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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 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 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, 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 Hyogy2) ~ 0.95. Advances have been made with respect to detachment onset and control.
Studies in advanced divertor configurations (Snowflake, Super-X and X-point 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. SOL condition also play a crucial role for ELM stability and access
to small ELM regimes.

1 Introduction: One of the key challenges towards 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 the high
performance. In particular the periodic transient heat loads due to edge localised modes
(ELM) [1, 2] in the otherwise 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 a 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
investigated. This is a task ideally suited to the new European task force on Medium Sized
Tokamaks (EU-MST) that has combined research on three key, complementary devices
ASDEX Upgrade (AUG), TCV and MAST since 2014.

i see Appendix 1: The EUROfusion MST1 Team
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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 (Sec. 2) and natural
small ELM scenarios (Sec. 3). On the other hand divertor solutions with detachment
control (Sec. 4) and advanced magnetic configurations (Sec. 5) are studied. In this paper
we will give an overview 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 filamentary radial transport in the scrape-off layer (SOL) becoming more
important as transient heat loads on the divertor targets are reduced (Sec. 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.

50T T ITER base-line 2 Reducing the ELM size with actua-
IL;EUF; ® a.= 30 tors Approximations to the ITER baseline sce-

1 Alternative .
40F ®.=36 nario on AUG (3 < go5 < 3.6, n/ng = 0.85,
g i AUG Bn = 1.8) show that the low ggs and high tri-
3 30F E angularity lead to low frequency ELMs with ex-
< : ceptionally large energy loss of up-to 45% of the
\E 20¢ §I> o + 1 pedestal energy on AUG [5] (see Fig. 1), though
;L” o Mulfimachine these large ELMs may be multiple events. The
< 10F ! database @ ] relative ELM energy losses in the AUG variant
: AU of the ITER base-line scenario lie well above the
ol "Rpg¥Agn scaling from Loarte et.al. [4]. Gas fuelling can
0.1 1.0 10.0 reduce the ELM size, but will lead to a degra-
V" (ped) dation of the confinement due to the erosion

Figure 1: Relative ELM energy loss of the of pedestal pressure as also seen on JET [6].
ITER base-line scenario at gos =3 (red) and A likely reason for this reduction in ppeq is the
its gos = 3.6 (blue) variant in comparison to  presence of a high density front at the high field
the v* scaling from/[4]. side [7], which leads to an outward shift of the
density pedestal in turn leading to a reduction of the peeling-ballooning stability. The sce-
nario also has proven resilient to active ELM mitigation techniques such as pellet triggering
or application of resonant magnetic perturbations (RMP). Application to RMPs have lead
to a clear,though small density pump-out, but not an increase of ELM frequency or reduc-
tion 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 Sec. 3) [8, 5]. Assessing the performance of the ITER
base-line scenario and its variant in high purity He plasmas (nge/(nge +nu+np) 2 80%)
shows a similar ELM behaviour with larger ELMs AWgpm ~ 50 kI (AWgLm/ W1 = 10%)
at lower neutral density and small ELMs at high neutral density. The new neutral beam
injection on TCV has enabled studies of these high density regime on TCV and scenario
development has been started.

For single events, the peak parallel ELM energy fluence, g(s) = €qiv/sinOgiy =
fx(Bi/Bp) [q(s,t)dt (fe: flux expansion, g heat flux, og;y field line angle on the target),
of natural type-I ELMs on ASDEX Upgrade and JET never exceeds a value proportional
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to the pedestal top pressure, pE"d, 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.

ASDEX Upgrade, #32080 . .
10? ; ~Pd ‘ — In Fig. 2 the comparison of the measured
1 e =05 M/ I max(g)) to a simple ad-hoc model of
10 e g ] . i
450’*’/ a toroidally symmetric reconnected flux
- :* ------------ 2 ed
2= 10° tube max(i—:ﬁmdel) = Acqil. 2Tay / 1+2K %pg g;;
Z JETC is shown (k: elongation). Over two orders
g -1 JETILW i . . Lo
5 10 . AUGW of magnitude the data is within a factor
? R o Auac L . .
02l Oﬁ? o e ewa || of three of this simple prediction giving
L . a minimum value. The data set includes
107 ke’ S e data from the inner and outer divertor of
107 107 10" 10° 10 10° ) v
€anoder 2] AUG as well as shots with ELM control
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Figure 2: Measured type-I peak ELM using pellets and vertical kicks in the case
energy fluence against model prediction for a ©f JET. Predictions for two ITER scenarios

multi-machine database including AUG, JET together with the current material limit are
and MAST. shown as well. In Fig. 2 data of an AUG
discharge with RMPs at low collisionality 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 this
data suggests that it is unlikely that type-I ELMs are acceptable for the Q=10 scenario
in ITER.

In certain ELM cycles on MAST the
density could be replaced by gas fuelling

0.35

®n=2,q,~38
» N=2, g4~ 5.1
@ no RMP, q,.~ 3.8
e no RMP, Qg™ 5.1

0.30 -

[10]. Similar studies have been performed ¢ %%7 7
on AUG using pellets fuelling under ITER ;Q 0.20-
like conditions [11]. In these experiments 3§ 0.15.
the full density pedestal could be recovered. %d 010

To refuel a density pump-out of 30% the

fuelling rate had to be increased by a factor 0.05-

of two. However, it was not possible to 0.00
fully recover the loss of confinement as the n_Ped (100 m3)

increase of the density lead to a decrease . ]
Figure 3: Normalized ELM energy loss

of temperature and the pedestal pressure from function parameterisation equilibrium as

could only be partly restored. As increased function of electron density at the pedestal top

gas fuelling also affects ELM stability [12, before the ELM with and without RMP and two
13], degrades confinement [6, 7] and can be different edge safety factors.

used to control the ELM frequency [14], the increased recycling due to the increased
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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. Within the error bars the peak heat load with and
without pellets during the RMP phase did not change, but was only reduced by a factor
of two in comparison to the pre RMP phase.

1.6 Posa T CONSE \)*T“ ' o AV W The interplay between increased particle
ral ; D e ‘2 Efgifg/; | transport (e.g. density pump-out) and the

! {)iﬂ T%‘ )Tl A %; // 3 Mijz'?_g%,fs% . efficiency ELM control at low collisionality

z L %f} AT — : is a key question for extrapolating to future
g’ o 4 - Il*ﬂ% SR e devices that will have low collisionality at
- OAGjl i i 'mf S high Greenwald fraction [15]. Analysis of
4 1 jkm/ L| i TG ~1 the AUG data base of low collisionality

041 o4 ‘ discharges using n =2 RMP to affect the

0.2 ; — AUG ELMs has shown that the ELM energy

’ 3neped (10419 m-?) ° ° loss correlates best with the edge density

Figure 4: Operating space in temperature and (see Fig. 3) and less well with pedestal

density for discharges with and without RMP for collisionality [16, 15]. However, a threshold
different ELM energy loss. of Vped < 0.4 has been found above which

ELMs are not affected (Fig. 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 Fig. 4 not at an isobar
corresponding to type I ELMy H-mode [16, 10]. At this parameter regime the low density
branch of type III ELMs (also called type IV) is found on DIII-D [17] and MAST [10].
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 ob-

Central line averaged density @)
"o, Peripheral line averaged densit

-
Deuterium gas puff rate

b e MP coil current ) b
| jh“u‘%\y!ww‘w«w‘w'mf o w\\,ml“/ SAVVAS S e A

N A o ®
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served at low collisionality V;ped <0.25 on
AUG (see Fig. 5) [15] in a higher triangu-
larity §,; = 0.23/0.43 DIILD/AUG iden- °}

tity shape. The experiments on DIII-D = os

kA 10M9 mA-3, 1021 D/s

H98P(y,2) confinement factor

revealed the crucial role of the triangular- 0
ity for accessing full ELM suppression mo- el

o1, EICCUON podest IcoIIlonaﬁt V
tivating the shape change on AUG. The lon Pedesta y

0.5
suppression phase, starting at t = 2.75 s, WM’“IWWHWNM | d)
is initiated by a reduction in gas fuelling “"gf Outer divertor Dalpha

leading to a drop in density between ¢ =

] . 1000L ELM frequency e)
2.30—2.75 s and is accompanied by a fur- go%%& %%
ther, faster drop in density. Consequently, e ogo@zgﬂ&w 5% & ASDEX Upgrade #33353
this leads to a drop in confinement by 25% " * time 0 * * *°

with respect to the mitigated phase. How-  Figure 5: Typical time traces for a low
ever, the confinement soon recovers reach- collisionality discharge on AUG were ELM

ing stably Hyjogy2) < 0.95 from 1 = 3.45 s Suppression was achieved.

onwards. This is comparable to the ELM mitigation phase (r =2.5—2.75s), which in this
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shape has considerably higher confinement than in the low o shape 9, 1=0.1 /0.43.

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 calculations using the resistive MHD code MARS-F [18, 19, 20] confirmed the
findings from MAST that the edge kink response needs to be maximised to affect the
ELMs and is in good agreement with differential phase scans performed on AUG and
MAST. The optimal phase angle for the applied perturbation depends roughly linearly
on gos [20] but also on B [21]. An analytical model based on dedicated scans of MARS-F
starting from an example equilibrium has been developed to predict the phase angle prior
to the experiments to within +20° [21] by optimising 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 shows good agreement with the plasma response
modelling using the 3D equilibrium code VMEC as well as MARS-F [22]. The perturbation
was found to be non resonant |m| > |ng|, whilst the displacement is resonant |m| = |ng|
as predicted by the codes. The plasma response calculations have now been extended to
the non-ideal MHD code JOREK [23] showing good agreement with VMEC and MARS-F
calculations as well as qualitative agreement of the observed change in magnetic mode
spectrum during the ELM [24] as well as the filamentary dynamics measured with ECE
imaging [25].

ELM energy loss mitigation was also achieved in He discharges at low collisionality.
The phase angle of the applied perturbation is similar to the one measured in D. Small
differences may be explained by the lower B achieved in He. This shows that it should
be possible to transfer the experience in He during the non-activation He phase on ITER
to D. 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. This suggests that the collisionality is not the
only factor determining the effect of RMPs. It should be noted though that on MAST
ELM mitigation can be achieved with almost all edge collisionalities [10]. For the higher
collisionality 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 doesn’t play a role [26].
Experiments at different plasma current and heating power showed that these mitigated
ELMs are also likely a different ELM regime [27]. In contrast to the low collisionality
regime however, this regime also persists without the magnetic perturbation (see Sec. 3).

The potential for ELM control with pellets in metal wall devices is greatly reduced due
to a dead time after the previous ELM [28]. 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 [29]. This may be
related to the existence of long and short ELMs in all metal devices [30]. The long ELM
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having an extra 2" phase expelling filaments into the SOL [30] will degrade the pedestal
more than the 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 [31] for the
existence of the 2"d phase. It should be noted that the estimated max(g||) 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 Sec. 4).

"o W:Ui#:ﬁ;sytype_”) J ® ' ' 3 Small ELM regimes Not
08l v S (p“'"Et'tipe"’ R only type-I ELMs are affected by

. * % ol g the SOL, also the onset of type-II
E 3’; 5 - ELMs is likely related to the SOL
— ’ i conditions. Comparison of the
St filamentary structure of type-II

ELMs between AUG and MAST

o Wikl suggested the origin of the type-11

08 09 0., 10 08 : 0., ELM filaments to be at the foot

of the pedestal [32]. Type-II and

Figure 6: Comparison of the electron temperature (left) ¢ [ ELM ist giving
ype- s can coexist givin

and density (right) profiles in a gas fuelled phase (blue)
and dominantly pellet fuelled phase (red) from Thomson
scattering at otherwise constant discharge parameters. origin.

further evidence for their different

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
reduced SOL density as can be seen in Fig. 6 (right). The pedestal pressure was kept
constant. Also the gradients of temperature and density are the same within the error
bars in both phases. However, the pellet fuelled phase has type-1 ELMs, whilst the gas
fuelled phase exhibits small ELMs.

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 [27]. Discharges with three different plasma currents (I, = 0.6, 0.8 and 1.0 MA) and
two different heating levels (Ppeat = 6.3 and 8.7 MW) were performed in order to try to
separate 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 fuelling levels small ELMs persist even without MP. Hence, the MP is not
necessary for the small ELMs to occur. With increasing fuelling n® and nged rise. With
increasing v* the filaments become larger and form the ne shoulder in the SOL. The larger
filaments occur together with a wider near SOL mid-plane T, decay length, the pedestal
becomes wider and due to the lower Teped7 and its gradient is shallower. The pedestal is
(filamentary) transport limited and not peeling-ballooning limited as for type-I ELMs.
The perturbation of the equilibrium by the MP leads to lobe structures clearly observable
in the heat flux profile. Increased cross field transport due to the higher density (see Sec.6)
populates lobes further away from the unperturbed separatrix as the fuelling is increased
finally leading to the onset of detachment. The presence of the MP may influence the
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density at which the cross field transport 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 v* 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 [33] have now also been observed
on TCV despite the different divertor geometry.

20 ' '
# 32273 4 Buffering the divertor Partial de-
tachment of the divertor is a key part of the

integrated solution and has long been stud-
ied in conventional divertor configurations.

Controlling the divertor temperature esti-

_'%F radiator position above X-point
8E I mated from the thermal currents flowing
8 O . N .
2t in the SOL and using nitrogen influx as an
5% O actuator is well established on AUG [34].
5t This method may not be suitable for next
0

2 ﬁm;‘ [s] 6 8 step devices as it requires isolated tiles in
Figure 7: Vertical position of the radiator 2 neutron environment and other observers
relative to the X-Point in AUG #32273 with the may be needed for detachment control. Re-

modulation of heating power and N seeding. cently the position of a poloidally localised
radiator close to the X-point, as measured by bolometry, has been identified as such a
possible observer [35]. The time evolution of the vertical position of this X-point radia-
tor for a discharge with varying heating power and N seeding is shown in Fig. 7 at high
P/R <10 MW/m. 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 Sec. 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 <15MW/m at Greenwald fractions of n,/ng ~ 90% and high Hyog y2) < 0.95, though
at high radiation and density Hyogyz) may not be the appropriate measure. A key
point in 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
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density region on AUG and the effect N seeding has on this front has been modelled [36].
Adapted diffusive and additional convective radial transport coefficients now reconcile the
modeled deuterium 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 to remove the previously necessary increase
of perpendicular transport in the inner divertor from the simulations.

The application of 3D fields for ELM con-

R S trol will also impact on the divertor heat
04l #32217 | Averaged load, by breaking the toroidal symmetry
ET C'J,Q’,V L;:MP leading to regions of increased heat load far
E 03 == FEVHO MF from the strike point. Clear lobe structures
i 09 A, = 3.67mm A" = 3.60 mm are seen in the heat flux pattern at low
% P 0gSme 57 =0T and high collisionality on AUG and MAST.
O'Ig} Using slowly rotating fields on AUG the
00 toroidal variation of these patterns has

oo wTang?et Egcasﬁm fﬁlmf o been measured with IR imaging in L- and
. H-mode discharges with n = 1,2,3 RMPs
Figure 8: L-mode heat flux profile on the outer 37]. In L-mode the heat flux profile av-
divertor with MP (red) and without (blue). The

toroidally averaged profile in the presence of MP ]
(black) leads to the same distribution as the by 27/n will recover the unperturbed heat

axisymmetric one. load profile (see Fig. 8) showing the cross
field transport in L-mode is much higher than a potential effect due to the perturbation

eraged over a rotation of the perturbation

itself. Such transport could come from a stochastic layer. 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 [38L. The analysis of L-mode discharges also

52322t=1.3s b)

52343 t=1.3s

showed no significant difference of the 300

temporal behaviour of the heat pulse with 06
and without RMPs.

5 Advanced divertors The work on

250

L {200
detachment has been extended to the ad-

vanced divertor configurations studied ex-
perimentally on TCV [39, 40] and the-
oretically for MAST Upgrade geometry
[41, 42]. These configurations aim to re- 04

4150

Radiated power density (kW/m3)

duce the heat load of the target by geomet- 06

rical means such as flux expansion as well

L4100
as by increasing perpendicular transport 06 08 10 06 08 10

Iso
0
R (m) R (m)

Figure 9: Comparison of the tomographically
inverted radiation in a) a LFS SF and b) a
conventional divertor configuration at similar

and volumetric processes. EMC3-Eirene
calculations of various TCV snowflake con-
figurations for example predicted that a
snowflake configuration with an additional  gischarge conditions and seeding levels

X-point in the low field side SOL (SF-) would not only reduce the heat loads on the outer
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target, but that impurity seeding should create a highly radiating zone trapped between
the two X-points with a large volume [43].

This predicted trapped radiation zone has now been observed experimentally (see Fig. 9).
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 connected to the SOL (SF*). In particular more power than the modelling
suggests arrives at the passive strike points in these snowflake configurations [44] and also
double peaked profiles are observed [45]. Enhanced E x B drifts in the SF configuration
could explain the power distribution. The E x B drifts are predicted to increase with
density, increase with low distance between the X-points and reverse sign with By. All
these predictions are in qualitative agreement with the measurements [44].

4,x10” Totalion fluxto OSP FX=§-8 ,x10” Total ion flux to OSP
25 " fx;7'4 2sl Rosp=0.69m |
= fx—1b ' Rosp=0.91m
2l S11X” 2f 1
Ty 1.5 @—fx:m 115
o B
1t £

1 1.5
<n>[10""m™] <n > [10%°m™3

Figure 10: Total ion flux to the outer Figure 11: Total ion flux to the outer
divertor as a function of line averaged density divertor as a function of line averaged density
for different poloidal flux expansions. for different total flux expansions (Rosp).

The dependence of the onset and the evolution of detachment on poloidal flux expansion
(incl. strike point flaring “X-divertor”) fy, major radius Rosp of the outer strike point
(toroidal flux expansion,“Super-X”), the appearance of a 24 X-point close to the target
(“X-point divertor”) at a particular py = /(¥ —Wo)/(Wa—Wo) (Yo poloidal flux at
the separatix (a) and magnetic axis (0)) and vertical plasma height (L||) have been
studied in Ohmic discharges on TCV [39, 40]. Here, the ion VB drift was away from
the primary X-point to avoid H-mode transitions. Density ramps were performed in a
total of 17 configurations changing f, =2 — 21, Rosp = 0.62 —1.06 m, py, = 1.012, 1.036
and Zyis = —0.11 —0.29 m. A change in the detachment onset has only been observed

with a vertical shift of the plasma. Changes of the poloidal and total flux expansion lead
to a roll over of the total ion flux at similar densities as can be seen from Figs. 10 and 11.
At higher f; the roll over seems to be more pronounced and aslo changes in the evolution
of the CIII radiation front or the onset of recombination have been observed. 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 the expectations (Fig. 11). Hence, there is no consistent dependence
on the total flux expansion. SOLPS5.0 modelling of the novel divertor currently built for
MAST Upgrade comparing a conventional configuration to three Super-X configurations
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showed, however, that the real advantage of the Super-X configuration only manifests

itself with sufficient divertor closure [42], although in all Super-X configurations the heat
load in comparison to the conventional divertor is reduced. It should be noted that not
only the change in Rosp in these configurations is much larger than on TCV, but also
the relative change in By due to the tight aspect ratio configuration. The progression of
C?* radiation front towards the core is slowed down considerably in the “X-divertor” like
configurations due to the presence of the secondary X-point similar 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 [46]. This broader SOL could be 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 L-mode on AUG [47, 48, 47, 49], MAST
[50, 51, 52, 53] and TCV [54] as well as inter ELM H-mode phases on AUG [55, 47, 49]
have been investigated in detail. In AUG [49] and MAST [56, 52] L-mode discharges also
the ion temperature in the filaments could be measured using a retarding field energy
analyser. At low density 7;/T. 2 3 —4 in the far SOL, whilst at higher density 7;/T. ~ 1.

Multi-machine L-mode data from AUG, JET, and COMPASS in various conditions show a
clear transition in filament behaviour as the effective collisionality, A = L‘l—\:e’g—; (¢s: sound
speed, Q cyclotron frequency) in the divertor is increased above Agjy > 1[48], though on
COMPASS Agiy < 1. The filament motion seems in broad agreement with 2D modelling
[57] using cold ions [49]. The inter ELM H-mode data show that Agjy may be a necessary
condition comparing discharges with high D fuelling to N seeding at the same Agjy. The

nitrogen seeded discharges showed no shoulder formation. In Fig. 12 filament properties
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Figure 12: 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
from the separatrix (0 DN, 0O LSN).

for various discharges on TCV are shown with the focus on the connection length Lj
dependence. This can be varied in TCV independently of g9s by moving the plasma up
and down. This dependence is found to be rather weak. The strongest correlation is found
between A,, and filament size pointing towards the role of the turbulence. The dependence
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on Agjy is weaker than on AUG and JET.

The MAST L-mode data rules out divertor detachment and the ionisation source as a
reason for the density shoulder formation [52]. Statistical analysis of data at different I,
showed that the binormal size, 6, decreases and the radial motion, Vj, , of the filaments
increases with L; [51] without showing signs of a clear transition as on AUG or JET,
despite the formation of a shoulder at low I,. Given that a 50% reduction in ¢ is observed
alongside a 5-fold increase in L, the more modest 100% increase in vy, is substantially
less than predicted by a sheath-dissipative scaling. Neither scaling predicts the observed
change to v, , which may be an indication that both inertial and sheath dissipative effects
play a role in filament dynamics in MAST.

8 T

Comparing upstream SOL profiles from

O up-stream measurement
% target measurement
@ up-stream projection

various measurement with target profiles
[50, 52] showed that projection target

s values to up-stream values using a drift-
L2, MAST , based model [58] works well for heat flux
<7 , 50 < J width A4, but is not appropriate for the
Ao eg »‘2. o° ¢ saturation current (see Fig. 13). Indeed

5; o x ? > o the heat flux carried by the filaments in

the wings of the profile is only a small

%20 40 60 80 O & m Iraction of the total power balance [50].
Ve Vg The filamentary dynamics in the mid-plane
Figure 13: Comparison of up-stream and 81€ found to be compatible with established
target (a) heat flux, (b) ju e-folding length in scaling of the heat flux width A,.
MAST as function of electron collisionality. 7 Summary: Research on EU-MST has
improved our understanding towards an integrated plasma-edge/wall solution. Critical
questions such as ELM control, small ELM regimes, detachment control, operation in
He, advanced divertor configurations 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 transferability 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
unifying 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 (even parallel). Flux expansion has been shown to
widen the detachment window with an open divertor in TCV. Modelling of the closed
MAST-U divertor shows very promising reduction in target heat loads, but also stresses
the importance of divertor closure. 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 formation is clearly governed by a change in turbulent

behaviour, but a unifying parameter characterising this transition has not been found yet.
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