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ARTICLE INFO ABSTRACT

Keywords: Liquid metal based divertors could be a more robust alternative to a solid tungsten design for DEMO. The

DEMO liquid is confined in a sponge-like tungsten layer, called a capillary porous structure (CPS). It has been found

L‘flu‘d metal previously that under certain conditions, many tin droplets eject from a CPS when it is brought into contact

?}Vertor with a hydrogen plasma. These would present a contamination issue for the plasma core. Stability analysis
n

suggests that droplet ejection can be suppressed by reduction of the pore size. To test this, stainless-steel CPS
targets with pore size ranging from 0.5-100 pm filled with tin were exposed to identical loading conditions. This
was done in the linear plasma device Magnum-PSI, capable of reaching divertor relevant plasma conditions.
Furthermore, the influence of the CPS manufacturing techniques is considered by comparing the performance
of a 3D printed, a mesh felts and a sintered CPS, all made from tungsten. Each target was surrounded by four
witness plates, which were analysed post-mortem for Sn content by Rutherford backscattering. During plasma
exposure, tin droplets were observed using a fast visible camera and plasma light emission via survey optical
emission spectroscopy. The results imply that Sn erosion can be reduced by a factor of 50 when reducing the
pore size. Moreover, it highlights the importance of avoiding overfilling of CPS targets with Sn.

1. Introduction devices [9-11] and tokamaks [12-15]. Proposed candidates for a liquid

metal divertor (LMD) are lithium and tin, the relative merits of which

Several large steps in exhaust power and total loading fluences exist
for the divertor design from ITER to DEMO, leading to an increased risk
for a solid plasma facing component (PFC) design. This can potentially
be mitigated utilizing a liquid metal based PFC. The neutron flux on
the divertor increases more than one order of magnitude [1], leading to
enhanced material damages [2]. For ITER, a major disruption, VDE [3]
or unmitigated ELMs [4] could potentially melt tungsten. The increased
fusion power in DEMO would only increase this risk [5,6]. In the
current European DEMO design, the thickness of the W armour will
be 8 mm, resulting in an expected lifetime of only 1.5 fpy, before it is
eroded [1]. A liquid metal divertor (LMD) could be made thinner, as
eroded material can be replenished by pumping fresh metal [7]. During
off-normal events, vapour shielding protects the PFC [8]. Furthermore,
collision cascades by neutrons do not lead to loss of performance,
since a liquid lacks a crystal structure. Recent experimental progress
in the study of liquid metals have been achieved on both linear plasma
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are discussed in [16]. In this paper, the focus will be on tin.

A disadvantage of tin is its higher mass number. As a consequence,
it could radiate more energy once it enters the plasma. Usually, the
capillary action of a capillary porous structure (CPS) is used to keep the
liquid in place [11,13,17]. Still, the liquid surface is not always stable
and metal can be ejected from the surface when instabilities occur.
Important sources are either due to the Kelvin—-Helmholtz (KH) [10,18]
or Raleigh-Taylor (RT) [19] instability. The former is due to the plasma
shear, for which Miloshevsky and Hassenein [18] derived a theoretical
model to predict the conditions necessary for a surface instability to
materialize. In accordance, even an unbound liquid Sn surface should
be stable [10] in the work of Ou [17] and in Magnum-PSI [20], as
the rotational velocity due to the 75 x_}E force [21] is sufficiently

small. RT instabilities can occur due to j X B forces, Jaworski [19]
found the relationship between the critical current density and the
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Product information of the sintered s.s. discs, which all have a diameter of 25.4 mm. They were each wetted in a vacuum oven at the given
temperatures and Sn amount. The porosity is determined by weighing the target before adding Sn, after filling it has been weighed again.

Pore size [pm] Height [mm] Mass [g] Porosity Max Sn [g] Sn added [g] T, Oven [°C]
0.5 1.58 4.932 0.217 1.253 0.796 950
1 1.60 4.793 0.260 1.547 1.070 900
2 1.64 4.472 0.323 1.963 1.341 900
5 1.68 4.530 0.330 2.048 1.336 900
10 1.66 4.168 0.376 2.307 1.335 900
20 1.68 3.925 0.419 2.604 1.349 900
40 3.12 7.195 0.428 4.956 3.717 950
100 3.34 5.035 0.621 7.588 4.633 950

20 um b)

—
400 um a)

Fig. 1. SEM images of the (a) sintered s.s. target with a pore size of 5pm and (b)
sintered W disc. In the W disc the individual powder particles can be seen, while in
the s.s. target the powder has fused into a larger structure.

magnetic field. However, Ou still found Sn droplets to be ejected from
the surface of a CPS when exposed to a hydrogen plasma, which was
not confined by a magnetic field. The formation and decomposition of
stannane gas (SnH,) is potentially the cause of this instability [22].
Tin droplet ejection has also been observed in plasma created from
diatomic gasses other than hydrogen [17]. In that work, the hypothesis
is that the plasma enhanced solubility [23] lead to the formation
and supersaturation of gas molecules within the tin, which will then
burst. Similar to KH and RT, this additional instability due to the
chemical interaction between the hydrogen and tin could potentially
be suppressed by reducing the pore size even more. As a result, the
capillary pressure will increase and the gas bubbles will be physically
constrained. Ou found that reducing the pore size from 800 to 104 pm
already decreased the number of released droplets significantly. How-
ever, it still unclear how much further it can be reduced, once a critical
value is reached it could potentially be fully suppressed [24]. Moreover,
multiples manufacturing techniques are available to produce a CPS and
its effect on surface stability is unclear.

2. Methodology
2.1. Targets, preparation, and wetting

Sintered stainless steel (s.s.) discs were used to determine the influ-
ence of pore size. This material was chosen as steel targets were readily
available and already existed in a broad pore size range. The sintering
process bonds steel powder into a porous structure where liquid tin
can impregnate, an example of the microstructure is shown in Fig. 1.
Nine discs (Mott Corporation) were used with a pore size between 0.5
and 100 pum. All discs have a diameter of 25.4 mm, but their heights
varies, Table 1 shows the precise values. To compensate for the height
difference, a solid s.s. disc was placed behind the targets, which ensured
a similar target temperature during exposure.

Wettability is the tendency to form an interaction between a solid
and a liquid such that the liquid is attached to the solid [25]. When
s.s. or tungsten is exposed to ambient air, an oxide layer is formed,
preventing wetting with tin [26,27]. This layer can be removed using
vacuum brazing at high temperatures [26,28]. The oven used operates

at a pressure of 1 mPa. Initially, the temperature was set to 750 °C;
however, an increase to first 900 °C and later 950 °C was necessary to
wet all targets. Stainless steel cannot be used in a tokamak, due to
its poor thermal conductivity, among other reasons. Instead, tungsten
is the leading CPS material option. Three different types of W targets
were therefore also investigated. Their wetting procedure is different,
as some targets have been used before or were provided already wetted
by different institutes. The targets and their wetting procedure are
described next.

1. Assintered disc (Edgetech Industries) with a diameter of 39 mm +
2 mm, a thickness of 3mm + 0.2 mm and a porosity between 0.50
and 0.55. The powder used for the manufacturing process has
an average particle diameter of 4.5-6 pm. Since the manufacturer
could not state the pore size, this was determined using backscat-
ter electron mode (BSE) on the scanning electron microscopy
(SEM), see Fig. 1. This figure is processed by binarization of
the image using ImageJ [29] to determine the average hydraulic
diameter of the voids, resulting in 0.65 pm + 0.32 pm. Assumed is
that there is no significant difference in the internal and external
microstructure. Wetting performed in a setup at ASML allowed
the filling of the target with 13.14 g. This setup consists of a ves-
sel operated at a pressure of 16 Pa hydrogen, where a hydrogen
radical load of 6 x 10'7 at s™! cm~2 is generated over a hot W-
filament (1950 °C). Hydrogen was added to effectively remove
tungsten oxides [30,31] and thus accelerate the wetting process.
Tungsten oxides are removed from the target at temperatures
> 700 °C within 30 min, after which the wetting and filling with
liquid Sn is achieved at temperatures of 400-500 °C.

2. A 3D-printed target identical to that used in [32]. It has a height
of 17mm and a diameter of 24.5mm. Grooves printed on the
surface provide the CPS texture. The width of its grooves and
thus its effective pore size is 100 pm + 10 pm at the plasma facing
surface (PFS). It was first cleaned using HCI (37%) and placed in
a vacuum oven at 1 mPa and 1000 °C for 2h to remove all prior
traces of Li, oxides and other impurities. After this, it was wetted
similarly to the sintered disc and filled with 3.33 g of Sn.

3. A wire felt with a diameter of 26 mm and a thickness of 3.3 mm.
This design is similar to the limiter that has been used in Frascati
Tokamak Upgrade (FTU), which had a pore size of 30 um [13,
14]. The new felt has been produced with a reduced pore size
using a pure W wire to obtain a compact knit. The effective
pore size has been estimated in the order of one micron. After
production, the felt has been cleaned using acetone and then
placed in a vacuum oven at 1200 °C and 10~ mPa for 1 h. Wetting
was achieved by placing the CPS in a liquid tin pool, and using
capillary action to fill the target.

All targets were mounted using a TZM clamping ring in Magnum-
PSI, and four round witness plates (WPs) were positioned surrounding
the targets. A layer of grafoil was placed between the target and the
target holder. Fig. 2 shows an example where the 5 pm s.s. porous target
is mounted. These WPs were used ex-situ to determine tin deposition
close to the target and thus compare the Sn erosion from different
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Settings used in Magnum-PSI to expose various targets, with ion flux (I;) and maximum heat flux (g,,,). The witness plates on the s.s. targets

have been changed twice, with the last WP used for both series 3 and 4.

Series Target T;[10%2 m™2] Gax IMW m~2] P [W] WP

1 s.s.: all 0.65 1.5 105.4 changed

2 W: Sintered, 3D-printed and felt 14.37 5.6 959 changed

3 s.s. with pore size, 0.5,5,20 and 100 pm 1.89 1.9 201 not changed
4 s.s. with pore size, 0.5,5,20 and 100 pm 5.67 2.1 439 changed

Fig. 2. Sintered s.s. target with a pore size of 5pm after plasma exposure in Magnum-
PSI. The discolouration gives a reasonable indication of the central region of the plasma
location. The letters in the blue circle indicate the cardinal position of the witness
plates, where S is closer to the ground than N. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Phantom camera Superconducting magnets

IR camera SgERE N ~-\'. ¢
\x‘\ {4

Multi-target holder ‘

Fig. 3. Schematic overview of the relevant diagnostics in Magnum-PSI. The IR camera,
the pyrometer, and the OES were all focussed viewing the front centre of the target,
while the Phantom camera viewed tangentially to the target.

targets. The WPs are s.s. discs with a diameter of 12 mm and a thickness
of 1 mm. They were placed at a radius of 25mm from target centre to
WP centre and are elevated 2mm above the target, as can be seen in
Fig. 2. Placing the 3D-printed target in a similar clamp as Fig. 2, had
as result that the WPs are actually 10mm below the target, since this
target is thicker than the others.

2.2. Magnum-PSI
Both the s.s. and W targets were exposed for 10s to the linear

plasma device Magnum-PSI in DIFFER shown in Fig. 3. This device is
capable of reaching ITER and DEMO relevant divertor plasma scenarios,

with a hydrogen flux of 1023-10%> m=2s~! [33,34]. For this work, the
magnetic field strength was varied between 0.4 and 0.6 T. The electron
temperature and density were determined with Thomson scattering
(TS) [35], positioned approximately 14 mm in front of the target. To
enable TS measurements, an additional piece of glass was mounted on
the window below the target as a precaution to prevent Sn droplets
falling into the TS optics. The heat flux profile determined using the n,
and T, obtained from TS was then used to obtain the maximum heat
flux on the target. In this work T, varied between 0.5-1.5¢V and n,
between 1-50 x 10! m~3. The total deposited power by the plasma was
obtained using calorimetry [36]. A multiwavelength spectropyrometer
(Far Associates FMPI-1) and an infrared (IR) camera (FLIR SC7000MB)
measure the surface temperature. The single chord pyrometer was
focused at the plasma beam spot centre (target centre) and used to
calibrate the emissivity of the IR camera to determine the temperature
of the target over the full surface. Furthermore, a fast visible light
camera (Vision Research Phantom v12.1 camera) with a frame rate
of 1kHz and a resolution of ~ 50um/pixel was positioned viewing
tangentially to the surface of the target and was used to monitor any Sn
droplets emerging from it. TRACK software (APREX solutions) allowed
tracking of individual droplets over frames [37]. A second method to
detect Sn was by using optical emission spectroscopy (OES) (Avantes
AvaSpec-2048). The light intensity is measured for 30s of which the
first 10s are from the plasma discharge. The last 5s are considered to
be a background noise. This is subtracted from the intensity measured
during a shot. For a better comparison between series, the average
integrated Gaussian tin peaks was normalized over the H — ¢ line
(397.0 nm).

Plasma turbulence has been observed in linear plasma devices [38]
and in Magnum-PSI this could be expected to drive MHD instabilities
on the liquid surface [19]. However, cascaded arc sources have been
shown to be highly quiescent [39], with density fluctuation levels up
to two orders of magnitude lower than other type of arc sources [40].
Therefore, any potential influence of small scale turbulence on the
plasma surface interaction is neglected in this study. In Magnum-PSI the
neutral flux near the target only comes from volumetric recombination
and target recycling when there is no gas puffing. Simulations in B2.5-
Eunomia show that the neutral flux near the target is about 2 orders of
magnitude lower compared to the H* flux [41]. Therefore, only the ion
flux is considered to be a significant source of Sn droplet production.

2.3. Ion beam analysis

The WPs were examined ex-situ using Rutherford backscattering
spectroscopy (RBS). The ion beam facility (IBF) at DIFFER hosts a
singletron accelerator, which was used to accelerate “He™ to 2 MeV. Via
steering and focusing magnets, the ion reaches a stand-alone Ion Beam
Analysis Station (IBAS), where it hits the WPs and scatters on either tin
or stainless-steel. A surface barrier detector measured the energy of the
backscattered ions and were counted by a multichannel analyser. In the
IBAS the incident angle a = 0°, exit angle g = 10° and scattering angle
0 = 170°. SIMNRA 7.03 was used to analyse the RBS data afterwards
by adding layers with a certain thickness and fraction of Sn and Fe
until it matches the experimental data [42]. In all other cases, the
maximum layer thickness did not exceeded the recommended value
from Resolnra [43]. In SIMNRA the particles x steradian were adjusted
to the Fe substrate such that it agreed with the beam current. This was
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Fig. 4. Sn erosion measured on s.s. targets with a different pore size, when exposed to different heat fluxes in Magnum-PSI. The solid lines are the tin emission (326.23 nm)
normalized over hydrogen H-¢ emission line. For the higher heat flux scenarios, the Balmer emission increased faster than the tin emission, hence the lower curve. The error bar
in the graph is the covariance of the normalized Gaussian emission line. The dashed green line shows the total tin erosion measured by the RBS on the replaced WPs (i.e., ¢ = 1.9

2

and ¢ = 2.1MWm™2). On all targets exposed to ¢ = .5MWm
deposition on the WPs decrease a factor 50 when going from 100 pm to 5pum.

measured in the IBAS using a chopper wheel. The WPs surrounding
the 3D-printed target were at different radial distance to the target
compared to the others, since the 3D-printed target is thicker. To have
a meaningful comparison between all targets, the total eroded mass
Amg, = 2z Rig, was determined, where R is the radius and 7ig, the
average Sn atoms on the WPs per surface area. Where we assume that
the evaporation is uniform over all angles. To determine the error in
the RBS, the method of exact differentials is used. For the error in the
counts, the Poisson noise is used.

3. Results and discussion
3.1. Sintered stainless-steel discs

A general overview of the experimental settings used is shown in
Table 2. In the first series the temperature stayed below 900 °C accord-
ing to the pyrometer. In the third and fourth series, the temperature
stayed below 1050°C. During the first discharge, a crack of ~ lcm
formed on the disc with a pore size of 2 um, reaching from the centre
towards the edge. The visible camera shows that the crack formed after
about 4s. Afterwards, the WPs were dismounted and fresh WPs were
installed on the targets with a pore size of 0.5,5,20 and 100 pm. Due
to time constrains, only these were exposed a second and third time.
The sintered s.s. disc with a pore size of 20 pm broke during the last
exposure. It was partly molten in the centre and a crack formed which
extended from the centre to the edge of the disc. Visible camera video
shows that this crack appearing within 2s, though liquefying could
not be directly observed. However, on the OES emission lines that can
be attributed to Fe I [44] were visible from the first second. These
emission lines were absent during all other measurements. Thermal
contact might have been less for this target, explaining why it melted.

An appropriate Sn filter was not present for the high-speed camera
during plasma exposure, therefore; some images became overexposed.
From the s.s. targets, 0.5 and 20 pm were overexposed during the third
series and 5pm during the fourth series. In all other video images,
the brightness was sufficient for analyses. Only in the third series on
the 100pm two droplets were confirmed. In all cases, not a single
droplet could be observed on the phantom camera. This implies that

2 no measurable Sn amount could be detected on the WPs using RBS(< 20ng). Both the Sn emission and the Sn

any droplet emitted was too small to detect and thus has a maximum
size of 50 pm. Typically, droplets are strongly heated by the plasma and
glow brightly, and thus even smaller droplet may be expected to be
visible. Fig. 4 shows the effect of pore size on the Sn erosion measured
by the OES in the plasma and RBS on the WPs. On the OES, Snl emission
could be observed at 317.51 nm and 326.23 nm. Fig. 4 shows only the
latter, but 317.51 nm follows a similar trend. Using RBS, the total erosion
yield is determined as in Section 2.3 and is also shown in Fig. 4. The
result for the s.s. disc follows a similar trend as the OES. Both signals
decrease a factor 50 when reducing the pore size from 100 pm to 5pm
and no further reduction below 5 pm is observed. 20 um appears to be
an outlier in the trend from the Snl emission for ¢ = 2.1 MW m~2, which
can be explained as the target was partly molten during exposure. It is
therefore even more interesting that this could not be noted on the RBS.
A possible explanation could be that the additional Sn was deposited
closer to the target and could not reach the WPs. The target south from
the sintered disc is not analysed, as it was used to explore the other
options to measure tin deposition on the WP.

3.2. Tungsten targets

Table 3 shows the results for the tungsten targets and Fig. 5 shows a
SEM image of the WPs. The droplets size on the WP are not necessary
the same as they were in the plasma, as smaller droplet might have
agglomerated. Most Sn erosion from tungsten targets was observed, on
the 3D-printed target using both RBS and OES. This is understandable
since the pore size is about two orders of magnitude higher than the
other two. The W felts had a rather poor thermal connection to the
heat sink. As a result, the temperature reached over 1300 °C, leading
to significant Sn evaporation of 12 pg/s. On the fast imaging camera,
most drops are observed with the sintered target, from which the
droplet trace can be seen in Fig. 6. This despite having the smallest
pore size, suggesting other factors are also important. On the visible
camera, microscopic drops were observed on the PFS of both the
sintered disc and the 3D-printed target. Overfilling of these targets
could help explain these observations. When heating the W sintered
disc target, Sn expands and could form a free surface layer at the PFS,
from which tin can be ejected more easily. Tungsten surfaces exposed to
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Sn erosion from tungsten surfaces as observed by the OES during plasma exposure and RBS on the WPs. An abundance of emission lines were
observed during the exposure of the W felts, most of which were saturated, hence the nan. This is most likely due to contamination of the
target. The Phantom images in TRACK did show false positives; however, the exact number is unknown. Therefore, the number given in this

table serves as an upper boundary.

W Target Pore size [pm] Amg, [pg] Asur/ A¢ T, [°C] Sn droplet Phantom camera [s™']
Felt ~1 33.8 + 4.8 nan 1319 + 3 <1

Sintered 0.65 + 0.32 13.7 + 1.0 0.98 + 0.20 1011 + 2.7 <375

3D-Printed 100 + 10 331.2 + 21.9 1.92 + 0.21 1105 + 1 <20

Fig. 5. Microscopic image from the WPs to the west of the targets. With (a) the s.s.
100 pm after the last series, (b) sintered W disc, (c¢) 3D-printed, (d) Felt. The brighter
dots are Sn droplets, ranging from nano size covering s.s. 100 pum to the big drop on
the right of the 3D-printed target. Sn droplets appear only occasionally for the sintered
W disc. Observations of the SEM are inline with the RBS data shown in Fig. 4 and
Table 3.

Time [s]

Plasma

y [Pixels]

0 50 100 150

X [Pixels]

200 250

Fig. 6. Phantom image of the sintered tungsten target after 8.25s, overlapping in colour
are tin droplets traced using TRACK software at a certain time between 8 and 8.5s.
Droplets shows around y ~ 150 Pixels and x > 150 Pixels are mainly false positives. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

the atmosphere will form a small oxide layer, reducing the wettability
with Sn [45]. This was also observed when heating the sintered disc in a
glovebox after exposure. Once the melting point had been reached, the

disc started to “sweat” Sn droplets, rolling off the disc after scraping
it with a knife. On Energy-dispersive X-ray spectroscopy (EDX) and
SEM images made post-mortem on the sintered disc, only the tungsten
structure could be observed similar to Fig. 1, leaving little to no traces
of Sn. This means that Sn was so exceptionally confined in the disc
that it does not form a coating on the outside of the CPS. Fortunately,
hydrogen plasma can also remove oxides, although this takes time since
a fluence of 5.58 x 10% m~2 was required in previous research [45].
In these experiments, this would take about 40s to be accumulated.
With an increased exposure time, a conditioning effect would occur,
but this needs to be confirmed in future experiments. The felts, on
the other hand, were filled from the bottom using capillary forces,
ensuring underfilling and the confined Sn always stuck to the W wires
prior to the exposure. Therefore, tungsten was always wetted, and no
macroscopic drops were formed.

In this work, the influence of tin droplets on the plasma parameters
is not considered, which will be done in future research.

4. Conclusions and recommendations

Tin filled sintered stainless-steel targets with various pore sizes
were exposed to Magnum-PSI. Rutherford backscattering and optical
emission spectroscopy observed Sn erosion in the plasma and on nearby
witness plates. They show that tin droplet ejection can effectively be
reduced by decreasing the pore size of the CPS. Furthermore, different
tungsten CPSs were exposed, 3D-printed, felts and sintered. Targets
which were overfilled formed a pool of free surface tin on the plasma
facing surface, enhancing the erosion yield. This because the size of
hydrogen or stannane gas bubbles is no longer physically limited. It is
therefore recommended to underfill a CPS with tin and leave internal
space for thermal expansion. Furthermore, it is recommended to wet
the CPS such that tungsten is not exposed to the atmosphere and
oxidizes. These findings should ensure that a more effective CPS can
be designed for future use with Sn.
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