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Abstract

CrossMark

A reduced model of high-Z impurities erosion and redeposition is presented to analyze net erosion of
tungsten material in divertor attached plasma conditions measured in DIII-D experiments. This
reduced model is tailored to quantify the redeposition and the net erosion on high-Z material samples
of sufficiently small dimensions to be considered exposed to uniform plasma conditions. For those
uniform plasma conditions, the spatial distribution of redeposited high-Z impurities is well
approximated by an analytical distribution characterized by a few parameters. The fraction of high-Z
impurity eroding and redepositing on a material sample is then obtained by integrating this distribution
across the material sample. The ratio of net erosion rates of tungsten measured experimentally from
tungsten samples of different sizes exposed to the same attached plasma conditions are well
reproduced with this reduced model. It is shown that uncertainties induced by radially non-uniform
plasma conditions in experiments can be significantly reduced by exposing samples to high density

divertor plasma. Several enhanced experimental setups are proposed to measure and compare net
erosion rates from samples of various areas during a single plasma experiment.

Keywords: tungsten, redeposition, divertor, erosion

(Some figures may appear in colour only in the online journal)

1. Introduction

Plasma-facing components (PFCs) in ITER and future fusion
reactors will face significant particle and heat fluxes inducing
material erosion, and thus limiting PFCs lifetime and core
plasma performance due to contamination by high-Z impu-
rities. The erosion of PFCs material is therefore a long-
standing issue for Tokamaks and has been widely investi-
gated for various material [1-3]. As the result of material
gross erosion and impurity redeposition through the plasma,
the net erosion of PFCs material ultimately determines the
effective sources of impurity in tokamaks and the operational
lifetime of PFCs.

0741-3335/19/125015+-14$33.00

Tungsten is currently the material of choice for divertor
PFCs in future tokamaks, e.g. ITER [4]. Therefore, the net
erosion of tungsten in divertor must be accurately predicted to
guarantee the sustainability of divertor PFCs and plasma
performances during diverted plasma operations [2]. In con-
trast to low-Z impurities like carbon or beryllium, the ioniz-
ation of sputtered neutral tungsten impurities is fast enough to
induce large prompt redeposition of sputtered particles when
plasma temperature and density are high. Furthermore, the
energy distribution of particles impinging on PFCs and
inducing material sputtering strongly depends on divertor
plasma conditions. Because of these strong dependencies of
material sputtering and prompt redeposition on divertor

© 2019 IOP Publishing Ltd  Printed in the UK
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plasma conditions, the net erosion of PFCs material might
significantly differ whether the divertor plasma is attached or
detached. The scope of this paper is limited to tungsten net
erosion in presence of attached or partially detached divertor
plasma conditions, when effects of background neutrals on
impurity production and transport are negligible.

Tungsten gross erosion can be well monitored during
plasma operations using spectroscopic measurements [5-7].
In contrast, measurements of tungsten net erosion and rede-
position are obtained through the post-mortem analysis of
material samples. Moreover, material samples are often ana-
lyzed after an integrated plasma campaign during which PFCs
are exposed to various plasma conditions and plasma impurity
contents [8—11]. Inferring the relationship between net ero-
sion and plasma conditions from these experiments might be
thus extremely complex.

A new experimental setup have been recently introduced
and tested by Stangeby, Rudakov and Brooks in DII-D to
improve the experimental analysis of high-Z material net
erosion [12-17]. Two high-Z material samples of different
sizes were exposed to the same plasma conditions in the DIII-
D lower divertor using DiMES [18, 19]. In these experiments,
the amount of high-Z impurities sputtered and redeposited on
a material sample is correlated to the characteristic size of the
sample. Consequently, effects of impurity prompt redeposi-
tion on the net material erosion can be characterized through
post-mortmem measurements of net erosion from samples of
various sizes exposed to similar plasma conditions. The
fraction of sputtered high-Z impurity, e.g. tungsten, which
promptly redeposit may be large in attached or partially
detached divertor plasma conditions [20, 21]. The exper-
imental assessment of material net erosion in realistic divertor
configurations provided by this experimental setup is thus
critical to validate models of high-Z impurity prompt rede-
position, and to predict the amount of high-Z impurities
effectively penetrating into the scrape-off layer plasma.

Several features of high-Z material erosion and redepo-
sition experiments conducted in DIII-D [7, 22] can be suc-
cessfully reproduced with comprehensive modeling of
impurity erosion, transport and redeposition in DIII-D SOL
and divertor plasma. However, such modeling is usually
complex, as it requires reconstructing the SOL plasma con-
ditions in 2D and determining the sources of low-Z impurity
(C, Be) in divertor. Low-Z impurities indeed induce large
sputtering of high-Z material in attached divertor plasma
conditions. Comprehensive modeling and interpretation of the
aforementioned DIII-D experiments dedicated to measure net
erosion of high-Z material [15, 16, 23] are thus rather com-
plex. Nevertheless, Ding noticeably showed that the spatial
profiles of the net erosion rates measured on the largest of the
two samples are successfully reproduced with the ERO
model [23].

To facilitate the interpretation and the analysis of those
experiments, we introduce in this paper a reduced model of
high-Z impurity erosion and redeposition on a material sam-
ple exposed to attached divertor plasma conditions. This
model assumes that these plasma conditions are sufficiently
uniform across the material sample in both toroidal and radial

directions. Within this assumption, the spatial distribution of
redeposited high-Z impurities can be well approximated by an
analytical distribution characterized by a few parameters. The
fraction of high-Z impurity eroding and redepositing on a
material sample is then obtained from the integral of the
distribution of impurities redeposited onto the material
sample.

This reduced model is applied to analyze some of the
aforementioned DIII-D experiments conducted to characterize
tungsten net erosion [14—17]. During those experiments,
several circular tungsten samples of various radii were
exposed to attached plasma conditions. The net erosion rates
corresponding to these plasma conditions were measured
through post-morterm analysis of the tungsten samples. The
ratio of the net erosion rates obtained from two samples of
different size but exposed to the same plasma conditions
predicted with the reduced model are in agreement with the
ratio experimentally measured.

Furthermore, it is shown that uncertainties in the reduced
model due to radially non-uniform plasma conditions can be
significantly reduced when performing these experiments at
high plasma density. Finally, several enhanced experimental
setups are proposed to measure and compare net erosion rates
from samples of various areas during a single plasma
experiment in tokamak divertor.

For the sake of brevity, the reduced model introduced in
this paper is only discussed and applied for tungsten impu-
rities. This reduced model can be nevertheless easily trans-
pose and applied to other high-Z impurities, such as
molybdenum, provided that the fraction of promptly rede-
posited impurities remains large. It is noteworthy to mention
that the reduced model introduced in this paper to analyze
DIII-D experiments may not be straightforwardly applicable
to estimate net erosion of high-Z material in tokamaks like
ITER. However, characterizing the net erosion of high-Z
material exposed to uniform plasma conditions as a function
of few parameters may be extremely valuable to benchmark
the modeling of key processes governing impurity prompt
redeposition, and thus net erosion. For instance, tungsten
prompt redeposition strongly depends on the ionization rates
of neutral and low charge state tungsten impurities and on
the width of the Chodura sheath [20], which is formed by the
Debye sheath and a large magnetic pre-sheath [24]. Because
these key parameters are virtually impossible to measure
directly in experiments, robust analysis and modeling of
material net erosion measurements in dedicated experiments
are critical to validate the numerical estimations of these
parameters [25, 26].

This paper is organized as follows. The reduced model of
high-Z impurity erosion and redeposition is introduced in the
section 2. Parameters characterizing the prompt redeposition
of high-Z impurities in the reduced model are discussed in the
section 3. The application of the reduced model to analyze
tungsten redeposition experiments conducted in DIII-D is
presented in the section 4. Finally, optimal size and shapes of
material samples to measure net erosion of high-Z material
are discussed in the section 5.
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Figure 1. Sketch of high-Z material samples exposed to plasma in
the lower divertor of DIII-D: poloidal view (a), tangential view
(b) and horizontal view (c).

2. Reduced model of erosion and redeposition of
high-Z impurities on material samples exposed to
attached divertor plasma conditions

2.1. Redeposition of high-Z impurities in attached divertor
plasma conditions

We consider here the erosion and redeposition of high-Z
material exposed to attached plasma conditions typically
found in DIII-D or similar tokamak divertors (7, =
1040eV, n, = 1013-10" cm73). In those divertor plasma
conditions, high-Z material is mainly sputtered by low-Z
impurities and main plasma ions, and self-sputtering is neg-
ligible. The prompt redeposition of high-Z impurities, which
corresponds to the redeposition of ionized impurities caused
by their first gyration around the magnetic field near material
surfaces [20, 27], is large in those plasma conditions. For
instance, the fraction of promptly redeposited tungsten in
those plasma conditions is typically larger than 90% [21].
Tungsten impurities which do not promptly redeposit can
also redeposit when flowing along the magnetic fields in the
scrape-off layer. These impurities exit and do not reenter
immediately the electric sheath near the material surface due
to the multiple ionizations of these impurities in higher charge
states outside of the sheath [28]. The guiding center of these
impurities is at a distance of the order of pjn, from the sheath
entrance located at z = Aghean, Where pip, is the gyro-radius
of a singly charged tungsten impurity, and Agpeq is the width
of the Chodura sheath. Furthermore, tungsten impurities
which enter the Chodura sheath are likely to hit the material
surface in the attached plasma conditions considered here
[29]. Since magnetic field lines in standard tokamak divertor
intersect divertor material surfaces at grazing incidence
0° < a < 5° (figure 1(b)), non-promptly redeposited impu-
rities, whose gyro-radius is smaller than p;y,, due to multiple

ionizations, redeposit in the toroidal direction at a typical
distance y,,. 2 pi‘:" from the sample.

Impurities eroded from a material sample without
promptly redepositing on this same material sample can be
thus ignored when the toroidal characteristic width L, of the

material sample is short enough, i.e.

P
Lior < —2. ey
«

When the toroidal width of a material sample satisfies the
condition 1, the redeposition of impurities on this sample can
be assumed to be solely due to prompt redeposition. For
instance, non-prompt redeposition of tungsten can be ignored
for samples satisfying Ly, < 1 cm for attached plasma con-
ditions in the DIII-D divertor where B ~ 2.25T and « = 2°.
Since the prompt redeposition of tungsten is largely uniform
in the toroidal direction (see section 3), toroidal profiles of
tungsten net erosion should be symmetric with respect to the
center of the material sample. Toroidal profiles of tungsten net
erosion experimentally observed on circular tungsten samples
of toroidal width L., = 1cm exposed to attached plasma
conditions in DIII-D divertor [14, 23] exhibit a pattern rela-
tively symmetric, in sharp contrast with toroidal profiles of
deposited tungsten measured in the vicinity of the samples.

2.2. Fraction of high-Z impurities eroded and redeposited on a
material sample exposed to uniform plasma conditions

Plasma temperature and density in tokamak divertor usually
exhibit sharp radial variations, since the parallel transport of
plasma along the magnetic field lines is much faster than the
plasma transport across the magnetic field lines in the scrape-
off layer. However, plasma conditions with broader radial
profiles can be obtained for instance in the DIII-D lower
divertor in reverse-B, configuration [30]. The radial scale
length of the plasma temperature and density in this config-
uration can be of the order of A,q ~ 0.5-1cm at the outer
divertor target.

Material samples with a radial width L4 inferior or
comparable to the plasma temperature and density scale
lengths (L.q < Amg) can be therefore assumed to be exposed
to uniform plasma conditions, as plasma are usually toroidally
symmetric in tokamak configuration.

When the redeposition of low-Z impurity eroded in the
vicinity of a material sample onto this material sample is
negligible compared to the overall flux of impinging low-Z
impurities, spatially uniform plasma conditions lead to spa-
tially uniform fluxes and distributions of charge and energy of
low-Z impurities and main plasma ions impinging onto the
material sample. This condition is fulfilled when the toroidal
width of the material sample is small compared to the toroidal
distance at which low-Z impurity redeposit, which is usually
the case when the condition (1) is fulfilled.

The sputtering of high-Z impurities induced by uniform
flux and distribution of charge and energy of particles
impinging onto high-Z material sample is also uniform. The
term ‘uniform’ thus refers in this work to plasma conditions

for which the gross erosion flux of high-Z impurity ['$;5> can
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be considered as uniform across the high-Z material sample,
ie.

dlog I'&s™

Xrad

dlog (g
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ay tor
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The fraction &eqep Of high-Z impurities eroded and
redeposited on a material sample exposed to uniform plasma
conditions (conditions (2)) and of limited toroidal width
(condition (1)) can be expressed as:

J;‘ j;'mRZ fl"edep (X + }?/) d)?d)_('/
faz |

S is the spatial domain of the sample, such that fs dX is the

fredgp (S) = ﬁredep (3)

area of the sample (figure 1(c)). fredep is the normalized spatial
distribution of redeposited high-Z impurities,

f;edep (Y )

f d (X) i S re——
redep fRz o (X)dX
with fRz fredep X )d)? = Bredep- Bredep 1 the fraction of eroded
high-Z impurities which promptly redeposit.

Using the expression (3), the average net erosion flux
(TN across a sample of surface S is given by

Ji D@ dx

(Tero)s = T =TE" (1 = &regep(S))- 4)
S

The ratio =0 of the average net erosion flux from two
samples of surface S; and S, exposed to the same uniform

plasma conditions is thus given by

<F2re(t>52 _ 1 - gredep(SZ)

—net
Eero(S2, S1) = = .
e <Frelr6(t)>51 1 - fredep(sl)

&)

The fraction &eqep Of redeposited high-Z impurities does
not explicitly depend on the gross erosion flux. =2 is
therefore only determined by the size and the shape of the
material samples, and by the spatial distribution of promptly
redeposited high-Z impurities. The comparison of (I'het)
measured on material samples of different size or shape, but
exposed to the same uniform plasma conditions, thus provides
an experimental characterization of the prompt redeposition
of high-Z impurities.

It is noticeable that §.4.,(S — 0) — 0. The net and gross
erosion fluxes of high-Z impurities eroded from samples
smaller than the characteristic distance at which impurities
redeposit are therefore comparable, as pointed out in [14, 16]
and [23].

In the reduced model of high-Z impurity erosion and
redeposition introduced in this section, Zp: only depends on
the size and shape of the material samples, and on the spatial
distribution freqep Of redeposited high-Z impurities. This dis-
tribution can be expressed in a simple analytical form as a

function of a few parameters, as described in the next section.

3. Spatial distribution of promptly redeposited high-
Z impurities

3.1. Numerical estimations of the spatial distribution of
promptly redeposited high-Z impurities

The prompt redeposition of impurities is the result of the
ionization and the motion of the sputtered impurities along
and across the magnetic field in and out of the electric sheath.
The ionization of neutral and low charge state high-Z impu-
rities is usually fast in attached divertor conditions
(Ti,we < 1, with w, the impurity cyclotron frequency and 7,
the characteristic ionization time). High-Z impurities are thus
usually ionized multiple times during their first gyration
around the magnetic field lines [28]. Because of the multiple
ionizations of high-Z impurities during one gyration, the
analytical description of the spatial distribution of redeposited
impurities fredep 1S cumbersome. In this work, fregep 18 thus
numerically evaluated for various plasma conditions.

The prompt redeposition of high-Z impurities occurs on a
time scale Tprompe ~ w;l, which is usually much shorter than
the time scale of collisions of high-Z impurities with plasma
ions (VeoliTprompt <K< 1 where vqy is the collision frequency),
and effects of these collisions on prompt redeposition of high-
Z impurities can be ignored. Collisions of high-Z impurity
with neutrals are also neglected considering the low density of
neutral particles in attached plasma conditions. Moreover,
effects of the plasma electric field Ej,ma Outside of the sheath
region on the impurity cross-field and parallel motion are also

neglected (%|Eplasma| < 1), as well as the effects of

anomalous cross field transport.

The prompt redeposition of high-Z impurities is strongly
affected by the electric sheath near the surface [20]. The
vertical scale length of the electric sheath in tokamak divertor
is usually of the order of the main plasma ion gyroradius p;
when the magnetic field lines intersect the divertor material
surface at grazing incidence [24, 31] (figure 1(b)). We con-
sider in this work the spatial profile of the electric sheath
potential ¢(z) = —3% x e Paean o caleulated in [25] for
o = 2°, with Agpean &~ 5p; and Sypean = 4. Values of p; and
Asheath are estimated assuming 7; =~ T,, since experimental
measurements or accurate theoretical estimations of 7; are
usually difficult to obtain in tokamak divertor.

Sputtered high-Z impurities are assumed to be emitted
from the material surface with an uniform azimuthal angular
distribution, a cosine polar angular distribution and a
Thompson energy distribution [32], as suggested for instance
by simulations of tungsten sputtering by carbon with binary
collision codes [33]. This energy distribution is characterized
by the binding energy E; and the cutoff energy E.,of The
ionization rates are taken from the ADAS database [34].

Within the assumptions described hereabove, the spatial
distribution of promptly redeposited high-Z impurities—here
tungsten—are calculated using the Monte-Carlo code ERO-
D3D. ERO-D3D is an enhanced high computing performance
version of the ERO code [35], which solves the equations of
motion for impurity in 3D tokamak boundary plasma
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Figure 2. Polar coordinates for circular and rectangular material
samples. yy., is the toroidal direction and x,,q;, is the radial direction.

described in the original ERO manual [36]. Simulations are
performed for various attached plasma conditions found in
DIII-D divertor with B =2.25T, o =2° and a surface
binding energy for tungsten £, = 8.63 eV. ERO-D3D is used
here as a simple Monte-Carlo solver to model impurity
ionization and redeposition in presence of electric and
magnetic fields. Noticeably, the angle of incidence o does not
affect significantly the spatial distribution of promptly rede-
posited particles at grazing incidence (a < 5°). Two examples
of the spatial distribution of promptly redeposited tungsten
impurities calculated with ERO-D3D are shown in
figures 3(a) and (d).

3.2. Analytical approximation of the spatial distribution of
promptly redeposited high-Z impurities

The spatial distribution of redeposited high-Z impurities
emitted from a point source is described by the probability
density function fieqep(r, ), where r is the distance from the
point source located at » = 0 and ¢ is the azimuthal angle
relative to the toroidal axis (figure 2).

When the prompt redeposition of high-Z impurities is
stﬁciently large (Bredep 2 0.7), it can be shown that

Jreaep (> ) s well approximated by the product of two dis-
tributions

. Frnf for0 < o<
fmdep(r’ = j‘%iriﬁig for m < Z < 277’ ©
where
FE0) = 7 1 Aogep) (7
and

A 1 ad -
o) =~ + Moy SN ©)
~(r, p, A\) is the gamma distribution

r’“’il r

Tn

YT,y A) =

characterized by the decay length A and the shape para-
meter p.

Two examples of the radial distributions of redeposited
impurities are displayed in figures 3(b) and (e). The radial
distribution in the positive radial direction (0 < ¢ < m) can
differ significantly from the radial distribution of the particle
redeposition in the negative radial direction (7 < ¢ < 27)
due to the asymmetry of impurity redeposition across the
magnetic field line in the radial direction x,q, illustrated in
figures 3(c) and (f). Hence the introduction of two different
scale lengths A, and )\;redep characterizing the radial dis-
tribution of redeposited impurities in each region.

The asymmetry of the impurity redeposition in the radial
direction, characterized by ngicy‘m in the expression of fw is
caused by the ionizations of impurities outside of the the
electric sheath. Let us consider for instance a magnetic field
pointing in the positive toroidal direction (B > 0), as sketched
in the figure 1. Impurities exiting the sheath with a negative
radial velocity complete a larger gyration around the magnetic
field before reentering into the sheath than impurities exiting
the sheath with a positive radial velocity. As a consequence,
impurities exiting the sheath with a negative radial velocity
are more likely to be ionized out of the sheath and to not
reenter the sheath than impurities exiting the sheath with a
positive radial velocity. Impurities emitted with a positive
radial velocity are thus more likely to redeposit than impu-
rities emitted with a negative radial velocity.

In contrast, impurities are uniformly redeposited in the
toroidal direction when the prompt redeposition is sufficiently
large (Breaep < 0.7), which is usually the case for high-Z
impurities like tungsten in the attached plasma conditions
considered in this work. Consequently, the toroidal profiles of
tungsten net erosion are expected to be symmetric with
respect to the center of the material sample.

3.3. Characteristic parameters describing the spatial
distribution of redeposited tungsten

For a given impurity species, it can be shown that radial
distributions of redeposited impurities can be well described
by the distribution fr (equation (7)) with a unique shape
parameter u for a large range of plasma conditions and cutoff
energies. For instance, the radial distribution of redeposited
tungsten can be well described by the distribution fr with
w = 1.25, as illustrated in figures 3(b) and (e). The char-
acteristic lengths Areqep and )‘jedep estimated from ERO-D3D
simulations with p = 1.25 are shown in the figure 4 as a
function of the plasma density for various plasma tempera-

tures and cutoff energies. Corresponding values of ™ and
asym

Breaep are also plotted in figure 4.
The relationship between the radial asymmetry of

impurity redeposition characterized by nzi‘yim and the ioniz-

ation of impurities out of the sheath is illustrated by the

similar evolution of n;@‘y’m and 5, -, With the plasma

conditions in figure 4, where 3, -,., 1S the fraction of
sputtered tungsten impurities which experience at least one
ionization event out of the electric sheath.

As shown in figure 4, the parameters )\fgdep, Bredep and

rad

Mredep distribution of

which characterize the spatial
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Figure 3. Examples of 2D, radial and azimuthal distributions of promptly redeposited tungsten calculated with ERO-D3D for low uniform
plasma temperature and density (a)—(c) and high uniform plasma temperature and density (d)—(f), with Eyoif = 27;. The energy and angular
distributions of sputtered particles, the sheath model, the magnetic configuration and other assumptions used in ERO-D3D simulations are

described in the section 3.1.

redeposited tungsten strongly depend on the cutoff energy
E..ofr Of the energy distribution of impurities sputtered from
material surface. The increase of E . strongly affects the
magnitude of the radial asymmetry of the tungsten redeposi-
tion pattern, as more tungsten impurities ionize out of the
sheath as their kinetic energy increase. A good approximation
of E.uofr 1s therefore necessary to accurately describe the
redeposition distribution of high-Z impurities.

In the attached divertor plasma conditions considered in
this work, the sputtering of high-Z impurities is mainly due to
low-Z impurities (carbon in DIII-D). Assuming that T; ~ T,
the cutoff energy E.,of corresponding to the sputtering of
high-Z impurities by low-Z impurities impinging on material
surface at sub-keV energies can be then estimated by

4 mM (m+2M
M + m)2\2m + 2M

where m and 7, are the mass and the charge of the low-Z
impurities inducing sputtering of high-Z impurities of mass M
[37]. Moreover, low-Z carbon impurities usually strike the
DIII-D divertor surface in charge state 2+ and 3+ in attached
plasma conditions [7], such that E ¢ ~ 1.37, — 1.97, for
sputtered tungsten particles.

We have thus shown here that the spatial distribution of
redeposited tungsten can be well approximated by an analy-
tical distribution characterized by only a few parameters
()‘;lf::dep’ n;‘;‘;m and Breqep). Such description is remarkable
considering that the redeposition of high-Z impurities is the

6
Ecutoff ~ ) (3ZIOW + 1)Te,

result of various complex physics processes, i.e. multiple
ionizations and motion in and out of the sheath of impurities
emitted with distributed energy, polar angle and azimuthal
angle. These few parameters can be handily used to analyze
effects of plasma conditions on tungsten redeposition and net
erosion.

For instance, the small variations of )\idep, n;'zcylm and Bredep
at high plasma density (figure 4) indicate that varying plasma
temperature and density will not significantly affect the spatial
distribution of redeposited tungsten, provided that the plasma
density remains large enough (1, > 5 x 103 cm™3). The
characterization of the spatial distribution of redeposited high-Z
impurities by only a few parameters may thus largely facilitate
the design and the interpretation of erosion and redeposition
divertor experiments, as illustrated in the next two sections.

4. Modeling and analysis of tungsten erosion and
redeposition experiments with circular samples in
DIlI-D

Measurements of high-Z impurities were conducted in DIII-D
using circular material samples [12, 14], as sketched in
figure 1. The reduced model of high-Z impurity erosion and
redeposition formed by the expressions (3) and (6) is used in
this section to model and analyze tungsten erosion and
redeposition from circular samples.
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Figure 4. Characteristic parameters of the spatial distribution of redeposited tungsten calculated with ERO-D3D with uniform plasma
conditions as a function of plasma temperature and density for E.yoir = 1.57, (a)—(c), Ecyorr = 2T, (d)—(f) and E.yorf = 5T, (g)—(>1). The
shape parameter of the radial distribution of redeposited impurities is ;¢ = 1.25. The corresponding characteristic lengths )\riedep are reported

in the plots (a), (d), (g). The fraction (4., Of sputtered tungsten impurities which redeposit and the magnitude 7,
tungsten redeposition across the magnetic field lines are shown in the plots (b), (e), (h). The fraction 3, -

rad
asym

of the asymmetry of
of sputtered tungsten

sheath

impurities which experience at least one ionization event out of the electric sheath is shown in the plots (c), (f), (i).

4.1. Fraction of high-Z impurities eroded and redeposited on
circular material sample exposed to uniform plasma conditions

We consider here a material sample of circular shape and of
radius Rk (figure 2). Using the expression (3) and the

redeposition distribution f:edep (equation (6)), the fraction
gredep(lédisk) of impurities eroded and redeposited on the

sample is given by

ﬂredep
2p2
27°R jisk

X j;Rd“k fOZW fo% j;R"m ﬁedep (', pHdr'dp'derdr, (8)

gredep (Rdisk) -

where Rpax = \/Rdzisk — r2sin® (o — ¢') — rcos(p — ).
The distribution fredep (#', ¢') is integrated in the expression
(8) with respect to dr’ and not r’dr’. The integral of the

distribution -y with respect to r’ can be recast into a normal-
ized form as

Rmax Rmax
[ 30w ndre = [T 5 s 1
0 0

Raisk N r 5 _
o F=3 and Riax =

where Ry =

VRis — P50 (0 — )= 708 (9 = @) Greaep can be
then expressed as

Rii Ris
gredep(Rdisk) - Xsym( ka ] + Xsym(__—mk]

)‘redep redep

Rk Risk
ok | - NG
Xasym[ A?edep] xasym( Aredep] )

+ nrad

asym
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Figure 5. Evolution of Xsym and Xasym as a function of Riisk-

where we have introduced

5 ﬁredep
Xsym(RdiSk) = T
2R ik

o LédiSkLZWLﬂL];RHIaX ’Y("/’ 1, 1)df’d<p’dg0fdf

and
5 Bred
Xasym (Ratisk) = ———
27°R ik
x [R5 Singr [R (1) dP A dgrdr
0 o Jo 0 B ’

(10)

Xsym and Xasym describe respectively the isotropic rede-
position of impurity and the radial asymmetry of the impurity
redeposition in the radial direction. Xgym and Xaqym vary
slowly with Ry (figure 5). The expression (10) was derived
assuming B > 0, i.e. a magnetic field oriented in the positive
toroidal direction as sketched in figure 1, and n;*;im —n;‘;‘;m
and X,gm — — Xasym When B < 0.

Profiles of &.qep calculated with the expression (9) for
tungsten impurities at high (low) electron density and temp-
erature are plotted in figures 6(a) and (b) as a function of the
radius Ry of the circular sample. At high plasma temper-
ature and density, the redeposition pattern of tungsten impu-
rities is symmetric (n::gm < D), and g0 2 2X gy At low
plasma temperature and density, tungsten redeposition is
asymmetric in the radial direction and X,eym < O.

Values of &eqep calculated with ERO-D3D simulations of
tungsten erosion and redeposition from a circular tungsten
sample with uniform plasma conditions and a fixed fraction of
low-Z carbon impurity in plasma are also shown in figure 6.
The good agreement between values of &cqep Simulated with
ERO-D3D and values of §cqcp calculated with the expression
(9) shows that the reduced model formed by the expressions
(3) and (6) can accurately describe the fraction of tungsten

—— Analytical expression 9
= ERO-D3D
Xsym (fL) +Xsym _A—L)

redep redep

_ R R
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Figure 6. Fraction {.qcp Of redeposited tungsten impurities
(equation (9)) as a function of the circular tungsten sample radius
Rgisk (black lines) at (a) high plasma density and temperature

(T, = 35eV, n, = 10" cm~3) and (b) low plasma density and
temperature (7, = 15eV, n, =2 X 10" cm ™). The fraction of
redeposited tungsten impurities simulated with ERO-D3D assuming
a fixed fraction of carbon impurities in plasma is also shown (blue
square).

impurities redeposited on material sample simulated with
ERO-D3D simulations.
Due to the slow variation of Xsym and Xasym With Rgisk,

tungsten redeposition may be still significant when
Raisk & Aageps for which &eaep 2 20% (figure 6). Tungsten

gross erosion may therefore be accurately inferred from mea-
surements of the tungsten net erosion only on very small tung-
sten samples. For instance, &eqep < 10% for Ryige < 0.2 mm at
high plasma density and temperature.

4.2. Analysis of tungsten erosion and redeposition experiments

The expression (9) of &.qep and the distribution of redeposited
tungsten characterized in the section 3.3 are used in this
section to analyze high-Z impurity erosion and redeposition



Table 1. Values of =/ experimentally measured (blue) and calculated with the reduced model formed by the expressions (5), (6) and (9) (green) for tungsten circular samples of radii Ry, exposed

to various plasma conditions in DIII-D divertor. The parameters of the spatial distribution of redeposited tungsten are calculated assuming E;yoff = 1.67.

Plasma conditions Experimental net/gross erosion References Reduced model (equations (6) and (3)) DIILD shot number
) T8,
T (V) n(em?) _ Ram(mm T, vetep (M) e Sredr Eredep
Sy S, — + S S,
35 1.2 x 10" 0.5 5 0.28 (0.33%) [14] 1.6 1.6 0 093 0.14 (0.14 0.76 (0.69")  0.35 #148679-148682
15 1 x 10" 0.5 7.5 0.17 [17] 0.83 0.82 004 098 0.30 0.88 0.20 #170843-170847
25 4 % 10" 0.5 7.5 0.27 [17] 1.1 1.1 0.08 096 0.2 0.82 0.25 #170851-170853
26 7.7 x 10"2 0.5 5 0.77 (0.48%) [15] 2.26 302 036 076 0.07 (0.07% 0.46 (0.53%)  0.68 #162769-162771
20 4 % 10" 0.5 5 0.33 (0.34%) [16] 1.12 124 0.13 094 0.18 (209 0.74 (0.75%)  0.36 #153043-153045

! Values indicated in brackets are the ratio obtained from previous comprehensive ERO and REDEP/WBC modeling [15, 16, 23].
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Figure 7. Values of =2 experimentally measured (square),

calculated with the reduced model formed by the expressions (5), (6)
and (9) (solid line), and obtained in previous ERO simulations

[15, 23] and REDEP/WBC simulations [16] (triangle) as a function
of the ratio of the circular tungsten sample radii. Plasma conditions
and parameters of the spatial distribution of redeposited tungsten
used in the reduced model are reported in table 1. The radius of the
smallest sample S is equal to 0.5 mm.

experiments conducted in DIII-D. In these experiments, two
circular tungsten samples of different radius were exposed to
various attached plasma conditions [14-17]. A detailed
description of the plasma conditions and of the experimental
framework is provided in [14—16]. Unpublished experimental
measurements [17] were obtained with the plasma conditions
described in section 4.1 in [38] using the experimental setup
described in [14]. Results of these experiments are summar-
ized in the table 1, where the reported plasma conditions are
the radially averaged values of plasma temperature and den-
sity above the tungsten samples. These average conditions
roughly correspond to the plasma temperature and density at
the center of the samples.

Modeling of the net erosion rate experimentally mea-
sured from one sample is usually difficult because it requires
to model the gross erosion rate of tungsten, which itself
requires to model the flux of low-Z impurities impinging on
tungsten. Such modeling have been performed by Ding [23]
using ERO simulations and by Brooks [16] using REDEP/
WBC, with radially varying plasma conditions.

In contrast, modeling the ratio =2 of the net erosion
rates from two samples of different sizes is simpler, as this
ratio does not depend on the gross erosion rate when the two

samples are exposed to the same plasma conditions
(equation (5)). Z2 can be straightforwardly obtained with the

reduced model formed by the expression (9) and the spatial
distribution of redeposited tungsten characterized by Breqep.
)\?;dep and nfﬁ‘y‘m (equation (6)). Values of =5 calculated with
the reduced model and experimentally measured are dis-
played in table 1 and in figure 7. The relatively good
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agreement between calculated and measured values of =1

indicates that the reduced model might be sufficiently accu-
rate to capture the main features of high-Z impurity redepo-
sition and net erosion in the experimental setup examined in
this section.

Nevertheless, no further conclusions should be drawn
about the accuracy of this reduced model, since the ability of
this model to reproduce values of Z2% for various samples
sizes with fixed plasma conditions remains unclear. Further
measurements and modeling of =5 for different sample sizes
at given plasma conditions are therefore essential to assess the
validity of the reduced model, and thus the subsequent acc-
uracy of the sheath model and ionization rates which effec-
tively govern tungsten net erosion. To that end, enhanced
experimental setup are proposed in section 5.

The reduced model introduced in this paper noticeably
relies on the assumption that material sample are exposed to
sufficiently uniform plasma conditions (section 2.2), whereas
non-uniform plasma conditions can be simulated for instance
with ERO. The good agreement between the values of =0
calculated with the reduced model and calculated with ERO
[15, 23] or REDEP/WBC [16] (table 1) suggests that the
effects of radially non-uniform plasma conditions on high-Z
erosion and redeposition may be effectively negligible. The
uncertainties due to the radial non-uniformity of plasma
temperature and density in the reduced model are briefly
discussed below.

4.3. Uncertainties in modeling of high-Z erosion and
redeposition due to non-uniform plasma conditions

Plasma conditions in tokamak divertor are usually uniform in
the toroidal direction due to the axisymmetry of the tokamak
configuration. In contrast, plasma conditions sufficiently
uniform in the radial direction are more difficult to obtain. For
example, the radial profiles of plasma temperature and density
usually vary of at least 30% over a radial distance of 1 cm in
DII-D divertor [14, 16, 23]. It should be noticed that the
strike point location in tokamak divertor usually oscillates
radially due to the vertical displacement of the plasma and
MHD-driven modes. Radial oscillations of the strike point
location may spatially average and flatten out the radial pro-
files of plasma temperature and density above the material
samples. The quantification of such effects are out of the
scope of this paper.

Radial variations of the plasma conditions across the
material samples affect the erosion and redeposition of high-Z
impurities through (i) the radial variations of the gross erosion
flux and (ii) the radial variations of the spatial distribution of
redeposited high-Z impurities.

For instance, effects of non-uniform impurity gross ero-
sion on impurity redeposition and net erosion on a circular
sample can be estimated by considering some linear varia-
tions of the plasma flux I' in the radial direction:

F — <F>(1 + AFYA‘Sian

gross erosion flux on the fraction &;cqep Of redeposited high-Z

. ) Effects of radially non-uniform
) Rais
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impurity are thus of the order of
Ag AT

gredep <P> R\diSk
fORdiSk f02W foh LR"“X Jreaep (P, @)sin od'ddip?d?
X

Ié is 2w p2m Iémax 2 N N R .
0 dkj; fo fo Jredep (F's AP d@'oFdF (11)

redep

The expression (11) shows that effects of non-uniform
plasma and high-Z impurity gross erosion fluxes on &eqep are
negligible when the high-Z impurity redeposition is radially
symmetric (Aregep & Aregep)- A similar conclusion holds for
the effects of radially non-uniform plasma temperature, which
induces radially non-uniform sputtering of high-Z impurity,
on reqep- When the spatial distribution of redeposited
impurity is radially asymmetric, radially non-uniform plasma
conditions may therefore limit the accuracy of the reduced
model by inducing radially non-uniform impurity gross
erosion.

Effects of the radial variations of the spatial distribution
of redeposited high-Z impurities due to radially non-uniform
plasma conditions on impurity redeposition is difficult to
quantify due to the nonlinear dependency of fr on )\?;dep.
However, the slow variation of X¢m and Xasgym With Riisk

(figure 5) indicates that &eqep slowly varies with )\fedep.

edep

Moreover, variations of )\?;dep and Bregep With the plasma
conditions are small when the plasma density is high enough.
For tungsten, /\ﬂédep and Bieqep Weakly vary with n, and 7,
when n, > 5 x 1013 cm™3 (figure 4).

Noticing that the radial symmetry of the distribution of
redeposited tungsten impurities decreases as the plasma
density increases (figures 4(b), (e) and (h)), uncertainties in
the reduced model formed by the expressions (9) and (6) due
to radially non-uniform plasma conditions thus largely
diminish when tungsten samples are exposed to plasma at
high density. Similar conclusions can be drawn when con-
sidering toroidal asymmetry, for instance due to toroidally
non-uniform flux of low-Z impurity impigning on tungsten
samples.

Finally, uncertainties in modeling of erosion and rede-
position experiments diminish in general as the radial size of
the high-Z material samples decreases. The size and the shape
of the material can be therefore chosen to minimize the effects
of non-uniform plasma conditions on high-Z impurity rede-
position in tokamak divertor, as discussed in the next section.

5. Optimizing the shape and the size of the material
samples to improve the experimental
characterization of high-Z net erosion and
redeposition

Circular tungsten samples of various radii were exposed in
DIII-D experiments using DIMES [12, 14-16]. Other sample
geometries may be however considered, for instance rectan-
gular shapes. Such geometries can provide additional geo-
metrical parameters which affect the fraction of redeposited
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Figure 8. Fraction &qcp of tungsten eroded and redeposited on a
circular sample (circle mark) and rectangular sample (square marks)
as a function of the radial width of the sample calculated with the
reduced model formed by the expressions (6) and (3) for low (a) and
high (b) plasma temperature and density.

impurities and which can be varied between experiments. In
DIII-D experiments, material samples must be designed to be
embedded on the DiMES head, which is a disk of radius
2.5cm [14]. With this constraint, some enhanced exper-
imental setup are proposed in this section to improve the
experimental assessment of net erosion and redeposition of
high-Z impurities.

5.1. Circular vs rectangular shape

A rectangular material sample aligned with the magnetic field
line is characterized by its toroidal width L, and its radial
width L4 (figure 2). The fraction of high-Z impurities eroded
and redeposited on such rectangular sample varies with Ly,
and L4, as shown in the figure 8. As pointed out in the
previous section, plasma conditions which are sufficiently
radially uniform across the material sample are difficult to
generate in tokamak divertor. This limitation can be overcome
with a rectangular shape by varying L., while keeping L .4
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Figure 9. Advanced geometries combining four rectangular material samples to measure high-Z impurities net erosion as a function of the
region defined by each rectangular sample. These regions are labeled ©®, ®, ® and @.

constant and as small as possible. For instance, the figure 8
indicates that the fraction of redeposited tungsten on a rec-
tangular sample significantly varies with L., when
Lrad Z 3 mm.

These results are also valid for an elliptic sample of semi-
minor axis L,q and semi-major axis L.

5.2. Advanced geometries

As mentioned in the section 4.2, measuring =i, for various
sizes of material sample with fixed plasma conditions is cri-
tical to thoroughly validate models predicting high-Z impurity
redeposition and net erosion. However, available exper-
imental time in tokamaks like DIII-D is usually limited, and
experiments must be designed to collect experimental data
during a limited number of plasma shots. Considering the
previously described rectangular samples, we propose hereby
three geometries to measure tungsten net erosion during a
single plasma shot as a function of a well-defined geometrical
parameter (figure 9). These experimental setups combine four
rectangular tungsten samples of various radial and toroidal
widths aligned with the magnetic field. The aforementioned
geometrical parameter is in this case the areas defined by each
rectangular sample, and labeled ©, ®, ® and @.

The setup plotted in figure 9(a) consists in four rectan-
gular samples of fixed radial width but increasing toroidal
width. Samples are toroidally distant from each other by a
distance of 9 mm. Within this configuration, redeposition of
tungsten impurities from one sample onto another one is
negligible, since the radial distribution of tungsten impurities
is close to zero around 9 mm-1cm (see e.g. figures 3(b)
and (e)).

1

The fraction eqep 0Of redeposited tungsten in each region
and the ratio =2 of the net erosion rate from each region over
the net erosion rate from the region @ are plotted in figure 10.
Variations of Z%! are significant as the toroidal width of the
sample increases, and should be thus experimentally mea-
surable. It should be noticed that variations of = are more
pronounced as the radial width of the samples increases. This
radial width—here arbitrarily taken equal to 3 mm—is only
limited by the radial scale length of the plasma conditions,
and can be reduced or increased depending on those plasma
conditions.

Larger variations of =0 can also be obtained by con-
sidering samples of various radial width and fixed toroidal
width (figure 9(b)), or samples of various radial and toroidal
widths (figure 9(c)). As shown in figure 10, the variations of
=0 are more significant when the toroidal width of the
sample is increased with the radial width, as the sample areas
are larger. The experimental setup sketched in figure 9(c) is
thus more robust against experimental uncertainties.

The geometries proposed in figures 9(a) and (c) are
therefore two examples of experimental setup which can
provide enhanced experimental characterization of net erosion
—and thus redeposition—of high-Z impurities during a single
plasma shot. It should be noticed that the analysis of tungsten
redeposition presented for those geometries could be per-
formed on virtually any material sample by arbitrarily defin-
ing several redeposition regions of various size and/or shape
on this sample. Redeposition regions defined by rectangular
samples, as the ones used in the experimental setup presented
in this section, are however easier to distinguish than a plain
tungsten rectangular sample during the post-mortem analysis
of material samples.

2
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Figure 10. Values of &.qe, and =05 (see section 2.1) calculated for

tungsten with the reduced model formed by the expressions (3) and
(6) for the regions ®, ®, ® and @ of the geometries sketched in
figure 9. =0 is here the ratio of the net erosion rate from each region

—ero

over the net erosion rate from the region ©.

6. Summary

High-Z impurity erosion in tokamak divertor results from var-
ious complex physics processes (material sputtering, impurity
ionization, impurity motion in electric sheath,...). While material
gross erosion can be measured in sifu in tokamak divertor (e.g.
spectroscopically), material net erosion is usually inferred from
postmortem analysis of PFCs. The interpretation and the mod-
eling of high-Z impurities erosion and redeposition experiments
in tokamak divertor is therefore complex. Furthermore, first
principle modeling and experimental measurements of key
processes governing erosion and redeposition of high-Z impu-
rities in divertor, such as the structure of the electric sheath and
the ionization rates of neutral and low charge state tungsten
impurities, are extremely challenging.

Stangeby, Rudakov and Brooks have introduced a original
experimental setup in DIII-D, where two high-Z material sam-
ples of different sizes were exposed to the same attached plasma
conditions in the DIII-D divertor, to obtain a well constrained
experimental measurement of high-Z material net erosion. The
analysis and the interpretation of these experiments can be
however cumbersome, as the modeling of these experiments
with Monte-Carlo impurity erosion and transport model (e.g.
ERO) includes a large number of parameters.

To overcome this issue, a reduced model of high-Z
impurities erosion and redeposition is introduced. This model
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relies on the assumption that plasma conditions are suffi-
ciently uniform above the material samples in both toroidal
and radial direction. Within this assumption, the spatial dis-
tribution of redeposited high-Z impurities can be well
approximated by an analytical distribution characterized by
only a few parameters (equation (6)). The fraction of high-Z
impurities eroding and redepositing on a material sample is
then obtained from the integral of the distribution of impu-
rities redeposited onto the material sample (equation (3)).

This reduced model is applied to analyze recent experi-
ments on tungsten erosion and redeposition conducted in DIII-
D, in which several circular tungsten samples of various radii
were exposed to single attached plasma conditions. Net erosion
rates corresponding to these plasma conditions were measured
through postmorterm analysis of the tungsten samples. The ratio
of the net erosion rates obtained from two samples of different
size exposed to the same plasma conditions calculated with the
reduced model are in agreement with the experimental values.

Additional experiments are nevertheless required to further
assess the ability of this reduced model to consistently predict
the ratio of the net erosion rates from tungsten samples of var-
ious sizes exposed to several plasma conditions. This assessment
is critical to determine the validity of the underlaying models
describing key processes governing tungsten redeposition and
net erosion, such as the structure of the electric sheath and the
ionization rates of neutral and low charge state tungsten impu-
rities, which largely determine the amount of tungsten effec-
tively emitted in the scrape-off layer plasma. To that end, several
enhanced experimental setups are finally proposed to measure
and compare net erosion rates from samples of various areas
during a single plasma experiment in tokamak divertor. Uncer-
tainties in parameters governing tungsten prompt redeposition
and thus affecting tungsten erosion in tokamak divertor, such as
ionization rates and sheath scale length, will be discussed
elsewhere.
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