
devices. This is of particular importance for the high density 
small ELM regime (e.g. type-II like ELMs), which in current 
devices is lost at higher heating power.

With respect to the tolerable ELM heat loads, the data set 
currently contains only attached regimes, whilst ITER and 
DEMO have to operate with partial detachment. For type-I 
ELMs, where the power flux to the divertor is expected to re-
attach the plasma, this may give a valid extrapolation; but for 
tolerable ELMs this may no longer be true. Therefore, it is 
important to extend the transient ELM heat load studies to 
partially detached regimes. In addition, the performance of 
the advanced divertor configurations has to be assessed with 
respect to these transient heat loads both under attached and 
detached conditions. Here, the stability of the configuration is 
also important, as ELMs also create perturbations in the edge 
current. From 2017 onwards MAST-U will contribute to this 
work with its closed divertor and the large variability of acces-
sible divertor configurations. Furthermore, robust detachment 
control has to be developed with ITER and DEMO relevant 
observers and actuators. Here, also the effect impurities have 
on the overal confinement needs to be addressed. On the one 
hand, impurities are crucial to reducing the power flowing into 
the divertor. On the other hand, impurity accumulation in the 
core has to be avoided, and the effects of the impurities on 
overall confinement have to be understood. Injection of N or 
Ne have been found to improve pedestal stability and there-
fore plasma confinement [7, 81, 82] in metal wall devices.

For all of these studies the inherent multi-machine 
approach of the EU-MST programme is a strong advantage, 
as the same scientific teams naturally perform studies on the 
different devices.
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