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Abstract

Prompt re-deposition strongly reduces the migration of eroded material in current fusion
devices, thus lowering core dilution and extending the lifetime of the plasma-facing
components. However, under the high-density (n. > 2 x 10?° m~—?), low-temperature (T, < 5
eV) divertor plasma conditions anticipated for future fusion devices like ITER, Coulomb
collisions become highly efficient. These collisions not only prevent the ions from completing
their Larmor orbits but also strongly couple the sputtered impurities to the plasma, leading to
impurity entrainment. Entrainment drags impurities with the plasma flow to the surface, leading
to enhanced impurity impact energies as discussed in the companion paper (Cornelissen M.J.H.
et al 2025 Nucl. Fusion 65 026009), and the re-deposition of sputtered particles. This entrained
re-deposition was studied with the linear plasma generator Magnum-PSI, whose linear
geometry allowed for a clear distinction between entrained and prompt re-deposition. Five W
targets were exposed to high-density (1. ~ 5 x 10?° m~3), low-temperature (T, =~ 1.2 eV) argon
(Ar) plasmas. The deposition pattern of tungsten (W) on molybdenum (Mo) witness plates was
determined using ion beam analysis and electron scanning microscopy. As the ion-impact
energy of Ar™ increased from E; ~ 43 eV to E; =~ 94 eV, the local re-deposition rate decreased
from R =~ 93% to R ~ 68%. Entrained re-deposition became evident from an up-downstream
asymmetry in the re-deposition profile and was dominant over prompt re-deposition for the
exposures investigated. Although the ionization length was long, high re-deposition rates were
found, revealing that neutral-ion interactions were important. Thus, entrainment will be a
crucial ingredient in the erosion and re-deposition studies of future fusion reactors.
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1. Introduction

A major challenge in the development of fusion power is
the erosion of the plasma-facing components. Erosion not
only limits the divertor’s lifespan but also heavily impacts the
fusion power output and plasma stability. Tungsten (W) has
been chosen as the plasma-facing material for ITER due to its
favorable mechanical and thermal properties, which are essen-
tial to withstand extreme heat and particle fluxes [1]. However,
due to the high-Z number of W, only minimal concentrations
of W (<0.1%) are allowed in the plasma core before excess-
ive radiative cooling occurs [2]. To minimize the migration
of W towards the plasma core and prolong the lifetime of the
divertor, it is essential to both minimize W erosion and max-
imize its re-deposition. Re-deposition falls into two categor-
ies: local re-deposition, where eroded material settles within
the plasma-exposed area, and shadowed re-deposition, which
leads to layer growth and co-deposition of hydrogen isotope
ions outside of the plasma-exposed region [3]. Thus, under-
standing the migration of sputtered W is crucial.

In contrast to current fusion devices, the divertor plasma
of ITER [4, 5], and future fusion reactors such as DEMO
[6], are expected to operate under high-density (e > 2 x 102
m~—3) and low-temperature (T, < 5 eV) near-surface plasma
conditions. In this plasma regime, Coulomb collisions become
highly efficient [7]. Additionally, pronounced neutral-plasma
coupling emerges in the near-surface plasma region [8]. These
collisional forces lead to the entrainment of both neutral and
ionized impurities. Entrainment refers to the drag on impurit-
ies by the plasma flow, leading to their acceleration towards
the plasma flow velocity. Entrainment has a dual impact: on
the one hand, entrainment increases the impact energies of the
impurities, amplifying erosion as discussed in the companion
paper [9], while on the other hand, entrainment drags sputtered
impurities back to the surface, promoting W re-deposition,
which will be the focus of this work. We term re-deposition
by entrainment as ‘entrained re-deposition’ to differentiate it
from prompt re-deposition, which occurs when the gyro-orbit
of an ionized sputtered particle intersects with the material
surface [10]. The two re-deposition mechanisms are schem-
atically depicted in figure 1.

The erosion and re-deposition of W have been explored
in various tokamaks, including JET [11], ASDEX [12, 13],
and DIII-D [14]. Nevertheless, these experiments were per-
formed under higher temperatures and lower densities than
those expected in the near-surface region of ITER, resulting
in a regime in which prompt re-deposition prevailed. ERO
simulations have shown that friction between impurities and

the background plasma heavily influences W erosion and re-
deposition for high-density low-temperature plasmas [7, 15],
but experimental verification is lacking. Even though the elec-
tron temperatures are low, impurities can still acquire suffi-
cient impact energies to sputter W by their entrainment in
hydrogen isotope plasmas as discussed in the companion paper
[9]. In this study, the linear plasma generator Magnum-PSI
[16, 17] provided a unique opportunity to study the erosion and
re-deposition of W for highly collisional argon (Ar) plasmas.

To achieve a high sputtering rate, we opted for biased W
targets exposed to Ar plasmas. Although this scenario dif-
fers from the D:T fusion power operation phase of ITER with
impurity seeding [18] (no bias, 95% D + T, 4% He, and 1%
Ne), the pure Ar plasma allows us to study the erosion and re-
deposition for relevant high-density, low-temperature diver-
tor plasma conditions without the necessity of extremely long
exposures (>100 h) to reach similar erosion levels as for ITER
with an impurity mixture. In addition, the impact of entrain-
ment on W impurity transport is amplified by choosing Ar
instead of ITER’s impurity mixture, allowing for a better com-
parison to the theoretical framework. The aim of this study is
twofold: to study the re-deposition of W for highly collisional
plasmas, and to investigate the effect of the ion-impact energy
on the re-deposition rate. The latter is closely coupled to the
companion paper, whose findings reveal a large enhancement
of the ion-impact energy by entrainment [9].

To achieve these goals, first, a theoretical expectation is
sketched for the contribution of both re-deposition mechan-
isms to the total re-deposition rate. These expectations are
compared to experiments in Magnum-PSI. In these experi-
ments, a novel target design was utilized to study W deposition
in close vicinity to the W source. Small W targets were biased
and surrounded by floating molybdenum (Mo) witness plates
to promote W erosion whilst allowing for the examination of
the deposition of W on witness plates positioned within the
plasma-exposed region. Net erosion of the W target was mon-
itored using micro-trenches cut by a Focused Ion Beam (FIB)
pre-exposure and by assessing mass loss. In addition, the sur-
face morphology of the W targets was analyzed pre- and post-
exposure. Lastly, we outline the anticipated role of entrained
re-deposition during ITER’s operational phase.

2. Theory

For the description of the two main re-deposition mechanisms,
we consider the impurities as non-perturbing concerning the
general description of the near-surface plasma region. This
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Entrained re-deposition |

Prompt re-deposition

Figure 1. Schematic illustration of entrained and prompt re-deposition. In both figures, time flows from left to right. The direction of the

magnetic field B is included.

assumption remains valid as long as the impurity concentra-
tion is small (<0.5% of the total ion density for heavy impur-
ities such as W). The prompt re-deposition rate Rprompt is based
on the likelihood that a sputtered particle becomes ionized at
a certain angle and/or distance above the surface such that its
gyro-orbit intersects with the target’s surface, as described in
[19]:

1
1+ ()\ion/pi)2 .

Here, Ajo, is the ionization mean free path and p; is the
Larmor radius. Although this simplified expression does not
account for multiple ionizations and the electric field within
the magnetic pre-sheath and Debye sheath, the two effects
mostly balance out for the plasma conditions studied here [20].

Whereas prompt re-deposition only occurs for ionized
impurities, entrained re-deposition occurs for both neutral
and ionized impurities. The entrainment of ionized impurit-
ies is caused by ion—ion Coulomb collisions, while for neut-
ral impurities, the drag is driven by induced-dipole forces.
Besides these forces, both electron and ion temperature-
gradient forces are present, which typically point away from
the target’s surface, not toward it. Even though these forces
can be substantial in the scrape-off layer of ITER [21], in
Magnum-PSI, due to its relatively small temperature gradients
[22], these temperature-gradient forces were negligible. The
fraction of sputtered particles that re-deposit by entrainment
is approximated as those that do not escape collisions:

(D

Rprompt =

Lplasma

Reyy=1—e7P" where pey =

@)

)\mfp

Here, Lyjasma is the characteristic length scale of the plasma,
and Apgp is the mean free path between collisions. The full

width at half maximum of the electron density profile Wpeam
can be estimated as Lyjasma, as it corresponds to the distance
a sputtered particle must travel from the center of the tar-
get to escape the plasma beam if it is emitted at an angle of
30° with respect to the normal of the target, under the con-
dition that the plasma beam is inclined normal to the sur-
face. To account for the likelihood that a sputtered particle
becomes ionized or stays neutral, the reaction rate coefficient
for charge exchange (ov),,, ionization (ov),, and recombina-
tion (ov), are required. For ionization and recombination, the
rate coefficients are acquired from the ADAS database [23]
(ADF11/scd_W and ADF11/acd_W). For the plasma condi-
tions considered here, recombination of WT was neglected,
as (ov), < (ov),,. Unfortunately, the charge-exchange rates
and cross sections of W with Ht and Ar™ are not available,
revealing a gap in the understanding of the ionization of W for
low T plasmas. For T 2 3 eV, (ov),, is expected to be dom-
inant over (ov)_,. Analytical approximations of the charge-
exchange cross sections between neutral H and fully stripped
ions reveal cross sections in the same order of magnitude as
the ionization cross section for low T¢ plasmas [24], whereby
the analytical expression is given by

ocx ~ 8T agn,Zi [1 +/1/Z+ 1/421} ~ 1.6 x 107"m?.
€)]

Here, ay is the Bohr radius, n, = 1 is the quantum level of
the neutral, which is taken to be one to consider the ground
state, and Z; = 1 is the charge of the ion. Although such a crude
extrapolation to the species of interest could be followed, the
added uncertainty is expected to exceed the benefit of includ-
ing the rates in the theoretical results presented here. However,
due to the very low T, plasmas investigated experimentally, the
inclusion of charge exchange impacts the comparison between
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theory and the experiment considerably. Therefore, values will
be denoted with and without including the rough analytical
extrapolations of the charge-exchange rates within the res-
ults section (section 5), but are not included within the theory
section (section 2).

The fraction of particles that remain neutral or become ion-
ized over time can be given by

Pz,n (t) = e_ni(<av>CX+<av>i°)t; “

Pi(t)=1— e (o)t (o)t )

where P ,(f) and P_;i(r) are the neutral-impurity and ion-
impurity fractions over time, respectively, and n; is the ion
density. The typical dwell time 7, of a sputtered particle within
the plasma, which is counted from the time that the sputtered
particle leaves the surface, can be given by the following
expression:

)\mfp
tp = .
Vn

(6)

Here, Anip is the mean free path for collisions, and v, is the
velocity of the sputtered neutral perpendicular to the plasma
beam. By factoring in the likelihood of a sputtered particle to
stay neutral or become ionized within 7p, the mean free path
Amfp 1s given by

Amip = Pz n (10) Ani + Pz i (tp) Aii (7

where \;; is the mean free path for neutral particles and A
for ionized particles. Using the corresponding collision rates,
where (ov);; is the collision rate for ion—-ion Coulomb col-
lisions for the ionized particles and (ov),; is the collision
rate coefficient for induced-dipole collisions for the neutral
particles [9], the mean free path of the sputtered particles asso-
ciated with entrainment is acquired:

Vn

<Uv>ni i

Vn

)\mfp = Pz,n (tD) + Pz,i (tD) (8)

(ov)ini

Particles that ionize within p; from the target’s surface,
and participate in sufficient induced-dipole and/or ion—ion
Coulomb collisions to re-deposit, are counted to re-deposit by
both re-deposition mechanisms. Particles that ionize within
pi from the target’s surface, but do not participate in suffi-
cient collisions to re-deposit by those collisions, are only coun-
ted within the prompt re-deposition rate. Thus, although the
total re-deposition rate is not given by the weighted sum of
the entrained and prompt re-deposition rate, the re-deposition
rates do provide a good comparison between the importance
of both re-deposition mechanisms.

For the plasma-parameter regime of interest, figure 2
displays the theoretical re-deposition rates for prompt and
entrained re-deposition. We consider neutral sputtered W to
be introduced with an energy of E,, = 3 eV, a common energy
value for the bombardment of W by the impact of low-energy
projectiles [25], and a velocity perpendicular to the plasma
beam of v, & \/E,/m,. In addition, we consider Lptasma = 12

oo
(9]
T

Re-deposition rate (%)
o
(=)

- - n.=10x10% ;3
- = n.=28x102 m?

n, = 0.8 x 10 m—*
. | | Y

80 .
1 2 3 4 5] 6 7

Electron temperature (eV)

Figure 2. Theoretical predictions for the re-deposition rates for
entrained re-deposition (solid) and prompt re-deposition (dashed)
for different plasma conditions. Here, sputtered W impurities are
considered to be introduced with an energy E, = 3 eV withina H
plasma (Lpjlasma = 12 mm and magnetic field parallel to the surface
By =12T).

mm, which corresponds to wyeam Of the H plasma beams in
Magnum-PSI and can be seen as a guestimated value related to
the strikeline’s width in tokamaks. The re-deposition rates sug-
gest that for low-temperature plasmas (7. < 3 eV), entrained
re-deposition takes precedence over prompt re-deposition.
Although these conditions are expected during ITER’s steady-
state operation phase [5], the electron temperature can spike
far above 100 eV during edge-localized modes (ELMs) [20].
ELMs lead to much shorter ionization lengths, and, con-
sequently, elevated prompt re-deposition rates. Furthermore,
the plasma becomes less collisional, reducing re-deposition
by entrainment. Although the gross erosion rate significantly
increases during ELMs, the contribution of the ELMs to the
total net erosion depends on the achieved ELM regime. no-
ELM and small-ELM regimes are being developed, which will
be indispensable as a power exhaust solution for future fusion
devices [26]. In this work, we focus on the steady-state plasma
conditions, during which the erosion is driven by impurity
bombardment.

3. Method

The experimental setup in Magnum-PSI is schematically
depicted in figure 3. An in-depth description of Magnum-PSI
can be found in [16, 17]. The Ar plasma beam was aligned
with the center of the W target. The target was inclined at
an angle of 45° relative to the plasma beam to be able to
differentiate between prompt re-deposition and entrained re-
deposition. Due to the angle between the magnetic field and
surface normal, a magnetic pre-sheath is formed, also known
as the Chodura sheath. The magnetic pre-sheath width scales
with sin(«), where « is the angle between the magnetic field
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Cascaded arc source

Source Chamber

Target Chamber

Figure 3. Schematic of the experimental setup in Magnum-PSI. Thomson scattering (T'S) monitored the plasma parameters, while an
optical emission spectrometer (OES) monitored emission from potential contamination.

T-design

P-design

Figure 4. Schematic overview of the geometries with the four main directions: downstream (D), right (R), upstream (U), and left (L). For
the T-design, RBS measurements were performed along the diameter of the witness plates (red dots). For the P-design, measurements were

also made along the diagonals and circumference.

lines and surface normal. The magnetic pre-sheath impacts
the re-deposition of tungsten by changing the ionization rate
of sputtered impurities and by accelerating heavy impurit-
ies over a large distance [10]. Ar plasma exposures were
chosen instead of impurity-seeded hydrogen isotope plasmas
to acquire erosion rates significantly above the detection limit
while keeping the required exposure time short enough. Within
Magnum-PSI, radially outward electric fields can be present,
which introduce E x B drifts in the anti-clockwise direction of
figure 4. B x VB drifts were not present due to the homogen-
eous magnetic field in Magnum-PSI.

In this section, first the target design and general dia-
gnostics are discussed after which we focus on the ion beam
analysis and mass balance to retrieve the re-deposition and
erosion of W, respectively.

The 5 mm thick W target (10 x 10 mm) was surroun-
ded by Mo witness plates, which were attached to a clamp-
ing plate made of insulating material (AIN-BN composite).
Either four small witness plates (17 x 17 mm) were positioned
around the W target (T-design, figure 4), or a single Mo plate

(82 x 70 mm) encircled the W target (P-design, figure 4). The
W target was clamped to the copper (Cu) heat sink and was
biased to promote W erosion. The Mo witness plates were
attached to the insulating material to ensure that they remained
at floating potential, preventing their erosion during plasma
exposure. To enhance heat conduction to the Cu heat sink,
a thin eGraf® interlayer was positioned between the various
components. Both the W targets and Mo witness plates were
polished before exposure. A 5 um trench with 1 pm mark-
ings was cut in the center of the W target with a focused ion
beam (FIB, Carl Zeiss Crossbeam 540) before exposure (see
figure 6, section 5.1).

Thomson scattering (TS) acquired the radial profiles of T¢
and n. ~9 cm in front of the target’s surface, giving wpeam ~
25 mm for the Ar plasma exposures investigated. Therefore,
the plasma beam was much broader than the W targets, mak-
ing misalignments less prone to occur. Specifications of the TS
system can be found in [27]. A pyrometer (FAR-Associates
FMPI Spectropyrometer) monitored the surface temperature
to ensure that neither the W target nor the Mo witness plates
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(re-)evaporated significant amounts of W. An optical emission
spectrometer (OES, Avantes AvaSpec-2048-USB2) was used
to monitor emission from potential contamination within the
wavelength range of 378-558 nm. Neither significant contam-
ination nor erosion of the witness plates and insulating mater-
ial was found. In addition to the operando diagnostics, sev-
eral pre- and post-exposure analysis techniques were used to
monitor the erosion and re-deposition of W: (1) the depos-
ition profile was studied using Rutherford Backscattering
Spectroscopy (RBS), (2) the mass loss of the W target was
acquired using a microbalance, (3) changes in surface mor-
phology and micro-trench depth were observed through scan-
ning electron microscopy (SEM, Carl Zeiss CrossBeam 540)
with the secondary electron detector, (4) the elemental com-
position of the surface was determined using energy dispers-
ive x-ray spectroscopy (EDX, Oxford Instruments X-Max 80),
and finally (5) changes in surface roughness were measured
with a profilometer with a KF3 sensor from OPM Messtechnik
GmbH. This laser profilometer measured the arithmetical
mean surface roughness S,, which was defined according to
the ISO 4287.

3.1. lon beam analysis

Post-exposure, the witness plates were examined ex-situ with
RBS. A beam of 2.4 MeV He? or He* ions with a spot size of
1 x 1 mm was aimed perpendicular to the surface. The meas-
urement positions on the witness plates are depicted in figure 4.
The RBS detector was positioned in IBM geometry. For the
small witness plates (T-design), the exit angle was 10.3° and
the particles x steradian was set at ~=3700 pr sr. For the single
large witness plate (P-design), the exit angle was 21.5° and the
particles x steradian was set at ~2950 pr sr.

To retrieve the deposited W, the RBS spectra were analyzed
with SIMNRA [28]. The uncertainty in the Poisson noise,
measurement setup (solid angle, calibration, and scattering
angle), and the fitting procedure were all considered in the 95%
confidence intervals of the total amount of deposited W.

3.2. Mass balance

The W targets were weighed before and after plasma expos-
ure with a micro-balance (Metler Toledo NewClassic MF
MS105DU), which has a mass resolution of 0.01 mg. 95%
uncertainty intervals in the weighing procedure were acquired
by weighing the targets at least five times. The lost mass gave
the net-eroded mass Amy,. The gross-eroded mass Am, was
calculated based on the sputtering yield Y4, by the incident
Ar-ion flux I's;. The sputtering yield Y, was based on the
sputtering yield curves for normal incidence documented in
[31], considering that the magnetic pre-sheath turns the ion
flow from parallel to the magnetic field to normal to the surface
and that the magnetic pre-sheath is considerably thicker than
the surface roughness. In addition, for a rough surface with a
mean inclination angle §, of the surface of ~45° or lower, the
sputtering yield is fairly insensitive to the angle of incidence
[32]. The Ar-ion impact energy, which is required to retrieve

the sputtering yield Y4, was based on [9]

5
Ei = EkB Te — eVpias, 9)

where Vi, is the applied bias voltage to the W target. The
incident Ar-ion flux I's, was determined from the Bohm
criterion [29]:

1+M, [kg(Te+~T))
2 mj

Lar = sin(0) , (10)

where 6 = 45° is the angle between the magnetic field lines
and the surface normal, M, is the Mach number at the TS
location, ~ is the adiabatic factor and m; is the ion mass. We
assume that M, =0, T, = T;, and that there is no significant
energy loss between the TS measurement location and the tar-
get surface. Assigning a single value to v is difficult, as it varies
within the sheath region [30]. However, for consistency, v =1
is assumed. The gross eroded mass is given by

Amg = Ya, (E;) I armwAwtp, (11

where my is the atomic mass of tungsten, Aw is the surface
area of the tungsten target and #p, is the exposure time. Only
sputtering by the incident Ar particles was considered, as the
Ar plasma beam contained negligible amounts of other impur-
ities according to the optical emission spectrometer (OES).
W self-sputtering was insignificant for the conditions under
investigation as Y, < 0.05 and as the self-sputtering yield of
W was an order of magnitude smaller compared to Y4, for the
ion impact energies under investigation. Based on Am, and
Amg, the local re-deposition rate R is given by

B Amy,
Amg’

R=1 (12)

which is considered to be local as only re-deposition on the W
target itself is included.

4. Procedure

A summary of the plasma exposures is presented in table 1.
The spatially averaged values of 7. and n. across a 10 mm
space centered around the W target are tabulated. The variation
of T, and n. within this region was small (see supplementary
data) as the plasma beam was considerably broader than the
10 x 10 mm tungsten target (Wpeam == 25 mm). In addition, the
magnetic field of 0.8 T for exposures T1-T4 was increased to
1.2 T for exposure P to achieve a higher incident Ar-ion flux.
The exposure time was selected such that a similar amount of
gross erosion was expected between the exposures but expos-
ure T1, for which a prolonged exposure was done.
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Table 1. Overview of the exposures investigated: 7.—electron tempe:

rature, n.—electron density, I'a,—incident Ar-ion flux, E;—Ar-ion

impact energy, fp—exposure time. A constant uncertainty of £3 eV was assigned to E; to account for uncertainties in the sputtering yield
curves and formulation of E;. The uncertainty within #p is determined from the beam dump system. For the other quantities, the standard
variations are given based on the spatial averaging and the variation between TS measurements during one steady-state plasma exposure.

Species ID)  Te (V)  ne (10°m™3) Tar (102 m™3) E V) ()

Ar (T1) 1.13+0.04  3.8+02 31402 43+£3 8I34+1
Ar (T2) 1.144£0.04 44402 37402 44+3 3897+1
Ar (T3) 1114005 44402 3.640.2 63+3 52341
Ar (T4) 1144004  44+03 37402 94+3 7241
Ar (P) 1274004  75+07 6.6+£0.6 64+3 32041

Pre, S, <0.1 pm

———

POSt’ a= 093 I-lm

Figure 5. SEM images showing plasma-induced roughening of the W target’s surface (T4, pre- and post-exposure). The surface roughness
was quantified with a profilometer, which determined the arithmetical mean height S, of the central part (1 x 1 mm) of the W target’s

surface. Images show the same location.

Table 2. Overview of the local re-deposition rates for each exposure:

E;—Ar-ion impact energy, S;—arithmetical mean surface roughness.

Amp—net eroded mass, Amgz—gross eroded mass, R—local re-deposition rate. The uncertainty interval of R is given by the super- and

sub-scripted values. The local re-deposition rate decreases for higher
densities (T3, P).

ion-impact energies (T1-T4), but increases for higher electron

Species (ID)  E; (eV) Sy (um)  Amy (mgem™2)  Amg (mgcm™2) R (%)
Ar (T1) 43+3 057+£001  4.81+0.03 69 £ 35 933
Ar (T2) 4443 0524001  4.24+0.01 47423 9173
Ar (T3) 63+£3 0.54+001  6.04+0.02 49+ 12 88ts
Ar (T4) 94+3 087+006 11.5640.03 36+5 6874
Ar (P) 64+3 — 4.07+0.02 58+ 14 937)

5. Results

5.1 Surface analysis

The plasma exposures increased the surface roughness of the
W targets from S, < 0.1 um to S, = 0.5-0.9 um, as visual-
ized in figure 5. Sputtering by the Ar plasma beam resulted in
a mountain-like surface for which the grain boundaries were
still clearly present. Targets T1-T3 have a similar topography
but with a lower surface roughness of S, = 0.52-0.57 pm com-
pared to target T4. An overview of the surface roughnesses is
tabulated in table 2.

Based on the profilometry measurements, the erosion
occurred homogeneously along the W target’s surface, cor-
responding well to the relatively flat n. and 7. pro-
files around the target’s position and the broad plasma
beam.

For exposure T2 and T4, the pm-trench could not be iden-
tified after exposure, meaning that they are completely eroded
and/or filled with re-deposited material. The pm-trenches of
T1 and T3 are depicted in figure 6, before and after expos-
ure. The um-trenches appear to be both eroded and simultan-
eously filled with re-deposited material. Since the pm-spaced
markings were no longer visible, precise measurements of
the eroded thickness were not obtained. Nevertheless, the res-
ults reveal that erosion and re-deposition occurred on the pum-
scale.

5.2. Net and gross erosion

The net and gross erosion of the W targets are tabulated in
table 2. For target T4 the net eroded mass is significantly lar-
ger compared to the other targets, resulting in a higher surface
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T1 Pre-exposure

2 pym
—

T3 Pre-exposure

S e

Figure 6. SEM images of the W targets showing the erosion of their um-trenches and the re-deposition of tungsten into the pm-trenches.
Furthermore, roughening is evident, though less pronounced than for target T4 (figure 5). Pre- and post-exposure images show the same

location.

Table 3. An overview of the re-deposition lengths that are coupled to the erosion mechanisms: Ew—average kinetic energy of the sputtered
W particles, Aen ii—ion—ion Coulomb collision entrainment length, Aen ni—neutral-ion induced-dipole entrainment length, \j,,—ionization
mean free path (with/without the inclusion of charge exchange), pi—Larmor radius. The drag forces by Coulomb collisions and induced
dipoles are considered separately to distinguish between ionized and neutral impurities.

Species (ID) Ew (eV) Aent,ii (IMM)  Aeng,ni (Mm) Aion (Mm) pi (mm)

Ar (T1) 26+04 0.084+0.02 3.1+1.2 13.94+0.8/85+8 40403
Ar (T2) 284+04 0.08+£0.02 28+1.0 12.1£0.6/76 =7 41+0.3
Ar (T3) 47+04 0.13+£0.02 48+1.2 12.54+0.6/98 &8 534+0.2
Ar (T4) 74403 021£0.03 7.6+1.9 129+£0.9/123 £ 12 6.74+0.1
Ar (P) 48+04 0.09+0.01 27+0.6 7.34+0.7/56+9 3.6+0.1

roughness. The net eroded thickness of target T4 exceeds the
complete depth of the pum-trench, corresponding well to the
loss of its pm-trench. The local re-deposition rate decreased
strongly from ~93% to ~68% as the Ar-ion impact energy
increased from 43 eV to 94 eV. In addition, exposure T3 and
exposure P reveal that the local re-deposition rate increased
with the electron density.

To ascertain the significance of each re-deposition mechan-
ism, an overview of the typical length scales associated with
entrained and prompt re-deposition is presented in table 3.
The ionization length and its derived quantities are shown
with and without the inclusion of the extrapolated charge
exchange rates between H and W™ from equation (3), here
applied to W and Ar™. Without including charge-exchange,
the ionization length becomes so long that the re-deposition
of ionized sputtered tungsten would be negligible, which is

unlikely given the left-right asymmetry in the re-deposition
profiles (figure 9), as explained in section 5.3. Therefore,
we focus on the values tabulated for which the extrapolated
charge-exchange rates are included. As surface roughening
by plasma exposure does not indicate any orientation prefer-
ence for the sputtering direction, and the magnetic pre-sheath
ensured that the ions impacted the surface orthogonal on a
macroscopic scale, the sputtered atoms were assumed to be
distributed isotropically. Although a Thompson energy distri-
bution could be used to retrieve the energy of the sputtered W,
the tail of the Thompson energy distribution does not corres-
pond well with experimental results for the bombardment of
W by low Ar-ion impact energies [33]. Therefore, we opted to
use the mean energy of sputtered W Ew documented in [25].
The energy of the sputtered W atoms increases for increas-
ing Ar-ion impact energies as the W particles are ejected from
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Table 4. Comparison between the experimental and theoretical re-deposition rates: Rprompr—theoretical prompt re-deposition rate
(with/without the inclusion of charge exchange), Reni—theoretical entrained local re-deposition rate (with/without charge-exchange

included), R—experimental local re-deposition rate.

Species (ID) Rprompt (%) Rent (%) R (%)
Ar (T1) 4/0.1 89/86 9373
Ar (T2) 4/0.1 92/89 91713
Ar (T3) 5/0.1 86/81 8817
Ar (T4) 7/0.1 80/74 6814
Ar (P) 4/0.4 97/94 937,

the surface with more energy. The particles were deemed
entrained if their velocity parallel to the magnetic field was
reduced to zero. We consider that the W particles are ejec-
ted from the surface with a typical velocity of v, = vy/ V2
parallel to the magnetic field. The descriptions of the ion—ion
Coulomb collision (Aen,ii) and the ion-neutral collision (Aeng ni)
entrainment lengths are addressed in the companion paper [9].

As neutral impurities are not dragged by the strong ion—ion
Coulomb collisions, but by the weaker induced-dipole force,
the drag on neutrals is smaller than for the ions. Nevertheless,
even before ionization, a considerable amount of entrained
re-deposition occurred, as Aep,ni < Aion. After ionization, the
sputtered W atoms are quickly dragged back to the surface and
are generally unable to complete their gyro orbits as Aepe i <<
pi. Consequently, entrained re-deposition is anticipated to be
dominant over prompt re-deposition for the exposures invest-
igated. The theoretical prompt and entrained re-deposition
rates are summarized and compared with the experimental
local re-deposition rates in table 4. To acquire the theoretical
entrained re-deposition rate Rey, We take Lpjasma = 5 mm to
only consider entrained re-deposition onto the target itself
for the given geometry. For all exposures, Rent >> Rprompt- In
addition, R corresponds well to the experimentally acquired
local re-deposition rate R.

A clear decreasing trend in R was found by increasing
E; between exposures T1-T4, which can be attributed to an
increase in Ew. When Eyw increases, both entrainment lengths
(Aent,ii and Aeqe ni) become longer, indicating that entrained re-
deposition is impeded as the sputtered particles have a lar-
ger probability to escape the plasma beam before becom-
ing entrained with the plasma flow. Furthermore, the Larmor
radius p; increases for increasing Ew, resulting in a broader
re-deposition profile for prompt re-deposition, thus leading to
a lower local re-deposition rate. Finally, by comparing expos-
ure T3 to P, a relatively high R was found if n. was solely
increased. As n increases, the collisionality of the plasma
is enhanced, leading to more re-deposition by entrainment.
In addition, the probability for an ionization event to occur
is enhanced, leading to both more prompt re-deposition and
entrained re-deposition by the same reasoning as outlined
before.

5.3. Re-deposition profiles

The re-deposition of W on the Mo witness plates was invest-
igated with ion beam analysis. The data was analyzed using

SIMNRA 7.03 [28], in which a simulated depth profile was
matched to the experimental data (figure 7). The spectra of
a pure Cu, Mo and W sample were analyzed to calibrate the
RBS measurements. The high-energy peak in the RBS spectra
shows the amount of deposited W, whereas the lower-energy
signal with a sharp edge originates from the Mo witness plate.
Typically, four layers were considered: a heavily oxidized thin
W surface layer (~50%-70% O), a layer containing mainly
W but mixed with O and small amounts of Mo (0%—10%
Mo), a transition layer primarily composed of Mo with some
W (0%-30% W), and the pure Mo substrate. As the amount
of deposited W scales with the counts of the high-energy
peak, the assumptions in the SIMNRA depth profile do not
significantly affect the results, but help to guide the analysis
when the high-energy peak and lower-energy signal start to
overlap.

Even though some redundancy was noted between the
roughness and porosity of the layers, the influence of these
parameters on the retrieved amount of deposited W was min-
imal. The diminishing width and ultimately height of the high-
energy peak shows a strong reduction in W deposition when
moving further away from the W target’s surface. For min-
imal amounts of W deposition (<150 nm), the high-energy
peak was manifested as a distinct and separate peak. However,
for thicker W layers (=150 nm), the W and Mo contribu-
tions to the RBS spectrum start to overlap mainly due to sur-
face roughness, resulting in greater uncertainties in the amount
of deposited W. The high-energy peak exhibited a broader
low-energy tail than anticipated from roughness and poros-
ity alone, indicating the presence of Mo within the W top
layer.

In addition to the RBS measurements, several pm-trenches
were cut post-exposure in the Mo witness plate of the P-
design. SEM and EDX images of the um-trench made 2 mm
upstream of the W target are displayed in figure 8, together
with the corresponding RBS spectrum. The SEM and EDX
images show the deposition of a 200-270 nm thick W layer
on the Mo witness plate. The EDX images indicate the mix-
ing of the Mo with the deposited W, in accordance with
the RBS measurements. In addition, the deposited amount
of W measured by RBS aligns with the EDX images, given
that the W layer consists of ~40% W according to the
RBS spectrum. The surface of the deposited W layer appears
to be porous and rough, supporting the incorporation of
porosity and roughness in the SIMNRA simulations. The
deposited W migrates along the grain boundaries of the Mo
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Figure 7. Measured RBS spectra (dots) and simulated RBS spectra (lines) along the diameter of the witness plate positioned to the right of
the W target for exposure T4. The legend shows the distance to the W target. In red, the RBS spectrum of a pure W reference sample is
shown. The decrease in width and height of the high-energy peak shows a strong reduction in the W content as the distance to the W target

increases.
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Figure 8. (left) SEM and EDX images of a pm-trench made in the Mo witness plate 2 mm upstream from the W target’s surface after
exposure P; right) RBS spectrum made from the same location (black) with a reference spectrum for a pure W sample (red). The surface
area of the cross section was coated with a thin platinum layer before FIB milling. Some pits (orange encircled) and an emphasized grain

boundary (blue encircled) are highlighted.

witness plates, indicating fast diffusion of W along the grain
boundaries, which may also be important for tritium diffu-
sion. Finally, small pits were found to be present of around
0.1-1 pm.

The re-deposition profiles were obtained by combining the
RBS results along the upstream (U), downstream (D), right
(R), and left (L) diameters of the witness plates, and are shown
for each exposure in figure 9. For all exposures, and along all
directions, the deposited amount of W follows an exponential
decrease when moving away from the W target’s surface.
For exposure P, the re-deposition profile is much narrower
and steeper compared to exposure T1-T4, aligning well with
the shorter length scales associated with both entrained and
prompt re-deposition for the relatively high n. of exposure P.
The re-deposition profiles for exposures T1-T4, which have

similar n. and 7., show very similar re-deposition profiles
(figure 11).

Although misalignments of the plasma beam with respect to
the target could result in asymmetries within the re-deposition
profile, asymmetric erosion of the W targets was not observed
from profilometry. In addition, no large variations in 7. and
n. were found across a 10 mm diameter around the center of
the plasma beam. Therefore, alternative explanations for the
observed asymmetries are outlined below.

For all exposures, a prominent up-downstream asym-
metry was found in the re-deposition profile, with more
W deposition in the downstream than the upstream direc-
tion. The up-downstream asymmetry is attributed to entrained
re-deposition. Considering the direction of the plasma flow
with respect to the normal of the surface, entrainment
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Figure 9. Amount of deposited W on the Mo witness plates as traced along their diameters (as shown in figure 4) for each exposure: (a)
exposure T4 with high E; and low rnc; (b) exposure T3 with mid E; and low n; (¢) exposure T1 with low E; and low n.; (d) exposure P with
mid E; and high ne; (e) exposure T2 with low E; and low n.. The legend corresponds to the discharges in table 1. A distinct up-downstream
asymmetry is present in the re-deposition profile, which is attributed to entrained re-deposition. The left-right asymmetry is subtler and

grows in prominence for lower ion-impact energies.

drags the impurities downstream. The strong up-downstream
asymmetry reveals that entrained re-deposition was domin-
ant over prompt re-deposition, which is consistent with the
theoretical expectations for the plasma conditions considered
here (table 4).

Furthermore, near the W target, a less pronounced left-
right asymmetry was found in the re-deposition profile. The
left-right asymmetry is present at a smaller distance away
from the surface with increasing E; (figure 9). Considering
the geometry and the electric and magnetic fields present, this

left-right asymmetry is most probably related to the migra-
tion of ionized sputtered tungsten particles. In Magnum-PSI, a
radially outward electric field is commonly present. However,
the E x B drift introduced by this radial electric field would
result in an asymmetric profile with more re-deposition to the
left, which is not observed. The E x B drift introduced by the
electric field within the magnetic pre-sheath does result in
a drift to the right, which corresponds to the observed left-
right asymmetry. In addition, the left-right asymmetry might
be associated with the gyro-motion of the ionized sputtered
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Figure 10. The gyration of ionized W in the presence of a static magnetic field B. The left-right convention is the same as in figure 4. Only
particles that are ionized at a Larmor radius p; from the surface (a), (b) and at no distance from the surface (c), (d) are considered. Without
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Figure 11. The ratio of the deposited W to the net eroded W
(Amg/Amy) for the downstream (circles) and upstream (stars)
direction. This ratio provides insight into the amount of deposited W
for each net eroded W, offering a measure to compare the
re-deposition profiles.

particles, as an incomplete gyro-motion results in a drift per-
pendicular to both the magnetic field lines and normal of the
surface, as illustrated in figure 10. Given the highly colli-
sional nature of the plasma (Aengii > pi), the gyro-orbits are
typically far from completed. In addition, the drag on neut-
ral sputtered tungsten was significant, and therefore ionization
mostly occurs after the sputtered particle already has a velocity
towards the surface. Therefore, on average, the in-complete
gyro-motions of ionized sputtered tungsten particles can res-
ult in a drift towards the right.

The degree to which the up-downstream asymmetry is
present remains the same for exposure T1-T4. Thus, E; did
not influence the up-downstream asymmetry (figure 11) and
thereby did not influence the entrained re-deposition profile.
Although E; did strongly influence the local re-deposition rates
as acquired by the mass balance and the amount of deposited
W from RBS, E; only slightly affects the re-deposition profile

concerning its left-right asymmetry. Finally, a higher electron
density enhances the collisionality of the plasma, thereby
increasing the probability of both prompt and entrained re-
deposition closer to the target. This results in the narrower re-
deposition profile observed for exposure P compared to expos-
ures T1-T4, and the higher re-deposition rate of exposure P,
which is in line with the previous results.

6. Implications for ITER

Maintaining low net erosion rates will be crucial for ITER to
ensure a long lifetime for the plasma-facing components and
achieve good plasma performance. Research conducted at JET
revealed prompt re-deposition rates exceeding 94% for full W
divertors [11], thereby greatly reducing the net erosion rate.
During ITER’s operation phase, prompt re-deposition will
remain crucial, especially during ELMs, as T, is elevated and
Aion 18 relatively short during ELMs. However, during steady-
state operation, characterized by high-density (1. > 2 x 10%°
m~3) and low-temperature (7, < 5 eV) divertor plasma con-
ditions, entrained re-deposition is anticipated to become the
dominant re-deposition mechanism due to the highly colli-
sional nature of the near-surface plasma region. Furthermore,
the high density of ITER’s divertor plasma [5] will promote
a narrow re-deposition profile. Without drifts, entrained re-
deposition is local for the tokamak geometry, as entrained re-
deposition promotes re-deposition in the downstream direc-
tion, which remains within the plasma exposed region given
the toroidally symmetric strike line. However, E x B drifts
have an important impact on the W re-deposition due to the
grazing incidence of the magnetic field with respect to the
plasma-facing components. These drifts adjust the migration
of sputtered W, resulting in shadowed re-deposition [34]. In
addition to the E x B drifts, ion B x VB drifts will be present.
These drifts change the plasma flows favorable or unfavor-
able depending on the toroidal magnetic field direction [35].
A change in the plasma flow affects the force balance between
the frictional forces and the temperature gradient forces, of
which the latter tends to drive impurities from the divertor
region to the upstream region in tokamaks.
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Figure 12. The impurity-impact energy for Ar (red) and Ne (blue)
impurities. The black line indicates the situation without impurity
entrainment, while the shaded areas indicate the situation for which
entrainment is considered (M. = 0.55-0.75). The colored dotted
lines indicate the situation for which Mg = 0.65. The horizontal
black dotted lines show the threshold energies for sputtering as
retrieved from [31].

The experiments in Magnum-PSI were conducted using
pure Ar plasmas with biased W targets to promote erosion,
while ITER will utilize Ne seeded D:T plasmas [5].
Furthermore, the angle with the magnetic field was 45° instead
of the grazing angle for ITER. Nevertheless, given the good
agreement between theory and experiments, the theoretical
framework is applied to extrapolate the results, while keeping
in mind that charge-exchange reactions, drifts and temperat-
ure gradient forces are not included within this model. The
theoretical framework indicates that under ITER-like H diver-
tor plasma conditions, with n, = 1031 m—3, re-deposition
rates exceeding 99% (figure 2) are expected, for which the re-
deposition is predominantly promoted by entrainment for low-
T. (<4 eV) and by prompt re-deposition for high-T, (=5 eV)
plasma conditions. However, a more precise assessment of the
re-deposition rate under ITER-like divertor plasma conditions
necessitates experiments using impurity-seeded hydrogen iso-
tope plasmas. In addition, models that include the drifts and
temperature gradient forces will be required to accurately
extrapolate the experimental results from Magnum-PSI to
ITER’s operation phase. Finally, for a complete understand-
ing of the migration of sputtered W and its simulation, the
exact charge-exchange rates between sputtered W and H™T,
D% and T will be required.

Entrainment can accelerate the impurities towards the
plasma flow velocity, resulting in increased impurity-impact
energies. In the companion paper [9], the impurities were
found to be accelerated towards M. ~ 0.65 of the common-
system sound speed under ITER-like divertor plasma con-
ditions, where M, is the Mach number at the sheath edge.
Therefore, the impurities had a considerably higher velocity
than would be predicted from their thermal velocity, resulting
in higher impurity-impact energies (figure 12). Therefore, the

threshold energy for sputtering can be achieved at relatively
low T, allowing for the erosion of W under low-temperature
(T. <5 eV) plasma conditions. As the re-deposition rate
strongly dropped with increasing Ej, sustaining a detached
divertor will be crucial for achieving low Ej, and thereby low
net erosion rates.

7. Conclusion

Pure Ar plasma exposures were performed in Magnum-PSI to
study the erosion and re-deposition of W under high-density
(ne > 2 x 10 m~3), low-temperature (T, <5 eV) plasma
conditions. These plasma conditions resulted in a regime in
which entrainment became particularly important. The effect
of entrainment on the ion-impact energy of impurities has been
discussed in the companion paper [9]. In this work, we focus
on the impact of entrainment on the erosion and re-deposition
of W.

Considerable roughening of the W target’s surface was
found due to extensive sputtering by Ar bombardment. The
pm-trenches and mass balance reveal that the erosion and
re-deposition of W occured on the pm scale. High local re-
deposition rates were found of up to 93%. These high local
re-deposition rates show that neutral-ion interactions were
important as the ionization length was long compared to the
width of the target. The local re-deposition rate declined from
R ~93% to R ~ 68% for increasing ion-impact energies from
E;~ 43 eV to E; = 94 eV. This trend can be coupled to the
increasing energy of the sputtered W particles with E;, hence
increasing the number of collisions required to re-deposit
the sputtered particle. The reduction in R with increasing E;
stresses the requirement for low-temperature divertor plasma
conditions to keep the impurity impact energy low, especially
considering the increase in impurity-impact energy by entrain-
ment. In addition, a clear increase in re-deposition was found
for higher plasma densities, which is linked to a reduction in
both the entrainment and ionization length. Comparison exper-
iments between PSI-2 and Magnum-PSI are foreseen to facil-
itate different n. and T, regimes, allowing for a deeper under-
standing of the plasma properties and the validation of plasma-
wall interaction codes.

In the re-deposition profiles, a constant up-downstream
asymmetry was found, revealing the occurrence of entrained
re-deposition where sputtered W was dragged downstream by
the plasma flow. In close vicinity to the W target, a left-right
asymmetry was found, which was present at a smaller distance
away from the surface with increasing ion-impact energies.
Given the dominance of the up-downstream asymmetry in the
re-deposition profile, entrained re-deposition was dominant
over prompt re-deposition. This aligns with the characteristic
length scales associated with both entrained and prompt re-
deposition for the examined plasma conditions. Additionally,
as the electron density increased, the re-deposition profile
narrowed, consistent with the shortened mean free path of
sputtered particles in denser plasmas. The re-deposited W
appeared to be porous for which the grain boundaries of
the underlying material are amplified. Further post-mortem
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analysis of the re-deposited W is foreseen to characterize the
layer properties in more detail.

The experimental results support the theoretical frame-
work, which considers the friction between W impurities and
the background plasma by ion—ion Coulomb collision and
induced-dipole collisions for the ionized and neutral impur-
ities, respectively. Although modeling will be required to
extrapolate the Magnum-PSI results to ITER, the theoretical
framework suggests re-deposition rates exceeding 99% for the
highly collisional plasmas foreseen for ITER. While edge loc-
alized modes will promote prompt re-deposition, entrained
re-deposition is expected to be dominant during the steady-
state operation of ITER. Therefore, entrainment will play an
important role in the erosion and re-deposition of plasma-
facing materials in future fusion reactors.
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