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Abstract

®

CrossMark

In fusion devices like ITER and DEMO, transient events could result in substantial damage in
the form of erosion of exposed surfaces due to the extreme energy loads. Castellated tungsten
mock-ups were chosen as reference design for the plasma-facing components (PFC) of fusion
devices. The material response of these mock-ups is crucial for the lifetime of the PFC and needs
to be evaluated for a large number of repetitive plasma impacts. Therefore, an experimental
investigation of erosion processes on castellated tungsten surfaces has been performed within the
powerful quasi-stationary plasma accelerator QSPA Kh-50 with conditions that simulated a
failure of the edge localized mode control in ITER. The surface energy load measured with a
calorimeter was 0.9 MJ mfz, i.e. above the melting (0.6 MJ mfz) and below the evaporation
(1.1 MJ m™?) thresholds of tungsten. The plasma pulse duration was 0.25 ms. Intense
overheating of the castellated edge, which interacted with the plasma first, was observed
alongside the formation of an excrescence of shifted material during the first few tens of plasma
pulses. The maximum number of ejected particles was registered after the plasma pulses, i.e.
during the cooling process. Nevertheless, the amount of particles ejected during the plasma
exposure increased with the plasma pulse number. The splashing of droplets and ejection of dust
was suppressed on flat surfaces of castellated monoblocks, whereas the edges were identified as
the main source of ejected particles.

Keywords: tungsten, transient heat loads, QSPA plasma accelerator, plasma-surface interaction,
ITER ELM, castellated surfaces

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

1. Introduction

In fusion devices like ITER (Latin for ‘the way’) and DEMO
(DEMOnstration Power Plant), transient events could result in
significant damage in the form of erosion of exposed material
surfaces due to the incident extreme energy loads [1, 2].
Tungsten (W) is currently the main candidate as plasma
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facing material for the highly loaded divertor components of
future fusion devices. W has demonstrated a high erosion
resistance under exposure to plasma particles and neutrals.
Moreover, W has the highest melting threshold of any metal
and demonstrated a low activation level under neutron irra-
diation. The castellated geometry of tungsten Plasma-Facing
Components (PFC) is considered as reference design for the
divertor surface in fusion devices [2]. One of the primary
problems of a full metal divertor is the appearance and motion
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Figure 1. General view of the castellated target (5 x 5 x 1cm®) exposed to 200 plasma pulses (a). Image of the plasma-surface interaction
(PSI) with the inclined target (b), recorded at the beginning of the PSI (fexposure = 1.2 ms, i.e. frame corresponding to 0—1.2 ms after the start

of the PSI).

of melted material on the monoblock surfaces during plasma
disruptions or/and the development of Edge Localized
Modes (ELMs) in H-mode operation. The melt layer is sub-
jected to external forces such as surface tension, gradients of
both plasma pressure and recoil pressure of evaporating
material, and Lorentz force (j x B) among others. Melt
motion driven by external forces produces significant mac-
roscopic erosion of materials [2]. This process is considered
as the most important one from the point of view of the
lifetime of metallic armors and the emission of molten/solid
dust particles [3—10].

Repetitive melting of tungsten by power transients ori-
ginating from ELMs has been studied in ASDEX Upgrade
[11-14]. Tungsten samples were exposed to H-mode dis-
charges at the outer divertor target plate. The samples featured
a misaligned leading edge and a sloped ridge, respectively.
Transient melting by ELMs was induced by moving the outer
strike point to the sample location. The different melt patterns
observed after exposures at the two sample geometries sup-
port the thermionic electron emission model used in the Melt
Motion at Surfaces melt motion code, which assumes a strong
decrease of the thermionic net current at shallow magnetic
field to surface angles. The melt layer transport to less
exposed surface areas leads to a ratcheting pile up of re-
solidified debris with zonal growth extending from the
already enlarged grains at the surface [14].

Experimental simulations of high-energy fluxes of tran-
sients expected in fusion reactors are carried in present-day
tokamaks such as ASDEX Upgrade or JET. Furthermore,
dedicated simulation experiments are performed by using
powerful pulsed plasma guns [15], quasi-stationary plasma
accelerators (QSPAs) [7, 16-23], linear devices [3, 9, 10] and
e-beam facilities [3]. These devices are capable of simulating,
at least in part, the loading conditions of interest. The appli-
cation of such facilities allows to directly obtain data on the
erosion of different materials during the plasma-surface
interaction under high energy and particle fluxes. For exam-
ple, melt motion effects driven by external forces have been
investigated in previous studies with QSPA Kh-50 and
QSPA-T in experiments simulating the expected transient
events in ITER [7, 16-18]. It should be mentioned that the

plasma pressure in QSPA plasma streams is large compared
to those expected for ITER disruptions and ELMs. Never-
theless, increasing the pressure of the impacting plasma
stream allows to clarify the contribution of the plasma pres-
sure gradient to the melt motion, even for a QSPA Kh-50
plasma pulse of 0.25ms duration, and to reach the melt
velocities as those expected for ITER disruptions [16].
Whereas in ELM simulation conditions, the influence of the
melt motion on the surface profile becomes evident only with
a large number of pulses [7, 17-21]. Experimental results on
the erosion of castellated targets exposed to a large number of
transient plasma loads are most important for the numerical
simulation of surface damage effects that are caused by the
material melting [4-8, 21] and dust production [9, 10, 19, 20].
It should be noted that the loading conditions relevant to
controlled ELMs in ITER (energy density ~0.5MJm 2,
duration 0.25-0.6 ms) are not leading to large melting and
melt motion of the affected inclined divertor surfaces [1].
Nevertheless, melt motion becomes the dominant erosion
mechanism for uncontrolled ELMs in ITER (energy density
up to 4 MJ m—2). Therefore, an experimental investigation of
the erosion processes on inclined/misaligned castellated
tungsten surfaces has been performed within the powerful
QSPA Kh-50 with conditions simulating a failure of the ELM
control in fusion reactors.

2. Experimental device, sample and diagnostics

The target has been manufactured from sintered tungsten
produced by the Plansee AG with a size of 5 x 5 x 1 cm?®
with castellation slits. The size of each target unit is
24 x 12 x 5mm°, which is comparable to monoblocks in
ITER. The width of the gaps between the elements is 1 mm.
The surface of the target was preliminary exposed to 200
plasma pulses (figure 1(a)) at normal incidence within the
QSPA Kh-50 [21]. Since the targets in the ITER divertor will
be placed inclined to the plasma flow, the additional plasma
exposition of 300 QSPA Kh-50 plasma pulses was applied at
an oblique plasma incidence in this experiment. The angle
between the direction of the plasma flow and the surface of
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Figure 2. Heat load to the central part of the target surface versus
energy density (Q) in the plasma stream for perpendicular and
inclined targets.

the target was 30° (figure 1(b)). The target temperature before
and between plasma pulses was room temperature. The total
number of plasma pulses reached was 500, i.e. about half of
the expected number of ELMs during one ITER pulse.

The main parameters of the hydrogen plasma streams
were an ion impact energy of about 0.4keV, a maximum
plasma pressure of 0.32 MPa (larger than the plasma pressure
relevant to ITER of up to 0.01 MPa), and a stream diameter
of 18 cm. It should be noted that the driving force for
melt motion was quite small ' = VPggpa < 0.2 MN m >
(D =~ 5 cm near axis). The temporal plasma pulse shape was
approximately triangular with a pulse duration of 0.25 ms, i.e.
the plasma load characteristics are close to the plasma load
originating from ELMs in ITER [21].

The observation of the plasma interaction with exposed
surfaces, the dust particle dynamics, and the droplets mon-
itoring were performed with a high-speed (10bit CMOS
pco.1200 s) digital camera by the PCO AG at exposure times
ranging from 1us to 1s and a spatial resolution of
12 x 12 ym* within the spectral range from 290 to 1100 nm.
In recent experiments, analogous to [19, 21-23], the time of
exposition was set to 1.2 ms, allowing a clear registration of
particles flying away from the exposed surfaces. Optical
diagnostic methods were used for the determination of the
main plasma parameters (electron density and temperature)
and studies of the impurity behavior during the time of dis-
charge. The surface analysis was carried out with an optical
microscope MMR-4 equipped with a CCD camera.

The main feature of the high-power QSPA Kh-50 plasma
interaction with targets is the possibility of a dense plasma
shield formation close to the target surface [24]. Calorimetric
measurements demonstrated that even for plasma exposures
that did not result in tungsten melting, the absorbed heat load
was about 50% of the impact plasma heat load (figure 2). The
plasma layer at the target, formed at the head of the plasma
stream, ceased to be completely transparent for subsequently
impacting plasma ions [22-24]. This layer of cold plasma was
responsible for a decrease in the incident plasma energy that

is delivered to the surface. The surface energy load was
0.9 MJ m~? at normal surface incidence (relevant to unmiti-
gated ITER Type I ELMs), ie. above the melting
(0.6MJm %) and below the evaporation (1.1 MJ m %)
thresholds of tungsten (figure 2).

In recent studies with exposures of inclined targets, a
decrease of the energy density delivered to the target surface
has been observed with a decrease in the incidence angle
(figure 2).

The shielding layer is qualitatively visible in figure 1(b),
where the bright area corresponds to the region of maximum
plasma density. It was found that the thickness of the
shielding layer was not uniform over the target surface. The
thickness of the shielding layer was smallest at the upstream
edge of the sample [22, 23]. As a result, a non-homogeneous
distribution of the energy density along the target surface was
observed under the inclined incidence. As follows from
figure 2, the energy density delivered to surfaces decreases
from 0.9 till 0.6 MJm ? in the center of the target with a
decreasing of the angle from 90° till 30°. Nevertheless, the
energy density delivered to the leading edge was about
0.9 MJ m 2. It should be noted that the energy density of the
incoming plasma was the same for normal and oblique irra-
diation. Thus, the heat load on the downstream as well as the
central parts of the exposed surfaces was smaller than the heat
load on the upstream edge. This demonstrated an increasing
of the shielding effect for these parts of the target.

3. Erosion of castellated tungsten surfaces exposed
to a large number plasma pulses

3.1. Castellated target exposure to 200 plasma pulses at
normal incidence

The results of experiments performed earlier [21] on tungsten
exposed to 200 plasma pulses at normal incidence showed
pronounced melting. Repetitive plasma loads above the
melting threshold led to the formation of melted and re-soli-
dified surface layers. Networks of both macro and inter-
granular cracks appeared on the exposed surfaces.
Accumulations of displaced material at the edges of the cas-
tellated units were the primary source of splashed droplets
due to the development of instabilities in the melted layer.
The solid dust ejection was dominated by cracking processes
after the end of the pulse and surface re-solidification. Due to
the continuously growing crack width (up to ten pm) with the
increasing number of pulses, the initially uniform melt pool
on the castellated units became disintegrated into a set of melt
structures separated by cracks. After a large number of pulses,
the progressive corrugation of the surface occurred due to the
capillary effects and/or surface tension on exposed W sur-
faces. It should be noted that the mountains of displaced
material at the edges of castellated units developed symme-
trically on all outward edges of the target due to the uniform
plasma irradiation. In contrast, a non-uniform plasma impact
was observed at the oblique QSPA Kh-50 plasma irradiation
(figures 1 and 2). Therefore, we performed an irradiation of a
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Figure 3. Images of particle traces corresponding to 1.2-2.4 ms after the start of plasma—surface interaction (fexp, = 1.2 ms) (left), and the
velocity distribution of ejected particles versus particle start-up time from the surface (right) after 20 (a), 80 (b), and 295 (c) plasma pulses.

The vertical dotted line indicates the end of the plasma pulse.

pre-damaged target placed oblique to the plasma stream for
the evaluation of the erosion of inclined/misaligned castel-
lated tungsten surfaces.

3.2. Castellated target exposure with 300 additional plasma
pulses at an oblique plasma incidence

In recent experiments, we applied 300 additional pulses on
the castellated tungsten target with a target analysis after 100,
200, and 300 pulses, resulting in a total of 500 plasma pulses.
After the initial 20 plasma pulses, the leading edge of the
target, which was irradiated by the plasma first, as well as

nearby units were locally overheating and intensive ejection
of particles occurred (figure 3(a)).

Such particles were mainly flying towards the plasma
impact, i.e. in upstream direction. The velocity of the regis-
tered particles reached 35ms™'. Particles with the highest
velocities took off at time instances in the range of 0.2—-0.4 ms
from the beginning of the plasma-surface interaction. Most of
the registered particles were ejected from the surfaces after the
plasma pulse. With a further increase in the number of plasma
pulses, the effect of overheating of exposed surfaces was also
observed for other units of the target and the ejection of
particles occurred from those parts of the target (figures 3(b)
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Figure 4. The particle ejection during PSI. Images of droplet traces after 10 (a) and 300 (b) plasma pulses corresponding to 1.2-2.4 ms (left),
3.6-4.8 ms (middle), 6-7.2 ms (right) after the start of the plasma—surface interaction (fexposure = 1.2 ms).

and (c)). The maximum velocity of ejected particles dropped
to about 50% of the initial value after 20 plasma pulses, i.e. to
less than 18 ms™'. After 200 plasma pulses, the number of
ejected particles during the plasma pulse increased
(figure 3(c)).

The thickness of the bright area near the exposed surface
increased with the plasma pulse number. This could be
explained by the influence of cracks and the re-solidified layer
on the degradation of the thermal conductivity in a thin near-
surface layer after a large numbers of exposures. It should be
noted that the observation line was normal to the lateral
surface of the tungsten plate during the irradiation with the
first 295 plasma pulses (figure 4(a)). Nevertheless, the
observation line was adjusted at an additional angle to the
surface of the exposed target during the last 5 pulses. Thus,
we could observe the overheated parts of the exposed surfaces
(figure 4(b)). The overheated leading edge as well as the
edges of the target units remained the primary source of
ejected particles. Ejected particles continued to be registered
after the plasma impact up to >7 ms.

The maximum number of ejected particles was registered
during the first 20 plasma pulses (figure 5). The total number
of ejected particles decreased significantly to about 10% of
the peak value after the first hundred plasma pulses. A
saturation of particles ejected from the surfaces except for the
leading edge was observed after 100 plasma pulses. An
increasing amount of particles ejected from the leading edge
was observed after 200 plasma pulses.

For an oblique plasma incidence, the non-uniform plasma
layer that formed at the head of the plasma stream was
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Figure 5. Number of ejected particles versus number of plasma
pulses. Filled markers (1) indicate total number of ejected particles,
non-filled markers (2) represent the amount of particles ejected from
surfaces except for the leading edge.

responsible for a decrease in the incident plasma energy
delivered to the target surface [22, 23]. As a result, the
induced damage varied over different parts of the target. The
erosion of flat surfaces at the downstream part of the target
was minimal (figure 6).

The surface of the downstream part of the target
remained rather stable with the increasing number of expo-
sures up to 300 pulses. The major crack network with a cell
size of up to 1 mm hardly changed. The sequential pulses also
smoothed the edges of large cracks, thereby restricting their
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Figure 6. Images of units on downstream (top line) and upstream parts (bottom line) of initial target surfaces (after pre-damaging by 200
normal pulses) (a), (c) and after 300 pulses an oblique (b), (d) plasma incidence.

Figure 7. General view and optical microscopy images of different units of the castellated target. The surfaces were exposed to 500 plasma

pulses.

growth. It was observed that some molten edges moved into
the crack voids. The melt motion covered micro cracks but
new ones appeared in places of vanished fractures.

The maximum surface erosion was registered near the
leading edge. The large number of repetitive plasma loads
above the melting threshold led to the formation of a corru-
gated re-solidified surface layer on the exposed target due to
the capillary /surface tension effects (figure 7).

The motion of the melted material caused the formation
of agglomerations of displaced material at the edges of the
castellated units. These agglomerations of displaced material
(mainly near the leading edge) were the primary sources of
the ejected particles. Bridges between the units were not

observed with one exception. The melted material filled the
gap between the units on the leading edge (figure 8).

4. Discussion and conclusions

For the plasma pulses with a heat load exceeding the melting
threshold, melted and re-solidified layers formed on the
exposed surfaces. The ejected particles from the molten sur-
faces originated from Kelvin—-Helmholtz (K-H) or Rayleigh—
Taylor (R-T) instabilities during the plasma impact as well as
surface cracking during surface cooling after the plasma pulse
[4-7, 19-23, 25, 26]. The generation of tungsten particles in
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Figure 8. Images of the leading edge after different plasma pulses at
200 normal (a), 100 (b), 200 (c) and 300 (d) addition inclined
irradiation.

the form of droplets may occur only during the plasma pulse
and (as latest) a few tens of microseconds after the pulse end.

According to the model of the K-H instability growth
described in [6], the maximum instability increment v, _,; and
wavelength corresponding to it A\ _y are:

S 2p% )
K—-H 730\/%,

with the pressure of the plasma (p), the density of the molten
material (p,,) and the surface tension (o). For tungsten (o =
248Hm™', p, = 163 x 10°kgm ™ [27]) at p = 0.3 MPa, the
respective values were v, ~ 80 umand 1/ ~ 5 pis. The
estimated value of A g is in agreement with the experimentally
observed wave like structure on the exposed surfaces (figure 6).

It should be noted that the time (#,;,) of the molten layer
creation depended on the power density of the plasma stream
(P) and the material properties, i.e. the thermal conductivity
(k), the specific heat (C,), the material density (p), and the
melting temperature (7y,). This time could be estimated from

ey

M-H = —

2
the known formula f, = %ka TF‘“ . A corresponding esti-

mation of the tungsten melting time resulted in the value of
90-100 ps, which was in a reasonable agreement with the
experimental observations and the simulation with the
PEGASUS code [15]. Thus, the time of intense melt motion
(Tm) could be estimated as difference between plasma dura-
tion of 0.25 ms and 7.

The R-T instability increment -y, . corresponds to the
wave with the wavelength A\g _r as follows:

0.62V3/2 pl/* 2m30Rpt 2
YR-T= ——=77 75 > MR-T= —F———.
R1%4401/4 1/pme1

Here, V,, is the velocity of the melt motion and Rgr is the
radius of the edge convex. The motion of the liquid film with
a thickness of & along the castellated unit edge is stable if the
centrifugal force is smaller than the capillary force. The

balance of these forces gives the velocity: Vi, = ,/)2_0']1. The

m

liquid film separation from the convex corner and further
splashing of the melt layer (with depth of &) occur as soon as
velocity of the melt motion exceeds V,, [6, 7].

The R-T instability led to the formation of bridges
between neighboring castellated units. In this context, the
growth of Rrt prevented a fast formation of bridges. During
the time of intense melt motion (7,,), the critical edge convex
radius is given by

2 1/3,4/3
0.53 Vapi/3 7/
gl/3

3)

RT =

If Ry is larger than the critical edge convex radius, the
growth of the instability and the bridging between the units do
not occur [6, 7, 21]. Thus, the surface tension stabilized the
growth of the R-T instability. For tungsten at Vy, ~ Sms™",
the calculated values are Rgr ~ 3 mm, 1/yg_1 ~ 48 pus, and
)‘R—T ~ 0.8 mm.

The estimated values of 1/vy ; and 1/, . are less
than the duration of the plasma irradiation. Thus, K-H and
R-T instabilities could develop during the plasma surface
interaction. Nevertheless, the K—H instability develops faster
than the R-T instability due to 1/, , being less than
1/ 1

The velocity U of the droplet ejection can be estimated
with the assumption of the equality of the kinetic energy
E = %pm U 2§7rrd3 of the given droplet with the radius (rg)

and the surface energy of the same droplet E; = 4o r} as:

us |27
AP
where A = 4ry is the wavelength of the K-H or R-T
instabilities [6, 7].

For the K—H instability, the velocity of the ejected dro-
plets was U ~ 7ms™'. For the R-T instability, the velocity
of the particles was U~3ms ' After a small number of
plasma pulses, the average speed of particles ejected during
the plasma impact was near 10ms ™' (figure 3). Hence, such
particles were ejected due to the development of a K-H
instability. After many plasma pulses, the speed of the ejected
particles decreased. This implied that particles were ejected
due to the development of K-H as well as R-T instabilities.
Estimations of the wavelength and increment for both
instabilities agreed with the observed surface relief and the
duration of the plasma pulses. A significant growth of Rgr
was registered on the leading edge after a large number of
plasma pulses (figure 8).

Other ejected particles may be exclusively solid dust that
was generated due to elastic energy stored in the stressed re-
solidified tungsten surface layer. The solid dust ejection was
dominated by cracking processes after the end of pulse in the
course of the surface re-solidification. The velocity (Uy) of
such particles is determined by the difference of the thermal
stress energy and the cohesive binding energy [9, 10, 25, 26]

“
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as follows:
1/2 12
Uy = AaT[L] [1 _ ”ﬂ] :
p(l — ) r
Ymin = UX(I — ILL) (5)
(AaT)*E

Here, « is the thermal expansion coefficient, T is the absolute
temperature, E is the modulus of elasticity, p is the Poisson’s
ratio, and A(aT) is the difference of aT values between the
grain and substrate. r,;, is the minimum size of a particle at
which the particle is detached from the substrate.
o, =43] m 2 is the free surface energy [10].

The estimation showed that the maximum velocity
(Us ~ 40ms ") of dust particles was larger than the velocity
of droplets ejected due to the development of instabilities in
the molten layer. It should be noted that the velocity of dust
particles decreased with the reduction of the surface temper-
ature. This behavior is in agreement with the measured
decreasing particle speed at later times (figure 3).

The melt layer tended to be transformed into a corrugated
structure on exposed surfaces (figures 6 and 7). This evolution
coincided with the surface cracking. With increasing the pulse
number, the crack width gradually increased up to 20 pm. The
melt pool on the castellated units disintegrated into a set of
melt structures separated by cracks. A further increase of the
plasma pulse number (above 200) led to considerable quali-
tative changes of the surface morphology. Each cell of the
crack network was strongly subjected to the surface tension
that minimized the melt pool area. After several hundreds of
exposures, the progressive corrugation of the surface occurred
due to the capillary /surface tension effects on the exposed W
surfaces. At this point, the damage caused by cracking
became dominant. It should be noted that tungsten cracking
cannot be completely mitigated by the preheating above the
ductile-brittle transition temperature [17]. For the preheated
target with the surface loads capable of melting, the surface
cracking was accompanied by swelling, which demonstrated
the influence of the surface tension resulting from the for-
mation of ‘micro-brush’ structures similar to the W-targets
exposed at the room temperature.

The erosion of an inclined castellated tungsten target
under ITER relevant transient heat loads has been studied
using the powerful QSPA Kh-50. It was found that the
loading conditions led to pronounced melting of the affected
surfaces. Intense overheating of the leading edge, which
interacted with plasma first, was observed accompanied by
the formation of an excrescence of shifted material during first
few tens of plasma pulses. This re-solidified material
agglomeration was the predominant source of ejected parti-
cles. The maximum number of ejected particles was regis-
tered after the plasma pulses, i.e. during the cooling process.
Nevertheless, the amount of particles ejected during the
plasma exposure increased with the plasma pulse number
(figure 3). A large number (above 200) of repetitive plasma
loads led to the formation of a corrugated wave-like re-soli-
dified surface layer due to the capillary/surface tension
effects on the exposed tungsten surfaces. A suppression of

droplets splashing and dust ejection from the flat surfaces of
castellated monoblocks was registered, whereas the edges
remained sources of ejected particles. The leading edge was
the primary source of ejected particles.

The inclination of targets lead to an increase the plasma
projection angle to the surface and thus to the distribution of
the impacting energy over a larger area (decrease of the
specific load). As a result, major damages were recognized
near leading edge. Castellated surfaces can be transformed to
a flat profile due to the formation of bridges between the units
(including the leading edge). The influence of cracks and the
surface tension force on the degradation of the thermo-phy-
sical properties of a thin near-surface layer after a large
numbers of exposures can be important for the fusion reactor
operation. Any leading edges of castellated targets are the
primary sources of liquid/dust particles in case of pronounced
surface melting. Therefore, more detailed experimental and
theoretical studies of the surface damaging mechanisms of
castellated tungsten targets above and below the melting
thresholds, as well as the influence of preheating on the
erosion processes, are required.
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