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Abstract. To study the impact of strong impurity radiation on the energy
confinement and the discharge stability, at JET-ILW dedicated high-density, highly
heated experiments with neon seeding have been performed. In these experiments an
increase of radiation in the core and especially the pedestal region and a characteristic
strong X-point radiator inside the confined region have been observed. The increased
radiation inside the separatrix had no impact on the energy confinement. Only at
the highest neon puff rates and highest heating powers (29MW) a weak H-mode
without back-transitions to L-mode (M-mode) could be achieved, while at lower heating
powers or seeding levels L-modes and oscillations between H-mode and L-mode could
be observed. In H-mode, at highest neon seeding levels the targets are in complete
detachment. A degradation of the pedestal density profile was observed when neon
was seeded. A correlation between this density pedestal degradation, the appearance
of an X-point radiator and the detachment of the targets was found in neon seeded
H-mode pulses.

In ASTRA-TGLF core transport simulations it could be shown that the increase
of the electron temperature in the core with neon seeding is attributed to a partial



Characterisation of Highly Radiating Neon Seeded Plasmas in JET-ILW

stabilisation of ITG modes.
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1. Introduction

In future fusion devices like DEMO radiation from impurities is required to meet the
tight constraints set by the material limits of the divertor target plates [1, 2]. To keep the
heat flux density onto the target below 5—10 MW /m?, more than 95 % [1, 2] of the total
heating power of around 450 MW [3, 4] have to be dissipated in DEMO with an ITER-
like divertor configuration. Because the dissipative capabilities of the scrape-off layer
(SOL) can be estimated to be about Praqsor, &~ 100 MW, over 70 % [2, 3] of the power
have to be radiated inside the separatrix. Such increased radiation levels are achieved
by deliberate puffing of impurity gases into the plasma. However, impurities in the core
plasma can cause fuel dilution and increased core radiation, leading to limitations in
the operational space or even to the suppression of ignition [5, 6].

In order to reduce the energy deposited on the target not only low target plasma
temperatures of below 4eV [1] but also low particle fluxes towards the target are
required. Such conditions can be found in the so called detached regime. A detached
regime is characterised by decreased heat flux at the targets and a pressure loss between
the mid-plane and the targets [7]. A future fusion device must operate with detached
targets. Additionally it must have a sufficiently large energy confinement time 7. In
current experiments high confinement times are achieved in the high confinement mode
(H-mode). The seeding of impurities into the plasma might at the one hand lead to
detached divertor targets but on the other hand it might as well decrease the power
transported over the separatrix Psor, below a threshold value Py, causing the plasma
to not being in H-mode anymore.

In the past, experiments with nitrogen, neon, argon, and krypton at ASDEX
Upgrade and JET have shown high radiating scenarios with detached divertors and
a characteristically high radiaton power density at the X-point [8, 9, 10]. At JET
experiments with comparably small seeding of neon [11] and nitrogen [12] have been
performed as well. While nitrogen was shown to radiate primarily in the divertor, neon
radiated close to the separatrix and in the pedestal region of JET. In this work, high
radiation neon seeded experiments have been performed at JET with ITER-like wall
(ILW; i.e. with tungsten divertor and beryllium main chamber walls). They allow
to investigate the effect of neon radiation on the confinement, the poloidal radiation
distribution, and ways to achieve a high radiative power fraction, which is the ratio
frad = Praa/ Pheat of radiated power to heating power.

The paper is organised as follows: Section 2 will give an overview over the set-up of
the neon seeded discharges and present the findings made at high neon seeding rates and
different levels of heating power. One of these findings, the increased energy confinement
time 7g, is examined in section 3 using the ASTRA-TGLF transport code. Section 4
presents experimental observations of the impurity content of the core plasma. The
relation between core and edge radiation as well as a correlation of the X-point radiator
with the pedestal density degradation and detachment of the targets in neon seeded
H/M-modes are studied in section 5. The paper is concluded with a discussion of the
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results in section 6.

2. Characterisation of Neon Seeded JET Discharges

The neon seeded experiments were performed at different levels of deuterium puffs (0.2—
1.0-10%3 el/s) into the divertor scrape-off layer (SOL) and neon puffs (0.4-2.2-10%% ¢l /s)
in the private flux region (PFR) as well as at a broad range of heating powers
between 14 and 29MW (see Fig. 1; for Pheas < 20 MW with only NBI heating, for
Pocat > 20 MW with additional ICRH). This section presents results of 3 experiments
which are characteristic for their respective heating power at comparably high neon
seeding rates: low power heating at 15 MW in section 2.1, medium power at 19 MW in
section 2.2, and high power at 29 MW in section 2.3. The conditions for a transition to

a regime without large (type-I) edge-localised modes (ELMs) are discussed in section
2.4.
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Figure 1. Operational space of the examined neon seeded JET-ILW discharges,
described by total heating power Pheat and neon puff rate I'ne. The colour coding
indicates the 3 stages of the deuterium puff rate I'p.

The discharges were performed at similar poloidal flux profiles (see Fig. 2a) in
vertical target (VT) configuration, with the strike lines lying on the vertical tiles 3 (inner)
and 7 (outer). Even though the VT configuration was shown to have a lower confinement
than the configuration with the strike points in the corner [13, 14], it was chosen because
it leads to increased re-ionisation in the divertor, volumetric energy losses and thus to
decreased power fluxes on the targets [15, 16]. Operation with vertical targets is therefore
considered to be relevant for ITER and other future machines. The plasma current
Ip = —2.5MA and toroidal magnetic field strength Br = —2.65T were kept constant
throughout all the discharges. The Greenwald density in all the discharges was around
ng = 0.9-10m3. With a maximum radiative power fraction of fiadmaxne = 0.66
the discharges remained slightly below the JET maximum of fiadmaxjer = 0.75, which
has been achieved with nitrogen seeding under completely detached conditions [10].
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The low maximum value of f..q even under completely detached conditions indicates a
discrepancy in the power balance at JET which is currently under investigation [17, 18].

Major Radius (m) Major Radius (m)

Figure 2. a) Typical magnetic flux surfaces (blue), Visible Light Spectrometer
lines of sight of the global array (orange), High Resolution Thomson Scattering
(magenta), Electron Cyclotron Emission (green). b) Horizontal and vertical
bolometer lines of sight (orange), Visible Light Spectrometer lines of sight of
the divertor array (blue), and channels 3 (core) and 4 (edge) of the infrared
interferometer system (red). In the enlarged area: Divertor Langmuir probes
(red), divertor thermocouples (green), and locations of deuterium (orange) and

neon puffs (purple).

In the zoomed part of Fig. 2 the poloidal positions of the divertor Langmuir
probes (LPs, red) are shown. They were run in single mode with sweeping voltage.
The divertor thermocouples (TCs, green) are used to measure the temperature of the
divertor tiles. Deuterium is puffed from the Gas Introduction Modules (GIMs) 10
and 12 (orange arrows) at the vertical targets into the SOL while neon was puffed
from GIM 11 (purple arrow) at the horizontal tile 4 into the private flux region
(PFR). The JET divertor GIM’s points of gas entry are placed toroidally symmetric.
The temperature and density profiles are measured by the High Resolution Thomson
Scattering diagnostic [19, 20] (HRTS, magenta line in Fig. 2a). Due to uncertainties in
the magnetic field reconstruction and the separatrix position it is common practice to
radially shift HRTS profiles to get a separatrix electron temperature of around 100eV
in H-mode. An estimation of the separatrix electron temperature based on the Spitzer-
Hérm conductivity and the two-point model [21] (method as applied in [22]) for some
of the discharges presented here showed that it is legit to assume separatrix electron
temperatures of around 100-130eV in H-mode. For higher time-resolved temperature
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profiles measurements of the electron cyclotron emission radiometer [23] (ECE, green)
can be analysed. In particular in this paper it is used to analyse oscillations at the
pedestal position. The line-averaged effective charge state Z.g = Y., nzZ%/n. (with
nyz being the density of impurity ions of charge state Z and n. the electron density)
is derived from the Bremsstrahlung signal of the horizontal line of sight (LOS) in the
global Visible Light Spectrometer (VLS, blue) array and the HRTS profiles of electron
density n, and electron temperature T, (similar as in [24]).

For JET Pulse Number (JPN) 92118 with a neon seeding rate of I'y. = 1.2-10%% el /s
and a heating power of P.. = 23MW core and pedestal ion temperatures were
determined by charge exchange emission spectroscopy of fully ionised neon ions. It
could be shown by these T} profiles and T, profiles from HRTS that the assumption
T; = T, is justified over the entire radial profile, as well for an unseeded as for a neon
seeded time-point. The temperature equality results from the high plasma density in
this discharge. The neon puffing does not seem to have an impact on this equality,
neither in the core nor in the edge. The neon seeding rate in JPN 92118 was equal or
higher than in most discharges presented in this article. Due to their high densities, it
will be assumed in the following that T} = T, is true for all of discharges presented in
this article.

In Fig. 2b the LOS of the horizontal and vertical bolometers are shown (in
orange) which are used for a tomographic reconstruction of the poloidal radiation
distribution [25, 26, 27]. The bolometer divertor array (not shown) was not used for
this reconstructions. The total radiated power, P,.q, can be calculated from such a
tomographic reconstruction. Due to the computational expenses of a full tomographic
reconstruction a weighted sum of vertical bolometer channel measurements is calculated
in order to receive a time-resolved signal of P,,q. The blue lines indicate the LOS of
the divertor array of the visible light spectrometer which measure the W I, D, and
Be II lines, used to identify edge localised modes (ELMs) and transitions between high
(H-mode) and low confinement mode (L-mode). Also, an edge channel of the infrared
interferometer system [28] (red line) is used to observe the characteristic increase of the
pedestal density due to the formation of a pedestal during the transition from L-mode
to H-mode.

2.1. Low Heating Power (15 MW )

In the least heated discharge, JPN 87196, the heating power was 15 MW (see Fig. 3).
The plasma is in an ELMy H-mode phase when the neon puff begins to affect the
plasma (from around ¢ = 10.0s on). After t = 11.0s ELMs are not observed anymore.
From the radial T, and n, profiles (see Fig. 4) a transition from H-mode to L-mode can
hardly be derived, also in the line-integrated density no major change could be observed.
The presence of ELMs before ¢t = 11.0s and the absence of ELMs afterwards indicate,
though, that the plasma underwent a transition from a highly degraded type-111 ELMy

H-mode to L-mode. The energy confinement time 1 = #thwth/dt (with Wy, being the
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Figure 3. Timetraces of JPN 87196, a low power discharge (Ppeay = 15MW)
with three neon seeding steps. From top: a) heating and radiation powers,
energy content Wiy; b) energy confinement time g and Hog(y2); ¢) fraa and
neutron rate; d) deuterium and neon puff strengths, Zeg; €) the line-integrated
density from an edge and a core IR interferometry channel (see Fig. 2); f)
temperatures of thermocouples close to the strike points in the vertical tiles 3
and 7. The neon puff, starting att = 9.5s, begins to affect the plasma at around
t = 10.0s, indicated by the increasing Zeg. From t = 11.0s on the plasma is in
L-mode that only ends at the end of the discharge.

thermal energy stored in the plasma and P, the injected heating power which in the
examined JET discharges is very close to the absorbed heating power) does not decrease
during this transition. The same applies for the confinement factor Hog(y,2) = T/ Tos(y,2)
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(with the energy confinement time 7og(y 2) according to the IPB98(y,2) scaling [29]) which
remains at a constant value of Hogy 2) ~ 0.6. It was observed, not only in this discharge
but in all discharges presented in the following, that 75 and Hgg(y2) were barely changed
with the onset of neon puffing. It has to be taken into consideration that their values
are comparably low already at the beginning of the discharge when no neon was seeded.
This can be attributed to the high deuterium puffing rates that were applied to increase
the neutral pressure in the divertor. High Dy puffs have been shown to decrease pedestal
temperature [13] and Hog(y,2) [30, 31].

The region of major radiation power density is located at the high-field side (HF'S)
before the neon puff and after it takes effect until ¢ = 14.2s. The radiation power
density is more than double with neon seeding and additionally the radiation inside the
confined region close to the X-point is increased as well (see Fig. 5). From ¢ = 14.2s
until after the end of the neon puff, the highest radiation power density can be measured
around to the X-point, also inside the separatrix. On the first neon seeding step the
radiative power fraction f..q =~ 0.5 is lower than values that have been achieved in other
experiments (up to 0.75 in nitrogen seeded discharges, up to 0.66 with neon). Only on
the fourth neon seeding step, a radiative power fraction of around 0.65 is reached.

From the divertor thermocouples located in the inner target tiles an increase of
about 50°C up to t = 11 s is measured, followed by a slight temperature drop. At the
outer target tiles a significant increase in temperature of up to 290°C until t = 14 s
could be measured. This is in the same order of magnitude as the unseeded reference
discharge JPN 84884 (Pheat = 19MW) where an increase of about 270°C could be
measured. The temperature increase in both discharges is stopped only by the end of
the discharge. These data give a hint that the inner target might be detached and
the outer target attached until ¢ = 14 s. However, a decreasing temperature can only
indicate a reduced heat flux compared to the time window in which the temperature
is increasing but not necessarily that the heat flux is reduced enough to characterise
detachment. The Langmuir probes at the targets (see Fig. 6) show that the inner
target is detached after the impurity puff, but instead the peak electron temperature at
the outer target increases from about 20 to 35eV. This means that still a rather large
amount of power is deposited on the outer divertor target and, thus, that the outer
target is still attached during the L-mode phase with neon seeding.
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Figure 4. Median radial a) electron temperature, b) electron density, and c)
electron pressure profiles in the unseeded phase (blue), on the second step (red)
and on the fourth step of neon seeding (green) of JPN 87196 (Pheat = 15 MW ).
A minor increase of the core T, and a slight degradation of the pedestal ne can
be observed the more neon is seeded. As the profiles for the unseeded and the
seeded time points are very similar, there is no indication that the neon puff
might have caused a transition from H-mode to L-mode.

JPN 87196, t=9.50s JPN 87196, t=12.50s
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Figure 5. Tomographic reconstructions of bolometer data of a) an unseeded
and b) a neon seeded phase of JPN 87196 (Pheat = 15 MW ). The neon puffing
causes the radiation power density at the high-field side to increase but the
poloidal distribution remains similar.

2.2. Medium Heating Power (19 MW)

The medium power discharge, JPN 85443, has a heating power of 19 MW (see Fig. 7).
Until after the beginning of the neon puff at ¢ = 10.5s, the discharge is found to be
in ELMy H-mode with a transition from type-I to type-III ELMs at ¢t = 11.0s. At
t = 11.4s, the discharge undergoes a transition back to L-mode and reaches again H-
mode at ¢ = 11.6s, which can be seen in the D, signal (see Fig. 8a). In this second

phase, no ELMs can be detected and instead a regular oscillation at 1-2 kHz can be seen
in the D, signal. In a spectrogram (see Fig. 8b) of a poloidal Mirnov coil above the
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Figure 6. Time-averaged (median) target profiles for ion saturation current jsat
(top), target electron temperature T, (middle) and electron pressure pe (bottom,)
at the inner (left) and outer (right) target of pulse 87196 (Pheat = 15 MW ). The
coordinate s — sg marks the LP positions along the target with respect to the
respective strike point. The inner target first detaches with more neon seeded
(blue points: H-mode; red points: L-mode), but on the fourth neon step pe and
Jsat increase again to the initial values. The outer target is attached through the
whole discharge, even though on the fourth neon seeding step the temperature
s decreasing.

inner divertor periodic oscillations at 1-2 kHz can be observed which is a characteristic
indicator for an M-mode at JET [32].

An M-mode is a weak ELM-less H-mode regime found at JET [33, 34]. It is
considered to be intermediate between L-mode and H-mode. It can typically be observed
right after an L-H transition. In an M-mode a typical n = 0, m = 1 magnetic oscillation
can be observed, e.g. by pedestal, SOL, and divertor measurements [32]. It has to
be distinguished from type-III ELMs which are less periodical than the oscillation
associated to the M-mode [32]. The M-mode is similar (or equal) to plasma states
close to the L-H transition described in other experiments, e.g. at ASDEX Upgrade it
is called I-phase [35, 36], at EAST [37] and HL-2A [38] it is described as a Limit Cycle
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Figure 7. Timetraces of JPN 85443, a medium power discharge (Pheas =
19MW ) with strong neon seeding. Quantities as described in Fig. 3. The
neon puff (starting att = 10.5s) causes the plasma to go from type-I to type-IIT
ELMs att = 11.0s first, followed by an L-mode phase and finally a transition
to M-mode at t = 12.0s, interrupted by transient back-transitions to L-mode.

Oscillation. The I-phase appears prior to all L-H transitions and exhibits Limit Cycle
Oscillations which are considered to be related to type-III ELMs [39]. M-mode and
I-phase are widely considered identical [40, 32]. For the present study the M-mode is
considered to be indicative for a situation where the power flux through the separatrix
is close to the L-H threshold power.

In Fig. 8a the transition from a type-III ELMy H-mode (until ¢ = 11.4s) to L-mode
and to M-mode (at t = 11.6s) can be seen in the D, signal (a rapid increase of the
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Figure 8. a) D, signal from the inner divertor of JPN 85443 (Pheat = 19 MW ).
b) FET spectrogram of poloidal Mirnov coil 1803 (located at the lower HFS) for
the neon seeded phase of JPN 854483. The oscillation at 1-2kHz indicates that
the plasma is in M-mode. Up tot = 11.3s ELMs can be seen until the plasma
transits to L-mode and then to M-mode. In the following, further transitions
to L-mode (characterised by a peaking in the D, signal) and back to M-mode
can be observed.

D, signal determines the transition to an L-mode while a drop suggest a transition
to H-mode or M-mode). In the following, the M-mode phases are interrupted by
transient back-transitions to L-mode. The following scheme for the M-L-M transitions
is proposed [9]: It is assumed that with the characteristically increasing density in M-
mode compared to L-mode the radiation is increased and hence the power transported
over the separatrix, Psor,, is decreased until it is below the L-H threshold power, P y.
An increased outward transport of neon during the L-mode phase, causing a reduction
of radiation and an increase of Psor, (or of Qiedge, according to [41]) above the L-H
threshold again, might be a possible explanation for the back-transition to H-mode. A
similar transport cycle was reported with krypton seeding at JET in order to describe
dithering between H-mode and L-mode [9]. In the experiments presented here it was
observed that the back-transitions to H-mode are triggered by sawtooth crashes.

From the poloidal reconstruction of the bolometer signals it can be seen that after
the beginning of the neon seeding in JPN 85443 the region of the strongest radiation
power density is shifted from the HFS to the X-point, inside the confined region (see
Fig. 9). This phenomenon has been observed in previous experiments with nitrogen
and neon seeding on ASDEX Upgrade and JET [8, 9, 10].

The energy confinement time remains constant with neon seeding. In contrast to
the discharge with 15 MW heating power, where the radial density and temperature
profiles and hence the energy confinement time were barely altered with neon seeded
(see Fig. 4), clear changes can be observed in the radial profiles of JPN 85443 at
a heating power of 19 MW: The electron density pedestal is strongly degraded (from
ne = 6-10"m™3 to0 2.5-10" m~3 at the pedestal top position p,o & 0.95) after the onset
of the neon puff but due to a steeper gradient the core density remains constant (see Fig.
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Figure 9. Tomographic reconstructions of bolometer data of a) an unseeded
and b) a neon seeded phase of JPN 85443 (Pheat = 19MW ). With neon puffing
the region with highest radiation power density shifts from the HFS into the
confined region close to the X-point.
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Figure 10. Median radial profiles of JPN 85443 (Pheat = 19MW ) as in Fig.
4. The ne profile of the neon seeded time points (red and green) are strongly
degraded with respect to the unseeded one (blue), especially in the pedestal
region, and only reach the level of the unseeded time point in the core region.
The density is slightly increased during M-mode phases (red) compared to L-
mode phases (green). The T, profiles have a similar shape in the pedestal region,
while towards the core T, is increased with neon seeding.

10). T, however, increases in the core. The thermocouples in the inner target observe
an increase of about 50°C, at the outer target of around 100°C until ¢ = 11.5s when
at both targets the temperatures start to decrease again when the neon takes effect.
The targets are detached during M-mode phases with the observed X-point radiator
but attached during L-mode (see Fig. 11, first described in [9]).
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Figure 11. Time-averaged (median) target profiles of JPN 85443 (Pheat =

19MW ) as in Fig. 6. In L-mode phases (red) the targets are attached while in
H-mode (blue) they are in complete detachment.

2.3. High Heating Power (29 MW )

In the high power discharge, JPN 92357 with 29 MW heating power, the neon puff was
started during the ramp-up phase (see Fig. 12) in order to cool the divertor and prevent
tungsten sputtering. For this reason the initial ELMy H-mode phase is shorter than
in discharges presented above. At t = 9.8s and 10.1s short transient back-transitions
to L-mode can be observed. Until shortly after the end of the neon puff at t = 14.0s
the ELMs vanish. Oscillations with a frequency of around 1.5 kHz can be found in the
voltage signal of outer divertor pick-up coils and in the temperature signal of pedestal
ECE channels, suggesting that the plasma is in M-mode. Since an M-mode usually
is observed close to the L-H power threshold this implies that a large fraction of the
heating power must be radiated inside the separatrix. Otherwise the discharge would
be significantly over the L-H power threshold at the given heating power.

The discharge has a high radiative power fraction of f..q = 0.66, while the
highest radiation power density is at the X-point, inside the separatrix (see Fig. 13).
Additionally, in this discharge it can be found that the radiation of the plasma centre
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Figure 12. Timetraces of JPN 92357, a high power discharge (Ppeats = 29MW )
with strong neon seeding. Quantities as described in Fig. 3. The neon puff
starts at t = 9.0s, leading to a transition to M-mode at t = 10.2s where the
plasma remains until after the end of the neon puff (at t = 14.0s).

increases, which could not be observed in the discharges discussed above. After the end
of the neon puff this central radiation gradually disappears. At a core temperature of
about 5keV Neon can be excluded as cause for this increased core radiation. As shown
later in section 4 the tungsten concentration is decreased during the neon seeding and
can therefore be excluded as radiator as well. It is possible that the increased core
radiation is an artefact from the tomographic reconstruction.

With neon seeding the n, profile is degraded at the pedestal top while in the core it
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Figure 13. Core (left) and divertor view (right) of tomographic reconstructions
of bolometer data of a) an unseeded and b) a neon seeded phase of JPN 92357
(Pheat = 29 MW ; note the different colour scales). With neon puffing the region
with highest radiation power density shifts from the HF'S into the confined region
close to the X-point. With neon seeding increased radiation in the central core
s observed, but it is unclear which effect causes it or if it is an artefact of the
tomographic reconstruction.
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Figure 14. Median radial profiles of JPN 92357 (Pheat = 29MW).  The
description and observations are similar as in Fig. 4.

remains unchanged. T, is increased in the core (see Fig. 14). Despite these significant
changes the profiles undergo with neon seeding, the energy confinement time remains
constant. The thermocouples at the outer target (no data is available for the inner
target) measure an increase in temperature between 35 and 55 °C, peaking at t = 10.0s,
shortly after the beginning of the neon puff, and then decreasing until after the end of
the neon puff where it starts to rise again. The targets are complete detached (see Fig.
15). The temperature drops below the sensitivity level of the Langmuir probes of about
5eV at the outer target with neon seeding, at the inner target these low temperatures
are already measured earlier. The ion saturation current is increased at the outer target
and an increase can be observed also at the inner target close to the strike point position.
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Figure 15. Time-averaged (median) target profiles of JPN 92357 (Pheat =
29MW ) as in Fig. 6. In L-mode phases (red) the targets are attached while in
H-mode (blue) they are in complete detachment. At the inner target one LP at
s — 8o ~ —0.2 was broken and seems to have influenced adjacent probes.

Both increases are small compared to the ion saturation current measured during an
L-mode phase during ramp-up. For positions further from the strike point position at
the inner target no statement about the ion saturation current can be made because a
broken Langmuir probe at s — sg =~ —0.2 seems to have affected the measurements of
adjacent probes.
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2.4. Influence of the Neon Puff on the L-H Transition

In the previous sections the influence of the heating power on the stability of the
discharges at strong neon seeding was shown: at Pe.t = 15 MW the discharge transits
back to L-mode with the onset of neon puffing, at P,e.c = 19 MW it switches between M-
mode and L-mode, and even at Pe.c = 29 MW the presence of an M-mode indicates the
vicinity to the L-H threshold. It has to be noted, though, that the core radiation power
in the discharges examined here was significant. Usually the L-H power threshold is
estimated by the scaling presented in [42]. As the data used for this scaling were derived
from machines with carbon as wall material, it might not be as accurate for devices with
metallic walls as is JET-ILW with its tungsten divertor and berillium first wall. In Fig.
16 a scaling derived from JET-ILW data in VT configuration [43] (red points) was
used to examine the proximity of the net heating power crossing the separatrix Psor,
to the L-H power threshold Py in several neon seeded high radiation discharges. The
scaling for VT configuration was chosen because the divertor configuration in JET has
a strong influence on the L-H threshold. Because current L-H scalings are derived from
discharges with low fi.q (typically below 0.5), their results for discharges with a high
radiative power fraction as presented here might be invalid. It can be seen in Fig. 16
that for all heating powers Psor, almost all data points lie between 0.9 and 1.5 - Ppy,
independently of the neon puff rate applied. The results presented here are in agreement
with the previous observations of transitions to L-mode, transitions between L-mode and
M-mode, and M-mode that implied the proximity of most of the examined discharges
to the L-H threshold even at highest heating powers.

3.0 . :
B Psor/Puus
® Psor/Puuis
2.5 X Pyor/Puns (D only)
* Pyor/Puyas (D only)
=201 ] :
S . u
| |
8 . [T X ° =
AT1.5 ] ] .I ™ ® i - m
o & at" ¢
° : L °® o ® °
1.0+ . Ps
0.5 i ; ; ‘ ‘ ‘ ‘
14 16 18 20 22 24 26 28 30
Pheat (le)

Figure 16. Power transported in the scrape-off layer Psor, = Pheat — Prad,sep
(Prad sep being the radiation power from inside the separatriz, hence including
the X-point radiator) compared to the L-H threshold powers Piy s [42] (blue)
and Pruag [43] (red; scaling for JET-ILW in VT configuration) as function of
total heating power Ppheat. For most heating powers Psor, exceeds Py only by
up to 50%. Only at highest heating powers Psor, is significantly higher than
Py.
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Figure 17. Timetraces of JPN 87190, a medium heated discharge (Ppeat =
22 MW ) with medium neon seeding. Quantities as described in Fig. 3.
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Figure 18. Timetraces of JPN 92359, a high heated discharge (Ppeas = 29MW )
with medium neon seeding. Quantities as described in Fig. 3.

Although the heating power plays a major role for the characteristics observed in
the discharges presented above, at a fixed heating power the plasma regime also strongly
depends on the neon seeding level. JPN 87190 has a similar heating power (22 MW) as
JPN 85443 but a neon puff rate of only about 50 % of this discharge (compare Figs. 7 and
17). In this less seeded discharge the plasma does not permanently enter the M-mode
but mostly stays in ELMy H-mode. In contrast to the previously presented discharge
JPN 92357 (I'ye = 2.0 - 10?2 el/s, see Fig. 12), at high heating power (Pyca; = 29 MW)
the plasma in JPN 92359 (see Fig. 18) is not in an M-mode but in an ELMy H-mode
with the first step of neon seeding (I'ye = 0.9 - 10?2 el/s). An increase of the neon puff
rate at t = 11.5s to I'ye = 1.6 - 10?2 €l /s leads to a transition to an M-mode regime with
back-transitions to L-mode.

Figure 19 shows the fraction of radiated power as a function of the neon seeding
rate in several high radiation discharges. With increased neon seeding the radiative
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Figure 19. Radiated power fraction fraq as function of the neon puff I'ne.
For puff strengths up to I'ne ~ 1.0 - 1022 el/s the radiation is increased with
increasing neon puff, for higher puff strengths the curve is in quasi-saturation.
By increasing the neon puff, only minor increases in radiation can be achieved.
The low fraq even with completely detached targets are yet to determine [17, 18].

power fraction fi.q increases, until a neon puff rate of I'ye ~ 1.0 - 10*?el/s is reached
where f;.q seems to saturate at values of f,q = 0.6. A further increase of the neon puff
rate over 2.0 - 10?2 el /s leads only to a small increase in the radiative power fraction up
to fraa = 0.66. It is noticeable that the discharges found here are all in M-mode regime,
without transitions to L-mode. In general, to permanently stay in this regime a high
neon seeding rate of I'ye > 1.0 - 10*?el/s and a high heating power over 25 MW were
necessary. All examined discharges in this M-mode without transitions to L-mode have
a core radiation power Ppaqcore Of over 10 MW. The highest values of fiaq could only
be reached with a neon puff rate of 'y, > 2.0 - 10?2 el/s, though. Since the difference
in terms of fr.q between discharges with I'y, = 1.0 — 2.0 - 10?%el/s and such with
Ine > 2.0 - 10*el/s is quite small (see Fig. 19), the radiative power fraction does not
seem to play a role in the transition to a stable M-mode without transitions to L-mode,
another plasma property affected by the neon puff might contribute to the suppression
of transitions to L-mode.

3. Improved Core Energy Confinement

3.1. ASTRA-TGLF Transport Prediction of Core Temperature Profiles

To examine the increase of core temperature and the slight increase of the energy
confinement time (see Fig. 3, 7, and 12) in all neon seeded phases, a time point
from the unseeded reference discharge JPN 84884 as well as one from the neon seeded
discharge JPN 85443 at medium heating power (Pe,s = 19 MW) have been simulated
with the ASTRA-TGLF [44, 45, 46, 47| transport code. The dots in Fig. 20 indicate
the experimental data. Those in grey areas (i.e. the full n, profile and the T; profile for
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Pror > 0.75) were used as prescribed input of the simulations. T} = T, was assumed. The
total NBI heating power in both discharges was similar. Since it has been observed in
the experiment that due to the lower edge density the NBI penetrates further into the
plasma, the radial NBI heating profiles (see Fig. 21) were considered in the simulations.
The radiation strongly increases in the edge with neon seeding and was hence included
in the simulations as well. Assuming that neon was the only impurity species, the neon
content in the seeded case was estimated from Z.g, resulting in a uniform concentration
of around 1.3%. The core temperatures were predicted using the TGLF transport
model. The solid lines indicate the simulation results derived from these data. The
simulated electron temperatures reproduce the 7¢/; increase seen in the experimental
profiles. A third dashed line shows the result of a simulation similar to the one of the
neon seeded time point with the only difference being that the neon species has been
removed from the simulation. This means that n; = n.. All other quantities, including
the ne, Ty (for pror > 0.75), Qraq and Qnpr profiles, and Z.g remained as given by the
neon seeded experimental data.
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Figure 20. Experimental electron density and temperature data (dots) of a
neon seeded (blue, JPN 85443, t = 12.8s) and an unseeded (red, JPN 84884,
t = 13.0s) discharge, compared to ASTRA-TGLF simulation results (solid
lines) based on the experimental data in the grey areas. The dashed line marks
the results of a simulation of the neon seeded time point with the neon species
removed from the simulation while all other parameters were kept constant.

When in simulations based on profiles for the seeded phase (solid blue line in Fig.
20) neon is removed (dashed blue line), the temperature drops below the values from the
simulation of the unseeded phase (red line). This shows that effects introduced by the
impurity other than radiation are responsible for the core confinement improvement.
The ASTRA-TGLF simulations suggest that a dilution of the main ion density by
the neon impurity reduced the edge ion pressure gradient and thus stabilises the ion
temperature gradient (ITG) mode. The ITG turbulence is driven by the majority
ion species (D) at the most unstable wavenumber. Due to the addition of neon, the
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Figure 21. Radial profiles of deposited power by the NBI heating (dashed and
dotted lines) and radially integrated radiation (solid lines) for time points with
(blue) and without (red) neon seeded. Due to lower edge density, the NBI
deposition is shifted towards the core when neon is seeded. The radiation at
Ppol > 0.9 is significantly increased with neon seeding.

deuterium concentration decreases with respect to the electron density, which pushes
the turbulence from the ITG towards the electron drift wave that is stable due to
the high collisionality. Hence, the ITG turbulence decreases in amplitude and the ion
heat diffusivity is reduced, allowing 7T} to increase. This so-called ”dilution” effect is
valid until neon becomes the majority species. Since ITG turbulence is driven by the
ion temperature gradient, the reduction in density gradient, which acts as a passive
element, is not relevant for this process. This stabilisation of ITG modes leads to
increased core temperatures and therefore to an improved core energy confinement
[48, 49]. The effect of increased confinement observed in the core is to distinguish from
a potentially counter-acting effect in the pedestal region where the increased radiation
might lead to diminished confinement. In fact, the overall confinement time remains
nearly constant, suggesting an effect opposed to the core confinement improvement. In
other JET discharges with neon seeding rates in the range 1-5-10%3 el /s it was also found
that the neon seeding had no effect on the confinement (but on the fusion performance
due to increasing density and decreasing temperature) [11]. A doping effect (i.e. that
the neon affects the plasma beyond the displacement of deuterium), as described in [50],
was observed in these low neon seeded discharges. This effect could not be observed in
the high seeded discharges presented in this article which might be attributed to their
lower Z.g level.

3.2. Density Peaking

In another study of neon seeded JET discharges at significantly lower neon seeding rates
a peaking of the electron density [50, 51], i.e. an increase of the ratio of core to pedestal
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density, 7ecore/Meped (With the core position at pys = 0.25), was observed while the
volume averaged density was decreased [11]. This was caused by an inward particle
pinch. In our experiments with higher neon seeding rates a density peaking could be
observed as well (see Fig. 22). In Fig. 22 the core and pedestal top electron densities
relative to the line-averaged electron density n, are shown. Due to the degradation of
the pedestal and hence the absence of a proper pedestal top position, the pedestal top
position was taken from the unseeded reference discharge, at Ry, peq = 3.79m; the core
density was measured at R, core = 3.30m. It is clearly visible that with increased neon
puffing rate the relative core density remains constant while only the relative pedestal
top density decreases. The density peaking can therefore be attributed to a density
decrease in the pedestal region rather than an increase in the core. The reason for the
degraded pedestal density has yet to be investigated.
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Figure 22. Electron density in core (blue, measured at R = 3.30m) and pedestal
top (red, measured at R = 3.79m) relative to the line-averaged density ns. Due
to the degraded pedestal the pedestal top position was defined by the pedestal top
position of an unseeded reference discharge. The neon puffing seems to affect
only the pedestal Tegion.

With a decreasing pedestal top density and a nearly constant pedestal top
temperature the pedestal top pressure is decreasing as well. It can be observed, though,
that Hgs(y,2) does not correlate with the pedestal top pressure (see Fig. 23). Thus,
the decrease of the pedestal top pressure does not affect the global energy confinement
time. Instead, the effect of more stable ITG modes in the core was shown to be the
dominating influence on the confinement.
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Figure 23. Hog(y o) as function of pedestal top pressure ppediop- A correlation
can not be found. It is worth noting that the lowest heated discharges gather
at similar pedestal top pressures while higher heated discharges exhibit a wider
range of pedestal top pressures.

3.3. Energy Confinement

With respect to future fusion devices the effect of neon seeding on the energy confinement
has to be studied. In Fig. 24 the confinement factor Hgg(y 2y versus the normalised
plasma By = 2uop/B? ratio is shown. For ITER, at Sy = 1.8 an Hog(y,2) of 1.0
is required to reach the scientific goals of @@ = 10 [52]. In the present discharges a
maximum value of only Hgg(y 2y = 0.85 was reached at highest heating powers. It has to
be considered, though, that the unseeded discharges have already a low Hyg(y,2) value.
As it was shown in the previous sections, neither the energy confinement time 7g nor
the confinement factor Hog(y2) change significantly with the onset of the neon puff.
However, it has already been found that the vertical target configuration leads to lower
confinement than the corner configuration [13, 14] and that high D puffs decrease the
confinement as well [13, 30, 31]. Thus, the cause for the low Hgg(y o) lies rather in the
target configuration and in the high Dy puffs than in the neon puff.

3.4. Neutron Rate

In present-day machines like JET the neutrons are primarily created by the interaction of
the NBI deuterons with the thermal deuterons (so-called beam-target reactions) rather
than by the interaction of thermal deuterons amongst each other. In Fig. 25 it is shown
how the neutron rate increases with increased neon puffing. The dependence on the
heating power is less pronounced. The result shown here is in contrast to [11, 50, 51],
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Figure 24. Hog(y ) as function of Bn. The ITER target value of Hog(y2) = 1.0
at fn = 1.8 [52] could not be met with the neon seeded discharges. The unseeded
discharges have equally low values due to the high deuterium puff.

where a decrease of the neutron rate from 4.5-10" n/s to 2.5-10* n/s has been observed
at a puff strength of 'y, = 2 - 10*! el/s [50, 51]. This is explained by the authors with
a decrease in the core ion temperature. In the experiments presented in this article the
opposite is observed: an increased core ion temperature and an increased neutron rate.
Further reasons for the increase of the neutron rate in the highly neon seeded discharges
are yet to investigate. It is possible that the deeper penetration of the NBI beams in the
plasma due to the degraded pedestal density (while the core density remains constant
and the ion temperature increases) might have an impact on the neutron rate, e.g. due
to a better confinement and increased slowing down time of the fast beam particles.

4. Impurity Content

The core impurity concentration in fusion plasmas is to be kept as low as possible. The
deteriorating effect of an impurity depends mainly on its charge state [6]. E.g., the
maximum permitted tungsten concentration is in the order of some 107°. Since seeded
impurities could increase the sputtering of wall material the influence of neon seeding on
the concentrations of typical wall materials are studied. A recently developed method
allows to self-consistently calculate the composition of JET-ILW plasmas including
multiple impurity species [53, 54]. The different impurities are included in the analysis
in a step-wise approach gradually increasing the analysis complexity in the search for the
best match to all the available diagnostic measurements. For the cases reported here
four elements (Be, Ne, Ni, W) were necessary to match simultaneously the observed
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Figure 25. Neutron rate as function of the neon seeding rate I'no. An increase
of the neutron rate with increased neon seeding can be seen.

soft X-ray emission, the W concentration measured by passive vacuum-ultra-violet
spectroscopy, the line-of-sight integrated measurement of the effective charge Z.g, the
observed poloidal asymmetry of the SXR emission and the line-of-sight integrals of the
total radiation as measured by bolometry. Beryllium is taken as a constant background
originating from the main chamber walls. Neon is left free to evolve in time to match
the measured effective charge. Tungsten is calculated directly from the observed SXR
emission subtracting the contributions from all other radiating elements. The inclusion
of nickel is necessary to obtain a satisfactory match with the total radiated power as
measured by the bolometer and is modelled from the initial estimate of the W density
using theory-driven assumptions [54].

The results of this analysis are shown in Fig. 26 for JPN 92357. It is observed
that after the end of the neon puff at ¢t = 14.0s the tungsten density increases slightly,
implying that the detached divertor diminished the tungsten sputtering despite the
increased sputtering potential of neon. This observation is verified by the W I signal of
the visible light spectroscopy in the inner divertor that demonstrates an equal or reduced
gross tungsten erosion in the three neon seeded pulses presented in section 2 compared
to the unseeded reference pulse JPN 84884. Since in the analysis method the nickel
density distribution is based on the tungsten density distribution the trends for nickel
are the same. In JPN 87195 (similar to JPN 87196 presented above) with the onset
of the neon seeding the nickel and the tungsten concentrations decrease. The tungsten
concentration in JPN 85443 demonstrates a contrary behaviour: after the beginning of
the neon seeding tungsten concentration increases. An increase of these concentrations
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during the starting phase of the discharge was observed also in JPN 87195, but in
JPN 85443 the concentrations do not decrease when the neon is puffed. This might be
attributed to the HLH-transitions which are not present in the other two discharges.
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Figure 26. Results of the impurity content analysis [53, 54] for JPN 92357.
a) Time evolution of the tungsten concentration cw at three different radial
positions. The light-coloured lines and errorbars exhibit the moving average
mean and standard deviation (window size: 320ms). After the end of the
neon puff at t = 14.0s cw increases. Since the nickel concentration depends
on the tungsten concentration in the analysis, it exhibits the same trend. b)
Time evolution of the neon concentration (fized in radius) and the beryllium
concentration (fixed in radius and time).

As a measure for the generalised impurity concentration of the plasma, Z.g can
be studied. Figure 27 shows that with increased neon seeding also Z.g increases.
This seems conflicting with the increase of the neutron rate with increased neon
seeding because an increased impurity content leads to a dilution of the plasma and to
decreased beam-target reactions. A hollow neon density profile as a possible explanation
is rather unlikely since the impurity content analysis as well as the ASTRA-TGLF
simulations assumed flat neon density profiles and successfully reproduced experimental
measurements. There are no spectroscopic measurements of the radial neon distribution
yet. As discussed at the end of the previous section, another reason for the increasing
neutron rate could lie in the decreased pedestal density which permits a larger fraction
of the NBI beam power to be deposited in the core, outweighing the dilution by neon.

5. Poloidal Radiation Distribution

It was shown in Fig. 19 that the radiative power fraction almost saturates when the
neon seeding rate is increased above I'ye ~ 1.0 - 10?2 el/s. The distribution of the
radiation might change at the highest neon puffing rates, though. Figure 28 shows the
radiation powers from the divertor, the core (defined as the region inside p,, = 0.95)
and the pedestal region (0.95 < ppo < 1.0, including also an eventually existing X-
point radiator) as function of the neon puff rate. While at low neon puff rates the
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Figure 27. Line-averaged effective charge state Z.g as function of the neon puff
I'Ne-

divertor radiation power is similar to the core and the pedestal radiation power (around
2MW each), the radiation from the core and particularly from the pedestal region are
increased up to 6-8 MW with increasing neon seeding. The divertor radiation barely
increases (only up to 4 MW), which is in accordance with [10], where a maximum of the
divertor radiation power as function of the neon seeding rate has been found.

For the heating power a similar picture can be found: up to a heating power of
Preat = 24 MW divertor, pedestal, and core radiation powers are similar, increasing up
to 4 MW. With increasing heating powers pedestal and core radiation powers increase
further up to around 7 MW while the divertor radiation power decreases to 2 MW. The
line-averaged densities of the neon seeded discharges presented in this article are in the
same range (around 5-7-10' m™2), thus a density dependence cannot be discriminated.
It should be noted, though, that the accuracy of the magnetic equilibrium reconstruction
and the spatial resolution of the bolometer system do not permit exact calculations of
radiation powers for the single areas — especially in the narrow pedestal region — and
that the values presented here can therefore only give indications.

A correlation between the radiation power of the X-point region (defined as the
region with ppo < 1.0 and z < —1.2m) and the core radiation power could be observed:
With increasing core radiation power the radiation power of the X-point increases
approximately linearly. A correlation between the formation of the X-point radiator
and the neon seeding rate was not observed. Even though all discharges with neon
puff rates > 0.5 - 10?2el/s had an X-point radiator, there were also discharges found
with lower neon seeding rates and X-point radiator. The density range of the presented
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Figure 28. Radiation powers of divertor, core (inside a roughly estimated
pedestal top position, ppor < 0.95) and pedestal (between pedestal and separatriz,
Ppol < 0.95) as function of I'ne. The radiation is primarily increasing in the
pedestal region and in the core (by a factor of 5-6 between the lowest heated and
the highest heated discharge), while the radiation power in the divertor increases
only by a factor of 3—4.

discharges was too small to see clear dependencies of the X-point radiator on the line-
averaged density, especially at low heating powers. The maximum X-point radiation
power is around 1-2 MW. A detailed analysis of the X-point radiator by spectroscopic
or numerical means (as shown for ASDEX Upgrade in [55, 56]) are yet to be performed.

In all of the neon seeded discharges examined for this article, it was observed that
the appearance of the X-point radiator, the degradation of the pedestal density, and the
detachment of both divertor targets are correlated with each other under the following
conditions:

(i) The plasma is in stable H-mode or M-mode. During L-mode phases, during
LH/HL-transitions, and during the plasma ramp-up phase one or more of the
aforementioned phenomena (and therefore their correlation) might not be observed.

(ii) Neon is being puffed. At the beginning of the neon puff, it takes some time (1-1.5s)
until the neon takes effect; in this period these phenomena might not be observed.
After the end of the neon puff the neon is pumped out and thus, both the X-point
radiator and the pedestal degradation are not observed any longer.

In neon seeded discharges with an initial type-I ELMy H-mode phase it is observed
that with the formation of the X-point and the degradation of the density pedestal
the plasmas undergo a transition from type-I to type-III ELMs. A correlation of the
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formation of the X-point radiator with the transition to M-mode was not observed.

6. Discussion and Conclusions

The seeding of impurities is crucial in future fusion devices like DEMO in order to
protect the divertor target tiles. In this paper it has been discussed what impact strong
neon seeding can have on the core, pedestal, and divertor conditions. In M-mode phases,
which are in JET typically found close to the L-H power threshold, the joint appearance
of an X-point radiator, a degraded density pedestal, and the detached targets was
observed. In L-mode phases it was noted that at least one of the divertor targets
was attached, independently of the presence of an X-point radiator. A degradation
of the density pedestal could not be seen in L-mode. The detached M-mode phases
might not be problematic with regard to future fusion devices, the back-transitions into
attached L-mode surely are due to their peak heat load. Only at high heating powers
(Pacar > 25 MW) and high neon puff rates (I'ye > 1.0 - 10?2 el/s) the plasma enters an
M-mode regime without back-transitions to L-mode. In these discharges the targets are
completely detached.

Through ASTRA-TGFL simulations it could be found that neon stabilises the ITG
mode in the core due to the dilution effect, leading to higher core temperatures and
together with a somewhat degraded pedestal approximately constant energy confinement
times. While the core profiles are not negatively affected by neon seeding, in the pedestal
a degradation of the electron density is observed. As this coincides with a strong increase
of radiation power density in the edge including the X-point region, a correlation between
the increased edge radiation and the pedestal density degradation might be possible.

Detachment is characterised by a drop of pressure between the midplane and the
target position. Since (compared to core and pedestal radiation) only a small increase
of divertor radiation power of maximum 2 MW was observed, it is questionable if an
increased divertor radiation leads to the pressure drop in front of the targets. Based on
the available data it was experimentally not possible to determine if a degraded pressure
profile upstream at the separatrix causes the pressure drop at the targets.

Due to the strong seeding with high radiative power fractions, detached targets,
and no loss of energy confinement, the regime found in these experiments seems to be
potentially interesting for future fusion devices like ITER or DEMO. Its suitability for
such devices has to be further examined. The low energy confinement at unseeded time
points are caused by the target configuration and the high deuterium puff and might
increase in more favourable target configurations and at lower densities. It should be
clarified if in such discharges with higher energy confinement at unseeded time points
the trend of a constant or slightly increasing energy confinement with neon seeding can
be observed similarly as presented here.

Moreover, to examine a possible extrapolation of the experimental findings to future
devices additional numerical modelling is required, e.g. by core transport codes, pedestal
stability analysis, or two-dimensional SOL codes. The latter would allow for a joint
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analysis of the stability of the X-point radiator, the pedestal density degradation and
the detached targets. So far, at JET the EDGE2D-EIRENE simulation of the X-point
radiator with nitrogen seeding led to numerical issues [16]. At ASDEX Upgrade, the X-
point radiator could be reproduced with SOLPS modelling with nitrogen seeded [55]. To
validate the simulations against the observations of the pulses presented here (and hence
to numerically reproduce them) would not only allow to analyse them in more detail
(e.g. to possibly clarify if complete detachment with neon seeding was only possible
with a loss of upstream separatrix pressure) but also to extrapolate the simulations to
larger devices.

Even though the dilution of the main ion species with neon leads to a beneficial
stabilisation of the ITG mode in the core and to a decreasing tungsten concentration,
especially in the core, the neon itself might also enrich in the plasma core. Further
spectroscopic measurements are required to tackle this question. This might determine
if the flushing effect of ELMs is required.
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