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Abstract.

Experiments at JET showed enhanced, asymmetric beryllium (Be) erosion at outer
wall limiters when magnetically connected ICRH antennas were in operation. A
first modeling effort using the ERO code reproduced qualitatively the experimental
outcome. However, local plasma parameters — in particular when 3D distributions are
of interest — can be difficult to determine from available diagnostics and so erosion
/ impurity transport modeling input relies on output from other codes and simplified
models, increasing uncertainties in the outcome. In the present contribution, we
introduce and evaluate the impact of improved models, as well as further parameters
with largest uncertainties, on erosion and emission simulated by ERO: (i) The magnetic
geometry, which defines both the LCFS position (thus the background plasma profiles)
and connection lengths between components, the latter leading to shadowing of ion
fluxes, has been revised; (ii) Anomalous motion of ionized impurities, defined by
the perpendicular diffusion coefficient, has been revisited; (iii) Erosion yields that
account for energy and angular distributions of background plasma ions under the
present oblique magnetic field configuration and enhanced sheath potential, have been
introduced; (iv) The effect of additional erosion sources, such as charge-exchange
neutral fluxes, which are dominant in recessed areas like antennas, has been evaluated;
(v) Chemically assisted release of Be in molecular form has been included. The

*See the author list of ”Overview of the JET results in support to ITER” by X. Litaudon et al. to
be published in Nucl. Fusion Special issue: overview and summary reports from the 26th FEC (Kyoto,
Japan, 17-22 Oct 2016)
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sensitivity analysis highlights a qualitative effect (i.e., change in emission patterns) of
magnetic shadowing, anomalous diffusion, and inclusion of neutral fluxes and molecular
release of Be. The LCFS location, and energy and angular distribution of background
plasma fluxes impact erosion quantitatively. ERO simulations including all features
described above match experimentally measured Be I and Be II signals. However,
increases in erosion with variation of ICRH antenna’s RF power are not fully captured
by ERO’s emission measurements, as most contributions from plasma wetted surfaces
fall outside the volume observed by sightlines.

1. Introduction

Plasma surface interactions (PSI) may lead to a wide range of plasma facing component
degrading effects, such as surface erosion, consequent re- or co-deposition with fuel and
plasma contamination. In the main wall of a tokamak, which in the JET ITER-Like
Wall (JET-ILW) is made of beryllium (Be), PSIs are most intense on limiter surfaces.
Further, use of RF antennas has been linked with enhanced erosion of plasma facing
components, such as in recently observed increase in Be erosion of outer-wall limiters
(OWL) of JET when ion-cyclotron resonant heating (ICRH) antennas were used [1].
Analysis of these experiments concluded that enhanced and asymmetric Be emission
was observed when the magnetically connected antenna was switched on, compared to
when any other or no antennas were used: 2-3 times higher emission was measured by the
sightline pointing at the neighboring antenna, compared to that looking at the limiter
side. Both sightlines observed a factor of 2-3 higher emission with antenna toggling.
Increases in surface erosion were attributed to perturbations in the sheath caused by
the electric field of the magnetically connected antenna [2].

Surface erosion and consequent localized impurity production, resulting from RF-
sheath formations (via magnetic connection) at locations distant from the powered
antenna have been long predicted [3], although experimental observations of such
localized sources have been scarce. For instance, using poloidally-resolved spectroscopic
measurements of both a neutral tungsten line (W I) and deuterium Balmer-alpha (D,,)
on the lateral protection limiters of two, toroidally-separated antennas, the effective
yield for W sputtering was estimated in ASDEX-Upgrade (AUG) [4]. By alternate
powering of each of the antennas, poloidally asymmetric, RF sheath-enhanced W sources
were shown and thus characterized for both local and remote (by magnetic connection)
manifestation of these effects. Another important outcome of this AUG study was that
it clearly documented RF sheath-induced erosion on the leading edge of the limiter (for
both the local and the remote antenna) as opposed to the recessed antenna structures,
including the straps and Faraday screen. Also, in an earlier study on Alcator C-mod, an
observed toroidal asymmetry in the erosion of the boronization layer (on the top of the
outboard divertor) was used, specifically during ICRH heated plasmas, to show that the
locally-enhanced erosion regions could be traced back to the active ICRH antenna along
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magnetic fieldlines [5]. A similar effect was suspected to be a potential source of the
increased W plasma content when ICRH is on in JET-ILW [6]. However, such ICRH-
enhanced W sources in JET have so far not been located during dedicated discharges [6]
and the search for such (still) missing sources has continued in the background of
more recent JET-ILW experiments. Thus, in the JET case addressed here, this ability
to directly detect enhanced, edge Be line emission at limiter locations magnetically
connected to distant ICRH antennas in an ILW environment, coupled with substantial
recent improvements in the determination of sputter yield coefficients for Be specific to
this same environment [7, 8, 9], provides a unique opportunity to quantify this erosion
process. Furthermore, the fact that ITER will operate with ICRH antennas in similar
wall environment, makes this study of great interest, in particular in terms of the impact
of this localized erosion on the lifetime of water-cooled Be PFCs.

A first effort to model enhanced Be erosion by ICRH antennas in the JET-ILW
was performed using the ERO code, where the sheath rectification was represented by
an additional biasing voltage [10]. The modeling outcome was in qualitative agreement
with experiments: a 2-3 fold in Be erosion was observed with increasing biasing and the
Be II emission asymmetry was reproduced.

However, not all parameters used in modeling of surface erosion and impurity
transport can be determined experimentally or calculated from first principles.
Therefore, these values are provided by other codes or simplified models, increasing
uncertainties in the input and thus, output (erosion, emission, re-deposition, etc.).
Sensitivity tests of these ’estimates’ allow gaining insight on the processes involved,
evaluate the impact of each process in the output and help finding sets of values that best
reproduce experiments. This exercise also allows to identify key fields where advances
would reduce uncertainties most, improving future modeling and gaining confidence in
predictive capabilities.

In the present study, simplified models implemented in ERO have been revisited
for inputs more consistent with assumptions made when reconstructing the background
plasma, and to account in greater detail for the surface description provided by materials’
modeling codes. Further physical processes estimated to impact erosion have also been
implemented. Sensitivity tests over these models have allowed to evaluate their effect
and validity. The same approach has also been applied to testing input parameters
with largest uncertainties in the initial ERO study of enhanced Be erosion [10]. For
instance, the accuracy of the magnetic configuration has been revisited by looking at
the position of the separatrix, as well as connection lengths that vary across the surface.
The latter parameter directly relates the perpendicular diffusion coefficient and magnetic
shadowing of the density (i.e., faster decay in areas of shorter connection length) [11, 12].
Background plasma ion impact energy and angles, which determine the sputtering yield,
are also affected by the magnetic configuration and related sheath structure. Energy
and angular distributions calculated analytically for the present geometry have been
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introduced in ERO for better estimates of gross erosion. Further, the impact of adding
further erosion sources, such as fluxes of neutrals energized through charge-exchange
processes, has been evaluated. This process is estimated to be the dominant source in
shadowed (i.e., not plasma exposed) surfaces, such as the all-Be Faraday shields of the
studied JET (type-”A2”) antennas [13], which are radially out from the tangency point
of the OWL’s. Finally, we evaluated the impact of molecular processes in the model
used for Be erosion.

The manuscript is structured as follows: the set-up of experiments, ERO simula-
tions and the case used as reference for sensitivity tests, are described in Section 2. The
implementation and effect of each parameter tested, and model introduced or improved,
are presented in Section 3.1. The combined effect of all features and exploration of the
complete model for comparison with experiments, are discussed in Section 3.2. Finally,
the main outcome of this work is summarized and steps towards reducing uncertainties
in future impurity modeling are suggested.

2. Method

2.1. Ezxperiments

Two L-mode pulses were run at JET to study enhanced Be erosion due to magnetically
connected ICRH antennas. Beryllium emission near the OWL located to the left —
looking from the surface towards the plasma center — of JET antenna-D was monitored:
Be II (467.4 nm) during JET pulse number (JPN) 81172 and Be I (457.3 nm) in JPN-
81173. Two sightlines were used to observe Be emission: D14 pointing to the neighboring
antenna side of the limiter, and D12 looking at the limiter side away from antenna
D. In each plasma pulse, three antennas were switched ON-and-OFF, one at a time:
antenna-D, adjacent or 'neighboring’ to the monitored limiter; antenna-C, magnetically
connected to the limiter, also referred to as 'remote antenna’ in what follows; and
antenna ’A+B’, located ’far’ from the limiter, preventing any interaction with it. Further

experimental details, such as limiter and antennas’ location and geometry, have been
described by Klepper et al. in Refs. [1, 10].

2.2. ERO modeling

The 3D Monte Carlo code ERO [14] has been used in the present exercise. This ERO
version was first built for modeling of ITER blanket modules [15], then modified and
extensively used to study erosion of JET inner-wall limiters [7] and recently further
adjusted to include the outer wall mid-plane geometry [10]. Here, we build on the latter
ERO version by targeting most uncertain input parameters and introducing a number
of physical effects which, although relevant for the case in hand, were earlier neglected.
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In ERO simulations, impurities eroded by the background plasma are followed until
leaving the simulated volume or deposited on the surface. Particles eroded by the traced
impurities are not followed in the present case. This is well justified by the negligible
re-deposition of and re-erosion by traced particles in comparison to the primary erosion
source: a background plasma representative of L-mode discharges, composed mainly of D
ions and with a low Be concentration. The simulated volume was of 900 x 620 x 230mm?
in the toroidal, poloidal and radial direction, respectively, including an OWL and part
of the neighboring antenna D (Fig.1). The surface is divided into a grid of 100 x 50
points in the toroidal and poloidal direction, respectively. Synthetic diagnostics included
three sightlines: two (D12 and D14) located as in experiments (see Section 2.1) and
an additional chord (D13) located in between, which was unused in JPN 81172-73
and therefore dismissed during our analysis. The geometry of each sightline was
approximated by a cylinder of 35 mm in radius, which starts at the light collection optics
port and ends where the sightline intercepts the limiter or antenna D’s surface, with
the thus projected spots being determined via backlighting of the optical path ahead
of each experimental campaign. This spatial calibration of the sightlines is part of the
standard procedure for JET’s core charge exchange spectroscopy (CXRS) diagnostic,
from whose sightlines were used for this experiment, as previously discussed [1, 10]. A
2D projection of the D12—D14 sighlines is plotted in all Be emission figures shown in this
article, Figs. 3, 6 and 7 (only a line is shown for D13, as it is unused in our analysis).
Background plasma parameters, i.e., electron density (n.), electron temperature (7;)
and ion temperature (7;) were provided by EDGE2D-Eirene simulations [16, 17]. These
simulations were carried out for JPN 81472, which was run in a similar magnetic
configuration as JPN 81172-73 (differences between these two pulses are discussed
in Section 3.1.1). As the EDGE2D limiting surface is the lower outer baffle in JET,
leaving a gap between the outermost grid cell and the walls surface, these profiles have
been extrapolated to the ERO surface following an exponential decay. The method is
described in detail in [18]. Two different scenarios were modeled by EDEGE2D-Eirene,
assuming low and high recycling at the divertor (LR and HR, respectively). These
assumptions lead to a 2-fold higher n, and 1.5 times lower 7; in the latter case. The
difference in T, was negligible and an opposite flow direction was noticed. Only physical
sputtering of Be is considered, although a fraction of the eroded Be can be emitted in
molecular form (Section 3.1.6). The Eckstein 2007 model (Ref. [19], with corrections
from [20]) was used to calculate the sputtering yields, both for erosion by the background
plasma, as well as by traced particles. Ten computational particles are emitted from
each surface cell — representing erosion by the background plasma — for all sensitivity
tests (Section 3.1), and 100 particles/cell for simulations using the complete model and
comparison to experiments (Section 3.2). Further details on the ERO version used, as
well as the simulation set-up, are provided in Ref. [10] and references therein.
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Figure 1: 3D image of the geometry used in ERO, including the outer wall limiter (front)
and part of the neighboring antenna D (back) surface, with poloidal and toroidal electron
density profiles overlaid, decaying from the LCFS (orange) towards the wall (blue). All
spacial dimensions are given in [mm].

2.3. Reference case parameters

A reference case has been established to evaluate the impact of each added feature,
in which: the last closed field surface was positioned according to the EFIT [21]
reconstruction of the JPN modeled here (see Section 3.1.1); the perpendicular diffusion
coefficient was calculated for a simple SOL model (Section 3.1.2); only surface areas
with a connection length greater than 42m were assumed to be plasma-wetted (referred
as ‘crude shadowing model’, Section 3.1.3); without erosion by charge-exchange neutral
fluxes (introduced in Section 3.1.4); with surface erosion by the background plasma
calculated for analytically derived impact energy and angular distributions for deuterium
(D), but without additional biasing [22] (Section 3.1.5); and without molecular erosion
of Be (Section 3.1.6). All cases analyzed in Section 3 assumed a LR background plasma,
as the flow velocity lead to Be II emission patterns that matched better experimental
findings [10]. Erosion yields obtained assuming 50% D concentration at the surface
(ERO-Min) were used, which not only have shown to better match experiments [7, 9],
but are also backed up by recent multi-scale Kinetic Monte Carlo — Molecular Dynamics
modeling [23].

Every model extension introduced or input parameter scan performed in Section 3.1
is compared to the reference case described above. Thus, instead of absolute values, the
relative impact of the model extension on the output is presented in Section 3.1, e.g.,
ratio of erosion in the extended:reference case (Figs. 2 and 77), or erosion and emission
pattern changes (Figs. 3 and 4).
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3. Implementation, results and discussion

3.1. Extension of the model

3.1.1. Magnetic geometry Background plasma parameters, provided by EDGE2D-
Eirene simulations, are extrapolated from the last closed field surface (LCFS) to
the ERO surface following an exponential decay. Therefore, the magnetic field
configuration, which defines the position of the LCFS and is here calculated by the EFIT
reconstruction [21], sets the distance in which the exponential density and temperature
decay are applied. Thus, small variations in the LCFS position (O(mm)) can lead to
large changes (2 2-fold) in density, temperature and thus flux to the wall.

For instance, a slight shift in equilibrium — given by the EFIT reconstruction — is
found in the case modeled here (JPN 81172-73), compared with that used to reproduce
the background plasma (JPN 81472): the LCFS was found to be 1 em further from the
wall in the former case. Therefore, background plasma parameters were extrapolated
to the ERO surface accounting for the updated magnetic configuration.

Shifting the LCF'S leads to 1.5-2 times lower density and temperature (evaluated on
the surface), reducing erosion by a 5 fold (Fig. 2). These changes are only quantitative,
as all plasma-wetted areas are located at similar distances from the LCFS, thus being
subject to comparable changes in plasma conditions with shifting the separatrix location.
Note that shifts in the magnetic configuration lead to similar lowering of erosion also in
simulations run assuming a pure Be surface (EROMax), or using the background plasma
reconstructed for a high-recycling scenario (HR). Further details regarding these cases
(EROMax, HR-plasma) are discussed in Ref. [10].

3.1.2. Perpendicular diffusion coefficient Processes leading to anomalous motion of
ions, i.e., perpendicular to magnetic flux surfaces, and not described by classical effects
(e.g., drifts), can be largely averaged into one parameter: the perpendicular diffusion
coefficient. Radial transport of impurities in the scrape-off layer is to-date poorly
understood [24, 25, 26] — more poorly than radial transport of deuterons. Hence, to
allow for radial transport of beryllium ions in these ERO simulations we assume three
different values or models.

As discussed in Section 3.1.3, a simple SOL model [11, 12] is assumed in our study
to implement spatially varying densities, for which the perpendicular diffusion coefficient

is given by:
e,

Di="7 (1)

In the present case, the sum of electron and ion temperatures is T, + T; ~ 25 eV;
the connection length is Lo ~ 48m and the density decay length is A ~ 14mm, near the
limiter tip surface. These conditions result in D; ~ 0.12 m?/s. Being a parameter used
by EDGE2D-Eirene to reconstruct the background plasma, this approach estimates a
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Figure 2: The total Be erosion calculated by ERO, with the background plasma provided
by EDGE2D-Eirene and extrapolated to the surface assuming a 1 cm shift in the LCFES
position (magnetic field configuration of JPN 81173), or without any shift (magnetic
field configuration of JPN 81472). The output is expressed as the ratio of the two,
erosion jpy_g1173 © erosion py_giare, (solid light blue line). For comparison, the same
exercise is performed using a background plasma for the high-recycling scenario (HR,
dashed dark green line). The ERO simulations assume a pure Be surface (ERO-max)
or a Be surface with 50% D (ERO-min).

self-consistent D, value, based on local plasma parameters (T, T; and \). Indeed, in
comparison to values used earlier in ERO or other models for D, (see paragraphs below),
this value is in agreement with that used by the EDGE2D-Eirene simulations that
provided the background plasma: 0.5 m?/s at the separatrix and 1.0 m?/s elsewhere [16].
It is also consistent with values suggested in the literature [11, 25|, and calculated and
used by other ERO studies [27, 28, 29].

ERO simulations using the perpendicular diffusion coefficient calculated for a simple
SOL have been compared to runs using a negligible value of D; ~ 0.4 mm? /s, 6 orders
of magnitude lower (used earlier in ERO [10]). Larger D, leads to small, yet non-zero
re-deposition of traced Be ions (O(10'®) atoms). However, the impact in Be IT emission
was negligible: patterns become 'noisier’ with a higher D (Figs. 3(a) and 3(b)), but
with no quantitative change.

Finally, the Bohm diffusion coefficient, often assumed as upper boundary value for
perpendicular diffusion, has also been tested:

1 kgT

EGB’ (2)

where B is the magnetic field strength. In the present case, Dpopm ~ 20 m?/s. Although

DBohm =

only 2 orders of magnitude higher than D, for the simple SOL model — in comparison
to the 6 order of magnitude difference discussed above — using the Dpg,p,, value in ERO
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had a larger impact on the outcome: the total Be emission is lowered by a factor of 2
and the pattern is significantly more diffused (Fig. 3(c)) than in either case discussed
above. Such difference can be understood in terms of the average perpendicular motion
of an ion, S| = D, (r,), where 7, is the lifetime of an ionized particle in the ERO
simulation, O(107%s). For the former two values of D), the average perpendicular
motion is much smaller than the system size: D, = (41077 — 0.1m?/s) = S, ~
1075 —10'mm? <cm?. In contrast, the perpendicular motion assuming Bohms diffusion
coefficient is comparable to the system size: D | = Dponm, S1 ~ 103 mm?; and the effect
of perpendicular diffusion is visible in the Be II emission pattern.

We conclude that the perpendicular diffusion coefficient can impact the outcome,
mainly emission by and re-deposition of ionized particles. However, a significant effect
is only expected for D, values that lead to perpendicular motion (S, ~ D, (7)) larger
than the system size (O(cm?)). Under such condition, such as for Dgypm, a higher
perpendicular diffusion coefficient increases the spread of emission and ion re-deposition.

3.1.3. Detailed magnetic shadowing of the density The background plasma density,
therefore flux and erosion can be further shaped by magnetic shadowing. According to
the simple SOL model [11] and as reflected in the background plasma profiles provided
by EDGE2D-Eirene, the density decays exponentially from the last closed field surface
(LCFS) to the wall at a rate given by the decay length (\). The model further assumes
a constant perpendicular diffusion coefficient, establishing the relationship between A
and the connection length (L¢) at each point. That is, A varies spatially describing a
faster decay (i.e., shadowing) of the density in areas with shorter Lo (see Section 3.1.2
and the detail mathematical description below, Eq. 3 and there on).

The earlier ERO study of JET OWL erosion already included a simplified model
for shadowing, referred as ’crude shadowing model’ in what follows. The model assumed
that surface areas with Lo > 42 m were fully plasma wetted (i.e., no scaling of
the decay length or density was applied). The surface was fully shadowed (A ~ 0)
elsewhere. A more detailed model, in which the density was scaled by zones according
to averaged connection lengths for each area, was implemented in ERO by Ding et
al. [27] for modeling of EAST proxy tiles. In the present exercise, magnetic shadowing
is implemented in a similar way, but further refining the latter approach.

As mentioned above and described in Sections 2.2 and 3.1.1, the density
profile provided by EDGE2D-Eirene is extrapolated to the ERO surface assuming
an exponential decay: n.(r) = n.(LCFS) - exp(—Ar/\) , where Ar is the radial
distance measured from the LCFS to the surface, and X is the density decay length,
constant across the edge plasma. Here, to account for magnetic shadowing, \ is
assumed to remain constant from the LCFS up to the radial location of the limiter
tip: A(r = LCFS) = A\(r = r'") = \'; but for surface cells (ij) located radially further
towards the surface, \ varies according to the local connection length (L¢(r7) = Le™):
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Figure 3: The 2D projection, integrated along the poloidal direction (y-axis), of Be II
emission [ph/(sr-s-cm?)| for the different perpendicular diffusion coefficient values tested
in ERO: (a) D, = 0.4-107% m?/s; (b) assuming simple SOL model, D; ~ 0.12 m?/s
and; (c) Bohm’s diffusion coefficient, D; ~ 20 m?/s. The red solid line is the projection
of the limiter and antenna D surfaces. The pink dotted lines represent — left to right
— the projection of D12, D13 and D14 sightlines used in ERO. For color version of this
figure, the reader is referred to the online version of this article.

Ar > ") = X\(r = r%) = A\9) . For a simple SOL model [11, 12| and a constant
perpendicular diffusion coefficient (D), the variation of A with L¢ is given by:

)\205 /\ij Lcij Lcij
D, = o = constant —> )\tin = W = A\ij = \iip m. (3)
Thus, the shadowed density (n./(ij)) for a given cell (ij) is:
ne/(ij) = netip eXp(_AT//)\ij)a (4)

where n."? is the density at the radial distance of the limiter tip and Ar’ = Ttip — Tij -
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Finally, the relative change due to shadowing can be expressed in terms of a local
shadowing factor:

fne = :Zlézlj)) = exp[(Ar'/Xij) - (1= /Lo [ Le™)], (5)

The L¢ for each ERO surface cell (referred as 'local’ in what follows) has been
calculated by PFCFLUX [30]. As shown in the sequence of Fig. 4 and compared to using

the 'crude shadowing model’, the new density pattern shows an additional plasma wetted
area on the limiter surface away from the neighboring antenna D. This additional flux
increases the total Be erosion by a factor of 2. The new erosion area mainly contributes
to emission in the vicinity of the D12 sightline, reducing asymmetries (i.e., D14/D12
ratios). Therefore, we conclude that the choice of shadowing model affects the outcome
mainly qualitatively.

Given that background plasma flux reaching a given surface cell may cross
neighboring regions with different connection lengths, 'shadowing by L¢ zones’ has also
been implemented. In this model, similar to that used by Ding et al. [27], the surface
is divided into zones, defined by all cells with a Lo within a given range and the mean
L¢ value is assigned to the entire zone (Table 1, 'mean’). The difference in erosion or
emission between the local implementation of shadowing and that by zones is negligible.

Further, a second set of Los has been assigned to the different zones (Table 1,
low’): the mean Lo was lowered by about 2 orders of magnitude for all zones but the
1st one, setting a bigger difference between the main erosion area and elsewhere. This
change in L¢s allows to test the sensitivity of the model to the choice of Lss assigned
to each zone, and to understand the absence of clear erosion zone patterns (observed in
other ERO cases that applied shadowing [27, 31]).

Increasing the weight of the main erosion zone neither lead to a sharp erosion
pattern. Following Eq. 5, we note that not only L¢, but also Ar defines the shadowing
factor applied to density. In fact, Ar may have a larger effect than Lo, as the square root
of the latter term is calculated. Therefore, in the present geometry and with a smoothly
varying D flux pattern, a continuous transition from plasma wetted to shadowed areas
is found.

Although developed during the present exercise, ERO studies being performed
simultaneously have already incorporated this local shadowing model [31, 8]. Finally,
note that the detailed shadowing model developed here is intended for localized erosion
studies, such as in the present system, with well defined L¢s and a prominent reference
point or 'tip’ : the area located radially closest to the LCFS and thus, with longest
(yet finite) Los. Therefore, this model may not apply for instance to limiter discharges,
where Lo — oo in areas in contact with core plasma; or to whole device modeling,
where various 'tips’ may be present.
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Figure 4: (a) The connection length given by PFCFLUX for each ERO cell is used to
calculate (b) the shadowing factor fne for each model: the ’crude shadowing’ (left) and
according to the more detailed approach, by connection length zones (right). These
shadowing models results in the different patterns of (c¢) plasma density, (d) effective
erosion yield and (e) Be erosion. For color version of this figure, the reader is referred
to the online version of this article.
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Table 1: Connection length ranges that define the zones used in the detailed magnetic

shadowing model, and effective Lo values used in each zone, assuming: Lgs to be

LMEANY: or ~ 2 orders of

the mean value of that given by PFCFlux for each area (
magnitude lower Les (than LMEAN ) everywhere, except in Zone 1, used for sensitivity

analysis(Lo2O").

ZONE L¢ range [mm]  Le™PAY mm]  Let©W [mm)

1 >3.0-104 4.6-10* 4.8-10*
2 1-3-10* 1.5-10% 5102
3 1—-10-10° 8.0-10° 1-10!
4 0.1 —10-10? 3.0- 102 1.0

5 <10 0.0 0.0

3.1.4. Including CX neutral fluxes The study of erosion due to plasma surface
interactions often focuses on degradation of plasma-wetted components and parameters
affecting it (e.g., Refs. [7, 9] and Sections 3.1.1, 3.1.3 and 3.1.5 in this paper). However,
plasma-shadowed surfaces can also contribute to impurity production. Neutrals, which
are not confined by the magnetic field and therefore equally impact exposed and recessed
surfaces, can gain energy through charge exchange (CX) processes taking place in the
scrape-off layer. Fluxes of these energetic CX neutrals dominate erosion of recessed
components, such as antennas, and have therefore been included in the present model.

The EDGE2D-Eirene simulations that provided background plasma parameters
also output CX neutral fluxes (for Dy, Be and D5). These 1D flux profiles are obtained
for each segment (L) that runs between (R;,7;) and (R»,Z5), drawing draw a cross-
section of JETs wall: L = \/(Ry — R2)? + (Z1 — Z5)?. Toroidal symmetry is assumed
to transform these 1-D profiles into 2D-fluxes (I') for ERO: I' = C/(A - €), where C
is the 1-D profile outputted by EDGE2D-Eirene (as a ’current’), e is the elementary
charge and A the area covered by L: A =27L- (R, + R»)/2.

The sputtering yield for CX neutrals, Yox(Ecox,acx) is calculated using the
Eckstein 2007 fit formula [19, 20]. A Maxwellian distribution is assumed for the impact
energy, Fox:

f(ECX) =2 Ecx/ﬂ' . (/{ZBT’n)ig/2 exp(—ECX/kBTn), (6)

where 7T}, is the neutrals’ temperature. The radial profile of T, is provided by EDGE2D-
Eirene. However, the radial location where neutrals gain energy through CX processes
is not well known. Thus, different assumptions have been tested for T}, and the related
impact angle, acx:

i T,, at the EDGE2D-Eirene grid border (towards the wall), representing 7, at
the limiter surface in ERO, where erosion is evaluated. The region between the
outermost grid surface of EDGE2D and the physical wall is assumed a vacuum
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Figure 5: Poloidal profiles of (a) CX neutral fluxes for Dy, I'p,, calculated by EDGE2D-
Eirene; (b) their impact energies, Fcx, calculated assuming a Maxwellian distribution
for neutrals’ temperature T,, at p = 0.95; and (c¢) number of particles eroded, Np,, for
I'p, and Ecx shown in this figure; obtained around the toroidal location x = 0

region, so no significant radial gradients in 7T;, are expected. CX neutrals are assumed
to be generated with a random uniform distribution of angles. As these fluxes are not
affected by electromagnetic forces and thus keep their initial distribution in velocity,
neutrals will reach the wall with a cos(acx)-like distribution of angles, with acx
between (0, 7/2).

ii T, at p ~ 0.95, closer to where most CX processes take place. As the mean free
path of neutrals is ~ 10 — 15 cm [32], of the order of the distance from p ~ 0.95 to
the wall, only neutrals traveling nearly in the radial direction will reach the surface,

impacting at approximately normal incidence (acx = 0).
Finally, the contribution of CX neutrals to the total erosion of a cell — in number

of eroded particles — can be calculated as:

Nex = Z I Yox - Acens (7)
Do,Be,D>
where A, is the cell area. For illustration, the poloidal profiles at the midplane of Dy
flux, impact energy EcxP? and consequent Be erosion are shown in Figure 5.

The impact of CX neutral fluxes on erosion and emission has been evaluated by
source, i.e., by the relative contribution of CX neutrals to the total erosion (Nox/Nror)
— the other source being the background plasma. As shown in Table 2, CX neutrals
contribute to the total erosion and emission by 15-50% (assuming the source temperature
T, at the wall or at p = 0.95, respectively).

The impact of including CX neutrals has also been evaluated by component, where
the contribution of CX neutrals is analyzed separately for the limiter and antenna (Table
3). The same erosion model is applied to both components, thus the contribution of
each region to the total CX neutral erosion will be proportional to the exposed area:

Né%? = NCX : (Allm)/(Al'Lm + Aant)u (8)



ERO Modeling and Sensitivity Analysis of Erosion Enhanced by Magnetically Connected Antennaslb

Table 2:  Comparison between Be erosion and emission (integrated over the entire
simulated surface and volume, respectively) generated by each source, expressed as the
contribution of CX neutrals, the total (sum of CX neutrals and background plasma)
and ratio of the two. Erosion is given in units of [10'® atoms] and emission in [10'6
Photons/volume].

Observable CX model, 7,, by CX Total Fraction by CX

Eros. wall 8.47 43.5 0.20
Eros. p=0.95 35.1 70.1 0.50
Bel wall 0.47 2.55 0.18
Bel p=0.95 1.97 4.05 0.49
Be 11 wall 0.46 2.74 0.17
Be I1 p=0.95 1.96 4.24 0.46

Table 3: Comparison of the contribution of the different sources (CX neutrals and
background plasma) to the total erosion of each component. The contribution of
CX neutrals (e.g., to the limiter) is proportional to exposed area: NS@ = Ngx -
(Aim)/ (Apim + Aane) (see the main text for notation and details). Note that antenna
D is only exposed to erosion by CX neutrals. Erosion is integrated across the entire
surface and given in units of [10'® atoms].

Component CX model, 7,, by CX Total Fraction by CX

Limiter wall 4.92 39.9  0.12
Limiter p=10.95 20.3 55.3  0.37
Antenna D wall 3.58 3.58 1.0
Antenna D p=10.95 14.8 148 1.0

where Ng% and Ngx are the limiter total erosion by CX neutrals, respectively. Ay,
and A,,; are the limiter and antenna D surface areas exposed to CX neutrals, 58% and
42% of the total area exposed to neutrals, respectively. Due to magnetic shadowing
(for any of the models discussed in Section 3.1.3), only the limiter is exposed to erosion
by the background plasma, while CX neutrals cause 100% of the antenna D erosion.
In contrast, CX neutrals contribute by (15 — 35%) to the total erosion of the limiter.
Note that the contribution of CX neutrals to emission is not analyzed by component,
as volumetric observables (e.g. emission) are harder to evaluate than those by area
(e.g. erosion) and the similar “fraction by CX’ is found for the three observables in the
analysis by source (Table 2).

3.1.5. Erosion yields accounting for angular and energy distribution of the background
plasma under biasing Plasma particles in the scrape-off layer are likely to impact on
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a surrounding surface. The magnetic field geometry and sheath structure are known
to modify these impact distributions, and the angle and energy of the impacts greatly
affects the probability for consequent sputtering (see Refs. [22, 33, 34] and references
therein).

In the first ERO study of enhanced Be erosion [10], normal incidence for the
background plasma ions was assumed, and biasing (Vj;,.s), which represents the sheath
perturbation, was only introduced through modifying the impact energy (E;,) [35]:

2 - exp(ekpTy,)
1+ eXp(_%ias/Te>>:| ’ (9)

where T; and T, are the plasma ion and electron temperatures, respectively; Z;,,, is

Ezn:2ﬂ+szp |:%ias_Te'lOg(

the average charge state of the impurity, kp is the boltzmann constant and e is the
elementary charge.

However, sheath perturbations can modify both impact energy and angular
distributions. In order to account for such effects, trajectories of D and Be ions (that
represent the background plasma) across the sheath are calculated analytically, varying
the biasing voltage and accounting for the present oblique magnetic configuration. These
distributions, together with the Eckstein fitting formula for sputtering cited above, are
used to calculate effective yields of erosion by the background plasma, as a function of
the local plasma temperature and magnetic field angle [22].

As the yields used in the reference case assume a fixed Vj;,s = 0 (see Section 2.3),
and to highlight the synergetic effects between biasing and impact distributions under an
oblique magnetic field, the outcome of this section is compared to the earlier OWL ERO
model (instead of the reference case). Incorporating the new yields lead to quantitative
changes in the output, with a 4 fold uniform increase in Be erosion and emission. The
increase by a factor of 2-3 with biasing is also reproduced. Only a slight variation in
surface patterns is observed, shifting the erosion peak (around the limiter tip) away
from the antenna D.

3.1.6. Including erosion of beryllium as deuteride molecules Despite being a metal, a
fraction of the eroded Be can be released as molecules under continuous deuterium
plasma exposure, most commonly in the form of beryllium deuteride (BeD) [36].
This molecular erosion is caused by swift chemical sputtering (SCS) (also known as
chemically assisted physical sputtering, CAPS), a non-thermal process, with a defined
impact energy threshold, known to participate in the erosion of carbides [37] and later
understood to also affect a wider range of materials [38]. These deuteride molecules can
penetrate deeper into the plasma than atomic impurities before dissociating and being
ionized, thus altering emission patterns.

In the present study, two different approaches to estimating the BeD source have
been evaluated. Molecular contributions can be taken as a fraction of the yields already
calculated for the background plasma (Section 3.1.5). Such case assumes that Be — an
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impurity present in the edge plasma — also contributes to production of BeD molecules.
In fact, this process has been observed in Molecular Dynamics (MD) simulations [39],
although its contribution to BeD production is not well quantified yet. The second
approach assumes that the molecular yield is a fraction of the yield obtained for a pure
D background plasma.

Similar erosion and emission is observed with either molecular erosion model.
Overall, the largest impact is found in the Be II emission pattern (Fig. 6(b)), as BeD
dissociates and ionizes further from the source than atomic Be, leading to spreading
of Be II emission away from the surface (Fig. 6(b)). However, no significant changes
(< 10%) are found in erosion or emission — either locally measured by the sightlines or
integrated over the entire simulation volume.

Finally, note that despite the effort to fully characterize molecular emission, large
uncertainties remain due to the inter-dependence of parameters affecting erosion (e.g.,
substrate temperature, D concentration and plasma flux) [40]. A recent multi-scale
study [23] has tested a promising workflow to reduce uncertainties in erosion yields:
Object Kinetic Monte Carlo simulations, parameterized from first principle calculations
and run under experimental-like conditions are used to obtain the equilibrium D and
vacancy profiles at different substrate temperatures. Then, MD substrates (of crystalline
Be) are modified to incorporate these D and vacancy distributions, and irradiated with
D at various impact energies (and keeping the different substrate temperatures) to
calculate erosion yields and molecular fractions. Therefore, this approach also overcomes
the long-standing issue of unrealistically high fluxes used in MD studies of irradiation
effects in materials. However, the latest data — yields and BeD/Be ratios — were not
available when the present ERO simulations were performed. Thus, BeD/Be erosion
ratios calculated by earlier MD studies [41], which do not account for temperture or D
concentration dependence and are of the order of 0.25 — 0.3 are used in the present case.

3.2. Ezploring the extended model and comparison to experiments

3.2.1. The extended model Finally, simulations that include new and improved models
introduced in ERO, and best estimates of uncertain input parameters — based on the
sensitivity analysis above — have been performed. Such cases were run with: the LCFS
shifted 1 cm away from the wall; the perpendicular diffusion coefficient calculated for
a simple SOL model; the density scaled according to the ’shadowing by zones’ model;
including erosion by CX neutrals assuming E;,, (7}, = T)—¢.95); erosion by the background
plasma calculated for sputtering yields that include analytically derived impact energy
and angular distributions, under the present oblique magnetic field configuration and
including biasing; and a fraction of Be being eroded in molecular form (as BeD).
Beryllium erosion and emission obtained for the complete model (Fig. 7) have been
compared to the earlier ERO study [10], as well as to experiments (Table 4). Including
additional erosion sources (CX neutrals and magnetic shadowing by zones) and erosion
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Figure 6: The 2D projection, integrated along the poloidal direction (y-axis), of (a) BeD
(498 nm) and (b) Be II emission in units of [ph/(sr-s-cm?)| calculated in ERO for the
cases that include molecular erosion of Be. The BeD yield is taken as a fraction of the
erosion caused by the background plasma. The red solid line is the projection of the
limiter and antenna D surfaces. The pink dotted lines represent — left to right — the
projection of D12, D13 and D14 sightlines used in ERO. For color version of this figure,
the reader is referred to the online version of this article.

yields that account for the angular distribution of the background plasma, despite the
1 cm shift in LCFS away from the wall, increases Be erosion and emission by an order of
magnitude, leading to observables (Be I and Be II emission) in the range of experimental
values. However, the new erosion pattern (Fig. 7(a)) shifts Be emission away from the
neighboring antenna D, missing the asymmetry observed experimentally and reproduced
in the 1st ERO exercise. These changes also reveal that the emission asymmetry is
strongly influenced by the density shadowing model, more e.g., than by erosion due to
CX fluxes.

The same trend as in the 1st ERO model and experiments, with respect to biasing
(Vhias, which represents toggling of the magnetically connected antenna C) is observed:
erosion increases by a 2-3 fold with Vj;.s up to 100 eV and then saturates. However, in
ERO, only erosion of plasma-wetted surfaces is affected by perturbations in the sheath
(i.e., biasing). Therefore, emission — especially by neutral Be, Be I — can only increase
with Vs if the erosion source (i.e., plasma-wetted area) is located below the measured
volume. Thus, under the current geometry, where surface areas below the analyzed
sightlines (D12 and D14) are shadowed and the main erosion source is located around
D13, enhanced erosion is not fully reflected as increased emission. Emission of Be II
partly reflects the increase in erosion with biasing, as ionized Be and thus Be II light
is carried towards the D14 sightline by the current flow velocity pattern. Further, note
that increasing RF-power (Vjias ~ 100 €V) does indeed increase emission of Be I and
Be II light (by ~ 2-fold) observed by the D13 sightline in ERO.

To better reproduce the experimental outcome —maintaining the additional erosion
sources, but recovering the asymmetry achieved in the earlier exercise [10]— ERO
simulations including all new implementations but using the 'crude shadowing model’
have been performed. As shown in Figs. 8(b) and 8(c), the outcome — Be I and Be 1I
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Figure 7: Output of ERO simulations run including new and improved models
introduced in ERO and best estimates in uncertain input parameters: (a) Be erosion
of each surface cell, including that by the background plasma and CX neutrals, for
Viias = 100 eV; (¢) — (d) The 2D projection, integrated along the poloidal direction
(y-axis), of Be I and (d) Be II emission, respectively, in units of [ph/(sr-s-cm?)] for
Viias = 100 eV. The red solid line is the projection of the limiter and antenna D surfaces.
The pink dotted lines represent — left to right — the projection of D12, D13 and D14
sightlines used in ERO. For color version of this figure, the reader is referred to the
online version of this article.

Table 4: comparison between Be I (top) and Be IT (bottom) emission [10'% ph/(sr-s-cm?)]
observed experimentally ("exp’) and calculated by ERO using all features of the extended
model, when the remote antenna C is OFF (Vs = 0 €V) and ON (Vjs = 100 eV).
Intervals given for the experimental values correspond to observations performed with
different magnetic pitch angle (¢ —95) sweeping [1]. Intervals given for ERO correspond
to emission values measured assuming sightlines of different sizes (R = 20 — 50mm).

signal sightline OFF ON
ERO exp. ERO exp
Bel D12 1.6—-2.0 0.4-0.6 26-34 1.8
D14 1.0 1.0 —2.0 1.0-11 5. -8
BeIl D12 1.7-19 08-1.2 29-34 2.-3.
D14 20-21 15-22 30-31 5.—-6.5

emission, measured by D12 and D14 sighlines — is in good agreement with experiments
when the remote antenna C is off (Vs = 0). However, as discussed above, while
the increase in the simulated erosion with biasing (Fig. 8(a)) is about the same as the
increase in the emission measured by the sightlines (2 — 3 fold), the latter is not fully
reflected in the simulated emission, especially for Be I.

The Be I emission underestimated (in the new simulations), especially when the
distant antenna C is ON (Vj;,s > 0) and for the emission region near the D14 sightline,
cannot be compensated by amplifying the effect of any of the sources discussed so far:
neutrals are assumed to be unaffected by the sheath and thus, biasing potential; changes
in plasma profiles due to shifts in the LCFS position affect equally all sightlines and
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Figure 8: Output of ERO simulations run using the ’best match’ parameters set,
i.e., including all new and improved models, and best estimates in uncertain input
parameters, but using the ’crude shadowing model’: (a) integrated Be erosion as a
function of biasing voltage, in units of [10'® atoms)]; (b) — (c¢) Be I and Be II emission
(respectively) observed by the D12 (solid lines) and D14 (dashed lines) sightlines, in
the earlier ERO exercise (ERO-old, green), the present study (ERO-new, blue) and
experiments (orange), in units of [10" ph/(sr-s-cm?)]. For color version of this figure,
the reader is referred to the online version of this article.

under all biasing potentials; and different sputtering yield and magnetic shadowing
models leave unaffected shadowed areas such as near the spot of the D14 sightline.
Therefore, differences between the ERO model and experimental outcome may hint at
further local erosion sources that are not captured in the present study, likely near
interception area of the D14 sightline and neighboring antenna surface.

Present understanding is that the remote interaction is not with the remote antenna
C per-se, but with the remote antennas own lateral protection limiters, where near-fields
also appear (see e.g. Fig. 1 in Ref. [10]). Furthermore, currently emerging models
of RF sheath propagation in the SOL [42] provide mechanisms for transport of locally
rectified sheath potentials to remote PFCs even overcoming conductive protrusions, such
as poloidal limiters which would otherwise block direct magnetic connection between
observed limiter and remote, active antenna. In the experiment being modeled here,
the limiter to the right of antenna D acts as such intermediate protrusion. Although not
directly observed in the experiment, it is reasonable to assume that there was RF-PSI
at that interception as well and that any Be ions from that interaction could contribute
to the observed emission (i.e. adding to the Be II signal) by transport along the same
field lines to the observed limiter.

Furthermore, we highlight that CX neutral fluxes and their impact energy are
assumed to be independent of antenna toggling. However, RF-power can modify
local plasma conditions, and thus, production of energetic neutrals. This effect could
increase the contribution of erosion by CX neutral fluxes to emission, especially near
the neighboring antenna D, when the remote antenna C is ON.
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3.2.2. Reducing uncertainties in the input Throughout this article we have identified
parameters and models that introduce uncertainties in erosion and impurity transport
modeling. Some of the limitations, as attempted in the present exercise, can be
overcome implementing more complete models (e.g., Section 3.1.3) and looking into
secondary sources (e.g., Sections 3.1.4 and 3.1.6). However, uncertainties could further
be restrained through inter-disciplinary work.

For instance, the input in background plasma parameters, which largely determine
fluxes to the wall and thus erosion, can be improved. Often, such as in the present case,
fluid models use plasma measurements (e.g., n. and T.) in one location to calculate
conditions elsewhere. Although widely used, this approach can be insufficient, due to
lack of an adequate radial ion transport model (see Refs. [16, 43] and references therein).
Measurements in or near the location of interest (or at a toroidally symmetric point) can
greatly improve the input to erosion and impurity transport modeling for reproducing
the experimental outcome [27]. Also, using 3-D fluid codes, which can better capture
the complex wall geometry, and extending their grid to the wall, thus not needing to
extrapolate plasma parameters assuming a given decay model, may reduce uncertainties.
Further, measurements of neutral fluxes for different species and temperatures when
reaching the wall (i.e., impact energies) can greatly help to estimate erosion of recessed
components, which is necessary not only for validation of local erosion modeling, but
also for a better balance of global erosion and re-deposition.

More accurate description of the walls’ response to plasma, studied by further
characterization of plasma-exposed surface and modeling of irradiation effects in plasma
facing materials, can also result in better input for erosion and impurity transport
modeling. For example, as described in Section 3.1.6 [23], multi-scale modeling allows
for characterization of materials’ response at the atomic scale (sputtering) under realistic
surface conditions (implantation profiles obtained for experimetal fluxes, at different
substrate temperatures). Our model could be further improved by including chemical
and mixed-material effects in the sputtering databases [44].

Moreover, mathematical methods, such as uncertainty quantification techniques [45,
46] can be applied to identify input parameters with greatest impact on output, instead
time-consuming scans, post-processing and evaluation run by hand, for various (but an
incomplete set of) input parameters.

Finally, we highlight that predictive modeling can be used to optimize or select key
diagnostics, which in return improve the input data and allow better benchmarking of
the code. Such approach has been applied by Klepper et al. [47] in experiments similar
to the cases discussed here [1]. Based on earlier [10] and present ERO simulations, the
D13 sightline, where most of erosion by the background plasma takes place, and BeD
emission channel, which reveals BeD production for benchmarking of the multi-scale
model, were added to the set of diagnostics used.
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4. Conclusions

Experiments at JET showed enhanced, asymmetric Be erosion due to sheath
perturbations introduced by magnetically connected ICRH antennas. A first modeling
effort performed using the 3D impurity transport code ERO reproduced qualitatively
the experimental outcome. In the present study, we have revisited the ERO model,
improving simplified descriptions to be consistent with the models providing input
(e.g., background plasma and surface description) and implementing further processes
impacting erosion. Sensitivity analysis of these new implementations and further ERO
input parameters with largest uncertainties have allowed for better understanding of
the impact of each process in the output, a more reliable quantitative comparison
to experiments and identification of fields in which further work would reduce most
uncertainties in erosion and impurity transport modeling.

In greater detail, the present article addressed: i) The magnetic configuration, which
adjusted to the present case (compared to that used to for calculating the background
plasma) suggests a shift in the LCFS position by 1 cm inward, leading to lowering of
erosion by a factor 5; ii) The perpendicular diffusion coefficient, a parameter hard to
measure or calculate from first principles. Varying its value within a wide (8-orders
of magnitude) range of values, from negligible to that estimated as maximum for the
local plasma conditions, showed that higher diffusion values lead to small, yet non-zero
re-deposition, but had a negligible impact in Be emission; iii) The model for shadowing
of the density, which has been modified to account for spatially varying connection
lengths. The local implementation of shadowing introduced qualitative changes in ERO,
generating an additional surface erosion area in the limiter and shifting Be emission away
from the neighboring antenna; iv) Erosion caused by neutrals energized through charge-
exchange processes, which is estimated to be the main sputtering source for recessed
components, such as antennas. Introducing these new fluxes increased the overall erosion
by 15 — 50%. As neutrals affect equally all surfaces and the neighboring antenna D is
shadowed from the plasma, this erosion source shifts Be emission away from the limiter;
v) Impact energy and angular distributions for the ions in the background plasma.
Introducing new erosion yields, which include such distributions derived analytically,
increased erosion by a factor of 4; vi) Chemical effects in sputtering of Be that cause
erosion in molecular form (as BeD). Including release of BeD has a negligible impact
in emission as measured by the sightlines, although Be II light reaches further from the
surface due to the larger penetration of BeD molecules (compared to atomic Be).

Running ERO with input based on sensitivity analysis’ outcome, and including
improved and new models, results in emission (measured by D12 and D14 sightlines)
within the experimental range and an order of magnitude higher than that reported by
the 1st ERO study. The trend with respect to biasing is maintained, with a 2-3 fold
increase in erosion and emission up to Vjes ~ 100 eV, then saturating. However, this
effect is not fully captured by emission observed by the sightlines in ERO, as erosion
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by background plasma (the only source affected by the enhanced sheath) mainly takes
place in between D12 and D14. Further, the D14-to-D12 asymmetry — experimentally
found and reproduced by the earlier ERO model — is no longer observed when the
detailed shadowing model is used. This shift in emission further highlights that the
implementation of a local shadowing model dominates over the effect of CX neutral
fluxes. Therefore, ERO simulations with the same set of parameters, but assuming
the crude shadowing model have also been performed. The outcome reproduces
the experimental Be I and Be II signals for both D12 and D14 sightlines when the
magnetically connected antenna is off (Vj,s = 0 V). However, as mentioned above, Be
light emitted by the main erosion source and enhanced by biasing is not fully captured
by either D12 or D14 and emission is underestimated in ERO when the remote antenna
is on (Vjias ~ 100 — 200 eV).

Further, we highlight that uncertainties can be further reduced through inter-
disciplinary collaboration, such as using uncertainty quantification techniques to identify
the most influential input parameters. Uncertainties in surface erosion data can also
be reduced by using multi-scale modeling workflows, such as the MD-KMC simulations
recently performed to calculate Be sputtering and molecular erosion yields, including
surface temperature and composition dependence. Furthermore, better local diagnostics
could significantly improve the confidence in the plasma parameters used, as modeling
cannot always recreate conditions in the location of interest. Also, diagnostics of neutral
fluxes and energies would allow for better estimates and model validation of erosion of
recessed components. These measurements may also help understanding the dependence
of CX neutral fluxes on RF-induced variation of local plasma conditions. Finally, we
highlight that predictive modeling can identify key diagnostics for experiments that in
return improve with model validation. For example, the BeD emission channel and D13
sightline have been recognized as diagnostics necessary to fully characterize the present
case, and therefore, were included in the latest JET experiments of enhanced Be erosion
due to magnetically connected antennas.
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