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Abstract.

The connection between midplane and divertor conditions is studied on ASDEX

Upgrade (AUG) for H-mode scenarios. H-mode discharges with variations in fuelling,

heating power and impurity seeding are analysed, enabling to disentangle their impact

on the evolution of midplane density profiles. The O-mode reflectometer installed on

AUG provides unique insights on the midplane density profiles thanks to the ability

to measure simultaneously at the high-field-side (HFS) and the low-field-side (LFS).

At the inner divertor, with the onset of detachment, a region of high density is formed

(HFS high density front, HFSHD) that expands into the HFS midplane, leading to

strong poloidal asymmetries in the main chamber scrape-off layer (SOL) density.

A good agreement is observed between the evolution of the density profiles at the

midplane and that of the divertor volume density confirming the strong influence of

divertor conditions on the midplane density profiles at the HFS. Our results confirm

the existence of a relationship between plasma confinement, the shift in the midplane

LFS density profile and the presence of the HFSHD with respect to changes in seeding

and fuelling. It is established that the separatrix density at the LFS is better correlated

with the neutral pressure at the outer target while the HFS SOL density follows the

neutral pressure at the inner divertor. A comprehensive characterisation of the ELM

evolution at the midplane and divertor is performed demonstrating that also during

the ELM cycle the divertor conditions have a strong effect on the SOL density at

the midplane. The most striking result is the observation of a HFSHD at the HFS

midplane just after the ELM crash associated with strong inner divertor detachment.
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1. Introduction

In magnetically confined fusion devices, an improvement of the particle and energy

confinement time occurs above a threshold heating power (H-mode) as a result of the

formation of an edge transport barrier that is associated with the increase of electron

density and temperature in the pedestal region [1]. The higher heating power necessary

to sustain H-modes, associated with the narrow width of the scrape-off layer (SOL)

power flux profile characteristic of this confinement regime, leads to increased power

loads onto the plasma facing components (PFCs) that must be mitigated. Divertor

detachment [2, 3] appears as an attractive scenario for a fusion reactor. In a detached

scenario, a region of high density and low temperature is formed in front of the divertor

target plates, associated with large radiative losses. Detachment in H-mode requires

higher plasma densities when compared to L-mode [4, 5]. In ASDEX Upgrade (AUG),

with a tungsten (W) wall, only a partially detached outer target has been achieved in

non-seeded H-modes so far. Partial detachment is defined as a parallel pressure loss

near the strike-point, while complete detachment is characterised by a strong parallel

pressure loss along a large portion of the divertor target (e.g. [6, 7]).

When gas fuelling is applied at sufficient heating power, a poloidally localised region

of high density at the high-field-side (HFS) SOL appears, at the height of the X-point,

the so-called HFS high density front (HFSHD)[8, 9]. Typically, the HFSHD has a

density one order of magnitude larger than that at the separatrix and is associated

with the detachment of the inner divertor. The HFSHD is found in both L- and H-

mode plasmas and has so far been observed on AUG [8, 9] and JET [10], revealing

that the presence of a HFSHD is independent of confinement mode and machine size.

The HFSHD was extensively characterised in AUG density ramp discharges by Potzel

et al. [9–13] using mainly spectroscopic measurements. The HFSHD was found to be

correlated with neutral fluxes in the far SOL as both increase with heating power. The

magnitude of the HFSHD is reduced with impurity seeding due to the radiation of the

exhausted power before it reaches the HFS SOL preventing the ionisation of particles

associated with the HFSHD. It was also suggested that nitrogen seeding in machines with

metallic plasma facing components acts like the intrinsic radiator in carbon machines

[14], thus explaining the rare observations of the HFSHD in non-metallic wall devices

[8]. The HFSHD has been recovered in recent modelling of AUG with SOLPS 5.0 [15].

Drifts were found to play a crucial role in the simulations as they determine the spatial

extent as well as the radial and poloidal gradients of the HFSHD. Activating drifts in the

simulations leads to additional particle fluxes from the outer to the inner divertor and to

increased ionisation sources in the HFS far-SOL. Modelling has shown that the HFSHD

region extends along the inner target to the inner midplane in good agreement with our

observations. Modelling also shows a clear in-out asymmetry of the SOL profiles and

inverted gradients at the inner midplane separatrix. It was also shown that the HFSHD

may play an important role in the fuelling of the core plasma as the inverted gradients

could lead to a diffusive particle flow across the separatrix [15].
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The midplane electron density is an important interface parameter between core

(associated with fusion performance) and divertor plasma (able to control power

exhaust) [16]. The separatrix density is a critical parameter for the control of divertor

detachment [17]. In addition, the structure of the pedestal density plays an important

role in the pedestal stability and hence in confinement, as observed in JET [18] and

AUG [19]. The divertor HFSHD was suggested to lead to an outward shift of the density

profile that causes a degradation of the pedestal top pressure and global confinement

[19]. Unfortunately, there are conflicting requirements in terms of density; good plasma

performance requires low separatrix density while handling of significant heat exhaust

at the divertor requires high densities (e.g. [16]). Previous studies indicate that divertor

detachment influences the core plasma confinement but the physics mechanisms behind

these effects is not clear. Observations such as the increase in the low-field-side (LFS)

separatrix density with fuelling and decrease with nitrogen seeding and the role of the

HFSHD in defining the LFS profiles are not fully understood.

We build on previous work at AUG aiming at understanding the dynamics of the

midplane edge electron density profiles on Ohmic and L-mode plasmas and its link to

divertor detachment [20]. The O-mode reflectometer installed on AUG has proven to be

a reliable diagnostic capable of providing unique insights on the midplane density profiles

thanks to the ability to measure simultaneously at the LFS and the HFS. Reflectometry

data regularly shows the existence of strong poloidal asymmetries in the SOL density

that were quantified by defining an asymmetry parameter (described in detail in [20])

as the difference between the average density measured by reflectometry at the HFS

and LFS, normalised to the Greenwald limit, with the profile average performed in the

common radial range of the HFS and LFS reflectometry profiles in normalized radial

poloidal flux coordinates.

It was shown for the first time that the region of high density on the HFS expands

to the midplane, leading to strong poloidal asymmetries in the SOL density. Using

the asymmetry parameter, the influence of the divertor HFSHD on the midplane radial

density profiles was quantified. The evolution of the midplane edge density profile on the

HFS was observed to respond to divertor oscillations, changing significantly for different

divertor detachment states. An excellent agreement was found between the evolution of

the density in the inner divertor measured by divertor spectroscopy and that measured

by reflectometry at a corresponding radial location in the HFS midplane.

In this contribution, the evolution of the midplane density profiles is further

investigated focusing now on H-mode plasmas. Again, emphasis is placed on the

formation of a HFS high density region and its dependence on the fuelling rate, input

power and seeding, extending the L-mode studies published before to H-mode conditions.

The link between the HFSHD, divertor conditions, midplane density profiles and plasma

confinement is explored. Focus is placed both on phases in between edge localised modes

(ELMs), the so-called inter-ELM phase, and on the ELM evolution itself, as the bursts

of energy and particles have a strong impact on the edge density profiles.

This paper is organised as follows: section 2 presents briefly the H-mode
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experiments, as well as introducing the diagnostics used in this work. In section 3,

an overview of detachment evolution in H-mode is given for the inter-ELM period while

in section 4 the emphasis is placed on the formation of the HFSHD and its dependence

on the fuelling rate and input power. In section 5 the impact of the HFSHD on midplane

density profiles and confinement is discussed. In section 6 the influence of the divertor

HFSHD on the midplane density evolution and the LFS/HFS profile asymmetry along

the ELM cycle is analysed. Finally, a discussion of the main results is presented in

section 7.

2. Experiment and diagnostic setup

Results presented in this paper were obtained in recent ASDEX Upgrade experimental

campaigns where a large number of H-mode discharges were performed with variations

mainly in the deuterium fuelling rates (up to 7× 1022 e/s) and in the external

heating power (Pin =2.5−18 MW). For radiative cooling, seeding was applied (up to

2× 1022 e/s) via divertor valves. Although both nitrogen and neon were used in the

experiment, we focus here on nitrogen seeding due to the larger dataset available.

Discharges were performed in lower-single-null configuration with forward field, such

that the ion∇B drift points towards the lower divertor, with plasma current and toroidal

magnetic field having opposite directions. The locations and lines of sight (LOS) of the

various diagnostics used to characterise the plasma in the main SOL and divertor regions

are shown in figure 1.

The O-mode microwave LFS/HFS reflectometer installed close to the machine

midplane has been used in this work as the main diagnostic for the measurement

of edge electron density profiles [21]. It has the unique capability of simultaneously

measuring the density profiles at the HFS and LFS of the machine, covering a density

range 0.3−6.0× 1019 m−3. In this work, the individual profiles were measured every

1 ms. The frequency sweeping time for all bands is 25µs with a dead time of 10µs

between sweeps, which is needed to stabilise the oscillators. Four consecutive frequency

sweeps (taking 140µs in total) are used to estimate each individual profile[22] that are

then repeated every 1 ms [23], with the profile data stored at the average time of the

four sweeps. For the discharges analysed here, LFS profile measurements were often

corrupted at densities around 3.1× 1019 m−3 due to electronic noise and therefore the

highest measured density had to be restricted to this value in such cases.

The AUG broadband reflectometer performs measurements on both HFS and LFS

and thus can be used to study poloidal density asymmetries inaccessible to other

diagnostics. To directly compare the HFS and LFS profiles they must be mapped to

normalised poloidal flux radial coordinates using a magnetic equilibrium reconstruction.

However, uncertainties in the separatrix position at the HFS and LFS resulting from

the magnetic equilibrium have to be considered. After the mapping procedure, data

from the different diagnostics often appear to be radially displaced with respect to each

other. It is a common practice to radially shift profiles from different diagnostics for
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Figure 1: Diagnostic locations: Lines of sights of the LFS and HFS reflectometry (blue

and red at the midplane, respectively); edge and core interferometers (dashed blue and

black); divertor Langmuir probes; LOS of divertor visible spectroscopy in purple; the

LFS and HFS baratrons, represented by B-HFS (dark red) and B-LFS (dark blue),

respectively; the neutral pressure gauges at the inner and outer divertors, F11 and F05,

respectively, with their direction represented by arrows.

density and temperature measurements in order to make the data consistent at the LFS

(e.g. [24]). For the HFS, such a method is not established as, apart from reflectometry,

no other diagnostic is available to provide density profiles. Therefore, the procedure to

align the diagnostics was also applied to the HFS by adjusting the position of the steep

gradient region so that it agrees with LFS profiles. Although the electron density is

not necessarily a flux function, the steep density profiles caused by the edge transport

barrier are expected to be a good reference for profile alignment between LFS and HFS

diagnostics. The absence of a HFS Thomson scattering system prevents a pressure-

based kinetic profile alignment for the HFS reflectometry system. The procedure to

shift density profiles is illustrated in figure 2 for a discharge with a neon seeding ramp.

At the HFS, steep density profiles in front of the inner wall are found when the seeding
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rate is modest (figure 2a). This points to the presence of a strong density front at the

inner divertor that expands up to the HFS midplane, leading to a high SOL density and

to strong poloidal asymmetries in the SOL. As the seeding rate is increased the HFSHD

front is mitigated, resulting in modest HFS/LFS density asymmetries in the midplane

SOL. Profiles have been aligned for the case with the highest seeding rate (figure 2b) by

shifting the HFS profiles by 4 cm in local diagnostic coordinates (corresponding to 2 cm

at the outer midplane to which the other data are mapped) to match the steep gradient

region in the confined region. The same shift is applied to the other time interval. No

shift has been applied to the LFS data. The established procedure cannot be applied in

discharge phases where a large HFSHD exists, as often the density at the inner wall is

higher than the maximum density that can be measured. When large HFS/LFS density

asymmetries are observed in the SOL, a radial shift of the LFS/HFS profiles would not

make the profiles symmetric because the gradients are dramatically different.

Figure 2: Example of diagnostic alignment with density measurements by reflectometry,

Thomson scattering and lithium beam (LIN) diagnostics for discharge #32233 with low

(left) and high (right) neon seeding rate. Reflectometry profiles have been shifted at

the HFS by 2 cm while no shift has been applied to the LFS. The grey shaded area

represents the confined region.

In addition to reflectometry, various other diagnostics are essential for this work

with focus on divertor measurements. Divertor target Langmuir probes (LPs) [25]

provide detailed information on the ion flux (ΓD+), electron density and temperature

(Te) profiles at the divertor target at the positions shown in figure 1. The neutral

pressure is measured at weakly pumped ports far away from the lower divertor region

by baratrons [16] and by ionisation pressure gauges [26].

The electron density in the divertor volume (ne,v) is determined via a spectroscopic

measurement of the Stark broadened Dε line [13]. The spectroscopic system covers
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the entire lower divertor (see figure 1, purple lines) and has a temporal resolution of

2.45 ms. By averaging measurements along the horizontal LOS indicated in figure 1, a

rough indication of the inner divertor volume density is obtained. However, the field of

view of the divertor spectroscopy may not cover the full spatial extension of the HFSHD.

The HFSHD is sometimes located in the far-SOL above the X-point [12, 20] where the

detection may have limitations.

3. Overview of the divertor detachment evolution

The effect of plasma fuelling, additional heating and seeding on pedestal conditions and

plasma confinement has been explored thoroughly on AUG with the goal of optimising

the design of future fusion devices (e.g. [4, 11, 16, 27, 28]).

Figure 3 presents the temporal evolution of an H-mode discharge where first the

input power and the fuelling are increased and later nitrogen is injected. Three distinct

discharge phases may be identified according to auxiliary heating power, fuelling and

seeding levels. In the first H-mode phase, phase I, (up to 2.8 s, shaded in red), moderate

NBI power and gas fuelling are applied. In phase II, (3 s to 3.5 s, shaded in green)

both the NBI power and gas fuelling rate are increased. Finally, in phase III (shaded

in blue) nitrogen is injected at a constant rate to cool the divertor leading to a clear

enhancement in the energy confinement time. The effect of nitrogen seeding on the edge

density profiles and divertor conditions may be investigated comparing phases II and

III, as this is the main parameter changed between the two phases.

A practical way to visualise the large amount of profile data obtained by

reflectometry is to plot the iso-density lines versus time. The temporal evolution of

different density layers along the discharge can then be compared with other time-

traces. Figure 3a,b shows the evolution of the LFS and HFS iso-density lines. ELMs

lead to large excursions in the location of the density layers making the visualisation of

the density evolution demanding. Therefore, to study the density evolution during the

entire discharge it is convenient to remove the profiles measured during the ELM events

when displaying iso-density lines. This is achieved by using a Kalman filter [29].

To understand the evolution of the midplane density, our attention is turned to the

behaviour of the divertor parameters. The particle flux and the electron temperature

measured by the target Langmuir probes near the inner and outer strike-points (figure

3e,f) are used to assess the evolution of divertor detachment. As illustrated, ΓD+

increases at the inner (figure 3f) and even more noticeably at the outer target (figure

3e) when the input power is stepped up, suggesting a reduced detachment. When

nitrogen is seeded, both ΓD+ and Te decrease, particularly in the inner divertor (with

Te values below 5 eV) indicating that detachment is approached. The average density

in the divertor volume measured by Stark broadening, ne,v, in the inner divertor is also

shown in figure 3g. During phase II of the discharge, the density in the divertor volume

increases significantly (figure 3g) indicating the development of the divertor HFSHD

front, but then when nitrogen seeding is injected at a constant rate to cool the divertor,
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Figure 3: Iso-density layer evolution at LFS (a) and HFS (b) for discharge #30554

with nitrogen seeding from profile reflectometry; fuelling rate, nitrogen seeding rate

and τE (c); central line-averaged density, NBI and ECRH heating power (d); ΓD+ and

Te measured by Langmuir probes near the outer (e) and inner divertor strike-point

(f); asymmetry parameter and density in the divertor volume (g). Reflectometry and

Langmuir probe signals during ELMs have been removed. The HFS separatrix has been

shifted outwards by 2 cm so that the position of the steep gradient region agrees with

LFS profiles in periods where no significant poloidal asymmetries are expected (modest

HFSHD) following the procedure described in section 2. The grey shaded regions in (a)

and (b) represent the confined region.

the divertor HFSHD is clearly mitigated.

In spite of the roughly constant line-averaged density throughout the discharge, the

behaviour of the inter-ELM midplane density profiles changes strongly. As illustrated
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in figure 3a,b, in the first discharge phase the edge density profiles measured by

reflectometry are roughly poloidally symmetric as expected due to the moderate values

of input power and fuelling. In phase II, both the fuelling and the input power are raised

leading to a stronger HFSHD at the midplane clearly identified by the quick movement

of the density layers towards the inner wall (figure 3b). The density SOL width at the

LFS reaches a maximum during this period as a consequence of the high fuelling rate

(see figure 3a). Most of the changes at the LFS are seen in the SOL (for densities below

2× 1019 m−3) with modest modifications in the steep gradient region. At the HFS, the

HFSHD causes the density profile to approach the inner wall. The nitrogen seeding

impacts on the LFS and HFS density profiles in a visibly different way. At the LFS,

the SOL density is slightly reduced, seen mainly in the trajectory of the 0.5× 1019 m−3

density layer in figure 3a, while on the HFS the effect on the average inter-ELM density

profile is significantly larger: nitrogen seeding strongly moves the density layers above

0.5× 1019 m−3 away from the inner wall as a consequence of a mitigation of the HFSHD.

Good agreement is found between the evolution of the asymmetry parameter

estimated at the midplane and that of the density in the divertor measured by

spectroscopy (see figure 3g), confirming the strong influence of the divertor conditions

on the midplane density profiles at the HFS also in H-mode. Similarly to the observation

in L-mode [20], the region of high density on the HFS expands to the midplane, leading

to strong poloidal asymmetries in the SOL density. Density profiles during ELMs were

not removed when calculating the asymmetry parameter, leading to strong variations

during the large type-I ELMs characteristic of the first discharge phase.

A high density region is observed to develop at the inner divertor during the first

phase, that then increases strongly in magnitude when the input power and fuelling are

stepped-up during the second phase reaching densities in the order of 60× 1019 m−3,

in good agreement with the evolution of reflectometry data at the midplane (see figure

3g). When nitrogen is injected in the third phase the density in the divertor volume

decreases, again in agreement with observations at the midplane where the LFS/HFS

asymmetry in density is reduced. In this case, nitrogen actively mitigates the HFSHD

without completely suppressing it as the seeding rate cannot be increased further. The

HFSHD seems to be an integral part of high-power H-mode operation in AUG.

4. The role of fuelling rate and input power

With the goal of disentangling the role of fuelling rate and input power on the midplane

density profiles and divertor conditions, a discharge with steps in these quantities is

analysed. Three fuelling and three power steps take place independently in discharge

#30733, as shown in figure 4. In order to produce a visible effect on the midplane density

profiles, changes in the fuelling rate must be larger than 1022 e/s. Several time instants

were chosen, indicated by the vertical coloured lines, representing the different power

and/or fuelling levels. Radial profiles in normalised flux coordinates for the time instants

indicated are presented in figure 5, corresponding to the vertical coloured lines of figure



Link between HFS/LFS midplane and divertor conditions 10

4. Density profiles were averaged over 200 ms using only inter-ELM profiles. The ELM

frequency is the range 110 - 180 Hz with about 50-90 profiles used for each period. The

line-averaged density exhibits only a modest increase in spite of the large variation in

the fuelling, as often is the case in ELMy H-mode discharges. As illustrated, ΓD+ at the

outer target increases with fuelling showing that this divertor region is still attached.

Te does not show significant changes throughout the discharge except a reduction at the

inner target when the input power is stepped-up probably associated with an increase

in the HFSHD magnitude.

As the effect of the fuelling rate and input power is different at the LFS and HFS,

the two regions are analysed separately. At the LFS, the edge density is observed to

respond clearly to the increase in the fuelling rate leading to an outward shift of the

profile, mainly seen in the density layers below 3.0× 1019 m−3 (see figures 4 and 5,

comparing for instance profiles at t = 4.8 s and 5.5 s). On the contrary, the input power

has a minor impact on the density profiles in the LFS SOL (comparing for instance

profiles at t = 3.8 s and 4.8 s).

At the HFS, an HFSHD front exists from early on in the discharge (t > 1.5 s) as a

consequence of the relatively high input power and high line-averaged density. As shown

in figure 4b, the HFSHD is formed during the red-shaded interval and gets stronger

when the fuelling is raised at t = 2.5 s. It increases even further when the input power

is stepped up. As the density layers are already saturated (high densities measured at

inner vessel wall), no further evolution is detected. A good agreement is again observed

between the evolution of the density profiles at the midplane and the density in the

divertor measured by spectroscopy (see figure 4c). The effect of the input power is

therefore clearly different at LFS and HFS: it strongly increases the HFSHD front while

the LFS profiles are not significantly modified.

Plasma confinement is also influenced by the variation in input power and fuelling

(see figure 4c). Confinement is observed to degrade when either the fuelling rate or

the heating power are increased, corresponding to a similar dependence on the plasma

parameters than that observed for the HFSHD, which also increases with both input

power and fuelling.

To better visualise the dependence of the LFS density on fuelling and input power,

the relative variation of the midplane density at different radial locations with fuelling

rate is shown in figure 6 for two power levels (Pin = 9.2 MW and 14.6 MW) for discharge

#30733. Densities at different locations were estimated for the time points indicated in

figure 4 considering as a reference for the density variation the profiles at t = 2.35 s. As

LFS profiles from reflectometry are not available up to the separatrix at high fuelling

rates, Thomson scattering data is used for the confined region, lithium beam data for

the separatrix and near SOL, and reflectometry in the far SOL. As shown before, the

SOL and separatrix density increase with fuelling particularly at the highest fuelling

rate while the SOL density doubles when the fuelling rate is varied by a factor of two.

The density in the confined region does not change significantly. These results are in

line with previous observations at JET (e.g. [30]). An increase in the input power



Link between HFS/LFS midplane and divertor conditions 11

Figure 4: Trajectories of selected density layers at LFS (a) and HFS (b) for discharge

#30773 from profile reflectometry; density in the divertor volume and τE (c); fuelling

rate and central line-averaged density (d); NBI, ECRH, and ICRH heating power (e);

ΓD+ and Te measured by Langmuir probes near the outer (f) and inner divertor strike-

point (g). Reflectometry and Langmuir probe signals during ELMs have been removed.

(comparison between star and circle symbols at a fuelling rate of 4× 1022 e/s) does not

modify the LFS density in the confined region and leads to a modest density increase

(< 20%) in the SOL and at the separatrix.

Kallenbach et al. has shown recently [16] that the upstream LFS separatrix density

for H-mode plasmas is strongly correlated with the outer divertor neutral pressure.

Figure 7 displays the evolution of the neutral pressure in the inner and outer divertor

again for discharge #30733 together with the estimated separatrix density at the LFS

from reflectometry, nsep,LFS and lithium beam(LIN), nsep,LIN. As HFS profiles from
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Figure 5: Evolution of the density profiles from reflectometry at (a) the HFS and (b)

the LFS in normalised flux coordinates along the discharge #30733 for the time instants

indicated in figure 4. Inter-ELM profiles are averaged over 200 ms and radially shifted

at the HFS by 2.5 cm and at the LFS by −0.6 cm.

Figure 6: Relative variation of the LFS midplane density at different radial locations

with fuelling for Pin = 9.2MW (circles) and 14.6 MW (stars) for discharge #30733.

Data for the confined region is from core Thomson scattering. Separatrix and ρ = 1.02

data is from the lithium beam diagnostic. Data from ρ = 1.04 and ρ = 1.06 is from

reflectometry (inter-ELM data averaged over 200 ms).

reflectometry are often not available up to the separatrix due to the presence of the

HFSHD, the density measured by reflectometry close to the inner vessel wall, nwall,HFS,
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Figure 7: Top: Evolution of the neutral pressure measured by the baratrons (blue)

and gauges (black) at outer divertor together with that of the LFS separatrix density

estimated from reflectometry (cyan) and lithium beam (green). Middle: Evolution of

the neutral pressure measured by the baratrons (dark red) and gauges (black) at inner

divertor together with that of the density in front of the inner vessel wall (magenta)

measured by reflectometry. Bottom: core line-averaged density (red), deuterium fuelling

rate (green) and NBI heating power (black) for discharge #30733.

is shown. nwall,HFS is estimated as the maximum density in a vicinity of 5 mm from the

inner wall to account for measurement inaccuracies. As shown in figure 7, the neutral

pressure in both inner and outer target was found to respond strongly to the fuelling

rate while responding to the input power only at the inner divertor. The evolution of

the inner divertor neutral pressure is consistent with that of the HFSHD as both are

observed to increase with fuelling and input power. An increase in the power to the

SOL leads to an enhancement of the HFSHD and to an increase in the neutral pressure

at the inner target but has a weak effect on the outer target and LFS midplane. The

connection between the HFSHD and the LFS midplane profiles is therefore not always

straightforward with respect to variations in the input power. Our results indicate

that the separatrix density at the LFS is better correlated with the neutral pressure

at the outer target while the HFS SOL density (the HFS separatrix density cannot be

measured) follows the neutral pressure at the inner divertor.
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5. Impact of the HFSHD front on the midplane density profile and

confinement

The HFSHD front was suggested to lead to an outward shift of the density profile, which

causes a degradation of stability, pedestal top pressure and global confinement [19]. A

correlation is observed on AUG between the HFSHD formation and the evolution of

the main plasma parameters such as confinement time or stored energy with respect to

changes in impurity seeding [9, 19].

Our results confirm that seeding leads to a reduction of the HFSHD, to an inward

shift of the density profile and to a confinement enhancement. This picture is further

corroborated by the fact that an increase in the fuelling leads to an increase in the

magnitude of the HFSHD associated with a degradation in confinement. The effect

of the heating power also supports the suggested detrimental effect of the HFSHD on

confinement. An increase in the heating power leads to a strong increase in the HFSHD

and also to a degraded confinement, although with a slight confinement reduction.

The link between confinement and the HFSHD magnitude can be experimentally

established by plotting the evolution along the discharge the average density in the

divertor ne,v against the normalised confinement factor H98,y2, the energy confinement

time τE, and normalised beta βN, see figure 8. Discharge #30554 was selected as it

includes variations in the fuelling rate, input power and nitrogen seeding rate. A dashed

line connects the data points chronologically to enable following the discharge evolution

in time. At the beginning of the discharge, very low fuelling and additional heating are

applied (blue dots) and a small magnitude HFSHD front is present, which is only seen

by divertor spectroscopy when the D fuelling is ramped up. With the application of

fuelling (dots in orange), confinement degrades and the HFSHD magnitude increases,

reaching densities one order of magnitude higher than that at the LFS separatrix. In

the later phase of the fuelling ramp, the confinement degradation is not associated

with an increase of ne,v. The reason for this observation is not clear but diagnostic

limitations cannot be discarded. As described in section 2, the field of view of the

divertor spectroscopy may not cover the full spatial extension of the HFSHD, which

may lead to an underestimation of the divertor volume density. When the NBI power

is stepped up and fuelling is further increased (green dots) the energy confinement time

degrades marginally and the divertor density increases sharply. During this period τE
and H98,y2 have an opposite trend that is justified by the weaker confinement degradation

with power with respect to the predicted by the H98,y2 scaling [31]. Later, N seeding is

applied (red triangles) leading to an improvement in confinement and to a mitigation

of the HFSHD. Finally, with a further increase in NBI power, the divertor density

increases again, with no significant changes in confinement (purple triangles). Data

presented in figure 8 indicates that detrimental effect of the HFSHD on confinement

is modest with respect to variations in the input power, contrary to the effect in the

HFSHD. To further understand this observation the evolution along the discharge of βN
against ne,v is also analysed. As illustrated, the increase in the NBI heating power is
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Figure 8: Top, (a): Evolution of NBI heating power, deuterium fuelling rate rate and

N seeding for discharge #30554. Bottom: Divertor volume density ne,v as a function

of: (b) confinement enhancement factor H98,y2; (c) energy confinement time τE (in log

scale); and (d) βN . Color of the symbols correspond to shaded areas in (a). Triangle

symbols correspond to the N seeded part of the discharge whilst circle symbols are from

the unseeded part of the discharge.

associated with a significant rise in βN. It is known that pedestal stability is influenced

by the core pressure that increases with the heating power [32]. Therefore, our results

suggest that the detrimental effect of the HFSHD may be partially overcompensated by

the positive effect of increasing the heating power on energy confinement.

6. HFS/LFS asymmetries along the ELM cycle

A feature of H-modes are the edge localised modes (ELMs) [33] that cause quasi-periodic

relaxations of the pedestal gradients in density and electron and ion temperature,

expelling energy and particles into the SOL and consequently leading to transient heat

and particle loads onto the divertor targets. Fast measurements of the SOL parameters

are crucial to the understanding of ELM dynamics and for the evaluation of the fluxes

to the plasma-facing components.

In this section, the evolution of the midplane density profiles along the ELM cycle is

investigated. Experimental data from the HFS has rarely been reported in the literature

(e.g. [34]) and therefore this work provides a unique opportunity to study the poloidal

asymmetries during ELMs and to assess the importance of divertor condition in the

midplane profiles. Since O-mode reflectometry cannot measure inverted gradients in

density profiles, no conclusions can be made about the role of filamentary activity

during the ELM that may lead to hollow density profiles (particularly at the LFS SOL)
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associated with the expulsion of the filamentary structures (e.g. [35]).

In order to establish the effect of the different plasma parameters and divertor

conditions on the midplane profiles, discharge #30554 was again selected now with a

focus in the ELM evolution. In the first H-mode phase, moderate NBI power and gas

fuelling are applied resulting in large amplitude low frequency (50 Hz) ELMs. Figure

9 displays the evolution of the iso-density layers at the HFS and LFS for type-I ELMs

during the first phase of discharge #30554 together with the particle flux, electron

temperature, divertor shunt current (divertor currents measured via shunt resistors

connected to the divertor target modules [36]) and Dα emission at the inner and outer

divertor targets. During this phase the fuelling rate and input power are moderate

and inter-ELM midplane density profiles are roughly symmetric as shown previously.

Nevertheless, as illustrated in figure 9, clear HFS/LFS asymmetries are observed after

the ELM crash for about 5 ms. Density layers at the LFS present the classical evolution

corresponding to the ELM crash with SOL layers moving outwards. The observed time

scales correspond to the typical ELM evolution on AUG with a collapse time in the

order of 1 ms and a recovery in the order of 2 ms.

The evolution of the HFS density layers is dramatically different. The ELM leads

to a large increase in the SOL density characterised first by a fast evolution in a time

scale below 1 ms that is then followed by a slower outward movement of the layers

with higher density up to t− tELM ≈ 2− 3 ms (tELM is defined as the beginning of

the ELM crash). Afterwards, the profiles recover slowly reaching the pre-ELM profile

only around 10 ms after the ELM crash. An HFS/LFS asymmetry in the midplane

density is observed already during the pedestal collapse period, with the asymmetry

getting stronger during the ELM recovery. This conclusion was already hinted from

the evolution of the asymmetry parameter shown in figure 3g, revealing that this

parameter exhibits strong variation during the large type-I ELMs. The behaviour of

the HFS midplane profile appears to be correlated with the detachment evolution at the

divertor. The evolution in the divertor conditions is strongly influenced by the pedestal

parameters during ELMs because transient changes in the heat and particle fluxes across

the separatrix cause a strong modification in the SOL and divertor plasma.

A more detailed description of the evolution of the inner and outer divertor

conditions along the ELM cycle can be obtained from the divertor Langmuir probes

signals, displayed in figure 9d,e. The large pre-ELM Dα emission at the inner target

as well as the low ΓD+ and Te (that is below 5 eV) suggest that the inner divertor

is at least partially detached before the ELM occurs. During the ELM crash the Dα

radiation is reduced and the target ΓD+ and Te increase that can be interpreted as the

inner divertor target becoming attached due to the particle and energy losses from the

pedestal to the divertor. At about t− tELM ≈ 2 ms the Dα radiation rises and the ΓD+

and Te are reduced again indicating a detachment of the inner target after the ELM.

The degree of detachment is then reduced again around t− tELM ≈ 5 ms as indicated

by the increase in ΓD+ and Te.

The outer divertor plasma is attached before the ELM with ΓD+ and Te increasing
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Figure 9: Evolution of the density layers from reflectometry at the LFS (a) and HFS

(b) during a type-I ELM; divertor shunt current for the LFS (blue) and HFS (red),

together with the density from the edge interferometer (in green) (c); particle flux at

the LP closest to the inner (red) and outer (blue) strike-point(d); electron temperature

from the same LP (e); and Dα radiation at the inner (red) and outer (blue) divertor(f).

during the ELM crash. Then, starting around t− tELM ≈ 2 ms and for a period of

about 7− 8 ms, the electron temperature is reduced to ≈ 5 eV and Dα emission increases

indicating that the outer divertor is partially detached. After ≈ 10 ms, the outer target

re-attaches again (increase in Te and decrease in Dα) until the next ELM occurs. We

can conclude that just after the ELM crash, as the LFS density profiles recover, the

outer divertor is in partial detachment and the inner divertor target is fully detached.

Interestingly, in the period from 4 ms to 8 ms the divertor parameters near the strike-

point are roughly similar at the inner and outer divertor region suggesting a similar

state of detachment. Afterwards, the detachment conditions have an opposite evolution

at the inner and outer target, becoming more detached at the inner and more attached

at the outer divertor. The increase in the outer divertor temperature around 12 ms

may cause additional particle fluxes from the outer divertor into the private-flux region
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and from the private-flux region into the inner divertor [15], leading to a high density

and low temperature in the inner divertor and promoting the detachment of the inner

divertor.

The period with a high degree of detachment at the inner divertor

(2 < t− tELM < 5 ms) corresponds to the phase were the measured density at the inner

vessel wall is very high, suggesting the existence of a HFSHD front during this period.

Although the temporal resolution of the Stark broadening diagnostic does not permit

following the evolution of the divertor HFSHD during the ELM cycle, the fact that the

inner target is fully detached strongly suggests that a HFSHD is present at the inner

divertor just after the ELM event. After 5 ms, the inner divertor moves to a partially

detached state and a corresponding decrease of the midplane HFSHD is seen with the

density profiles returning to pre-ELM values.

To overcome the limitation resulting from the modest temporal resolution of the

reflectometry diagnostic, data from the different phases of discharge #30554 have been

conditionally averaged to obtain the typical evolution of the ELM for each phase using

as reference the time of the ELM crash. Figure 10 displays the evolution of the iso-

density layers at the HFS and LFS for average type-I ELMs during the first phase of

discharge #30554 together with the particle flux to the inner and outer divertor target,

also conditionally averaged. As expected, the main features described above for the

evolution along the ELM cycle are also seen in the conditionally averaged signals.

The LFS density profiles at the midplane exhibit a fast recovery of the midplane

density profiles (2− 3 ms). About 3− 4 ms after the ELM crash an increase in the

SOL density is observed that coincides with the changes in the divertor conditions. An

increase in the degree of detachment in the outer divertor is seen in a period where

the inner target in strongly detached and a HFSHD is present. The increased divertor

heat load due to ELMs leads to a temporary re-attachment of the outer divertor during

≈ 2 ms after the ELM crash with the divertor plasma becoming detached again after this

period as indicated by the particle flux measured by the divertor probes. When studying

the effect of fuelling and heating power on the inter-ELM profiles, SOL profiles at the

midplane have been observed to broaden as detachment is enhanced. The broadening

of the LFS SOL density profiles at the midplane after a fast recovery of the profiles may

therefore be associated with changes in the divertor conditions.

Recent studies on the ELM evolution in AUG utilising several divertor, SOL and

pedestal diagnostics [37] have found that the magnetic activity during the density

pedestal recovery is low and consequently the particle flux across the edge is modest.

Approximately 3 ms after the ELM onset, medium frequency fluctuations between

30 kHz and 150 kHz set in that are temporally correlated to the stagnation of the density

pedestal recovery and the increase in the SOL density that coincides with the changes

in the divertor conditions.

Conditionally averaged profiles also confirm that the evolution of the density layers

at LFS and HFS is significantly different with a HFSHD forming after the ELM crash. As

illustrated in figure 10, the conditionally averaged particle flux to the divertor is strongly
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Figure 10: Phase I of #30554; (a): Evolution of the conditional averaged density layers

from reflectometry at the HFS (left) and LFS (right) for ELMs in the time interval

t = [1.8, 2.8] s; (b): conditional averaged particle flux to the inner and outer divertor

target; (c): divertor shunt current. The ∆S coordinate is the distance from the strike-

point along the divertor target.

reduced across the entire region explored by the target probes suggesting that the inner

target is completely detached. This leads to the formation of a HFSHD extending up

to the midplane and resulting in the large SOL densities observed at the HFS by the

reflectometry diagnostic. The inner divertor is observed to detach before the outer one

and to reach a higher degree of detachment (stronger reduction in ΓD+ and Te). The

HFSHD is caused by the increased particle and heat fluxes to the inner divertor induced

by the ELM and is extinguished after the ELM when the energy required to sustain

the HFSHD is no longer available and the degree of detachment of the inner divertor is

reduced. Our results suggest again that the evolution of the HFS density profiles along

the ELM cycle is strongly influenced by the divertor conditions.

In the second phase of the discharge #30554, both NBI power and gas fuelling are

increased, leading to more frequent ELMs. This phase is characterised by the presence

of a HFSHD and large HFS/LFS asymmetries in the inter-ELM period as described

previously. As displayed in figure 11, the ELM evolution during this phase is basically

very similar to that observed in the first phase but now HFS profiles do not fully recover.

The HFSHD exists during the entire inter-ELM period. Density profiles do not become

HFS/LFS symmetric at the end of the ELM cycle as observed in the first phase.

The minimum in the LFS SOL density width at t− tELM ≈ 2− 3 s again seems to

be correlated with the evolution of the outer target detachment. The temporal evolution
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Figure 11: Phase II of #30554; (a): Evolution of the conditional averaged density layers

from reflectometry at the HFS (left) and LFS (right) for ELMs in the time interval

t = [3.0, 3.5] s; (b) conditional averaged particle flux to the inner and outer divertor

target; (c): divertor shunt current.

of the divertor quantities is also very similar to that in the previous phase with the main

difference being that the partially detached phase is now shorter, possibly a consequence

of the higher ELM frequency.

Seeding strongly influences the divertor conditions and therefore it is also expected

to modify the evolution of the midplane density during ELMs. The ELM frequency

increases to 190 Hz meaning that the duration of the ELM cycle used in the conditional

average technique has now to be reduced. However, the evolution of the LFS profiles is

generally similar. The drop in the pedestal density is now modest and, consequently,

the particle flux to the divertor is reduced with respect to that observed in the previous

phases.

On the contrary, the density evolution at the HFS midplane changes dramatically

when seeding is injected. As a result of the reduction in the divertor HFSHD,

the HFS/LFS density asymmetry is now smaller with the ELM density perturbation

occurring only during a short period below 1 ms with a secondary peak observed about

≈ 2 ms after. The particle flux to the inner target during the ELM crash is now

significantly smaller, possibly explaining that no HFSHD is formed after the ELMs

during the seeded phase. The inner divertor is completely detached (as indicated by

the modest particle flux) but no HFSHD exists at the midplane. This is justified by the

seeding promoting detachment while reducing the HFSHD, as the power reaching the

inner divertor is reduced by radiation in the SOL and the E× B drift across the private
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Figure 12: Phase III of #30554; (a): Evolution of the conditional averaged density layers

from reflectometry at the HFS (left) and LFS (right) for ELMs in the time interval

t = [4.0, 4.5] s; (b): conditional averaged particle flux to the inner and outer divertor

target; (c): divertor shunt current.

flux region is reduced because of the cooler outer divertor.

In summary, it has been possible to achieve a comprehensive characterisation of the

ELM evolution at the midplane and divertor. The strong effect of the divertor conditions

on the SOL density at the midplane is again demonstrated. The most striking result is

the observation of a HFSHD at the midplane just after the ELM crash associated with

the strong inner divertor detachment. ELMs modify the detachment conditions due to

the increased power and particle input to the SOL and in the radiation losses that then

reacts back to the midplane SOL parameters and possibly affecting also the pedestal

and confinement properties.

The LFS density profiles at the midplane were found to exhibit a faster recovery

than at the HFS. However, about 3− 4 ms after the ELM crash an increase in the LFS

SOL density is observed that can relate to changes in the divertor conditions or to

changes in transport in the pedestal [37]. A key element of the study presented here is

the ability to measure density profiles at the LFS and HFS during ELMs and relate it

to the evolution of the divertor detachment by combining data from several diagnostics.

7. Discussion and summary

Results presented in this paper demonstrate that asymmetries between LFS and HFS

density profiles at the midplane exist in H-mode. In ASDEX Upgrade with a tungsten
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wall, LFS/HFS symmetric density profiles are rarely observed, occurring only in low

heating power H-modes discharges. Similarly to L-mode discharges, the HFSHD front

and its effect on the midplane density profiles evolve with detachment of the inner

divertor not existing when this divertor region is fully attached. Particularly relevant

for this work is the contribution of the O-mode reflectometry diagnostic installed at the

AUG midplane to a better characterisation of the underdiagnosed HFS region.

Fuelling and heating power have different effects on the density profile. Fuelling

causes an increase in the separatrix density at the LFS in line with previous observations

(e.g. [16]), since higher fuelling corresponds to higher neutral pressure in the outer

divertor. There is an overall increase in the SOL density with fuelling, particularly near

the separatrix while in the confined region the effect is not as pronounced. On the HFS,

fuelling also increases the SOL density as a result of the enhancement of the HFSHD.

Heating power has a different effect. While only producing a modest effect on the

LFS density profile, changes in heating power greatly affect the HFS density profiles

where the HFSHD forms promptly in the divertor at modest power values. When the

NBI heating power is increased, the HFS density profiles move rapidly to the inner vessel

wall, signaling that the HFSHD becomes large enough to manifest itself at the midplane.

Our results indicate that the separatrix density at the LFS is better correlated with the

neutral pressure at the outer target while the HFS SOL density follows the neutral

pressure at the inner divertor.

Nitrogen seeding leads to a reduction of the HFSHD front and to a reduction of the

SOL density (at both the LFS and HFS). Simultaneously, confinement is enhanced in

agreement with previous observations [19]. A correlation between the reduction of the

HFSHD and confinement improvement is confirmed corroborating previous observations

[9, 19], particularly with respect to variations in seeding and fuelling rate. However,

the detrimental effect of the HFSHD on confinement is often modest with respect to

variations in the input power, contrary to the effect in the HFSHD.

A comprehensive characterisation of the ELM evolution at the midplane and

divertor is performed demonstrating that also during the ELM cycle the evolution of

the divertor conditions are correlated with the SOL density at the midplane. The most

striking result is the observation of a HFSHD at the midplane just after the ELM

crash associated with strong inner divertor detachment. ELMs modify the detachment

conditions due to the increased power and particle input to the SOL that then reacts

back to the midplane SOL parameters, particularly at the HFS, possibly affecting also

the pedestal and confinement properties.

Our experimental studies contribute to the growing evidence that divertor and

midplane parameters are strongly linked both at the LFS and the HFS.
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