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CrossMark
Abstract
In addition to the relaxation of the pedestal, edge localised modes (ELMs) introduce changes to
the divertor and scrape-off layer (SOL) conditions. Their impact on the inter-ELM pedestal
recovery is investigated, with emphasis on the electron density (7.) evolution. The typical ELM
cycle occurring in an exemplary ASDEX Upgrade discharge interval at moderate applied gas
puff and heating power is characterised, utilising several divertor, SOL and pedestal diagnostics.
In the studied discharge interval the inner divertor target is detached before the ELM crash, while
the outer target is attached. The particles and power expelled by the ELM crash lead to a re-
attachment of the inner target plasma. After the ELM crash, the outer divertor target moves into a
high recycling regime with large n. in front of the plate, which is accompanied by high main
chamber neutral fluxes. On similar timescales, the inner target fully detaches and the high field
side high density region (HFSHD) is formed reaching up to the high field side midplane. This
state evolves again to the pre-ELM state, when the main chamber neutral fluxes are reduced later
in the ELM cycle. Neither the timescale of the appearance of the HFSHD nor the increase of the
main chamber neutral fluxes fit the timescale of the n, pedestal, which is faster. It is found that
during the n. pedestal recovery, the magnetic activity at the low field side midplane is strongly
reduced indicating a lower level of fluctuations. A rough estimation of the particle flux across the
pedestal suggests that the particle flux is reduced in this period. In conclusion, the evolution of
the n. pedestal is determined by a combination of neutral fluxes, HFSHD and reduced particle

7 See author list of ‘H Meyer et al 2017 Nucl. Fusion 57 102014°.
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flux across the pedestal. A reduced particle flux explains the fast, experimentally observed re-
establishment of the n. pedestal best, whereas neutrals and HFSHD impact on the evolution of

the SOL and separatrix conditions.

Keywords: tokamak, H-mode, edge localised modes, profile evolution

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

1. Introduction

At the edge of magnetically confined plasmas in the high
confinement mode (H-mode) regime [1], which is the inten-
ded operational regime of future fusion devices like ITER [2],
an edge transport barrier (ETB) occurs. This ETB is con-
nected to steep gradients in the density and temperature
profiles, also known as pedestal, which are limited by MHD
instabilities called edge localised modes (ELMs) [3, 4]. ELMs
lead to a quasi-periodical collapse of the ETB and of the
pedestal, and to enhanced particle and heat transport across
the separatrix into the scrape-off layer (SOL). By conduction
along the magnetic field lines most of the expelled plasma is
guided towards the divertor. Depending on the divertor state
the energy of the expelled plasma is either dumped on the
target plates (attached) or dissipated in a neutral gas cushion
above the target plate (detached) [5]. In a future fusion power
plant a stable detached divertor operation is required [6]. For
this reason the impact of transient particle and heat fluxes on
the divertor condition is crucial.

At the onset of divertor detachment a region of high
plasma density is formed at the entrance of the inner divertor
that can extend up to the high field side (HFS) midplane. This
effect is also named the high field side high density region
(HFSHD) [7] and originates from a neutral particle accumu-
lation in front of the inner target that is ionised by the SOL
plasma [8]. Since the density of the HFSHD is typically an
order of magnitude larger than the density at the separatrix, it
also affects the pedestal density profile and therefore, the
pedestal stability with respect to ELM crashes [9]. The
divertor conditions and the HFSHD evolve throughout the
ELM cycle, which can also impact the dynamics of the inter-
ELM pedestal evolution.

Previous work at ASDEX Upgrade has identified the
evolution of the outer divertor into a high recycling regime
after an ELM crash [10, 11], that is connected to large plasma
densities in front of the target and high D, line radiation (D,).
Similar observations have been made at JET and it is sug-
gested that the enhanced D, emission is related to outgassing
of deuterium (D), which was implanted by the ELM crash
[12]. However, this strong change of recycling cannot be
reproduced by diffusion-trapping modelling of hydrogen in
tungsten under pulsed, ELM-like plasma loads [13]. On DIII-
D two-dimensional modelling of the ELM cycle reproduced a
phase after the ELM crash with relatively dense and cold
divertor plasma but without increased D, emission [14].

The impact of ELMs on the divertor conditions and the
corresponding transport of particles has been previously stu-
died on several experiments e.g. DIII-D [15, 16] or JET
[17, 18]. Further, the dynamics of the pedestal throughout the

ELM cycle were investigated [19] and compared to transport
and pedestal models [20, 21]. On ASDEX Upgrade distinct
pedestal recovery phases were identified [22]. Usually, in the
initial phase directly after the ELM crash, the electron density
(n.) and ion temperature (7;) gradient recover [23], whereas
the electron temperature (7,) gradient recovers after their
establishment. Then a phase of variable duration with
clamped maximum pressure gradient occurs. This phase is
accompanied by magnetic fluctuations [24], which have tor-
oidal mode numbers () in the region of —11 [25]. Further,
modelling of the pedestal identified different regimes of tur-
bulence being present in the distinct recovery phases [26].

This paper characterises and connects the evolution of
the divertor, SOL and pedestal for a typical ELM cycle at
ASDEX Upgrade and emphasises their impact on the initial n,
pedestal recovery phase. It will be shown that the recovery of
the pedestal n, profile is also correlated with the characteristic
magnetic activity in the pedestal. Further, the particle flux
across the pedestal is simply estimated by applying the con-
tinuity equation. Section 2 introduces the investigated plasma
scenario and the large set of plasma edge and divertor diag-
nostics used in this study. In section 3 the dynamics
throughout the ELM cycle at the inner and outer divertor
target as well as the HFS and low field side (LFS) midplane
are compared. The measured pedestal n. profiles are used to
estimate the particle flux across the pedestal in section 4. This
rough approximation suggests that the particle flux across the
edge is reduced during the recovery of the electron density
gradient (Vn,) and increases afterwards (section 5).

2. Investigated plasma scenario and utilised
diagnostics

For the purpose of this study a plasma discharge interval
(#30701, 2.975-3.400 s) with relatively low ELM repetition
frequency of approximately 70 Hz is used so that the phases
of the pedestal recovery are sufficiently long and well dis-
criminable. The discharge was performed with a standard
magnetic configuration of plasma current I, = 1.0 MA and
toroidal magnetic field B, = —2.5 T (negative sign stands for
opposite direction to ) in lower single null with VB x B
drift direction pointing towards the lower divertor. During the
analysed discharge phase a heating power, Pje,, of 5.3 MW
by a combination of neutral beam injection (Pyg; = 4.3 MW)
and electron cyclotron resonance heating (Pgcry = 0.7 MW)
was applied. Further a moderate neutral gas puff of
11.3 x 102! e s~! was injected from valves that are located in
the private flux region. The line-averaged n. at a central chord
was 7.1 x 10" m~3, leading to a Greenwald fraction (n./ngw)
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Figure 1. ELMy H-mode operational space at /, = 1.0 MA and toroidal B, = —2.5 T: (a) pedestal top T¢ (p,, = 0.96) and (b) fzy, in
dependency of the pedestal top n. (p,,; = 0.96) and gas puff. The presented plasma discharge interval (#30701, 2.975-3.400 s) is indicated

by a black arrow and was chosen to have a relatively low f; ,; at moderate gas puff as it is usually applied.
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Figure 2. Relative relative energy losses due to ELM (AWeLm /Wpea)

for the data set presented in figure 1. The presented plasma discharge
is indicated by a black arrow and has a AWgpn /Wea 0f roughly 12%.

of roughly 0.53. The overall confinement scaling factor (Hog ,»)
was on the order of 0.8.

A comparison of several discharge intervals at
I, = 1.0MA and B, = —2.5 T is presented in figure figure 1.
Here, the pedestal top n., T. (measured at Ppol = 0.96,
figure 1(a)) and ELM frequency (fg;,,) (figure 1(b)) are
presented for a variation of Py, and gas puff. For typical
required gas puffs at ASDEX Upgrade, which are above
5.0 x 10?' e s7!, pedestal top n, larger than 6 x 10! m~—3 are
measured. The f; ,, increases with Py, which is an
important characteristic of type-I ELMs. In the shown data
set, the discharge interval presented within this work is
indicated by a black circle and marked by an arrow. It was
chosen because of its relatively low fi; \, its typical pedestal
conditions at an ASDEX Upgrade relevant gas puff. The
relative energy losses due to ELM (AWgpny/Weq) of the data
set are characterised in figure 2. Here, AWg 1 represents the
drop of plasma stored energy (Wyyp) during the ELM crash
and Woea = 3/2(2p, ,eq) V the energy stored in the pedestal,
calculated with the plasma volume V and using two times

electron pressure (p.) at the pedestal top. This approximation
of the pedestal pressure is made since pedestal top electron
collisionality (y;k, ped) 1N the presented discharge interval is
roughly 1.5 and the electron and ion profiles at the pedestal
top are coupled.

Again, the presented discharge interval is indicated by a
black circle and marked by an arrow. It has an average
AWgrm/Weq of approximately 12%, which is in the average
range of the presented data set. In the presented discharge the
divertor conditions are as follows: before an ELM crash the
inner divertor target is detached whereas the outer divertor
target is attached.

Figure 3 gives an overview of the plasma diagnostics,
which are utilised within this study. The lower divertor of
ASDEX Upgrade is equipped with a set of triple Langmuir
probes (LPs) [27], which are used to measure ion saturation
current (Jjsap), e and the T, at the divertor target. A volume
integrated spectroscopic detection of the D, emission for the
inner (light red) and outer (grey) divertor is installed. The D,
emission intensity is a convolution of the divertor neutral
density, the plasma density and the plasma temperature.
Further shunts are attached to several tiles of the inner (red)
and outer (black) divertor that measure the thermoelectric
current in the SOL [28].

The midplane #n, profiles at the HFS and LFS are mea-
sured by two O-mode reflectometers [29]. This allows the
direct comparison of the HFS and LFS SOL #, [30]. Slightly
above the LFS midplane a lithium beam (LIB) diagnostic is
installed [31], which measures the n, profile up to the pedestal
top by LIB emission spectroscopy. This enables on the one
hand a comparison of the LFS SOL n, profile by two inde-
pendent measurements and on the other hand a connection of
the pedestal and SOL n.. The LIB n. profiles are evaluated
within the integrated data analysis framework [32] by
applying a collisional radiative model [33, 34]. Main chamber
neutral fluxes are measured by a pressure gauge (M 17), that
is located at the LFS midplane and oriented towards the
plasma [35]. To detect the magnetic signature a set of tor-
oidally distributed ballooning coils are mounted at the LFS
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Figure 3. Poloidal arrangement of plasma edge and divertor
diagnostics: the inner (red) and outer (black) divertor is diagnosed by
a set of triple Langmuir probes (LPs) (circles), optical volume
integrated D, line radiation spectroscopy (light colours) and shunt
measurements of the SOL currents (coloured tiles). The HFS and
LES SOL n, profiles are measured by O-mode reflectometry (dark
red, dark blue) and lithium beam (blue). Further a ballooning coil
(light blue) is utilised to measure OB, /0t and a pressure gauge that is
oriented towards the plasma (violet) is used to measure the main
chamber neutral fluxes.

midplane [25]. In the following one coil (B31-14) is utilised
to characterise radial magnetic field fluctuations (9B, /0t)
throughout the ELM cycle.

3. Inter-ELM evolution of the SOL

To understand the mechanisms, leading to the fast recovery of
the n. pedestal after an ELM crash, the conditions outside the
confined plasma need to be well characterised, since
enhanced SOL . or higher neutral fluxes across the separatrix
can provide particles to build up the n. pedestal. For this
reason, the following section characterises the divertor plasma
throughout the ELM cycle as well as the dynamics of SOL n,
at inner and outer midplane, which are clearly connected with
the divertor evolution. Especially, the timescales on which the
changes in the divertor and SOL occur are pinned down, such
that they can be later compared to the timescales of the
pedestal evolution (see section 4.1).

3.1. Divertor conditions in the ELM cycle

Figure 4 presents ELM synchronised time traces of the SOL
current and the D, emission at the inner and outer divertor
target, measured in the studied discharge interval. The SOL
current consists of Pfirsch—Schliiter current contributions,
ohmically driven currents and thermoelectric currents, that
originate from temperature differences of the inner and outer
divertor plasma. In the standard ASDEX Upgrade magnetic
field configuration, like the investigated plasma was per-
formed in, the current flows through the plasma SOL from the
outer to the inner target. For this reason the measurements in
the inner and outer targets have opposite signs. The ELM
crash appears as large burst in the SOL current and has a
duration of approximately 1.5 ms. Then a period of reduced
SOL current is observed from 1.5 to 7.0 ms relative to the
ELM onset especially at the outer target. During this phase
the D, emission at the outer target has a second peak that is of
similar magnitude as the observed emission during the ELM
crash. This is characteristic for a regime of high recycling
[10]. For times larger than 7 ms after the ELM onset the D,
emission lowers to its pre-ELM values, indicating an attached
divertor plasma as it will be discussed later. At the inner
divertor target the D, evolves differently than at the outer
divertor. The large pre-ELM D, emission indicates that neu-
tral radiation is already present in front of the target and that
the inner target is at least partially detached. During the ELM
crash the D, emission is reduced, which can be interpreted as
re-attachment of the inner divertor target since a larger
amount of hot particles flows to the divertor. Another effect
that can also be related to the reduction of D, is the movement
of the strike line during the ELM crash. This is presented in
figure 5, where the location of the strike line (top) in divertor
coordinates (S) as well as jg,,, measured by LPs, for locations
between 0.5and 2.5cm outside of the strike line position
(AS) in the SOL (bottom) are plotted. The S coordinate
increases from the inner divertor target across the dome
towards the outer divertor target. The ELM crash induced
movement of the strike line in the inner divertor is roughly
4 cm in downward direction, while the movement at the outer
divertor is about 2 cm. The movement of the inner strike line
can also lead to an reduction of the D, emission at the inner
divertor if the radiation front moves out of the view of the D,
detector. Nevertheless, jg, at the inner divertor target indicates
enhanced particle fluxes to the target and therefore, re-
attachment. After the ELM crash the D, emission in the inner
divertor increases (figure 4(a), 1.5-2.5 ms relative to the ELM
onset). During this time also the strike line moves back
towards its pre-ELM location (figure 5(a)). In this phase the
D, emission as well as jg, is reduced, indicating a post-ELM
detachment of the inner target. Then D, decreases slightly
while jg,, increases steadily during the high recycling period
of the outer divertor, where also enhanced j, is observed at
the outer target (see figure 5(b)). In this phase the inner target
fully detaches and the D, radiation front moves upwards
towards the midplane and therefore, out of the lines of sight of
the D, detector (see figure 4(a)). Approximately 7.5 ms
relative to the ELM onset the D, emission jumps to pre-ELM
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Figure 4. ELM synchronised evolution of the SOL current and D, emission at the (a) inner and at the (b) outer divertor target: the SOL
current flows from the outer to the inner target. The D, emission at the outer target increases approximately 2.5 ms after ELM onset a second
time, which is not connected to another ELM crash but to high neutral recycling.
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Figure 5. ELM synchronised evolution of the strike line position in divertor coordinates (S) and the j, at the (a) inner and at the (b) outer
divertor target: for jq,,, LP measurements between 0.5 cm and 2.5 cm outside the strike line (AS) are spatially superimposed. During the ELM
crash the strike line moves downwards along the divertor target and jg,, exhibits a peak. The second increase of jg,, at the outer divertor is

related to the high neutral recycling.

values indicating, that the radiation front moves quickly
towards the target again.

A more detailed view on the state of the inner and outer
divertor targets throughout the ELM cycle is given by divertor
LP measurements of n, and T,. These are presented in figure 6
as ELM synchronised plots. The data is superimposed for
locations between 0.5 cm and 2.5 cm outside of the strike line
position (AS) in the SOL. Before the ELM onset the inner
divertor is detached, T, is below 5 eV. During the ELM crash
T, and n, are increasing, indicating re-attachment of the inner
divertor. After the ELM (between 2.5 and 7.0 ms relative to
the ELM onset) the fluxes on the inner divertor target are
reduced, limiting an accurate n. and 7, evaluation. Never-
theless, the reduced fluxes indicate that less plasma is
reaching the inner divertor. At the outer divertor target the
plasma is attached in the pre-ELM phase and 7 is roughly
15-20eV. When the ELM crash starts (between 0.0 and
0.5ms relative to the ELM onset) a pulse of hot plasma
(‘electron heat pulse’; T, larger than 30 eV) is observed, that
is followed by phase of larger n. (0.5-2.0 ms relative to the

ELM onset). After the ELM crash, the plasma 7 at the outer
divertor target is approximately 5-10 eV during the period of
high recycling. It is accompanied by relatively high plasma rn,
at the outer target, which reaches a similar magnitude as the
n. peak caused by the ELM crash.

In summary, the divertor conditions of the presented
discharge interval evolve throughout the ELM cycle as fol-
lows: Prior to the ELM crash, the inner divertor is detached,
whereas the outer divertor is attached. During the ELM crash,
the inner divertor attaches. Immediately after the ELM crash,
the inner divertor fully detaches on similar timescales as the
outer divertor moves to a regime of high neutral recycling.

3.2. SOL n, evolution at the midplane

As shown in section 3.1 the ELM crash induces a lot of
dynamics to the divertor conditions. Since the divertor plasma
is coupled to the SOL plasma at the midplane, the dynamics
of the SOL n, profiles at the HFS and LFS are studied in the
following. Further, the timescales of their dynamics
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—2.0and —1.0 ms relative to ELM onset), (b) post-ELM (averaged between 3.0 and 4.0 ms relative to ELM onset) and (c¢) far post-ELM
(averaged between 7.0 and 8.0 ms relative to ELM onset) profiles. The shaded areas represent the statistical uncertainties of the spline fit to
the n, profiles. The LES n, profiles of reflectometry and LIB agree very well. When the HFS-LFS asymmetry is largest, the HFSHD extends
up to the midplane and radially outwards to the inner heat shield (vessel wall).

throughout are related to the evolution of the divertor con-
ditions. The SOL n, profiles at the HFS and LFS midplane are
measured by reflectometry [30] and at the LES additionally by
the LIB. ELM synchronised profiles are presented for three
different time intervals relative to the ELM onset in figures 7
(a)—(c). The superimposed reflectometry profiles, which were
measured in the corresponding time interval relative to the
ELM onset, are fitted by a spline curve. The LEFS reflecto-
metry profiles are shown in dark blue, whereas the HFS
profiles are shown in dark red. For comparison the LIB n,
profiles, which are also averaged in the corresponding time
interval relative to the ELM onset, are shown in blue. Both
independent LFS diagnostics measure similar SOL #, profiles
in all time intervals relative to the ELM onset. In the pre-ELM
phase the HFS and LFS SOL r, profiles are similar and below
2.0 x 10" m~—3. A large asymmetry is found in the post-ELM
phase in figure 7(b), when the inner divertor target is fully
detached and the HFSHD is present, which in this case
reaches up to the midplane causing the strong difference of
the HFS and LFS SOL n, profiles. Similar asymmetries and
behaviour of the inner divertor have been found also in

L-mode [30]. The HFS-LFS asymmetry decreases, when the
HFSHD is reduced as seen in figure 7(c).

The dynamics of the SOL n, profiles for HFS and LES are
presented in figure 8. On four radial positions from near to far
SOL, n, is tracked. After the ELM crash the HFS #, at the tracked
positions is larger than the cut-off n, for the reflectometer. The
decay of the HFSHD has a similar timescale as the measurements
in the divertor would suggest. During the presence of the high
recycling regime in the outer divertor also an increased 7, in the
LFS SOL is measured. A similar observation was previously
named the SOL n, shoulder and its formation is suggested to be
associated to a change of the SOL transport regime [36].

In this section it was shown that a large asymmetry
between HFS and LFS SOL n, profile exists at the midplane,
when the inner divertor is fully detached. Under these con-
ditions the HFSHD expands up to the HFS midplane. Further,
it has been described in detail, that the HFSHD is strongly
impacted by ELMs, implying that it is changing throughout
the ELM cycle and therefore, not stationary. The evolution of
the HFSHD can impact on the inter-ELM recovery of the n,
pedestal, which is studied in the following.
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far (1.04) SOL. After the ELM crash a strong asymmetry between LFS and HFS SOL 7. is observed, which timescale corresponds to the
appearance of the HFSHD. During this period the SOL density shoulder appears at the LFS.

4. Inter-ELM pedestal evolution

The inter-ELM evolution of the SOL and divertor plasma is
closely related to the inter-ELM evolution of the pedestal,
because SOL and divertor represent the boundary of the
pedestal. It was previously discussed that the inter-ELM
pedestal evolution of n, and T, profiles at ASDEX Upgrade
exhibits different timescales [22]. First, the maximum elec-
tron density gradient (max(—Vn.)) is established, then the
maximum electron temperature gradient (max(—V7;)) builds
up. In the following the recovery of the n. pedestal will be
analysed in detail and connected to the magnetic activity at
the LFS midplane and the main chamber neutral fluxes.

4.1. ne pedestal recovery and LFS magnetic activity

The recovery of the n. pedestal usually takes of the order of
less than 2 ms. This short timescale indicates that lost parti-
cles due to the ELM are immediately replaced after the ELM
crash. A larger neutral particle source caused by neutralisation
of the plasma, which is expelled by the ELM crash, the
appearance of the HFSHD or a change of the particle trans-
port in the pedestal are possible reasons to explain the short
recovery timescale of the n, pedestal. Figure 9 presents ELM
synchronised frequency histograms of radial magnetic field
fluctuations (0B, /0t) at the LFS midplane, LFS midplane
neutral fluxes measured by the manometer M 17 (see
figure 3), which were temporally shifted by —1.5 ms, n. and
Vhne at four radial positions in the confined plasma. The
temporal shift of the neutral fluxes was applied to align the
increase of the fluxes due to the ELM crash with the actual
ELM onset. Because of the finite volume and the small
aperture of the manometer, an intrinsic response delay of
roughly 1.5 ms is estimated, in which the gas streams into the
manometer and fills its volume.

The OB, /0t at the LFS midplane (figure 9(a)) shows low
activity between 1.5 and 3.0 ms relative to the ELM onset for
all frequencies. During this period the n. pedestal and,

respectively, Vn. in the steep gradient region recover
(figure 9(d)). Remarkably, the steepening of the gradient is
not solely attributed to a rise of the n. pedestal but also related
to a n. decrease in the confined region close to the separatrix
(figure 9(c)), i.e. at Ppol = 0.99. This is an indication for a
reduced particle flux across the pedestal region. The neutral
fluxes at the LFS midplane (figure 9(b)) stay high while the 7,
pedestal recovers. It is unknown, whether in addition to the
time delay, also a temporal smearing of the measured neutral
fluxes occurs. This would lead to a longer detected period of
higher neutral fluxes. However, if present, a similar timescale
as the one of the intrinsic response delay could be assumed,
which would be in the region of 1 ms. An indication that the
fast n, pedestal recovery is not directly linked to the evolution
of the source is that between 3.0 and 5.0 ms relative to the
ELM onset, the neutral flux slowly decays. In this period
neither Vn, nor the pedestal top 7. evolution are affected by
this decrease of the source. For this reason the n. pedestal
recovery is not directly related to the evolution of the source,
especially the prompt saturation of the max(—Vn,) at 3.0 ms
relative to the ELM onset. This will be studied in detail in
section 4.2.

As an asymmetry between HFS and LFS during the ELM
crash of the n. pedestal has been observed on JT-60U [37],
the fast recovery of the n. pedestal could be also caused by a
symmetrisation of the HFS and LFS n. pedestal. Unfortu-
nately, this can not be directly addressed using experimental
measurements since the n. pedestal recovery at the HFS can
not be measured because of the presence of the HFSHD in the
SOL, which ‘obscures the view on the pedestal’ for the HFS
reflectometer. Nevertheless, the timescale of the symme-
trisation process of HFS and LFS n, in the confined plasma is
determined by the parallel connection length and the ion
sound speed. For the post-ELM parameters of this discharge
interval this timescale is around 200 us, which is definitively
faster than the observed n. pedestal recovery time.

Temporally correlated to the stagnation of the n. pedestal
recovery is the onset of medium frequency fluctuations in the
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Figure 9. Correlating the ELM synchronised n. pedestal recovery with the magnetic activity and the main chamber neutral fluxes: (a) ELM
synchronised frequency histogram of 0B, /0t measured at the LFS midplane, (b) LFS midplane neutral fluxes (shifted by —1.5 ms),

(c) ne and (d) Vn, at four radial positions (ppol) in the confined plasma from the pedestal top (0.96) to the steep gradient region (0.99).

During the recovery of Vn, in the steep gradient region (between 1.5 and 3.0 ms) a phase of low magnetic activity is found. During this
period also the neutral particle flux in the main chamber is enhanced, well before the D, emission and 7, increase in the outer divertor and

the appearance of the high recycling regime.

range of 30-150kHz approximately 3.0 ms relative to the
ELM onset (see figure 9(a)). These fluctuations could cause an
additional particle flux across the pedestal, leading to the
saturation of max(—Vn,) and causing the high recycling phase
in the outer divertor. Roughly 7.5 ms after the ELM onset the
max(—VT,) is clamped and high frequency fluctuations
(>200 kHz) set in. The period between 3.0 and 7.5 ms is also
the timescale of the high recycling in the outer divertor and the
HEFSHD is present. These two effects are not temporally cor-
related to the establishment of V. and the fast recovery of the
n. pedestal, which already takes place before. The experimental
data suggest that a reduced particle flux is connected to the fast
recovery of the n. pedestal or vice versa an increased particle
flux across the pedestal causes the stagnation of the n. recovery
as well as the second D,, peak in the divertor.

4.2. Estimation of the particle flux across the pedestal

A simple estimation of the particle flux (I') across the pedestal
can be done by applying the continuity equation:

One _

1
ot ov M

The particle flux into the volume (OT'/0V) and ionisation
source (S;) including the proportionality factor (c) determine
the temporal evolution of electron density recovery rate
(One/0t). The evolution of n, at certain positions from
figure 9(c) can be used to determine On./0t. Figure 10(a)
presents On,. /Ot at four radial positions in the pedestal region.
S; profiles are determined using the 1.5D neutral transport
code KNID [38]. Of course a spatial 1D treatment of the
neutral distribution is a very simplistic picture in a toroidal
plasma. But the LFS main chamber has been found to be the
main region for neutral fuelling [8], especially when the
HFSHD is present. The neutral flux at the LFS midplane as
shown in figure 9(b) was used as condition at the wall and the
n. profiles of the LIB diagnostic, which are measured at the
LFS served as input. Since there are no midplane SOL T,
measurements with the required temporal resolution available,
the SOL T, was parametrised by an exponential decay with a
characteristic decay length according to the H-mode scaling
for ASDEX Upgrade [39]. With this procedure a possible
variation of the SOL T, throughout the ELM cycle is not
considered. Further, the SOL T; is assumed to be equal to
T., which is reasonable in the sense that the cross sections of
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Figure 10. Estimation of the particle flux across the pedestal: (a)
electron density recovery rate (On. /0t), (b) ionisation source (S;)
and (c) estimated particle flux (I') at four radial positions (ppol) in the

pedestal (pedestal top (p,,; = 0.96) to the steep gradient region
(ppol = 0.99)). After the ELM, owing to the increasing S; also the

outward particle flux across the edge increases. This takes place in a
similar phase, when the magnetic fluctuations at the LFS midplane
set in.

ion-neutral collisions do not have strong dependencies on T;
in the relevant T; range. Another particle source, providing
particles to the confined plasma region is the neutral beam
injection, which was applied. The injected particle particle
rate was 5.7 x 102 e s7!, which is roughly a factor of ten

smaller than the applied external gas puff. This already points
into the direction that the effect of beam fuelling is of sec-
ondary order in the presented case. The amount of beam
fuelled particles per volume, assuming roughly an equal
distribution over the whole plasma volume of 12.5 m?, is even
two orders of magnitude smaller in comparison to the esti-
mated S; in the pedestal region. The evolution of the §; pro-
files is presented in figure 10(b). They are mainly determined
by the evolution of the midplane neutral fluxes, which
strongly increase after the ELM crash between 2.5 and 6.0 ms
relative to the ELM onset. When the SOL r, is higher, e.g.
during and shortly after the ELM, only few neutrals can
penetrate into the confined plasma region, leading to a
reduction of S;.

To adapt the S profiles, « is utilised. In the pre-ELM
phase between —4 and —1 ms relative to the ELM onset o can
be determined since On, /0t is close to zero and the pedestal
gradients are clamped. Therefore, I' can be chosen in such a
way that the diffusion coefficient (D) is in agreement with the
ones that are observed in H-mode [35]:

)

The assumption of solely diffusive transport in the steep
gradient region is rather rough and based on previous results
of modelling the L-H transition [40]. Here, a small pinch
velocity could not be excluded, but the transport at the edge
was dominantly diffusive. Nevertheless, within this work the
assumption of diffusive transport is solely used to determine
«. A radially dependent D profile linearly increasing from
0.10 m? s~! at the separatrix to 0.25 m? s~! at the pedestal top
is assumed between —4.0 and —1.0 ms relative to the ELM
onset, which results in a continuous profile of « ranging from
1.5 at the separatrix to 15.0 at the pedestal top. Within the
applied approach, « also scales S; for effects, which were not
incorporated in the neutral modelling, e.g. toroidal geometry
or reflected, non-thermal neutrals from the wall, which lead to
a higher source towards the pedestal top.

Having « fixed throughout the ELM cycles, the temporal
evolution of 9I'/0V, shown in figure 10(c), is determined
from the continuity equation (equation (1)) at every timestep.
The ELM onset leads to an outward burst of plasma particles.
After the ELM crash the particle flux across the pedestal is
strongly reduced. During this period On,. /0t is largest for the
pedestal top and no magnetic activity is present in figure 9(a).
When §; increases after the ELM crash, then also 0I'/0V
goes up since dn. /0t is already reduced. This is another
indication that the fast recovery of the n. pedestal is more
related to a reduced particle flux in the gradient region than to
an increased particle source. When S; decreases roughly
5.0ms after the ELM onset, 9I'/0V is also reduced, indi-
cating the strong coupling between these quantities. Since the
magnetic activity in the medium frequency range is only
slightly reduced in this period, the reduction of 0I'/OV
cannot be related to a change of turbulent transport in the
pedestal.
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5. Discussion

The inter-ELM dynamics in the divertor, SOL and in the
pedestal and their corresponding timescales can be sum-
marised in a consistent picture. The phases of the n. pedestal
recovery can be well related to the magnetic activity in the
pedestal and to the conditions in the divertor and SOL. The
ELM crash expels heat and particles to the SOL, causing a re-
attachment of the inner divertor target. During the recovery of
Vn. the magnetic activity in the pedestal is reduced sig-
nificantly. Further, the corresponding timescale of the Vn,
recovery is only reproduced by the change in the magnetic
activity. When Vn, is recovered, approximately 3 ms relative
to the ELM onset, medium frequency fluctuations between 30
and 150 kHz set in. Further, the LFS SOL r, increases, which
is accompanied by high recycling in the outer divertor and
full detachment of the inner divertor target and the HFSHD
appears. In the following, On. /0t decreases and max(—Vn,)
evolves much more slowly than directly after the ELM crash.
Because S; is high in this period, I' through the edge is also
large to balance it. When S; decreases, also I' does so. High
frequency magnetic fluctuations (around 240kHz) set in
approximately 7.5 ms relative to the ELM onset. In this phase
the pedestal Vn, as well as the electron temperature gradient
(VT,) are clamped, the latter suggests an additional heat flux
towards the SOL. The recycling in the outer divertor is
reduced because no additional neutrals are provided for
ionisation, leading to a hotter SOL plasma, which is related to
the T, increase at the outer target. Further, the HFSHD is
reduced and the inner divertor moves to a detached state. In
summary, the dynamics in the divertor and SOL are well
connected with and likely caused by the evolution of the
pedestal, because changes in the heat and particle fluxes
across the pedestal introduce transient changes to the SOL
plasma.

6. Summary and outlook

The fast recovery time of the n. pedestal, respectively the
stagnation of the pedestal top n., can neither be explained by
the appearance of the HFSHD nor by an increased source
provided from neutrals. Because their timescales in the ELM
cycle are much longer than the re-establishment of the ped-
estal V. The lower magnetic activity during the n. pedestal
recovery suggests a lower fluctuation level and consequently
lower particle flux across the edge. This is also supported by
the rough estimation of the particle flux throughout the ELM
cycle. It is clear that especially modelling of neutral fluxes
and ionisation source profiles is more complex than estimated
here. Nevertheless, the presented approximation is a first step
towards modelling of the particle transport across the edge in
the ELM cycle. Further, it gives an idea, which mechanisms
contribute to the n. evolution. Future work will emphasise on
a more accurate modelling of the source profile, i.e. with 3-D
neutral codes as B2-EIRENE [41] and use more advanced
transport solvers as ASTRA [42].
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