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Introduction

Excessive heat and particle loads onto main plasma fac-2 ing components (PFCs) are a major concern on the way towards a nuclear fusion demonstration power plant. Tokamaks and stellarators are currently the leading concepts in magnetically confined fusion. Experiments such as the Joint European Torus (JET), the Large Helical Device (LHD) and Wendelstein 7-X (W7-X) are currently the largest devices of these types to tackle the reactor relevant heat and particle exhaust issue via different divertor concepts [START_REF] Fundamenski | ELM-averaged power exhaust on JET[END_REF][START_REF] Dai | the LHD Experimental Group, Emc3-eirene modelling of edge impurity transport in 1122 the stochastic layer of the large helical device compared with extreme ultraviolet emission measurements[END_REF][START_REF] Nig | The divertor program in stellarators[END_REF].

The parallel heat fluxes q within the scrape-off layer

12

(SOL) are determined by the input power entering the SOL and the heat flux fall-off length λ q [START_REF] Stangeby | The Plasma Boundary of Magnetic Fusion De-1134 vices, Plasma Physics Series[END_REF]. Controlling 14 this heat flux will become crucial for the stellarator W7-X which operates inherently steady state and presently aspires to long pulse high-performance operation to demonstrate the reactor feasibility of this concept [START_REF] Beidler | Physics and engineering design for wendelstein vii-x[END_REF][START_REF] Grieger | W7AS Team[END_REF][START_REF] Wolf | A stellarator reactor based on the optimization criteria of wendelstein 7-x[END_REF] . The technically feasible target heat flux limits are q div,max ≈ 10 MWm -2 . The widths of these heat loads are strongly 20 determined by the magnetic field line connection lengths L C . In a stellarator, and in particular in the island di-
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vertor of W7-X, these connection lengths are generally L C,W 7X ∝ O(100 m) and are predicted to scale up in 24 a reactor to (L C,W 7-reactor ∝ O(1000 m) [START_REF] Feng | Physics of island divertors as highlighted by the example of w7-as[END_REF][START_REF] Feng | Up-scaling the island divertor along the w7-stellarator 1160 line[END_REF]. Therefore, perpendicular difusion of particles and heat is more

26
effective and a broader heat flux deposition width is expected. However, even with this mitigating topological 28 advantage, excessive heat fluxes are also expected for highperformance stellarator plasmas [START_REF] Peacock | [END_REF][START_REF] Geiger | the W7-X Team, Aspects of steady-state operation of the wendelstein 7-x stel-1182 larator[END_REF][START_REF] Lore | Measurement and modeling of magnetic configurations to 1190 mimic overload scenarios in the w7-x stellarator[END_REF].

30

To avoid damage of the PFCs and material erosion due to excessive heat fluxes and high target temperature addi-32 tional means to control and mitigate the heat flux issue are under investigation. Radiative edge cooling is a promising 34 approach to remove most of the thermal power coming from the main plasma confinement before it reaches the 36 plasma facing components [START_REF] Samm | Ra-1196 diative edges under control by impurity fluxes[END_REF][START_REF] Kallenbach | H mode discharges with feedback controlled radiative boundary in the ASDEX up-1210 grade tokamak[END_REF][START_REF] Matthews | Studies in JET divertors of varied geometry. II: Impurity seeded plasmas[END_REF][START_REF] Rapp | 1224 contributors to the EFDA-JET Workprogramme, ELM mitigation by nitrogen seeding in the JET gas box divertor[END_REF]. Here, dedicated low and medium atomic charge impurity species are used 38 to dissipate significant amounts of the power entering the The heat fluxes and impurity transport within the scrape-off layer (SOL) of inherently 3D devices have been 74 studied with 3D modeling, e.g. at LHD [START_REF] Kobayashi | the LHD Experiment Group, Edge impurity transport study in the stochastic 1302 layer of lhd and the scrape-off layer of hl-2a[END_REF][START_REF] Dai | the LHD Experimental Group, Investigation of heat flux deposition on divertor target on the 1308 large helical device with emc3-eirene modelling[END_REF][START_REF] Oishi | the LHD Experiment Group, Observation of carbon impurity flow in the edge 1314 stochastic magnetic field layer of large helical device and its impact on the edge impurity control[END_REF], at HSX [START_REF] Bader | Simulations of edge configurations in quasi-helically 1320 symmetric geometry using emc3eirene[END_REF][START_REF] Akerson | Three-dimensional scrape off layer transport in the helically 1326 symmetric experiment HSX[END_REF], HIDRA [START_REF] Marcinko | Numerical characterization of the edge 1330 transport conditions and limiter fluxes of the hidra stellarator[END_REF], at W7-AS [START_REF] Feng | Transport in island divertors: physics, 1336 3d modelling and comparison to first experiments on w7-AS[END_REF], and W7-76 X [START_REF] Feng | Up-scaling the island divertor along the w7-stellarator 1160 line[END_REF][START_REF] Feng | Implicit coupling of impurity transport at the SOL-core interface[END_REF][START_REF] Feng | On the w7-x divertor 1348 performance under detached conditions[END_REF][START_REF] Effenberg | Numerical investigation of plasma 1354 edge transport and limiter heat fluxes in wendelstein 7-x startup plasmas with emc3-eirene[END_REF][START_REF] Lore | Measurement and modeling of magnetic configurations to 1190 mimic overload scenarios in the w7-x stellarator[END_REF].

First characterizations of the heat fluxes and impu-78 rity transport in the W7-X limiter configuration showed a strong dependence of the transport and plasma-surface 80 interactions (PSI) on the 3D helical connection lengths topology (L C ≈ O(10m)) [START_REF] Effenberg | Numerical investigation of plasma 1354 edge transport and limiter heat fluxes in wendelstein 7-x startup plasmas with emc3-eirene[END_REF]. The effects of the 3D geom-82 etry on limiter heat fluxes were resolved by both, 3D modeling and experimental measurements [START_REF] Effenberg | Numerical investigation of plasma 1354 edge transport and limiter heat fluxes in wendelstein 7-x startup plasmas with emc3-eirene[END_REF][START_REF] Wurden | the W7-X Team, Limiter observations during w7-x first plasmas[END_REF]. Changes to 84 the magnetic geometry showed the feasibility of heat and particle load control [START_REF] Wurden | the W7-X Team, Limiter observations during w7-x first plasmas[END_REF][START_REF] Winters | the W7-X team, Overview of the plasma-surface 1368 interaction on limiter surfaces in the startup campaign of wendelstein 7-x[END_REF], and optimization of particle 86 exhaust [START_REF] Stephey | Impact of magnetic islands in the plasma edge on particle fueling and exhaust in the hsx and w7-x stellara-1378 tors[END_REF] in this 3D configuration. W7-X was operated in summer to fall 2017 and 2018 88 in island divertor configurations for the first time. In this configuration the lengths L C of the open field lines are 90 increased by a factor of 10 in comparison to the limiter SOL during the W7-X startup campaign. A first analysis 92 of divertor heat fluxes and promising results with regard to stable and high density operation were reported in [START_REF] Pedersen | the W7-X Team, First results from divertor operation in wendelstein 7-x[END_REF].
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A first comparison of the impact of the island geometry on divertor heat fluxes between experiment and 3D modeling was reported in [START_REF] Effenberg | Investigation of 3d effects on heat 1392 fluxes in performance-optimized island divertor configurations at wendelstein 7-x[END_REF].

In section 2 the properties of the island divertor con-98 figuration and the seeding scenarios considered will be introduced. The models used for the analysis in this work Challenge imposed by the island divertor exhaust geometry. The experiments performed here were con-108 ducted in the ι =5/5 standard island divertor configuration [START_REF] Geiger | Physics in the magnetic configuration space of w7-x[END_REF]. Five helical island bands enclose the core con-110 finement domain. Ten carbon divertor units represent the main plasma facing components. A view on the geometry 112 of this configuration and its main plasma facing components is provided in figure 1.

114

The lower and upper divertor modules are labeled as HMX0 and HMX1, respectively, with X = 1-5. An open 116 magnetic field line is traced within one of the five magnetic 2 islands corresponding to a single target-to-target connection length of L C ≈ 460 m (corresponds to approximately 13 toroidal turns). The field line is traced from the upstream position at the separatrix in positive (red) and negative (blue) toroidal direction until it hits a divertor target (downstream). The colors represent the counter-streaming flow directions discussed later in this study. The island flux bundle is connected to the upper and lower divertor gas boxes used for Ne and N 2 seeding and diagnostic pur-126 poses [START_REF] Krychowiak | Bayesian modelling 1404 of a thermal helium beam for measurement of electron density and temperature in the w7-x divertor plasma[END_REF][START_REF] Barbui | Feasibil-1412 ity of line-ratio spectroscopy on helium and neon as edge diagnostic tool for wendelstein 7-x[END_REF] (HM51:Ne and HM30:N 2 ). Langmuir probe arrays are mounted near the gas box (Ne) in the top di-128 vertor (HM51) and on the bottom divertor (HM50) which is not connected to the seeded island [START_REF] Laube | Designs of 1420 langmuir probes for w7-x[END_REF]. The Bolome-130 ter provides the total radiated power derived from two nearly orthogonal cameras covering a poloidal cross sec-132 tion in the triangular plane next to the divertor in the same module with the bottom gas box (HM30, N 2 ) [START_REF] Zhang | [END_REF].

The seeded island crosses the bolometer observation plane at the bottom. Divertor heat fluxes are measured by IR 136 cameras [START_REF] Jakubowski | Infrared imaging systems for wall protection in the w7-x stellarator (invited)[END_REF][START_REF] Gao | Methods for quantitative study of divertor heat loads on w7-x[END_REF]. A coherence imaging spectroscopy (CIS) with a toroidal view is used to measure impurity ion flow 138 velocities [START_REF] Perseo | Max Planck Institute for Plasma Physics, First results of the Coher-1450[END_REF][START_REF] Gradic | Doppler coherence imaging of divertor and 1454 sol flows in asdex upgrade and wendelstein 7-x[END_REF][START_REF] Perseo | Direct measurements of counter-streaming flows in a stellarator magnetic island 1460 topology[END_REF]. The impurity line emission is measured at the mid plane with the high-efficiency extreme ultraviolet overview spectrometer (HEXOS) [START_REF] Biel | Design of a highefficiency extreme ultraviolet overview spectrometer system for plasma impurity studies on the stellarator 1464 experiment wendelstein 7-x[END_REF]. The setup of the neutral pressure gauges is described in [START_REF] Wenzel | Advanced 1470 neutral gas diagnostics for magnetic confinement devices[END_REF]. An 142 overview of the diagnostic setup is also provided in [START_REF] Hathiramani | Upgrades of edge, divertor and scrape-off layer diagnostics of w7x for op1.2[END_REF].

A Poincare plot of the boundary vacuum magnetic field is shown in figure 2 In view of the fact that the five islands of the stan-158 dard divertor configuration are magnetically isolated from each other, a question emerges immediately as whether it is possible to perform homogeneous radiation cooling by seeding. It is not anticipated that this geometry and use of a single gas source will allow for homogenous mitigation of the heat and particle loads on all divertor targets. This question will be addressed in the following analysis of the cooling effects induced by neon and nitrogen seeding.

The choice of impurities is made based on experimental experiences from different devices and the first limiter op-168 erational phase [START_REF] Samm | Ra-1196 diative edges under control by impurity fluxes[END_REF][START_REF] Kallenbach | [END_REF][START_REF] Morisaki | Radiated power distributions in impurity-seeded plasmas 1504 in LHD[END_REF][START_REF] Barbui | Radiative edge cooling experi-1512 ments in Wendelstein 7-X start-up limiter campaign[END_REF]. The cooling potentials of C and N 2 are similar and provide for strongest radiation at low temperatures. Neon generally radiates at higher temperatures and may cause radiative losses closer to the upstream location. The experiments discussed in the following will consider the impact on energy confinement in case of high radiation losses [START_REF] Kallenbach | [END_REF].

3D modeling of plasma transport and plasma-

surface interactions

The main plasma transport. EMC3-EIRENE is a fully 178 3D coupled plasma fluid and kinetic edge transport Monte Carlo code. EMC3 solves a set of reduced Braginskii fluid 180 equations for particles, parallel momentum, and energies for electrons and ions [START_REF] Feng | 3d edge modeling and island divertor physics[END_REF][START_REF] Feng | Recent improvements in the emc3-eirene code[END_REF]. EIRENE solves the kinetic 182 transport equations for neutral atoms and molecules including collisional processes [START_REF] Reiter | Randschicht-Konfiguration von Tokamaks: Entwick-1296 lung und Anwendung stochastischer Modelle zur Beschreibung des Neutralgastransports[END_REF][START_REF] Reiter | The eirene and b2-eirene codes[END_REF]. The Braginskii fluid 184 equations for mass, momentum, and energy for electrons and ions are:
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=

F P + F E + F f r + F th,e + F th,i
where S z represents the impurity ionization source for 216 charge state Z, and D imp is the anomalous particle diffusivity. τ zi is the collision time between impurities and 218 background main ions [START_REF] Stangeby | The Plasma Boundary of Magnetic Fusion De-1134 vices, Plasma Physics Series[END_REF]:

τ zi = 1.47 ➲ 10 13 m z ( T 3 i /mi) 0.5 (1 + mi /mz)n i Z 2 lnΛ (8) 
with lnΛ ≈ 15. The terms in equation 8 correspond to 220 pressure force F P , electric force F E , friction force F f r and electron and ion thermal force F th,e and F th,i , respectively.
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The impurity ion temperatures are assumed to be equal to the background main ion temperature (T z = T i ).

224

The fluid approach is chosen for the first-step analysis in this study. Here, the focus is on general transport features 226 of the impurity transport within the fluid picture. The ADAS database [START_REF] Summers | Atomic data and analysis structure: user man-1526 ual[END_REF] provides the atomic data, namely ef-228 fective rate coefficients for ionization, recombination and charge exchange and relevant line emission. [59]. Neon and nitrogen are released into the SOL accord-248 ing to their main source locations. Stellarator-symmetry is used to reduce computational effort for this primary qual-250 itative assessment. A P rad scan has been performed with respect to the extrinsic radiators to mimic the systematic 252 enhancement of edge radiation by impurity seeding. This allows to investigate the impact on SOL parameters and 254 PWI within the modeling.

Effects of Ne seeding

256

A representative hydrogen plasma scenario with neon seeding is discussed in the following (experiment ID 258 #20180920.042). The time evolution of the main plasma parameters is shown in figure 3. A constant electron-260 cyclotron-resonance heating (ECRH) power of P ECRH = 4.0 MW in X2-mode was applied as shown in figure 3(a) 262 (black curve). The total radiated power P rad was measured with the bolometer and is shown in figure (3(a) (red 264 curve). The total heat flux P div = Σ j q div,j dA j to all divertors (blue curve) is based on IR measurements. The carbon and first measurements for the divertor campaign support this assumption [START_REF] Kubkowska | Plasma impurities ob-1542 served by a pulse height analysis diagnostic during the divertor campaign of the wendelstein 7-x stellarator[END_REF][START_REF] Zhang | First observation of a stable 1548 highly-dissipative divertor plasma regime on the Wendelstein W7-X stellarator[END_REF].
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For simplicity consider the injected power P ECRH as a reference scale for the power loss discussion in the following 344 (left axis in figure 3(a)). In response to the first Ne injection at t =5 s the radiated power enhances by ∆P rad ≈ It is a promising result that the divertor configuration allows for stable operation at high radiation losses.
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The total power loss fraction can be constrained by the power deposited on the divertor and the estima- First, there is a moderate intrinsic asymmetry between the top and bottom radiation which may be correlated 

488

The white dots represent the separatrix. The radiation is mostly retained in the SOL.

490

These results show that the impurity radiation features a complex 3D distribution which is sensitive to the plasma 3D modeling confirms the dissipative reduction of divertor heat fluxes treating Ne like a high recycling species. This is shown in figure 12(a-c) for three cases. In the first case, only power losses from intrinsic carbon are assumed.
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In the second case additional power losses of P rad,N e = 1.7 MW cause a significant reduction of the heat fluxes. For The flow behavior strongly determines the particle fluxes 664 and consequently the convective heat fluxes in the SOL:

Γ = nV || → q ,conv. = k B T nV || (9) 
The evolution of the island SOL flows is shown before 666 and after the Ne injections in figure 13(a-d). After the second and third Ne injection (7.5 s and 9.5 s) the mea-668 surement shows damping of the flows. Shortly after the fourth Ne injection (at t =11.3 s) the plasma becomes 670 unstable and the radiation moves inward resulting in the flows getting close to a complete standstill (figure 13(d)).

672

A representative measure of the ion flow velocity < v > has been obtained by averaging over a small domain within provide substantial evidence for a direct link between the particle convection into the divertor and its dependence 688 on the radiated power. perature T e,core (red) and the H 2 gas fueling rates (main gas system: green, divertor feedback-control: cyan). This feedback-control by divertor gas puff has been used in combination with (pre-programmed) N 2 seeding here for the first time to counter-balance density losses which happen otherwise as in the Ne seeded scenario discussed before.

The edge electron temperature at the LCFS (figure 15(c)) is initially 100 eV and shows a reduction in correlation with increasing P rad induced by continuous N 2 seeding in HM30. A minimum edge temperature of T e,edge ≈20-25 eV 732 was achieved before the seeding has been terminated. The core electron temperature of T e,core ≈ 2.6 keV is sustained (figure 15(b)). After the injection, the edge temperature recovers and reaches 75 eV before pre-programmed termi-736 nation of the discharge. Much lower temperatures have been observed close to the target. However, those are below the sensitivity of Thomson scattering.

The effective charge state Z ef f is shown in figure 15(d).

The effective charge state is Z ef f ≈1.2 at the beginning and suggests Z ef f ≈2.1 before termination of N 2 injections. A maximum concentration of c N 2 ≈2.5% in the core is estimated in this case. This suggests in turn that 744 less than 3.6% of the total number of particles injected accumulate in the core.

746

The total ion saturation currents J sat and divertor neutral pressures p div are shown in figure 15 ( s N 2 is released into the divertor continuously at the flow 764 rate mentioned above. In this case, the bolometer shows an almost linear increase of the total radiation. After 2 s 766 of continuous N 2 injection, the radiation is enhanced by 100%. At this point (t = 5 s) the flow rate is doubled by 768 opening a second gas valve (Γ N 2 ≈ 2 ➲ 10 20 molecules/s) for a further 2 seconds. The bolometer shows almost a 770 jump in P rad and then again a linear-like increase. After termination of the N 2 injection at (t = 7 s) the radiation 772 starts to decay immediately. First with a steep slope with an effective decay time constant of τ P rad ≈1.4 s, followed 774 by a subsequent slower decay with a higher time constant of τ P rad ≈4.5 s. The decay of P rad in response to long N 2 776 injection is slower than the typical fast decay of a few hundred milliseconds in response to relatively short nitrogen hances then also deeper in the confinement near the top island. However, it is weaker than the radiation front in 792 the bottom. After 7 s the seeding stops and the radiation decays until regular termination of the discharge. This in-794 dicates a stronger concentration of nitrogen line emission in the bottom island connected to the nearby source.
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The effect of seeding on the major intrinsic radiator is shown in figure 16 q div,max ≈5-6 MWm -2 and the ones on the vertical targets are only q div,max ≈2-2.5 MWm -2 . The latter show ear-884 lier detachment in response to N 2 seeding. Shortly after increasing the seeding rate the peak maxima completely 886 vanish on horizontal and vertical target corresponding to a complete detachment.
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The symmetric reduction of total heat fluxes on all divertors shows that N 2 seeding allows for a global reduc-890 tion of heat and particle fluxes and even detachment despite its lower recycling coefficient if seeded in a continuous 

938

The results suggest a reduction and recovery of the ion flow velocity in correlation with the evolution of the power 940 dissipation induced by N 2 seeding. The damping occurs in this scenario also while maintaining the upstream density 942 and is therefore induced by cooling of the plasma edge temperatures only. The flow damping is in correlation with 944 the measured reduction of J sat in the outer tail of the divertor particle fluxes and thereby also by q div,conv. . The 946 ion flow velocity V reduces globally and is correlated to a controlled heat flux detachment induced by N 2 seeding. 948

Discussion

It has been demonstrated that radiative power exhaust 950 can be controlled by impurity seeding with partially and fully recycling gases. This, in turn, enables controlling the 952 heat and particle fluxes, which is crucial for detachment control in future long-pulse and reactor relevant scenarios.

954

The results show that neon is reliable and effective to achieve a high and stable level of radiative power exhaust 956 and reduction of divertor heat fluxes. Its high recycling property allows despite the localized gas inlet for a sus-958 tained increase in edge radiation and a sustained detachment while overcoming any barriers resulting from the 3D 960 geometry of the independent magnetic island flux tubes. However, its high recycling coefficient and slow exhaust 962 can be an obstacle since radiative power control should also allow for a reduction of P rad . The assumption of high 964 recycling neon in the 3D modeling shows a uniform distribution of the radiative losses and results in a globally 966 symmetric reduction of the divertor heat fluxes similar to the experiment. Short N 2 puffs do not result in a sustained enhancement of N 2 line emission. Continuous N 2 injection allows 970 for a controlled enhancement of P rad allowing eventually a global transition to detachment and re-attachment after termination of the injection. The slower decay of P rad after long-pulse N 2 injection might be caused by a saturation of the carbon walls with N 2 resulting in a higher effective recycling coefficient. This enhanced recycling ef-976 fect is sufficient to overcome the barrier of the 3D island flux tube structure and achieve global radiative power ex-978 haust and detachment even by seeding through a localized source. The recycling and absorption behavior discussed 980 here are similar to the effects reported in past studies at tokamak devices such as JET [START_REF] Rapp | 1224 contributors to the EFDA-JET Workprogramme, ELM mitigation by nitrogen seeding in the JET gas box divertor[END_REF][START_REF] Maddison | Moderation of divertor heat 1618 loads by fuelling and impurity seeding in well-confined ELMy H-mode plasmas on JET[END_REF] and recent studies 982 at LHD [START_REF] Morisaki | Radiated power distributions in impurity-seeded plasmas 1504 in LHD[END_REF][START_REF] Tanaka | Toroidally symmet-1624 ric/asymmetric effect on the divertor flux due to neon/nitrogen seeding in lhd[END_REF].

The experiments at W7-X show that N Neon is a very efficient radiator, and short injections allow for significant and sustained enhancement of P rad 1052 with a decay time on the order of tens of seconds.

Nitrogen seeding features lower recycling and requires 1054 seeding in a continuous mode in order to establish significant enhancement of radiated power and detachment of 1056 divertor heat fluxes. P rad decays within less than a second for short pulses, but for several seconds in case of long and 1058 continuous injection. N 2 is, therefore, a promising candidate for radiated power control with a feedback system. seeding for tokamak power exhaust: from present devices via ITER to DEMO, Plasma Physics and Controlled Fusion 55 [START_REF] Lore | Measurement and modeling of magnetic configurations to 1190 mimic overload scenarios in the w7-x stellarator[END_REF] 
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 1 Figure 1: The geometry of the standard island divertor configuration. Full toroidal view on divertor modules and an open field line (red and blue) traced within the seeded island. Red and blue indicate the flow directions of main plasma and impurity ions.

Figure 2 :

 2 Figure 2: The geometry of the standard island divertor configuration. (a) Poincare plot of the vacuum boundary magnetic field (standard divertor configuration). (b) Target-to-target connection lengths L C .

100 are introduced in section 3 .

 3 The main effects of Ne and N 2 seeding on heat and particle fluxes are analyzed in sections 102 4 and 5. A final discussion and conclusions are provided in the sections 6 and 7.

104 2 .

 2 Impurity seeding in the standard island divertor configuration 106

  (a). The islands are intersected by divertor plates (back solid lines). The cross section represents the toroidal cross section with a divertor gas box. The open field line domain is shown in figure 2(b). The target-to-target connection lengths L C vary between O(1 km) at the separatrix, O(100 m) within the islands and 150 O(1 m)-O(10 m) in the far SOL and private flux region. The seeded impurities are released into the island cen-152 ter or island O-point. The solid black lines indicate the divertor targets and baffles on this poloidal plane. The gap between the top center and top left plate is the pumping gap used for the neutral exhaust. The plates on the bottom belong to a bottom divertor.
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 3 )-k(T e -T i ) + S ei where V || , κ e,i and k are the parallel plasma velocity, 190 the classical parallel electron/ion heat conductivity, and the equilibration coefficient. S p , S m , S ee and S ei are 192 the particle, momentum and energy sources associated with atomic and molecular processes, e.g., charge exchange 194 (CX) and ionization, which are calculated by EIRENE. S e,imp represents an energy loss term due to excita-196 tion and ionization of impurities described in a fluid approach within EMC3. The coefficients for anomalous par-198 ticle transport D ⊥ and anomalous electron and ion heat transport χ ⊥,e,i are free model parameters. Edge plasma 200 heating is defined by setting the electron and ion heating power across the inner simulation boundary. 202 Impurity sources and SOL impurity transport. Release of intrinsic and extrinsic impurities is modeled based on a simplified approach by setting an effective sputtering yield Y sputter to mimic recycling or chemical sputtering of impurities. The impurity fluxes are then proportional to the strengths and distributions of the local recycling fluxes Γ rec : Γ imp ≈ Γ imp = Y sputter Γ rec (5point source can be defined with a impurity flow rate in order to start the impurities at the seeding location. For 204 seeded impurities the total power loss P rad are used as a free parameter in this study and the impurity fluxes are 206 code outputs. Once the neutral impurities are released and ionized 208 their transport is modeled by a trace fluid approach. A simplified fluid momentum balance equation is solved and 210 the impurities impact the main plasma species only by ionization and excitation through a loss term in the energy 212 balance equation. The following continuity and momentum equations are solved:

230Assumptions.

  The standard island divertor configuration was implemented in EMC3-EIRENE to assess the 232 main features of radiative power exhaust by extrinsic impurities on plasma transport and plasma surface interac-234 tions for the typical plasma conditions realized. The heat and particle transport is considered for a scenario with an 236 input power of P = 4.0 MW and an upstream density of n up = 2.0 ➲ 10 19 m -3 fixed at the separatrix which was 238 obtained based on measurements with the helium beam diagnostic and Thomson scattering. D ⊥ = χ ⊥,e,i = 1.0 240 m 2 s -1 were assumed to achieve modeling results for the heat fluxes which are in a satisfying agreement. A sput-242 tering yield of Y sputter = 0.04 is used for carbon based on an estimation of the total intrinsic power losses and 244 the assumption that C is the dominant intrinsic impurity source. The carbon is also used as a probe for a synthetic 246 coherent imaging spectroscopy diagnostic in the following

Figure 3 :

 3 Figure 3: Time evolution of the scenario with Ne seeding (#20180920.042). (a) injected heating power (black) radiated power (red), power deposited on divertor (blue), Ne seeding rate from gas box in HM51 (magenta) (b) line integrated density (black), plasma stored energy W dia (blue), core electron temperature Te,core (red) from Thomson scattering (V8) near axis, H 2 fueling rates from main gas inlets (green and cyan), (c) Thomson scattering edge temperature (V8), (d) average effective charge state Z ef f , (e) neutral pressure (AEH-ports in HM30 and HM31) and local particle fluxes (Jsat in HM50 and HM51) at lower and upper divertor.

266 4 neon

 4 seeding rate is shown in magenta. Neon pulses were injected at t =5, 7, 9 and 11 s with a duration of 200 ms each at a flow rate of Γ N e ≈ 10 20 s -1 in the upper divertor gas box (M51). The scenario was terminated by radiative collapse after the fourth Ne injection when P rad approached P ECRH . The line integrated plasma density was set to n e dl ≈ 7 ➲ 10 19 m -2 and is depicted in figure (3(b) (black curve) together with the plasma stored energy W dia (blue curve) and the core electron temperature T e,core (red curve) obtained from Thomson scattering (V8). The density in this scenario was chosen based on previous reference discharges, showing that wall recycling 278 alone is sufficient to sustain an almost constant density level without the need for additional gas fueling. The feedback control of the primary gas injection system had to be set to a reduced density level after t ≈4.5 s in order to avoid perturbative hydrogen puffs covering the effects of Ne seeding. Without this measure taken impurity seeding 284 induced density changes had always resulted in feedback system induced, unwanted hydrogen fuelling puffs. The initial temperature is about 120 eV. The first Ne injection at 5 s shows no clear effect. The second Ne injection at 7 s 290 causes a drop to 75-80 eV, and the third injection reduces the temperature to 50 eV. This suggests that the cooling initially happened deeper in the SOL while the radiation zone tends to move further inwards with increasing inten-294 sity. The effects on SOL parameters within the island are better resolved by measurements with the Helium beam 296 diagnostic. The time evolution of electron densities and temperatures within the island in the bottom divertor re-298 gion (HM30) are shown in figure 4(a) and (b). The values represent a range of 1-2.5 cm above the horizontal 300 divertor plate in the island center. The density is initially n e ≈2-3 ➲ 10 19 m -3 and decreases after three Ne injections to 1-2 ➲ 10 19 m -3 , while the electron temperature drops from T e ≈24 eV to 12 eV. The SOL parameters show a stepwise response in correlation with the seeding scheme. The channels further upstream are neglected due to strong 306 scattering of the data. The absolute uncertainties of the temperature and density derived from a collisional radiative model are affected by the atomic data accuracy. A gross systematic uncertainty across the relevant parameter range of 10-30% is expected. However, this is a systematic uncertainty which does not affect relative measurements, which are considered here. Therefore, only actual measurement uncertainties in the spectroscopic measurements for this diagnostic are displayed. The Z ef f is shown in figure 3(d). It rises during the Ne injection from 1.2 to 2.2. This corresponds to maximum Ne concentration (after the last puff) in the core of c N e ≈1.3%. This can be related to a worst-case concentration of c N e ≈5% if all injected Ne particles would accumulate in the confinement region. The lower value obtained from Z ef f suggests that 75% of injected Ne particles are 322 retained in the SOL.

Figure 4 :

 4 Figure 4: Time evolution of (a) electron density ne and (b) electron temperature Te measured with the Helium beam diagnostic in the outermost four channels (distance to horizontal target d ≈1-2.5 cm) in HM30.

346 1 .

 1 0 MW to P rad ≈ 1.8 MW. The increase in radiation almost remains constant over 2 s until the next injection. 348 Each injection increases P rad stepwise. Moreover, P rad remains constant on the enhanced level during the seeding 350 cycles. It was demonstrated in various scenarios that P rad enhanced by Ne decays only very slowly over at least sev-352 eral tens of seconds. This indicates that neon features a relatively high recycling coefficient and will remain in the 354 plasma for a longer time. Three Ne pulses have enhanced 5 the total radiated power by ∆P rad ≈ 2.5 MW. After the 356 fourth injection, the radiated power fraction approaches the level of injected power, and a radiative collapse termi-358 nates the plasma. The radiative limit was exceeded after the release of N N e ≈ 8 ➲ 10 19 Ne particles into the plasma.

  360

364

  tion from the bolometer. After three Ne injections one may have achieved: 1 -Pdiv PECRH,inj. ≈70%≤ f rad ≤ 366 f rad,bolometer ≈95%. The bolometer has an error bar of ∆f rad ≈ ±10%. One question concerning the 3D mag-368 netic field geometry is how the general radiation features are composed in spatial terms. This will be considered in 370 the following.The spatial distribution of the total radiated power is 372 shown in figure5(a) for the horizontal bolometer camera. This camera measures at the triangular cross-section and 374 is due to its nearly up/down-symmetric view around the midplane best suited to resolve radiation asymmetries be-376 tween the top and bottom plasma edge (see also set up in figure 1 and sketch of lines of sight in 8(a))[61]. The 378 seeded island flux tubes pass the bolometer observation at the bottom.
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  with the higher particle fluxes measured in the bottom divertor. Higher fluxes to the neighboring bottom diver-384 tors may result in enhanced radiation in the bottom island due to higher sputtering and recycling of impurities com-386 pared to the upper divertors. This may also result in a stronger erosion and higher impurity fluxes into the is-388 land connected with the bottom divertor gas box (HM30) and which passes through the bottom of the bolometer 390 observation plane (figure 1). The sequence of Ne injections starting at 5 s enhances the edge radiation at the 392 top as well as at the bottom. The radiation is stronger at the bottom which is assumed to be in correlation with the 394 asymmetries mentioned above of the poloidal intrinsic radiation distribution. The radiating layer expands deeper 396 into the confinement after each injection. The radiation zone reaches the plasma center after the fourth neon in-398 jection and eventually results in a radiation collapse. The analysis of the composition and the 3D distribution 400 of radiation intensity is a non-trivial task in this complex 3D island SOL geometry. A first assessment is performed 402 in the following considering the primary extrinsic and intrinsic impurity sources. Divertor spectroscopy [62] allows 404 a view on the carbon line emission in the divertor during neon seeding. The observation is across the divertor 406 target at the neon injection location (HM51). The LCFS is located about 9-10 cm above the divertor target. The 408 time evolutions of CIII (465 nm) is shown in figure 5 (b). They represent the line emission integrated along the lines 410 of sight at different perpendicular distances above the hor-

Figure 5 :

 5 Figure 5: (a) Time evolution and vertical distribution of chordbrightness (composing the total radiated power P rad ) measured with the horizontal bolometer camera. (b) Carbon line emission in the HM51 divertor spectroscopy: CIII (465 nm).

Figure 6 :

 6 Figure 6: High efficiency XUV Overview Spectrometer (HEXOS)lines for (a) neon and (b) carbon.The line emission is measured at the mid plane (Z = 0) in the triangular symmetry plane.
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Figure 7 : 7 Figure 8 :

 778 Figure 7: 3D modeling distribution of intrinsic radiation (CIII) for (a) a scenario without seeding and (b) for a scenario with Ne seeding. The dashed lines indicate the observation domain of the bolometer (whole poloidal plane in the triangular cross section), HEXOS (mid plane in the triangular cross section) (φ = 36 • ) and the divertor spectroscopy (above the horizontal target at φ ≈ 12.3 • ). The separatrix at the triangular cross section is shown in green.

492state. 8 Figure 9 :

 89 figure 9(b) show a decrease of the CIII emission in the divertor and an increase of in the triangular plane (φ = 36 • ) 524

Figure 11 :

 11 Figure 11: (a) Total top divertor heat loads. Ne seeding is performed in the HM51 divertor (green). (b) Total bottom divertor heat loads. (c) Maximum heat fluxes on horizontal and vertical targets of bottom and top divertor HM20 and HM21.
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Figure 12 :

 12 Figure 12: 3D Modeling of divertor heat fluxes assuming (a) intrinsic carbon source only, (b) neon impurities sourced from the main recycling domain for medium (P rad,N e = 1.7 MW) and (c) high radiation (P rad,N e = 2.3 MW)

614(

  additional power losses of P rad,N e = 2.3 MW by Ne impurities a detached state similar to the experiment has been established. Effects of currents, plasma response and error fields which may modify the magnetic boundary and change the details of the heat flux distribution are not taken into account in 3D transport modeling at this point. 620 The reduction in particle flux also indicates a reduced recycling flux. Since no hydrogen gas fueling was per-622 formed during the seeding cycle the effect of a slight stepwise density decrease in response to each Ne injection was 624 measured. The time evolution of line integrated density n e dl and diamagnetic energy W dia figure 3(b) show a 626 total drop of 10-15% after the third Ne injection. At the same time the core electron temperature increases from 628 T e,core ≈ 3.7 keV to 4.6 keV. The temperature profile became more peaked due to the loss of particles from the 630 confinement region. The energy confinement time is estimated based on the nominal input power of 4 MW. It is τ E ≈ ∆Wdia PECRH ≈ 130 ms before Ne seeding and reduces after the third Ne injection to τ E ≈ 110 ms. 634 Additionally, a reduction in divertor neutral pressure depicted in figure 3(e) for a lower and upper divertor (black 636 and blue curve), was measured. The enhancement of the edge radiation induces degradation of line integrated den-638 sity, recycling flux, and neutral pressure. In particular, the pressure loss is not desirable because it means a reduced 640 neutral compression which is essential for particle exhaust. The reason for the loss of density and neutral pressure is 642 unclear at the moment. The reduction of parallel particle flow velocities might result in a more effective perpendicu-644 lar transport to the walls by anomalous diffusion. An analysis of this phenomenon is beyond the scope of this work. 646 In the N 2 seeding experiment discussed later, such particle losses have been compensated by feedback-controlled 648 divertor fueling.) Damping of counter-streaming SOL flows. The 650 SOL flow structures have been measured with the CIS diagnostic [48, 49] and are shown in figure 13. The camera 652 view is directed in the toroidal direction roughly tangential to the magnetic axis. The poloidally alternating red 654 and blue structures correspond to the counter streaming flows which are a characteristic feature of ι = 5 /5 island di-656 vertor scenarios (compare figure 1(a)). The measurement of these predicted counter streaming flows was recently re-658 ported and explained in further detail in [49]. They are driven by the parallel pressure gradients along the heli-660 cal open magnetic flux tubes within the islands. Particle flows are directed from the higher pressure upstream re-662 gion (LCFS) to the sinks downstream (divertor targets).

674

  one flow channel (compare black 100 × 100 pixel square in figure13(a). The time trace of this mean ion flow ve-676 locity is shown in figure13(e). Clear damping is shown in correlation to each Ne injection. The flow velocity drops 678 from < v >≈20 kms -1 to < v >≈6 kms -1 after three Ne injections still allowing for stable operation. This cor-680 responds to a velocity reduction of 70%. The time evolution of the velocity is correlated with the increase in 682 P rad . This global reduction of the SOL flows confirms that the convective part of the total heat loads is also re-684 duced. The reduction of SOL flows and the reduction of particle fluxes measured downstream by J sat (figure 3(e)) 686

Figure 13 :

 13 Figure 13: Ion velocity measurement by coherence imaging spectroscopy(CIS) (a) before neon injection, (4.5 s) (b) after two neon injections (7.5 s), (c) after three neon injections (9.5 s), (d) after four neon injections (11.3 s). (e) Time trace of average ion flow velocity |V | (average taken in domain of black square mark).

Figure 14 :

 14 Figure 14: 3D ion flow velocities V obtained from modeling: (a) without seeding. (The box represents rotated camera view from CIS.), (b) at high Ne radiation (∆P rad,N e = +2.3 MW).

708 5 .

 5 Effects of N 2 seeding Nitrogen seeding has been investigated for a scenario 710 at a higher density and heating power (experiment ID #20181016.023) and slightly changed island geometry (ad-712 ditional control coil currents I cc = 1 kA. The evolution of the main discharge parameters is shown in figure 15. The heating power is kept constant at P ECRH = 4.7 MW in O2-Mode and is shown with the total radiated power P rad 716 and the power deposited on the divertors P div in figure 15(a) (black, red and blue curves). The line integrated density is kept constant at n e dl ≈ 9 ➲ 10 19 m -2 by active feedback-controlled fueling through the divertor gas 720 box in HM51 as shown in figure 15(b) (black) together with the diamagnetic energy (blue), the core electron tem-

Figure 15 :

 15 Figure 15: Time evolution of scenario with N 2 seeding (#20181016.023). (a) injected heating power (black) radiated power (red), power deposited on divertor (blue), N 2 seeding rate from gas box in HM30 (magenta) (b) line average density (black) and plasma stored energy W dia (blue), core electron temperature Te,core (red) from Thomson scattering (V10) near axis, H 2 fueling rates from main gas inlets (green) and HM51 divertor gas box (cyan), (c) Thomson scattering edge temperature (at the separatrix, V10), (d) effective charge state Z ef f , (e) neutral pressure p div and local particle fluxes Jsat at lower (black) and upper (blue) divertor.

  e), respectively, 748 for lower (black) and upper divertor (blue). The center of the strike lines is rather off by 40 mm from the Langmuir 750 probe arrays in this configuration such that the J sat measures the outer tail of the ion flux distribution across the 752 horizontal target rather. Nitrogen seeding has been performed with the bottom gas box (half module 30) close to 754 the bolometer. Features of the 3D radiation distribution. The seed-756 ing scheme for N 2 injection is different from the Ne seeding scheme based on the experience from first experiments in 758 the limiter configuration [66] and first tests in the island divertor configuration. The flow rate of N 2 is Γ N 2 ≈ 10 20 760 molecules per second initially. At t =2 s a first short N 2 injection of 50 ms is performed. The bolometer shows almost 762 no response in the P rad (figure 15(a)). Starting at t =3 13

Figure 16 :

 16 Figure 16: (a) Time evolution and vertical distribution of chordbrightness (composing the total radiated power P rad ) measured with the horizontal Bolometer camera. (b) HM30 (N 2 seeding) divertor spectroscopy: CIII (465 nm).

Figure 17 :

 17 Figure 17: Overview spectrometer (HEXOS) lines for (a) nitrogen and (b) carbon. The line emission is measured at the midplane (Z = 0) in the triangular symmetry plane far away from the divertor.

14 Figure 18 :

 1418 Figure 18: Distribution of (a) total radiated power and (b) CIII(465 nm) obtained from 3D modeling at φ = 12.3 • in the divertor region for N 2 injection in the island center (∆P rad,N 2 = +1 MW). The white dots mark the position of the separatrix.

  8283D modeling of the seeding and transport of partially recycling gases is more sophisticated and beyond the scope 830 of this work due to heavy requirements to computational resources. A simplified approach based on the assumption of zero recycling and stellarator symmetry assumes a local N 2 source in all divertors. The total radiated power and CIII line emission is shown in figure18(a) and (b) in the divertor region. The radiation is concentrated in the island O-point and results in a strong local cooling. The cooling suppresses the CIII emission in the island center. This may recover the effect seen in the CIII emission obtained in the divertor spectroscopy in figure 16(b) in a first attempt. If the N 2 would be transported like a fully recycling gas a complete detachment of the CIII emission zone from the 842 divertor target is anticipated.Impact on divertor heat and particle fluxes. The total deposited power onto the divertors P div drops in correlation to the enhancement in P rad (figure15(a)). It shows first a linear decay and then a sudden steep drop when the N 2 flow rate is doubled. After termination of N 2 seeding the divertor load starts to recover as the radiated power drops. 850 A representative heat flux mapping is shown for the lower divertor in HM30 in figure 19. The mapping is shown 852 before, during and after the N 2 injection. A difference to the situation with Ne seeding is the asymmetric cooling 854 of horizontal and vertical targets. The strike line on the vertical target detaches first (4.7 s), while the strike line 856 on the horizontal target is sustained for a longer time and detaches at 6.5 s. After the seeding, the strike line on the 858 horizontal target re-attaches while the one on the vertical target remains detached until the end of the discharge (not 860 providing the time for complete re-attachment). This behavior indicates a more localized cooling and detachment in the divertor region compared to Ne. The reduction of heat fluxes and the detachment are less homogenous dur-864 ing a transient phase. Yet, a complete detachment of the

Figure 19 :

 19 Figure 19: Bottom diveror heat loads (HM30) before, during and after N 2 injection. Asymmetric cooling: the heat flux to the vertical target reduces first and does not recover after N 2 injection.

Figure 20 :

 20 Figure 20: (a) Top diveror heat loads. H 2 fueling is performed at the HM51 divertor (green). (b) Bottom divertor heat loads. N 2 seeding is performed in the HM30 divertor (yellow).

15 peak

 15 heat fluxes below q div = 0.5 MWm -2 was eventually 866 achieved on the parts of all divertor targets. The time evolution of the total heat loads P div,j to top 868 and bottom divertors are shown in figure 20(a) and (b). Each of the individual divertor load signals shows a re-870 duction in response to the radiative power losses induced by N 2 seeding. Noticeable asymmetries in the divertor 872 loads occur as offsets of ∆q div ≈0.1 MW between the top and bottom divertor heat loads. The bottom divertors 874 receive 25-30% more integrated heat fluxes than the top divertor. Smaller asymmetries in the heat load distribu-876 tion are mostly caused by the O2 heating scheme which tends to deposit more non-absorbed power on the divertor 878 in HM51. The maximum heat fluxes q div,max on horizontal and vertical targets of the bottom and top divertors in 880 HM30 and HM31 are shown in 20(c). The peak maxima on the horizontal targets (blue and yellow) are initially about 882

  892 mode. The relatively fast transport processes within the SOL may cause a saturation of the divertor targets with 894 nitrogen after a short time and enhance the effective recycling. This in turn results in a more global distribution 896 of the N 2 and causing cooling also in island flux tubes not connected to the source location. This is a promising 898 finding and shows that similar global radiative power exhaust with partially-recycling N 2 is feasible as in case with 900 high recycling gases such as Ne. The clear detachment and partial re-attachment after N 2 injection indicates the fea-902 sibility of use of this impurity species for potential control of edge radiation and detachment based on a feedback con-904 trol system [67, 68]. The divertor pressure shows a moderate and slow re-906 sponse of increase and eventually, a decrease during the high radiation phase after 5 s. The line averaged density 908 is maintained all the time (figure 15(b)) and is marginally overcompensated at the end of the discharge. The sudden 910 jump in P rad after 5 s results in a marginal reduction of energy confinement. The achievement of a divertor heat flux 912 detachment comes at the cost of a drop in diamagnetic energy of W dia ≈600 kJ by 13% at maximum radiation. The 914 energy confinement time (estimated based on the nominal input power) drops from its original value of τ E =133 ms 916 to a minimum of τ E =111 ms at maximum P rad . After termination of the N 2 injection at 7 s the divertor pressure,918and the energy confinement starts to recover and approach their original levels.
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Figure 21 :

 21 Figure 21: Ion velocity measurement by coherence imaging spectroscopy(CIS) (a) before nitrogen injection, (1.5 s) (b, c) during continues nitrogen injection (5.2, 6.5 s), (d) after termination of nitrogen injection (8.5 s). (e) Time trace of average ion flow velocity |V | (average taken in domain of black square mark).
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  the situation before boronisation where impurity seeding resulted in an density increase. The edge cooling and re-1000 lated reduction of parallel flows might result in a more effective outward directed diffusive transport yielding a 1002 loss of particles into some remote areas not covered by the measurements. However, these losses can be compen-1004 sated by density control as demonstrated in the N 2 seeding experiment in this work. 1006 Damping of the three-dimensional counter-streaming island flows was observed in response to radiative edge cool-1008 ing and most pronounced in case of high-level radiation with Ne and N 2 seeding. Recovery of the flows was mea-1010 sured after nitrogen injection. 3D modeling supports the statement that the counter streaming island flows are re-1012 duced in response to the mitigation of the pressure gradient. Strong edge radiation mitigates the flows in the SOL 1014 and thereby the particle fluxes and convective heat fluxes to the divertors. This is in correlation with the heat flux 1016 detachment observed on the divertors.3D modeling provides within the assumptions made an 1018 explanation of radiation asymmetries such as the simultaneous decrease and increase of CIII emission at different 1020 toroidal locations in response to neon seeding. At lower P rad , the radiation is concentrated in the divertor and may 1022 be underestimated substantially by the bolometer located far away from the impurity source region. The upstream 1024 shift of the radiating zone in case of increasing radiation level is accompanied by a toroidal shift of this zone away 1026 from the divertor towards the triangular cross sections. The toroidal deviation between divertor and bolometer 1028 plane radiation moderates according to 3D modeling for total radiative power f rad ≤60% to less than 10% (for 1030 Ne). A migration study of partially-recycling nitrogen is neglected at this point since it is more sophisticated and 1032 17 computationally expensive. These results are very promising and will support the 1034 development of methods for radiative power control and detachment based on an active feedback control system 1036 [67, 68]. These results are in particular promising in view of reliable mitigation of heat fluxes during future long pulse 1038 operation and in the absence of intrinsic light impurities when stepping towards a divertor based on reactor relevant 1040 materials [21, 22]. 7. Conclusions 1042 Controlled radiative power exhaust with impurity seeding has been demonstrated in the W7-X island divertor for 1044 the first time. The island divertor configuration allows for stable and 1046 sustained high radiation scenarios with impurity seeding and strongly reduced divertor heat loads in detachment for 1048 the price of a loss in energy confinement of ∆τ W ≥ -15 %. 1050

1060

  Both seeding gases allowed for global control of heat fluxes until detachment despite the use of only a single gas 1062 source and the 3D magnetic island flux tube structure in the presented scenarios. 1064 CIS measurements have confirmed the damping of the counter streaming SOL flows in response to seeding as 1066 predicted by 3D modeling. The main SOL flow damping matches with the measured reduction of the downstream 1068 particle fluxes estimated by ion saturation currents linked to a reduction of the convective divertor heat fluxes and 1070 the onset of detachment. Impurity seeding has to be supported by active density 1072 control in order to maintain density and neutral pressure. Divertor gas fueling is a promising technique for density 1074 fine control in support of impurity seeding. 3D modeling confirms and resolves the main effects of 1076 radiative power exhaust on plasma transport and plasmasurface interactions. It resolves in particular the toroidal 1078 asymmetry in the radiated power and thereby explains the miss-match between line emission measured in the divertor1080 region and at toroidal locations far away from the divertor. This toroidal asymmetry reduces in high radiation regimes 1082 (e.g. f rad ≥60% with Ne seeding). The demonstration of reliable heat flux control with im-1084 purity seeding is very promising concerning future detachment control in high-performance scenarios and future up-1086 grades towards a metal divertor. The results may motivate and inform the development of feedback controlled 1088 impurity seeding for machine safety and sustainment of detached operation. 1090 ment of Energy (DoE) under grant DE-SC0014210 and funding by the Department of Engineering Physics and of 1094 the College of Nuclear Engineering at the University of Wisconsin -Madison, USA. The publisher, by accepting 1096 the article for publication acknowledges, that the United States Government retains a non-exclusive, paid-up, irre-1098 vocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others to do 1100 so, for United States Government purposes. This work has been carried out within the framework of the EU-1102 ROfusion Consortium and has received funding from the Euratom research and training programme 2014-2018 and 1104 2019-2020 under grant agreement No 633053. The views and opinions expressed herein do not necessarily reflect 1106 those of the European Commission. The authors thank Dr. Kenneth Hammond and Hannes Damm for their valu-1108 able input. This research was performed using the computer resources and assistance of the UW-Madison Center 1110 For High Throughput Computing (CHTC) and the high performance computing system Draco of the Max-Planck-1112 Society at Rechenzentrum Garching (RZG).
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  2 allows for bet-

	984	
		ter control of the radiation level (increase or decrease) and
	986	in turn of the heat fluxes (detachment and re-attachment)
		while Ne should be used with care due to its slow pump-
	988	out and resulting residence times of an order of magnitude
		longer compared to N 2 . Estimates based on the Z ef f -
	990	measurements suggest maximum core impurity concentra-
		tions of c N e ≈3.6% and c N 2 ≈2.5% corresponding to a
	992	screening of 75% and 95% of the Ne and N 2 particles in-
		jected. This suggests that nitrogen causes less core dilu-
	994	tion despite a higher seeding rate (ratio of total number of
	996	impurity particles released into the SOL: NN2 NNe ≈15-20). Strong radiation enhancement by impurity seeding has
		caused a loss of density and neutral pressure in the ex-
		periments presented. This effect is opposite compared to
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