F Effenberg 
email: feffenbe@pppl.gov
  
A Bortolon 
  
H Frerichs 
  
B Grierson 
  
J D Lore 
  
T Abrams 
  
T E Evans 
  
Y Feng 
  
R Lunsford 
  
R Maingi 
  
A Nagy 
  
R Nazikian 
  
D Orlov 
  
J Ren 
  
D L Rudakov 
  
W R Wampler 
  
H Q Wang 
  
3D modeling of boron transport in DIII-D L-mode wall conditioning experiments

Keywords: 

DIII-D L-mode experiments with local boron powder injection for real-time wall conditioning have been interpreted for the first time with the 3D plasma edge transport Monte Carlo code EMC3-EIRENE. Local B sourcing in plasma scenarios with upstream densities 1.5 ⋅ 10 19 m -3 and 2.2 MW heating results in a nonaxisymmetric B distribution in the scrape-off layer (SOL) and on the divertor. The SOL frictional flows at high plasma density cause a strong inboard drag of injected impurities (≈ 90%), while lower background plasma densities tend to result in a more uniform distribution. The thermal forces prevent B deposition in the near SOL while the frictional force causes B fluxes to cover the divertor plasma-facing components in a region 7-10 cm beyond the strike line. Radiative dissipation occurs for B influxes above 1 ⋅ 10 20 s -1 and causes a moderate, non-axisymmetric reduction of the far SOL divertor heat fluxes. A comparison of top and midplane B injection shows no substantial difference in inboard vs. outboard asymmetries of the B distribution. On the other hand, erosion or recycling at the strike line may distribute the boron more uniformly in the SOL.

Introduction

Understanding the transport and deposition of impurities released locally in the scrape-off-layer is essential for a number of applications or relevance for next-step fusion devices, including ELM-mitigation and power dissipation [1][START_REF] Rapp | contributors to the EFDA-JET Workprogramme[END_REF][START_REF] Reinke | Proceedings of the 19th International Conference on Plasma-Surface Interactions in Controlled Fusion[END_REF][START_REF] Kallenbach | [END_REF][5][START_REF] Wang | Proceedings of the 22nd International Conference on Plasma Surface Interactions[END_REF][START_REF] Maingi | [END_REF][8][9][10]. This is particularly true for real-time wall conditioning (RTWC), a technique subject of recent experimental investigation in several tokamak devices [9,11]. Conventional wall conditioning (boronization) requires evaporation of toxic borane gases (e.g., B 2 D 6 , B 10 D 14 ) and interruption of operation, a major disadvantage concerning long-pulse steady-state reactor operation. Additionally, while this conventional technique efficiently conditions the main chamber walls, it is often less effective on divertor plasma-facing components (PFCs).

Recent advances in the study of RTWC were enabled by a versatile impurity powder dropper (IPD), designed and implemented in various machines [12], which permits to release of single or multi-species impurity powders into the SOL of fusion plasmas. The IPD can be used to inject impurities in a wide range of Z, in a non-gaseous state, including lithium, boron, boron nitride, and silicon. This work focuses on the injection of boron, the preferred material for real-time wall conditioning at DIII-D. Specifically, this study addresses the question of where the B atoms sourced in at the powder injection location are transported and deposited and how uniformly the localized impurity source can cover the main PFCs. These questions are of primary interest to evaluate the effectiveness of the technique to next-step devices such as ITER or W7-X. Due to the localization of the impurity source, the study of SOL impurity transport and wall deposition requires the use of three-dimensional models, such as those developed for stellarator research.

For this purpose, the coupled 3D plasma fluid and kinetic neutral edge transport Monte Carlo code EMC3-EIRENE is the appropriate https://doi.org/10.1016/j.nme.2021.100900 Received 29 October 2020; Accepted 3 January 2021 tool to address these fundamental questions [13,14]. The code can model the full torus transport of impurities and their response to the plasma background through radiative losses. EMC3-EIRENE has been widely used to analyze 3D effects in stellarator and tokamak configurations [15][16][17][START_REF] Lunt | the ASDEX Upgrade team[END_REF][START_REF] Kobayashi | the LHD experiment group[END_REF][20][21][22][START_REF] Effenberg | W7-X Team[END_REF].

In order to understand the mechanisms that lead to B wall coatings by B powder injection, it is necessary to link the deposition to transport. In this work, a number of EMC3-EIRENE simulations are used to accomplish the first step towards a self-consistent model that combines the two elements.

The baseline scenario for this study is taken from a sequence of recent impurity powder injection experiments conducted at DIII-D. During the experiments, B was released gravitationally at constant rates 1-10 mg/s for 1-3 s, at a toroidal angle of 𝜙 𝐼𝑃 𝐷 = 195 • [12], through a vertical aperture intersecting the closed small angle slot (SAS) divertor as indicated with the red arrow in Fig. 1. The gravitational force accelerates impurity powders downwards to 5-10 m/s before entering the SOL and undergoing ablation and ionization. Post-mortem analysis of removable witness samples in the DIII-D lower divertor, obtained with the use of the DiMES probes [START_REF] Rudakov | Proceedings of the 29th Symposium on Fusion Technology (SOFT-29)[END_REF] revealed B-rich deposition films with a clear striation pattern, potentially associated with localization of the source and/or uncompensated error fields [START_REF] Bortolon | [END_REF]. For this scenario, EMC3-EIRENE modeling is used to determine (i) the dominant B transport mechanisms in the SOL; (ii) the effect of the background plasma parameters (density) on the distribution of B fluxes and (iv) the role of radiative dissipation through B line emission. Furthermore, the questions of whether midplane injection and B layer erosion on divertor targets may affect the B flux distribution are also addressed.

In Section 2, the numerical scenario will be introduced. The 3D distribution of Boron in the SOL and on the divertor is analyzed in Sections 3, and 4, respectively. The main transport mechanisms and the effects on the plasma background are analyzed in Sections 5, and 4. The effects of sourcing from upstream midplane and downstream are considered in Section 7, and a final summary of the conclusions is provided in Section 8.

Implementation of the reference scenario in EMC3-EIRENE

The scenario (179894 at 3.500 s) considered for numerical modeling is a lower single null reversed B 𝑡 L-mode plasma on the DIII-D tokamak (𝑅 = 1.7 m, 𝑎 = 0.6 m) with neutral beam power 𝑃 𝑁𝐵 = 2.2 MW, 𝐵 𝑡𝑜𝑟 = 2 T, 𝑞 95 = 4.6 and a volume-averaged density of 𝑛 ≈ 3 ⋅ 10 19 m -3 . A 2D equilibrium has been reconstructed with the kinetic equilibrium reconstruction module kineticEFITtime in the OMFIT analysis framework [26]. Representative magnetic flux surfaces are shown in Fig. 1(a). The impurity injection has been modeled in most cases as a point source at 𝑅 = 148.4 cm and 𝑍 = 100.2 cm, but, as described below, impurity injection from the midplane (𝑅 = 227.2 cm, 𝑍 = 0 cm) was also considered. Lastly, B erosion from the divertor targets has been considered.

The equilibrium has been extended to a full-torus (360 • ) computational grid for dedicated 3D transport studies with the fully 3D coupled plasma fluid and kinetic edge transport Monte Carlo code EMC3-EIRENE. A reduced, 40 • -toroidal segment was used to investigate features that do not require the full toroidal resolution (e.g., inboard vs. outboard relative flux distributions for low B radiation or B erosion). EMC3 solves a set of reduced Braginskii fluid equations for particles, parallel momentum, and energies for electrons and ions [27]. EIRENE solves the kinetic transport equations for neutral atoms and molecules, including collisional processes [14]. It has to be noted that the present 3D model does not include ∇B and E×B drift effects. These drift effects may affect the flow structure and divertor fluxes according to 2D modeling [START_REF] Jaervinen | Proceedings of the 22nd International Conference on Plasma Surface Interactions[END_REF][START_REF] Kaveeva | [END_REF]. The impurity injection and impurity transport have been treated by the impurity trace fluid model in this study. The impurity source strength has been defined as a fixed influx rate 𝛤 𝐵 corresponding to experimental values (1 ⋅ 10 19 -1 ⋅ 10 20 s -1 ) or an effective sputtering yield 𝑌 𝐵 . Once the neutral impurities are released and ionized, their transport is modeled by the trace impurity fluid module. Here, a fluid momentum balance equation is solved, and the impurities impact the main plasma species by ionization and excitation through a loss term in the energy balance equation. The following continuity and momentum equations are solved:

∇ ∥ ⋅ (𝑛 𝑧 𝑉 𝑧∥ ) + ∇ ⟂ ⋅ (-𝐷 𝑖𝑚𝑝 ∇ ⟂ 𝑛 𝑧 ) = 𝑆 𝑧 (1) 0 = - 1 𝑛 𝑧 𝑑𝑝 𝑧 𝑑𝑠 + 𝑍𝑒𝐸 ∥ + 𝑚 𝑧 𝑉 ∥ -𝑉 𝑧∥ 𝜏 𝑧𝑖 +0.71𝑍 2 𝑑𝑇 𝑒 𝑑𝑠 + 2.6𝑍 2 𝑑𝑇 𝑖 𝑑𝑠 (2) = 𝐹 𝑃 + 𝐹 𝐸 + 𝐹 𝑓 𝑟 + 𝐹 𝑡ℎ,𝑒 + 𝐹 𝑡ℎ,𝑖
where 𝑆 𝑧 represents the impurity ionization source for charge state 𝑍, and 𝐷 𝑖𝑚𝑝 is the anomalous particle diffusivity. 15) is the collision time between impurities and background main ions [START_REF] Stangeby | The Plasma Boundary of Magnetic Fusion Devices[END_REF].

𝜏 𝑧𝑖 = 1.47⋅10 13 𝑚 𝑧 (𝑇 3 𝑖 ∕𝑚 𝑖 ) 0.5 (1+𝑚𝑖∕𝑚 𝑧 )𝑛 𝑖 𝑍 2 𝑙𝑛𝛬 (𝑙𝑛𝛬 ≈
The terms in Eq. ( 2) correspond to 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. The impurity ion temperatures are assumed to be equal to the background main ion temperature (𝑇 𝑧 = 𝑇 𝑖 ).

The impurity force balance in Eq. ( 2) can in a steady-state be directly expressed by the resulting parallel impurity flow velocity:

𝑉 𝑧∥ = 𝑉 ∥ + 𝜏 𝑧𝑖 𝑍 2 𝑚 𝑧 ( 0.71 𝑑𝑇 𝑒 𝑑𝑠 + 2.6 𝑑𝑇 𝑖 𝑑𝑠 ) + 𝜏 𝑧𝑖 𝑍𝑒 𝑚 𝑧 𝐸 ∥ - 𝜏 𝑧𝑖 𝑛 𝑧 𝑚 𝑧 𝑑𝑇 𝑖 𝑑𝑠 𝑛 𝑧 (3)
The electrostatic force and pressure force can be neglected in most plasma edge scenarios [15]. This simplifies Eq. ( 3) with 𝜏 𝑧𝑖 ∝ 𝑍 -2 to a force balance that is determined by the friction and ion thermal forces only and that is not dependent on the charge state 𝑍 anymore:

𝑉 𝑧∥ ≈ 𝑉 ∥ -𝛼 𝑑𝑇 𝑖 𝑑𝑠 = 𝑉 𝑓 𝑟 -𝑉 𝑖-𝑡ℎ (4)
with the flows 𝑉 𝑓 𝑟 and 𝑉 𝑖-𝑡ℎ induced by 𝐹 𝑓 𝑟 and 𝐹 𝑖-𝑡ℎ , respectively. A 1D core transport model [27] is used to model further ionization of impurities inside the core plasma based on a prescribed density and temperature profiles obtained from the experiment.

While the field geometry is axis-symmetric in this model, the impurity ion traces break the 2D symmetry. A typical example of the 3D non-axisymmetric total B density 𝑛 𝐵 = 𝛴 𝑍 𝑛 𝐵+𝑍 is shown in Fig. 1(b). The highest B concentration follows a spiral-like trace from the source down to the divertor. The transport of boron will be discussed in more detail in the following section.

Non-axisymmetric boron flux distribution

As a starting point, the plasma and neutral transport have been calculated for the reference scenario without impurity injection. An upstream density of 𝑛 𝑢𝑝 ≈ 1.5 ⋅ 10 19 m -3 was set based on measurements with Thomson Scattering. The anomalous particle and heat cross-field transport in the plasma edge was prescribed by 𝐷 ⟂ = 0.33 m 2 s -1 and 𝜒 ⟂ = 1.0 m 2 s -1 . Boron impurities are released with an influx rate of 𝛤 𝐵 = 10 19 -10 20 s -1 . The B cross-field particle diffusivity is the same as the one of the main ion species (𝐷 𝐵,⟂ = 0.33 m 2 s -1 ), and no recycling is assumed. The source distribution (neutral B density) is shown in Fig. 2(a). The complete set of ionization stages is shown in Fig. 2(b-f) for B +1 -B +5 . The distribution shows higher concentrations in the SOL for the three lower charge states, which have ionization energies in the range 8-38 eV. For smaller B injections, which may not change the SOL temperatures significantly, the plasma distribution shows the highest Boron concentration at the high field side. The source locations and parameters have been varied to investigate the effect on the distribution and the deposition. Vertical displacements of the B source (corresponding to deeper penetration of B particles) and changes of the source energy (covering a range of 0.1 -100 eV) or distribution function (point source vs. beam source) do not result in substantial changes of this B flux distribution. Dissipation through radiative losses may also affect the transport properties, but typically with second-order effects. Overall, the simulations show that typically 90% of the total B flux reaching the inboard target.

3D deposition of boron on the divertor PFCs

In general, parallel plasma flows drive the impurities down to the targets, whereas anomalous cross-field transport broadens the impurity distribution in the plasma edge and eventually on the targets. A mapping of the total boron impurity fluxes 𝛤 𝐵 ≈ 𝛴 𝑍 𝑛 𝐵+𝑍 𝑉 𝐵+𝑍,∥ onto the inner and outer target is shown in Fig. 3(a,b) in a 𝜙 𝑡𝑜𝑟 -𝑍-, and a 𝜙 𝑡𝑜𝑟 -𝑅-mapping, respectively. The 3D modeling results show that most (> 90%) of the B flux goes to the inner target (Fig. 3(a)). This primarily inboard-directed SOL impurity flux has also been found during former experiments with toroidally symmetric methane ( 13 CH 4 ) gas injection [START_REF] Allen | [END_REF][32][33]. The B deposition zone starts about 7 cm beyond the strike line and covers approximately 10 cm in the far SOL (the strike line at 𝑅 = 142 cm is shown as a dashed line). The radially and toroidally non-uniform patterns are found, with the radial location of the peak B flux varying diagonally across the targets. These nonaxisymmetric deposition patterns in an otherwise symmetric plasma result from the localization of the source mediated by the competing mechanisms of cross-field ionization and diffusive transport, and fast parallel transport.

The position of the DiMES probe is marked by a circle (Fig. 3(b)). In this scenario, it happens that the DiMES probe would be exposed only to the radially innermost tail of the initial B flux. A 1D perpendicular B flux profile at the toroidal DiMES location (marked by the circle in the 2D mapping) is shown in Fig. 3(c) for inner (solid line) and outer (dashed line) divertor. The DiMES radial location is 𝑅 𝐷𝑖𝑀𝐸𝑆 = 147-152 cm, and approximately half of the primary peak overlaps with the DiMES surface. The large scale striation in the modeling does not explain the experimentally observed small scale striations on the DiMES probe, which might be associated with intrinsic error fields. The ratio between inner and outer divertor total B fluxes varies by 1-2 orders of magnitude and also shows a strong variation in toroidal direction on the outer target. The near SOL region (first few centimeters beyond strike line) remains weakly exposed to the B flux.

In this study, it is assumed that the B surface deposition rate during an injection is represented by the local divertor fluxes to the targets. In particular, the effects of recycling, erosion, and further migration are neglected. While this allows a straightforward interpretation of the results, the accuracy of the prediction is limited to locations that are several plasma decay lengths into the SOL, where recycling and erosion play a marginal role.

The aforementioned dependence of the boron flux distribution on the radial B source location has been investigated by shifting the source location in the vertical direction between 𝑍 = 95.2 -107.2 cm. The main features of the B flux distribution remain qualitatively the same. A radial inward shift of the impurity source appears to decrease the flux to the targets. The causes of this insensitivity are the SOL impurity forces discussed in the following. 

Role of frictional flow on B deposition location

The impurity transport was analyzed for different plasma densities to understand the effect of the dominant forces on the B flux distributions. The leading components of Eq. ( 4) and their difference are shown in Fig. 4(a-c) for the default density scenario. The frictional flow velocity 𝑉 ∥,𝑓 𝑟 shown in Fig. 4(a) is mostly directed to the targets and counter-directed in the parallel direction (positive vs. negative sign). The distribution of the ion-thermal force flow component 𝑉 ∥,𝑖𝑡ℎ is shown in Fig. 4(b). It has opposite signs with respect to the frictional flow and is strong close to the separatrix. The difference of these two flow components 𝑉 ∥,𝑓 𝑟 -𝑉 ∥,𝑖𝑡ℎ is shown in Fig. 4(c) and reveals the dominance of 𝑉 ∥,𝑖𝑡ℎ in the near SOL and of 𝑉 ∥,𝑓 𝑟 in the far SOL. This analysis of the leading parallel impurity force terms shows that the ion thermal force 𝐹 𝑡ℎ,𝑖 dominates in the hot SOL close to the separatrix. In contrast, the frictional force 𝐹 𝑓 𝑟 is strong in the far and remote SOL (see Eq. ( 3)). Impurities in the near SOL region are driven to the upstream by the ion thermal force. When they accumulate upstream, they may enter the confinement region and dilute the core plasma. At the same time, they also diffuse outwards into the far SOL. Impurities sourced or diffusing into the far SOL are subject to the frictional flows and dragged to the divertor. The frictional flows thereby provide a major screening mechanism preventing core impurity accumulation and cause the deposition on the divertor wetted by the far SOL. The ion thermal force, however, prevents deposition in the vicinity of the strike lines. The balance of these competing forces is what determines the radial B flux distribution in Fig. 3.

These two force components governing the B fluxes cannot be controlled directly. However, changes in the background density affect the collisionality and transport and thereby the relative strengths and distributions of the impurity forces. Fig. 4 (d-e) shows the total B density distributions resulting from varying the plasma background density in the range of 1.0-2.0⋅10 19 m -3 . A Lower main species density reduces the frictional flows and initial ionization resulting in a more even distribution of B fluxes onto the high field and low field side PFCs (Fig. 4(d)). Conversely, higher densities enhance the friction force and initial ionization, which causes a stronger accumulation on the inboard side Fig. 4(f)). These results suggest that lower collisionality favors a more uniform B distribution in the SOL and between the inboard and outboard divertor targets.

3D radiative cooling effects on divertor fluxes

In general, any B concentration is accompanied by an amount of radiative losses 𝑃 𝑟𝑎𝑑,𝐵 ∝ 𝛴 𝑍 𝐿 𝑍 𝑛 𝑒 𝑛 𝐵+𝑍 , typically associated with The distribution of the electron temperature in the divertor region is shown for cases with medium and relatively high influx rate of 𝛤 𝐵 = 10 20 and 10 21 s -1 in Fig. 5(a) and (b), respectively. The radiative cooling affects mostly the temperature distribution in the far SOL, as it is clearly evident for 𝑇 𝑒 in Fig. 5(b). The divertor heat flux distributions depicted in Fig. 5(c) and (d) show a reduction in the outer tails of the outer divertor heat fluxes but not at the strike line position. The distribution of radiative losses follows the distribution of B fluxes. Similar nonaxisymmetric cooling effects on the divertor fluxes were also found in a 3D modeling study of Alcator C-Mod H-mode plasmas with strong nitrogen seeding [34]. A detailed assessment of these cooling effects is beyond the main scope and purpose. Nevertheless, these effects show that high B influx rates can have a non-axisymmetric perturbative response on the plasma background. Therefore, B might be considered as a means to induce momentum losses in future experiments.

Other sources: midplane injection and erosion

The effects of substantial changes in the B source location on the B distribution have been investigated. Midplane injection has been considered as an alternative to the top injection for future experiments. For this purpose, an atomic B point source has been defined at 𝑅 = 227.2 cm and 𝑍 = 0.0 cm. The qualitative features of the resulting B density distribution shown in Fig. 6(a) are very similar to the ones obtained with the top injection. Despite B being released on the outboard side, most flux is dragged to the inboard side. This result suggests that the A substantial change in the B distribution is found if B is sourced at the strike lines through erosion (corresponding to a uniform B coating prior to plasma exposure). A sputtering yield of 𝑌 𝐵 = 2% is assumed resulting in a total B influx of 𝛤 𝐵 ≈ 6 ⋅ 10 19 s -1 . The distribution depicted in Fig. 6(b) shows a much more uniform distribution and strong upstream accumulation of B. The maximum B erosion occurs at the strike line locations causing a B density distribution, which decays strongly in the far SOL. The ion-thermal force enhances the upstream drag and accumulation in the near SOL. At the same time, diffusive cross-field transport drives B outwards into the far SOL, which is dominated by frictional flows. This suggests that B re-erosion has the effect of re-distributing B impurities more uniformly between the inner and outer targets, which is beneficial for RTWC applications.

Summary and conclusions

A first assessment of local impurity injection for wall-conditioning Lmode experiments has been conducted with EMC3-EIRENE simulations. The local injection of atomic boron results in a non-axisymmetric B distribution in the SOL and the divertor.

The far SOL transport largely determines the initial distribution of locally seeded impurities. The ion thermal force drives boron upstream and prevents initial deposition close to the strike line. The frictional flows in the far SOL drag the impurities to the divertor and determine the deposition profile.

The results show that the distribution of B can be controlled by appropriately tailoring the density of the plasma. The boron density and divertor fluxes show a more even distribution in case of lower collisionality. In contrast, higher densities cause a more localized concentration of B and enhanced drag to the inboard side (≥ 90% of 𝛤 𝐵 in the scenarios considered).

The radial cross-field distribution is only marginally sensitive to a vertical displacement of the source location. The primary deposition occurs in the region 𝑅 -𝑅 𝑠𝑒𝑝 = 7-10 cm several plasma decay lengths beyond the main erosion zone (strike line location) on the inner and outer divertor target. The deposition pattern does, however, not explain (potentially error field related) small scale striation patterns found on DiMES in the experiment.

Isotropic boron radiation occurs in the far SOL and can substantially modify the 3D electron temperature distribution. The divertor heat and particle flux tails also show a non-axisymmetric decrease in response to the enhanced dissipation.

Variation of the source location in the upstream region does not substantially affect the B distribution for the default density scenario. In contrast, B sourcing at the strike line results in a relatively uniform distribution of the B, suggesting that erosion and recycling are crucial for even coverage of the main plasma wetted areas.

Under the assumptions of a local impurity source, no recycling, and no erosion, the modeling suggests that the B fluxes might not reach the near SOL and even leave toroidal gaps in the far SOL coatings. However, the assumption of a single source will have to be extended to multiple source locations due to macroscopic particle (dust-like) transport. Here, coupling of EMC3-EIRENE with the DUSTT code [35] is a promising next step to add the complexity of particle migration, eventually introducing the distribution of various local impurity sources in powder-dropping experiments. Furthermore, the effects of recycling and re-erosion should be considered to be conclusive about the final deposition resulting from real-time wall conditioning in current fusion device experiments.
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 1 Fig. 1. (a) The lower single Null magnetic equilibrium used during real-time wall conditioning experiments. Boron has been injected with the Impurity Powder Dropper (IPD) through the small angle slot (SAS) divertor (red arrow). The DiMES probe (also pictured) was used to characterize deposited B layers in the lower divertor. (b) Example 3D distribution of total Boron density 𝑛 𝐵 = 𝛴 𝑍 𝑛 𝐵+𝑍 in the SOL calculated with EMC3-EIRENE.

Fig. 2 .

 2 Fig. 2. Densities of (a) neutral Boron 𝐵 0 and (b-f) ionized Boron 𝐵 +1 -𝐵 +5 at the toroidal injection location (195 • ).

Fig. 3 .

 3 Fig. 3. (a) Mapping of Boron impurity fluxes 𝛤 𝐵 on the inner/vertical target. (b) Mapping of Boron impurity fluxes 𝛤 𝐵 on the outer/horizontal divertor. The horizontal dashed lines indicate the separatrix position. (c) Sample profiles of the fluxes taken at 145 • (DiMES position) on the inner and outer divertor.

Fig. 4 .

 4 Fig. 4. (a) Parallel impurity velocity associated with the ion thermal gradient force 𝑉 ∥,𝑖𝑡ℎ . (b) Parallel impurity velocity associated with the friction force 𝑉 ∥,𝑓 𝑟 . (c) Difference between 𝑉 ∥,𝑖𝑡ℎ and 𝑉 ∥,𝑓 𝑟 . (d) Boron density for low (e) medium and high (f) upstream density.

Fig. 5 .

 5 Fig. 5. (a) Cooling effects on electron temperature distribution for medium B influx. (b) Cooling effects on electron temperature distribution for high B influx. (c) Cooling effects on outer divertor heat flux for medium B influx. (d) Cooling effects on outer divertor heat flux for high B influx.

Fig. 6 .

 6 Fig. 6. Total boron density for (a) B midplane injection, and (b) B erosion from targets. The red arrows mark the source locations.
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