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Summary

In the process of nuclear fusion, two light atomic nuclei are merged, and a tremendous
amount of energy is released. Fusion is what powers the sun and all the stars. On
Earth we seek to replicate this process in fusion reactors, because they do not produce
any CO2, they are inherently safe, do not produce long lived nuclear waste, and fuel
is abundant. The tokamak is the leading concept in the quest for fusion energy, and
uses deuterium/tritium mix as fuel (isotopes of hydrogen), which must be heated to
∼ 100 million ◦C. At this temperature the fuel becomes a plasma, which is held in
place by the magnetic fields generated in a tokamak. The European Union plans to
start the construction of a DEMO power plant as soon as 2040 [1], which means the
conceptual design phase must start in 2020. Yet, before this can be realized, several
show-stoppers must be overcome. Of these, the power exhaust problem at the so-
called divertor is perhaps the most challenging. The divertor is required to survive a
combination of steady state heat loads (up to 10 MW/m2), slow transient heat loads
(up to 20 MW/m2), and intense neutron irradiation for several full power years. In
addition, millisecond heat pulses up to 80 GW/m2 must be withstood in the case of a
plasma disruption. Combined, these are the harshest conditions that any man-made
object must live through.

The current state of the art is the tungsten monoblock design, used in ITER,
the predecessor of DEMO. It consists of an array of water cooled solid tungsten
blocks. In DEMO, however, the tungsten is likely to crack, melt, or have insufficient
lifetime before being eroded away. Instead, divertor concepts using liquid metals
(LM) may succeed. A liquid metal divertor (LMD) can dissipate large amounts of
power via vapor shielding, where evaporated material radiates and thermalizes in the
plasma. A liquid will not crack due to thermal stresses, it will not embrittle under
neutron irradiation, and it will not melt under high heat load because it is already
molten and an LMD is designed to operate in that state. When damaged it will
self-repair, when LM is evaporated it can be replenished. However, the experimental
en theoretical knowledge bases for this relatively new concept are limited and there
is currently no proven engineering design for an LMD on DEMO. To realize such a
design, the power handling capacity of LMDs must be better understood, as well as
the influence of LMDs on fusion plasmas. Especially the latter is critical because
excessive evaporation of the LM leads to too high impurity concentrations in core
of the fusion reactor, which will cool the plasma through radiation and quench the
fusion reaction. Hence, designs will be subject to strict LM temperature limitations.



vi Summary

Currently, these limitations are uncertain, and experimentation is needed to establish
them.

This thesis presents a series of designs, prototypes, experimental tests, modelling
and theoretical investigations that lead up to the design of a conceptual divertor for
the DEMO reactor. This design is based on the combination of an intricately shaped
substrate manufactured by means of 3D-printing and liquid tin as the liquid metal.
The tests and models reported here predict that this divertor concept meets the
DEMO requirements for steady state operation with a large margin, while providing
ample resilience against the pulsed heat loads that can occur during disruptions. But
first, to enable these analyses, a different concept aimed at facilitating experimenta-
tion is presented. This is the so-called pre-filled target concept. This concept was was
tested on linear plasma device Magnum-PSI and found suitable for implementation
on experimental tokamaks. The capability to carry out LM experiments on tokamaks
is crucial to the research field.

The pre-filled target design was inspired on the working principle of an oil lamp.
The plasma facing surface (PFS) consists of a capillary porous structure (CPS), which
can soak up LM through capillary forces. A CPS is traditionally used to prevent liquid
instabilities by creating large capillary pressure. The PFS is supplied with LM from
a reservoir, that is connected via wicking channels. This reservoir can be pre-filled
before the component is installed, and will prolong the lifetime without the need for
complicated LM supply systems. The wicking channels serve a second purpose: stress
relief. When filled, the channels contain only liquid and thus allow the surrounding
solid material to expand freely. Meanwhile, the liquid in the channels does conduct
heat, and so insulation and overheating of the substrate is prevented.

Several prototypes were 3D-printed from tungsten. In the most effective design,
the target had an internal structure based on trees. Thick stems at the bottom
of the substrate branched out into a fine structure at the PFS, on which a porous
texture was printed with ∼ 50 micron void sizes. This design caters for maximum
capillary flow while minimizing thermal stresses in the substrate. Stresses in the solid
material were ∼ 1 MPa, a two order of magnitude reduction compared to the ITER
divertor [2]. This reduction was achieved by designing the tree structure to have little
connectedness in the plane perpendicular to the temperature gradient, and thanks to
the temperature reduction resulting from lithium vapor shielding. The stress levels
were well below the failure stress of the 3D-printed tungsten. Thus, a large and direly
needed margin was created for material degradation, due to e.g. neutron irradiation.

A generic power handling model was formulated to find the tolerable loads for
these prototypes. Here, the incoming power from the plasma was balanced against the
vapor shielded power and the conducted power. It was found that when using lithium,
the tolerable power in steady state was increased by about an order of magnitude
compared to the solid-tungsten monoblocks, even for a capillary LM supply. This
came, however, at the cost of evaporation rates that are not compatible with the
fusion plasma. Fast evaporation is not problematic during disruptions, and a 0.1 mm
lithium layer was found to be sufficient to protect the wall during such events.

To validate the power handling model, predictions of the surface temperatures
were compared against observations during experiments in Magnum-PSI. The 3D-
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printed targets were exposed to deuterium plasmas with heat flux densities up to
29 ± 1 MW/m2. For these targets no observable damage occurred. Temperature
locking was observed at 800 to 900 ◦C, which is significantly reduced compared to the
temperatures of reference targets without lithium, under identical loading conditions.
The temperature locking indicates that vapor shielding plays a significant role in power
dissipation, preventing the surface temperature from rising further. The observed
locking temperature is in reasonable agreement with the model prediction. These
experiments confirmed that the oil lamp principle to replenish the LM PFS worked,
and that the concept was suitable for implementation in experimental tokamaks.

When surface temperatures did not exceed ∼ 500 ◦C, formation of a macroscopic
solid lithium deuteride (LiD) layer was observed. Because deuterium can diffuse,
the entire lithium layer on the PFS can be converted into LiD. This is problematic
because the LiD will impede capillary flow towards the surface, rendering the PFS no
longer self-healing. LiD formation could be avoided at elevated temperatures, but it
could not be determined at what temperature exactly.

The most severe loading conditions on the 3D-printed targets were 1 millisecond
pulses, with a power density between 0.3 and 1 GW/m2. These were superimposed
on the steady state load with 5 or 100 Hz, lasting for 3 seconds. The power handling
model could not be validated for this case, because IR temperature measurements
of the Li during pulses could not be obtained. Presumably due to the formation
of a dense vapor layer, observed via high-speed camera footage of the Li-I light.
Nevertheless, damage was observed on the targets.

The thesis is concluded with a concept LMD design for DEMO. Here, liquid tin
is used instead of lithium, because, in DEMO, tritium retention cannot be avoided
when using lithium. The allowed inventory of tritium is limited due to safety and
abundancy constraints, and exceeding it is unacceptable. An overview of the concept
is given in Fig. 0.1. The pipe is made from copper reinforced with tungsten, to

t = 2 mm

w = 10 mm

w = 10 mm

D
=

8 mm

3D-printed tungsten CPS

Tungsten reinforced copper

Tungsten corrosion barrier

Water, T = 180 ◦C,
P = 15 MPa, v = 14 m/s

Figure 0.1: Concept proposed for the divertor of the European DEMO.
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withstand the stresses at the required temperatures, and tungsten-coated, to prevent
corrosion by the tin. The CPS will be 3D-printed on top of the pipes. Arrays of
vertically oriented pipes will be placed in shallow baths. These are is fed with Sn
from the top and drained at the bottom, maximizing the replenishing rate of the
PFS, especially because flow resistance can be lowered by optimizing the geometry of
the 3D-printed CPS. A thermo-mechanical analysis of the design showed that steady
state operation up to 17 MW/m2 should be possible. Slow transients up to at least
60 MW/m2 can be tolerated thanks to vapor shielding. Resilience against disruptions
seems plausible.

In conclusion, the performance of proposed liquid tin divertor concept can meet the
requirements for DEMO, and exceeds the power handling capability of the monoblock
concept. The tolerable heat flux density is 170% of the capacity of the monoblocks
during steady-state, and 300% during slow transients. The potential to withstand
disruptions is a critical improvement to the robustness of DEMO. The added com-
plexity is therefore considered worthwhile, and it is strongly recommended to develop
this concept further. Furthermore the improvements to the steady-state loading cap-
ability constitute an important step toward compact tokamaks with a higher divertor
power load, which could be more practical and economical.
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Samenvatting

Kernfusie is het samenvoegen van twee lichte atoomkernen, waarbij een grote hoeveel-
heid energie vrij komt. Alle energie in de zon en sterren wordt geproduceerd via dit
proces. Men probeert dit proces op aarde te repliceren in fusiereactoren, wat als voor-
delen heeft dat deze geen CO2 produceren, inherent veilig zijn, en geen langlevend
radioactief afval produceren. De tokamak is het meest geavanceerde concept in de
zoektocht naar een fusiereactor die netto energie levert. Een tokamak gebruikt een
brandstofmengsel, bestaande uit deuterium en tritium (isotopen van waterstof), dat
moeten worden verhit to ∼ 100 miljoen ◦C. Bij deze temperatuur is de brandstof een
plasma, dat door de magnetische velden in een tokamak op zijn plek wordt gehouden.
De Europese Unie heeft het plan om, op basis van dit concept, in 2040 te starten met
de constructie van een demonstratie centrale (DEMO [1]). Dit betekent dat de eerste
ontwerp fase al moet starten in 2020. Er moeten echter, voordat dit gerealiseerd kan
worden, nog verschillende showstoppers overwonnen worden. Het afvoeren van het
opgewekte vermogen via de zogenaamde divertor is hiervan wellicht de grootste. De
divertor wordt verscheidene jaren lang blootgesteld aan stationaire warmtestromen
(warmteflux) tot 10 MW/m2, oplopend tot 20 MW/m2 tijdens langzame fluctuaties.
Daarbovenop is er een intense neutronenstraling, en kunnen gedurende het leven van
de divertor disrupties van het plasma plaatsvinden waarin de warmtestroom ged-
urende een paar milliseconde oploopt tot 80 GW/m2. Gecombineerd vormen deze
condities de meest vijandige omgeving ooit voor een door mensen gemaakt object.

De huidige state-of-the-art divertor is het zogenaamde wolfraam-monoblock ont-
werp, dat wordt gebruikt in ITER, de voorganger van DEMO. Dit ontwerp bestaat uit
een reeks watergekoelde solide wolfraam blokken. In DEMO is echter de kans groot dat
het wolfraam barst, smelt, of te snel erodeert. In plaats hiervan kunnen concepten
waarin vloeibare metalen worden gebruikt wel slagen. Een divertor van vloeibaar
metaal (Liquid Metal Divertor, LMD), heeft als voordeel dat hoge warmtestromen
getolereerd kunnen worden door het ontstaan van een dampschild. Het vloeibare
metaal verdampt eerst, en straalt en thermaliseert vervolgens in het plasma, waardoor
minder vermogen de divertor bereikt. Bovendien kan een vloeistof niet barsten, niet
bros worden door neutronenstraling, en niet smelten onder hoge warmteflux omdat
het al gesmolten is. In tegenstelling tot de monoblocks is een LMD hierop ontworpen.
Als de vloeistof beschadigd wordt kan hij zichzelf herstellen, en als er materiaal ver-
dampt kan dit aangevuld worden. De twee belangrijkste kandidaten voor een vloeibaar
metaal zijn tin en lithium. Echter, de beschikbare theoretische en experimentele ken-
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nis over dit relatief nieuwe concept is beperkt, en er is nog geen realistisch technisch
ontwerp voor een LMD in DEMO. Om een dergelijk ontwerp te realiseren is er beter
begrip nodig van de toelaatbare warmtestroom, en de invloed van een LMD op het
fusieplasma. Vooral het laatste punt is van belang, omdat overmatige verdamping
leidt tot vervuiling van het brandstofmengsel. Toekomstige ontwerpen zullen dus on-
derhevig zijn aan strikte beperkingen van de oppervlaktetemperatuur. Deze limieten
zijn op dit moment onzeker en experimenten zijn vereist om deze nauwkeuriger te
bepalen.

Het doel van deze thesis is om een LMD-concept te ontwerpen voor DEMO. Om
de benodigde kennis hiervoor op te doen zijn een aantal modellen gemaakt en exper-
imenten gedaan, die ook losstaand zeer waardevolle kennis hebben opgeleverd. Het
resulterende ontwerp voor DEMO is gebaseerd op het gebruik van vloeibaar tin en
3D-geprinte wolfraam structuren. De modellen en uitgevoerde experimenten voor-
spellen dat het concept ruim voldoet aan de vereisten voor DEMO tijdens stationair
bedrijf, terwijl het waarschijnlijk ook bestand is tegen disrupties. Om deze analyses
echter mogelijk te maken is er eerst een ander LMD concept ontwikkeld dat bedoeld is
om experimenten te faciliteren. Dit zijn de zogenoemde pre-filled targets. Prototypes
hiervan zijn getest op de lineaire plasmagenerator Magnum-PSI en zijn ook geschikt
bevonden voor implementatie in experimentele tokamaks. Experimenten op tokamaks
zijn van cruciaal belang voor de ontwikkeling van LMDs.

Het pre-filled target concept is gëınspireerd op de werking van een olielamp. Het
oppervlak dat is blootgesteld aan het fusie plasma (Plasma Facing Surface, PFS) be-
staat uit een poreuze structuur (Capillary Porous System, CPS), die zich vol zuigt
met vloeibaar metaal door capillaire krachten. Een CPS wordt vaak gebruikt om
ongewenst spetteren te voorkomen, door het genereren van een hoge oppervlaktespan-
ning. Zoals de olie in een olielamp langzaam opbrandt, zal er tijdens experimenten
vloeibaar metaal vanaf het PFS verdampen, wat leidt tot een beperkte levensduur.
Het PFS wordt echter voorzien van vloeibaar metaal vanaf een reservoir dat is ver-
bonden via capillaire kanalen. Dit reservoir kan gevuld worden voordat de compon-
ent wordt gëınstalleerd en verlengt zo de levensduur zonder de noodzaak voor een
complex bevoorradingssysteem. De capillaire kanalen verlagen ook de thermische
spanning. Omliggend solide materiaal kan namelijk vrij uitzetten terwijl warmte nog
steeds door het vloeibare metaal in de kanalen geleid kan worden. Hierdoor worden
spanningen voorkomen en treedt er geen oververhitting op.

Om te bewijzen dat het pre-filled target concept werkt is er een serie prototypes
3D-geprint van wolfraam. De meest effectieve versie van het ontwerp heeft een interne
structuur gebaseerd op bomen. Dikke stammen onderin vertakken zich tot een fijne
structuur aan het PFS, waarop een poreuze structuur met een poriegrootte van ∼ 50
micrometer is geprint. Dit ontwerp levert een maximale capillaire stroming op terwijl
thermische spanningen gereduceerd zijn tot ∼ 1 MPa, twee grootte ordes lager dan
in de ITER divertor [2]. Deze reductie werd behaald doordat de boom structuur een
lage graad van verbondenheid heeft in het vlak loodrecht op de temperatuur gradiënt
en doordat het dampschild de oppervlakte temperatuur verlaagt. De thermische
spanningen liggen ver beneden de treksterkte van het 3D-geprinte wolfraam waardoor
een ruime marge werd gecreëerd voor verdere materiaal degradatie, bijvoorbeeld door
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de neutronenstraling die in DEMO zal optreden.

Om de toelaatbare warmtestroom voor deze prototypes te vinden is er een algemeen
toepasbaar model van het dampschild geformuleerd. In dit model wordt het inko-
mende vermogen vanuit het plasma uitgebalanceerd tegen het vermogen dat wordt
gedissipeerd door het dampschild en de thermische geleiding door de divertor. Uit dit
model bleek dat voor lithium, in stationair bedrijf, de toelaatbare warmtestroom een
ordegrootte hoger is dan voor de monoblocks. Zelfs als de lithium toevoer volledig
passief is, uitsluitend gedreven door capillaire werking. Dit is echter te danken aan
het dampschild en gaat gepaard met een verdampingssnelheid die niet compatibel is
met het fusieplasma. In DEMO zal een grotere fractie van het vermogen afgevoerd
moeten worden via thermische geleiding naar bijvoorbeeld koelwater. Tijdens disrup-
ties is snelle verdamping niet problematisch en zou een lithium laag van 0.1 mm dik
al voldoende zijn om de divertor te beschermen.

Het model van het dampschild is gevalideerd door voorspellingen van de opper-
vlaktetemperatuur te vergelijken met observaties tijdens experimenten in Magnum-
PSI. De 3D-geprinte prototypes werden gevuld met lithium, en blootgesteld aan deu-
terium plasmas met vermogensdichtheden tot 29±1 MW/m2. Deze liepen hierbij geen
schade op. Tijdens deze experimenten werd een temperatuurplafond waargenomen
tussen 800 en 900 ◦C. Dit was significant minder dan de temperatuur van referentie
samples zonder lithium onder identieke omstandigheden. De aanwezigheid van het
temperatuurplafond toont aan dat het dampschild een significante rol speelde, en
het geobserveerde temperatuurplafond kwam overeen met voorspellingen vanuit het
model. Deze experimenten tonen aan dat olie-lamp principe om het PFS te voorzien
van lithium werkte en dat het concept geschikt is voor implementatie op experimentele
tokamaks.

Wanneer tijdens blootstelling aan deuterium plasmas de oppervlaktetemperatuur
onder de ∼ 500 ◦C bleef werd er een macroscopische laag solide lithiumdeuteride
(LiD) gevormd. Omdat deuterium door Li kan diffunderen kan uiteindelijk de gehele
Li laag omgezet worden in LiD. Dit is problematisch omdat de LiD de capillaire
stroming kan blokkeren, waardoor het PFS zichzelf niet langer kan herstellen. De
LiD laag kon worden verwijderd bij hogere temperaturen, maar het kon niet bepaald
worden wanneer exact.

De zwaarste belasting voor de 3D-geprinte prototypes waren milliseconde pulsen
in een deuterium plasma waarin de vermogensdichtheid tussen de 0.3 en 1 GW/m2

lag. Deze pulsen werden 3 seconden lang gegenereerd met een frequentie van 5 of
100 Hz bovenop de stationaire belasting. Het model van het dampschild kon niet
gevalideerd worden voor dit geval omdat IR metingen van de Li temperatuur tijdens
pulsen niet succesvol waren, vermoedelijk door de formatie van een dichte damplaag
voor het PFS. De samples liepen echter wederom geen schade op.

De thesis sluit af met een concept LMD-ontwerp voor DEMO. In dit ontwerp
wordt vloeibare tin gebruikt in plaats van lithium, omdat in DEMO tritium retentie
niet voorkomen kan worden in de aanwezigheid van lithium. De toegestane inventaris
van tritium is gelimiteerd omwille van veiligheid en het feit dat tritium zeer zeldzaam
is. Het overschrijden van de toegestane inventaris is dus onacceptabel. Een overzicht
van het resulterende ontwerp is te zien figuur 0.2. De koelleiding is gemaakt van
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Figure 0.2: Voorgesteld vloeibaar-metaal divertor concept dat voorgesteld is voor de
Europese DEMO.

koper en is verstevigd met wolfraam zodat deze voldoende sterk is bij de gewenste
temperaturen. De leiding is gecoat met wolfraam om corrosie door het vloeibare
tin te voorkomen. Een CPS zal op de leiding worden geprint en een reeks van deze
leidingen zal in een verticaal georiënteerd ondiep bad worden geplaatst. Tin wordt
hierin gëınjecteerd aan de bovenkant, stroomt vervolgens naar beneden onder invloed
van de zwaartekracht en wordt onderaan weggepompt en gecirculeerd. Deze strategie
maximaliseert de vloeistof aanvoer naar het PFS, vooral omdat de stromingsweerstand
in het 3D-geprinte CPS kan worden geminimaliseerd. Een thermomechanische analyse
van het ontwerp laat zien dat een belasting van 17 MW/m2 acceptabel is tijdens
stationair bedrijf, en 60 MW/m2 tijdens langzame fluctuaties. Bestendigheid tegen
disrupties kon niet experimenteel worden aangetoond, maar lijkt plausibel op basis
van de modellering van het dampschild.

Het voorgestelde concept voldoet aan de eisen voor DEMO en kan hogere warmtestro-
men tolereren dan het state-of-the-art monoblock concept. De toelaatbare vermogens-
dichtheid is 170% van de capaciteit van de monoblocks tijdens stationaire belasting
en 300% tijdens langzame fluctuaties. De potentie om disrupties te weerstaan is een
cruciale verbetering van de robuustheid van DEMO. De extra complexiteit die een
LMD met zich meebrengt is daarom de moeite waard. Bovendien is de verhoging
van de toelaatbare warmteflux een belangrijke stap in de richting van compactere
tokamaks, die praktischer en economischer zouden kunnen zijn. Het concept verder
ontwikkelen wordt op basis van de ondervindingen in deze thesis sterk aanbevolen.
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Chapter 1

Introduction

1.1 Fusion and the future of energy

Today humanity faces a type of challenges that never existed before: global challenges.
Their dynamics are difficult to comprehend. They are spatially, temporally, and
functionally interconnected. And they have potentially cataclysmic impact on our
entire civilization [3]. A prime example is the energy transition we are required to
make. Our society must counter man-made climate change, by virtually eliminating
our CO2 emissions [4]. And moreover, fossil fuels will eventually run out. From the
alternative technologies available to us, one option stands out: Nuclear Fusion. This
is not only because of it’s potential for abundance, cleanliness, safety [5], and not
to mention it’s inexhaustible appeal to our imagination. But, also because of it’s
notorious technical difficulty.

Fusion is achieved when two atomic nuclei are violently smashed together. The
nuclei fuse into one, and in that process a miniature amount of mass is lost. This mass
is converted into a huge amount of energy, as described by Einsteins famous E = mc2

(the energy is equal to the mass × the speed of light squared). In the stars, the
enormous density and temperature create the conditions for fusion. Not all collisions
result in fusion, often particles just bounce off each other. However, gravity makes
sure that particles are confined and keep colliding until they fuse. For fusion devices
on earth, typically the isotopes of hydrogen (deuterium and tritium) are used, which
together create helium and a neutron, see eq. 1.1. The frontier of fusion lies in the
technology that is required to create sufficient density, temperature, and confinement
time.

2
1D + 3

1T → 4
2He (3.5 MeV) + n0 (14.1 MeV) (1.1)

The most advanced reactor concept is the Tokamak [6], see Fig.1.1. This is a torus
shaped device where even higher temperatures than in the sun are achieved (roughly
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100 million Kelvin). In this regime, our fusion fuel is in the state of a plasma, and
electrons and ions move freely. Instead of gravity, a magnetic field is used to keep the
plasma in place, and strongly reduce heat losses. Though the tokamak is the leading
concept to create sufficient density, temperature, and confinement time, challenges
remain before a commercial power plant can be realized. One of the most pressing
problems is the existence of a concentrated heat load on a region of the reactor wall,
called the divertor. The existence of this focused heat load is inherent to the magnetic
field geometry, and cannot be avoided. Figure 1.1 shows the magnetic fields inside a
tokamak, and the thin scrape off layer (SOL) surrounding the core-plasma, through
which the plasma flows to the divertor strike point. There, the heat flux is deposited
within an area of only a few centimeters wide.

This zone of the divertor is equipped with state-of-the-art high-heat load wall ele-
ments, the so-called ‘monoblocks’ [7]. In this design, blocks made of solid tungsten are
water cooled, see Fig.1.2. Tungsten is used because of its high melting point, resilience

Figure 1.1: Tokamak and relevants components to this work. In particular: the Joint
European Torus. A magnetic field BT and current Ip go around the torus. Ip stands
for poloidal current, as it creates a poloidal magnetic field. Combined with the toroidal
magnetic field this results in helical magnetic field lines. One is indicated in pink.
The outer contour of the magnetic field in the poloidal plane, is indicated in white.
This is the Last Closed Flux Surface (LCFS). The region outside this surface is called
the Srape Off Layer (SOL) because the field lines here connect to the divertor at the
strike points. In a poloidal cross section, the field lines in the SOL follow the dashed
white lines. In 3D-geometry of course they also follow a helical path, and so they
always hit the divertor at a very shallow angle. Image adapted from euro-fusion.org
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Swirl tape

CuCrZr pipe

Copper
inter-layer

Tungsten armor

Figure 1.2: Impression of the monoblock concept used in ITER. Water coolant flows
through a CuCrZr pipe, in which a swirl tape improves heat transfer. Around the
pipe sits first a pure copper interlayer, and then the tungsten armor. Figure adapted
from [13]

against sputtering, high thermal conductivity, and low activation. The technological
limit for steady state loading of this design is estimated at ∼ 10 MW/m2. Gas must
be actively puffed in front of the divertor target to keep the heat flux density below
this level [8]. Gas puffing works by cooling down the plasma and creating a state of
so-called detachment. But this state cannot always be guaranteed. During loss of
detachment the load can increase up to at least ∼ 20 MW/m2, which cannot be tol-
erated for more than a few seconds. Furthermore, intrinsic instabilities of the plasma
(Edge Localized Modes, or ELMs) cause millisecond pulses, at 30 to 60 Hz, during
which the power density increases to ∼ 0.5 GW/m2 [9, 10]. At least in controlled
scenarios. Uncontrolled ELM pulses occur with a frequency closer to 1 Hz but carry
a flux up to ∼ 10 GW/m2. In the worst case however, complete control of the plasma
is lost, and all of its stored energy is dumped on the wall (during disruptions and
Vertical Displacement Events, or VDEs). In these cases loads on the divertor can
reach up to ∼ 80 GW/m2, during a 4 millisecond pulse [11]. Additionally, the neut-
ron flux is constantly causing material embrittlement, hardening, and transmutation,
thus degrading material strength and thermal conductivity [12]. Combined with the
lifetime requirement of several full power years, these are the most severe loads that
any man-made object must live through.

The monoblock design cannot accomplish this task. Ions from the plasma can
sputter and erode the tungsten armor, despite its high binding energy. This leads to
gross erosion especially during ELMs, thus reducing the lifetime. Cyclic temperature
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excursions cause thermal gradients, which induce large stresses and the cause bonding
between materials to fail, or the tungsten to crack [2]. Moreover, high temperatures
cause crystallization, and thus weakening of the material. During transients even
melting of the tungsten is almost inevitable, despite of the high melting point [14].
Melting and sputtering must also not lead to excessive tungsten contamination in
the plasma core, as this can dilute the fuel mixture, and cause power losses through
radiation, leading to disruptions (this also goes for any other impurity). Creating a
divertor that can meet the requirement of a future power plant, is the frontier that
this thesis aims at pushing forward. It is believed that this can be achieved using a
rather counter intuitive concept: Liquid Metal Divertors (LMDs).

A liquid metal divertor must meet the same requirements as the monoblocks. First,
No materials may be used that activate up to the point where they must be regarded
high level nuclear waste [16]. Second, evaporation rates must be kept below the point
where the plasma is excessively contaminated, and thus operating temperatures are
limited. Third, the liquid must remain stable. Splashes may not be ejected into
the core plasma and cause disruptions, or cause damage to components elsewhere.
Fourth, the tritium inventory withing the reactor vessel must be kept below ∼700 g

Figure 1.3: Atomic processes involved in vapor shielding. LM evaporation ultimately
results in radiation, and loss of energetic particles to elsewhere in the reactor. Thus
reducing the heat flux density to the divertor. Excitation and ionization of neut-
rals, and momentum exchange also cause the electron temperature Te to be reduced
towards the target. Figure with Courtesy of Stein van Eden, from [15].
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at all costs [17]. The tritium radioactively decays (t1/2 = 12.3 years) which makes it
both harmful to humans, and extremely rare and expensive [18, 19]. Building up a
large inventory trough retention in the the liquid metal must therefore be prevented
from both a safety and economic point of view [20, 21].

Much exploratory research has already been done for LMDs: Lithium and tin
have been identified as main candidates, as summarized in [22]. They are liquid at
low temperatures, and do not evaporate excessively below ∼ 700 ◦C and ∼ 1250 ◦C
respectively. They meet activation limits [16]. Their high surface tension can be used
to stabilize the liquid surface, by soaking the LM into a sponge like structure called a
Capillary Porous Structure (CPS) [23]. Thermal stresses in CPSs can usually be kept
very low, and so material degradation due to neutrons is less problematic. Tritium
retention in tin is shown to be very low [24, 25], while it can be close to 100% in lithium
[26, 27]. The latter is problematic due to the restricted tritium inventory, but it has
also been shown to improve confinement times in the core, and suppress ELMs, for
example in NSTX [28, 29]. Fast flowing of lithium to filter out tritium may therefore
be considered. Resistance against plasma disruptions has been demonstrated for some
designs (summarized in [30]), which is likely due to the existence of vapor shielding.
Here, power is dissipated via various atomic processes in a vapor cloud in front of
the target. Vapor shielding of tin has been demonstrated in steady state [31], and
is self regulating because a larger heat flux leads to more evaporation. An elaborate
overview of the atomic processes involved is shown in Fig.1.3.

Yet, LMDs are not yet at the same technological readiness level as the monoblock
design, for several reasons: First, achieving the plasma conditions required for a fusion
power plant has not yet been demonstrated with a liquid metal divertor; Second,
robust LMD designs that can facilitate experimentation under these plasma conditions
are not yet available. Third, a generally applicable design rule to identify the power
handling limits of given LMD design is still lacking.

ITER, DEMO, and beyond

This thesis, focuses specifically on the development of an LMD for a DEMO plant, the
successor of the ITER experiment. ITER and DEMO are two important milestones on
the European roadmap [1]. ITER is an experimental tokamak, with the main goal of
producing ten times more fusion power than input power during pulses with a duration
of 400 seconds. Thus pushing the plasma in the regime of self-heating by the fusion
reactions. Though ITER also drives the development of new technologies, and has
secondary goals related to that, ITER is generally thought of as a physics experiment,
and will not provide electricity to the grid. Given the monumental challenge that
ITER represents, partners from Europe, China, India, Japan, South-Korea, Russia,
and the USA have combined their efforts. In ITER, the tungsten monoblock design
is believed to be sufficient, and no LMD will be used.

Unlike ITER, A DEMO reactor aims at delivering usable electricity to the grid.
Hence its development is no longer physics driven, but rather it is technology driven
[32]. Several ITER partners are planning for the development of their own DEMO
plant, including Europe. The European variant will be considered in the rest of this
thesis. DEMO will deliver fusion electricity to the grid for several full-power years
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(though not necessarily at competitive prices). As one can imagine, this places much
higher demands on components like the divertor, compared to what is required of
ITER, where pulses last 400 seconds. Therefore, the current tungsten monoblock
design, as applied in ITER, is considered to be insufficient for DEMO. Among the
possible solution directions, the LMD-concept stands out as one of the most promising
as well as challenging ones.

Lastly it should be noted that beyond DEMO, fusion power plants (FPP) must
become competitive energy sources. For this reason it is advantageous to scale down
tokamak radii (from 6.2 and 9 m for ITER and DEMO to e.g. 3.3 m in ARC [33]),
and to increase magnetic field strengths (from 5.3 T in ITER, up to 9.2 T in ARC).
However, such designs can only be realized if the divertor performance is drastic-
ally increased [34]. Therefore, the potential of LMDs beyond DEMO should also be
assessed.
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1.2 Objective and approach

This thesis contributes to the ultimate goal of developing a robust divertor solution
for DEMO. As pointed out above, the interaction between fusion plasmas and LMDs
is not yet sufficiently understood, and an important first step would be to develop
simple and robust LMDs to facilitate experiments in tokamaks. Such experimental
LMDs do not need to meet all specifications a DEMO divertor would have to. But
they should provide sufficient LM for sufficient time, keep the liquid surface stable,
and preferably evaporate an amount of LM suitable for any given experiment. They
should also be relatively easy to manufacture and operate, with a flexible design that
can be used in different devices . This brings us to the first research question:

RQ. 1: Can we design a simple and robust LMD to facilitate research on
experimental tokamaks?

To improve on solid tungsten divertors, LMDs should be more robust against
high loads. This true for both DEMO LMDs, as well as the facilitating components
proposed in RQ. 1. Vapor shielding can significantly increase the power handling
capability of LMDS, but they can still fail for various reasons: LM supply can be
insufficient, or substrates may overheat or crack due to thermal stresses. Though
robustness of certain designs against specific loads has been demonstrated, a more
generally applicable design rule is still lacking. This brings us to the second research
question below. Such a design rule is also essential for the design of an LMD for
DEMO.

RQ. 2: What are the limitations to power handling, for a given LMD
design?

Finally, it is advantageous to do a design study for DEMO specifically, despite the
fact that the interaction between LMDs and realistic fusion plasmas is not completely
understood yet. Namely, there are endless possibilities when designing an LMD.
Different liquids can be alloyed or mixed with other components, additional gasses
can be puffed, EM-forces can be generated in multiple ways to pump the liquid, and
baffles in any imaginable shape can be used to increase allowed evaporation rates.
Investigating all of these options is impractical. In a design study for DEMO the
restrictions on LM evaporation, activation, and tritium retention are already fixed,
in addition to many requirements related to other reactor systems (such as size and
orientation of the divertor targets). As a result the available design space is narrowed
down, and it can be narrowed down further by coming up with specific realistic
concept designs. This way, much needed direction can be provided to the research
field, by answering the third research question:

RQ. 3: What does a realistic LMD design for DEMO look like?
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The approach to answer the research questions is through design studies, simple
theoretical modeling, and experimental testing of prototypes. The main instrument
for experimental testing has been the linear plasma device Magnum-PSI, which is
capable of producing plasma conditions similar to those encountered in the divertor.
This device is presented in chapter 2, along with a more detailed overview of relevant
literature. Additive manufacturing of tungsten is also briefly introduced here, as it
has had an invaluable influence on the design studies.

In chapter 3 a LM target design is presented to facilitate new lithium experiments
in the NSTX-Upgrade device. This provides an initial answer to the first research
question. An initial answer to the second research question is provided in chapter 4.
Here, a simple analytical model is presented that addresses the limitations to power
handling for lithium components. This model focuses mainly on the interplay between
conductive cooling and vapor shielding. It can also be applied to tin if sufficient data
is available.

In chapter 5, the design for NSTX-U is translated into a prototype for Magnum-
PSI, and exposed to quasi-steady-state high-power helium pulses. The results of these
experiments can be used to confirm whether the concept is suitable for experiment-
ation in tokamaks, and whether the power handling model is correct. Chapter 6
subsequently focuses on the substrate. The advantages of additive manufacturing
of tungsten are investigated to improve the concept design for NSTX-U, prototypes
are 3D-printed, and steady state tests in helium are repeated. In chapter 7, the 3D-
printed targets are subjected deuterium plasmas, and ELM-like pulsed loading. The
knowledge obtained in these chapters is used to answer the first to research questions
more definitively.

Finally, the obtained knowledge and experiences from literature, are combined in
a conceptual design study for DEMO. See chapter 8. After this, a discussion and the
final conclusions are presented in chapter 9 and 10 respectively. In these chapters, also
the implications for LMDs beyond DEMO are considered, as well as the possibilities
to improve the divertor, and enable more compact, higher field fusion power plants.
That will be more practical and economical.
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Chapter 2

Relevant literature

2.1 Liquid metal divertors

Liquid metal divertors promise several advantages: improved power handling via
vapor shielding, self healing, reactor conditioning, and even convective cooling using
the PFM itself is attempted. Numerous concepts exist in the field, which explore one
or multiple of these in various ways. In all cases though, the improved performance
comes at the cost of complexity.

2.1.1 Power handling, vapor shielding, and vapor boxing

Liquid metal divertors are capable of vapor shielding. A liquid metal can evaporate
and dissipate power inside the plasma, through radiation and thermalization. Sim-
ultaneously the LM on the target can be replenished, thus avoiding net erosion of
the divertor. Moreover, this process is self-regulated as a higher heat flux leads to
higher evaporation. Looking forward to chapter 4, figure 2.1 shows the impact of
lithium vapor shielding on the performance of a cooled LMD. For the solid target, the
maximum tolerable load in steady state is set by thermal conduction to the coolant.
For shorter pulses, heat diffusion gives rise to the -1/2 slope, and higher loads can
be tolerated before Tmelt is reached. For the LMD, the maximum tolerable load is
set mainly by the available LM supply, and the amount of energy each LM particle
dissipates within the plasma εcool. For a conservative estimate of εcool, a 0.1 mm layer
of lithium on the PFC is sufficient to tolerate both VDEs and disruptions, while this
is unthinkable for a solid tungsten divertor.

The amount of LM that will enter the plasma is the LM loss rate (or erosion
flux). Studies of LM erosion for two candidate LMs, lithium and tin, are shown in
Fig.2.2 [35, 36]. At temperatures only slightly above the melting point, sputtering and
adatom-evaporation can be of significance. While further above the melting point,
Langmuir evaporation of the pure LM becomes dominant. Not all of the eroded LM
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is lost permanently. A fraction of over 99.9% can be redeposited [37]. This can occur
promptly within one gyro-orbit, or due to momentum exchange and entrainment.
Once the LM enters the plasma, it will radiate and thermalize, before eventually
returning to the target or being lost to other parts of the reactor. An overview of
these process has already been shown in Fig.1.3. The amount of energy each particle
dissipates under certain plasma conditions, is usually calculated from 0D radiative
collisional modeling, as for example in [38] and [39], see Fig.2.3. These studies are
essential to predict the limitations to vapor shielding.

Experimental studies confirm the high resistance of LM components to pulsed
loading. An overview of perhaps the most severe loading conditions ever tested was
presented in [30]. Liquid lithium held in substrates made from wire mesh was exposed
to 20 to 40 pulses of 5 MJ/m2 for 0.5 ms, 15 MJ/m2 for 0.04 ms, and 60 MJ/m2 for
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Figure 2.1: The maximum tolerable power density has been determined for a LL
divertor target (blue) with thermal properties equal to the ITER-like monoblocks
(red). This target has a lithium supply rate Γsupply of 1025 m−2s−1, and a 0.1 mm
top layer. εcool and R are taken 50 eV and 0.99 respectively. The blue curve shows
three characteristic regimes: the steady state regime, the pulsed regime, and the
substrate-temperature limited regime.
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Figure 2.2: Erosion as function of temperature for both lithium (left) and tin (right).
Both determined from experimentation on linear plasma device Magnum-PSI, from
[35] and [36]

1 µs, using various plasma accelerators. In none of these cases severe damage was
observed. Experiments with a lithium limiter were also conducted on the T11-M
tokamak, an elaborate overview of which has been given in [40]. Here the limiter
was exposed to around 100 disruptions during which the heat flux density reached
between 100 and 200 MW/m2. Of this power around 93% to 96% was shielded and
did not reach the limiter, which did not sustain any damage.

Steady state vapor shielding was more recently studied for tin [31, 41]. This
work observed that plasma temperatures, heat loads and surface temperatures were
significantly reduced compared to the case of solid targets, as can be observed from

Figure 2.3: Cooling functions, i.e. energy dissipation of LM in the plasma. Left: Li,
expressed as energy per particle εcool [38]. Right: Sn, expressed as cooling rate [39].



14 Chapter 2. Relevant literature

Fig.2.4. Moreover, the lowered temperature equilibrium was found to be oscillatory
by nature. It was hypothesized that first the tin vapor cloud creates a detachment-like
plasma state which shields the target from incoming power thus allowing it to cool
down. As also the vapor cloud itself cools down it enters a runaway recombination
process, due to which the cloud dissipates and the surface is again heated to create a
new cloud.

The most active use of vapor shielding is proposed in the recent “vapor box” design
[42]. This design aims at utilizing the full potential of vapor shielding in steady state
operation, by creating a high density vapor cloud in front of the target. Problematic
upstream migration is prevented through baffling. A schematic can be seen in Fig.2.5.
Pumping in the box is achieved through condensation, and is therefore much simpler
and effective than it would be for a gas. The effectiveness of this concept remains to
be tested.

In sum, vapor shielding promises to fulfill the power handling requirements for
DEMO. Fundamental research has already been conducted into erosion of LM, ra-
diative collisional processes in the plasma, resilience against pulses, and behavior in
steady state. But before LMDs can be implemented in a reactor like DEMO, questions
concerning vapor shielding still remain: can we accurately predict surface temperat-
ures during vapor shielding, to what extent can vapor shielding protect the substrate
in steady state, and how does evaporation affect the core plasma?

Figure 2.4: Temperature observations on liquid tin and solid molybdenum targets
from [31]. Tin temperatures are significantly lower than both the solid Mo targets,
as well as modeling of the thermal conduction in the target. This explained by vapor
shielding, which in this case becomes the dominant heat dissipation mechanism above
∼ 2100 ◦C.
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Figure 2.5: Vapor box proposed in [38]. A high density vapor cloud dissipates the
power from the plasma via radiation. Differential pumping between the different
chambers of the box minimizes the outflow to the main chamber.

2.1.2 Liquid metal choice

There are both plasma physics aspects involved in this choice, as well as engineering
considerations. The following properties are considered to be desirable, though the
last one is debatable as will be discussed at the end of this section. These requirements
leave two possible candidates with quite different behavior: lithium and tin. An
overview of these candidates is also presented in [22].

• low Z-number

• low vapor pressure

• high radiative cooling

• low nuclear activation

• low melting temperature

• low corrosiveness

• low affinity with deuterium/tritium

Lithium has Z = 3 and thus relatively large quantities of it can be tolerated in
the core. On the other hand, the evaporation flux is 8 orders of magnitude higher
compared to tin (at 700 ◦C). The Z-number of tin is 50. Both melt at comparable
temperatures of 180.5 ◦C (Li), and 231.9 ◦C (Sn). With regard to corrosion: Li is
compatible with tungsten and various steels. Sn is compatible with tungsten as well,
but not with steel above roughly 850 ◦C [43]. Considering lastly nuclear activation:
according to [16] lithium can be used unlimited. Tin however, should not make up
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more than 10% of the complete first wall. Given that the divertor is relatively small
compared to the first wall, this should not be problematic.

Alloys can also be considered. A LiSn eutectic alloy with 5 at. % Li is hypothesized
to evaporate mainly lithium, as this segregates to the surface [44]. Although, the
evaporation rate would be at least ∼1000 times lower than for pure Li, and also
retention would be significantly lowered [45]. This is the best of both worlds, though
the material is relatively untested. Other alloys or mixtures may be considered as
well.

The most essential difference between Li and Sn lies in their affinity with hydro-
gen. Lithium has been shown to retain 100% of incoming hydrogen ions, until fully
saturated [26], see Fig.2.6. At this point it mostly consists of lithium hydride, which
is solid up to 689 ◦C. Decomposition of LiH/D/T and release from dissolved D/T in
Li starts earlier [46], as also suggested from the measurements from [27], see the right
pane of Fig.2.6. This was confirmed in T11-M where deuterium released from the
lithium limiter started when it was heated above 320 ◦C [40]. For tin, it seems that
the retention rate is very low, and hydrogen concentrations do not exceed 0.25 at. %
[24, 25]. Though, equally comprehensive studies as for lithium are not yet available.

The retention of Tritium in lithium is potentially problematic, given its scarcity
and the safety restrictions on the tritium inventory, but there is one major upside.
Core performance appears to significantly improve due to conditioning with lithium,
such that hydrogen is absorbed rather than reflected. Increased energy confinement
times and ELM-free operation have been reported in many tokamaks. Most notable:
TFTR [47], FTU [48], EAST and HT-7 [49], T11-M [50] and NSTX [51]. As would be
expected when hydrogen is absorbed by the wall, increased fueling of the plasma is
required in these cases. For T11-M it is reported that this effect persisted even when
the first wall was heated, at least until a temperature of 250 to 300 ◦C. Considering

Figure 2.6: Retention in lithium. Left: measured under an 1021 to 1022 m−2s−1 ion
flux of 20 to 40 eV [26]. Right: measured under an 1019 m−2s−1 ion flux of 18 KeV
[27].
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also the other safety related issues with lithium (flammability and production of H2
gas in contact with water), it could be said that that lithium is an engineers nightmare
and a physicists dream.

2.1.3 Self healing & self cooling

When a liquid surface is eroded it can be replenished in several ways. Perhaps the
most simple is the Capillary Porous System (CPS) [23]. A CPS is in fact nothing
more than a sponge, which sucks up LM due to capillary forces. It always replenishes
itself until full. CPS systems are typically made from either wire mesh, tungsten
felt, or sometimes from plasma sprayed coatings, see Fig. 2.7. Implementation of a
mesh-based rail limiter on the CDX-U tokamak can be seen in figure 2.8 [53]. Here a
mesh layer is tightened around a cylindrical surface, to ensure good contact. A similar
design was applied in the T11-M tokamak mentioned earlier [40]. Meshes applied to
flat surfaces can be come mechanically unstable due to thermal expansion [30]. A
CPS system was applied only once to an entire divertor. This was done in the NSTX
tokamak, where the flame sprayed coating shown in Fig.2.7D was used [52]. Liquid
layers of micrometer thickness were applied to this divertor plate (and the rest of the
wall) via evaporation and condensation.

Apart from passive replenishment, a main benefit of CPS systems is that they
effectively stabilize against liquid instabilities, which can lead to droplet ejection.
Due to the plasma pressure and flow, both Kelvin-Helmholtz and Rayleigh-Taylor
instabilities can occur. Furthermore, electrical currents injected from the SOL, or
disruption eddy-current create a J × B force in the presence of the magnetic field.
According the analysis in [54], the latter is the most significant. A result from this
work is shown in Fig.2.9, which indicates the stable region as function of CPS pore
size and current density. The current density for ITER is expected to be on the order
of 103 to 104 kA/m

2
[55]. Effective stabilization of the liquid during steady state

operation has been reported for e.g T11-M, although there splashing could not be
prevented during disruptions [40].

An alternative route from the CPS, would be to design for fast flow. The point
of this would be that the liquid acts simultaneously as plasma facing material, and
as coolant. I.e no pipe material or other layers are present between the coolant and
the plasma. Figure 2.10 shows that, for lithium, velocities higher than 0.2 m/s and a
layer thickness of about 10 mm are required before convection becomes the dominant
heat transfer mechanism [56]. Although this velocity is low compared to the coolant
in ITER (12 m/s), it might still require high pumping power due to the MHD drag.
This drag force is created by to induced electrical currents in the LM, because it is
moving through a magnetic field. This forces scales linearly with the velocity, similar
to viscous drag. Furthermore, as concluded from Fig.2.10, a 10 mm thick free flowing
layer is likely not stable. Adding a very porous CPS is possible, but will increase
additional viscous drag.

Two concepts that aim for high flow rates are the LiMIT and FLiLi designs.
FLiLi (Flowing Liquid Lithium) consists of a flat plate, over which flows a gravity-
driven layer of lithium, see Fig.2.11 [57]. This concept was tested on HT-7, where
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Figure 2.7: Typical CPS system in the field. Fabricated using A,B) wire mesh [40],
C) tungsten felt [30], D) molybdenum thermal spray [52]

Figure 2.8: Implementation of a mesh-based CPS on the CDX-U tokamak. The mesh
is wrapped around a convex surface, as is the case in many limiter designs. The shiny
appearance is created via glow discharge cleaning [53].
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Figure 2.9: Liquid metal surface stabil-
ity criterion from [54]. Current densit-
ies in ITER are expected on the order
of 103 to 104 kA/m

2
, and thus require

pore sizes < 10−4 m [55].

...

Figure 2.10: Contours of the ratio, ξ,
of convective heat transfer to conduct-
ive heat transfer. Calculated for 100
%lithium (solid line), and lithium in an
80% porous medium. High ξ indicates
convection is dominant over conduction
[56].

it appeared that it is difficult to achieve a homogeneous layer covering the entire
surface. Also flow speeds appear to low for convective cooling. LiMIT (Liquid Metal
Infused Trenches) aims to improve the flow rate using the thermoelectric effect [59].
As shown in figure 2.12, LM is flowing trough a trench, which is hotter at the top
than at the bottom. Because of this, a thermoelectric current is generated, which in
turn generates a J × B force, which drives the flow. A prototype with 140 mm long
trenches was tested in HT-7, and was predicted to achieve velocities of ∼ 6 cm/s [60].
The realized flow speed was ∼ 4 cm/s [57]. Despite the difficulties in achieving high
flow rates, the concept of fast flow remains attractive. Namely, the LM coolant will
be at much higher temperature than water would be. This is beneficial to the overall
plant efficiency.

2.1.4 Challenges in core edge transport

However attractive the benefits of liquid metal divertors may be, they cannot come
at the cost of reduced performance of the core plasma. LM impurities may not
excessively radiate or dilute the plasma. The maximum allowable ratios of Li and Sn
to the electron density can be calculated based on [61], and are < 0.1 and < 0.0005
respectively [39, 62]. These values correspond to a 50% reduction of fusion power in
DEMO. A maximum divertor temperature is determined in [63], directly from these
limits and the particle confinement time in the core. Maximum temperatures for
lithium and tin are found to be ∼ 700 ◦C and ∼ 1250 ◦C respectively, assuming a
redeposition coefficient of 0.999. However, this analysis completely neglects transport
trough the SOL and within the core, while this can have significant influence. For
example, walls can act as very efficient pumps for liquid metals, simply through
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Figure 2.11: Overview of FLiLi (left), and thermal images during operation (right).
Lithium is injected at the top of the plate and flows down into the collector driven by
gravity [57]. Also indicated are different driving pressures in the lithium distributor
(red).

Figure 2.12: Overview of LiMIT. Left: lithium flows through trenches on the surface,
and and returns on the back side. Right: modeling of the thermoelectric current
which is driving the flow [58].



21

condensation, which the vapor box concept from sec. 2.1.1 attempts to use.

More thorough studies are attempted. A Monte Carlo erosion study was conducted
[64], which was inconclusive for lithium, but did find that tin might be used up to
∼ 1500 ◦C in the divertor. Also in [39] and recently [65] the transport of tin was
studied specifically for DEMO. There it was found that Sn temperatures up to 1350
◦C might be tolerable in realistic DEMO scenarios.

For lithium, experimental studies in diverted plasma configurations on NSTX show
that core concentrations can be kept well below 0.1 % in cases where the divertor
temperature reaches up to 300 ◦C [66]. Also on T11-M it was demonstrated that up
to 80% of heating power can be radiated from the SOL, when the lithium on the limiter
reached ∼250 ◦C. In this case Li core concentrations remained below 2%, although,
this was not a divertor experiment. Simulation studies for the Fusion Nuclear Science
Facility (a conceptual scenario between ITER and DEMO) show that high densities of
lithium can be used in the divertor to radiate up to 90% of the power flowing through
the SOL, while reaching a lithium concentration of 0.13 at the edge of the plasma core
[67]. For this particular result a lithium flux was injected at the divertor equivalent to
an evaporation flux of Li at 700 ◦C. Hence, if the concentration in the core is similar
to the concentration at the edge of the core, this results is close to the predicted
temperature limit from [63], mentioned above. Perhaps, though, the Li concentration
in the core is reduced compared to the edge concentration. Even more ambitious
studies investigate the effect of imperfect 3D-geometry, using the coupled 3D fluid-
kinetic code EMC3-Eirene, applied to the EAST tokamak [68]. Here, qualitative
agreement was reached with experimental observations. But, measurement data was
lacking for quantitative validation, and thus no limits on the Li evaporation rate were
identified.

2.2 Linear plasma device Magnum-PSI

The linear plasma device Magnum-PSI is designed to test plasma facing components
for fusion devices, and to conduct fundamental investigations of plasma surface inter-
actions. The device is located at DIFFER in the Netherlands. The main feature of the
device is that it is capable of reproducing the plasma densities and temperatures ex-
pected in ITER during steady-state operation, slow transients, and ELMs. Moreover,
these conditions can be maintained indefinitely due to the recent implementation of a
superconducting magnet system. Meanwhile, both the plasma and the surface under
investigation can be diagnosed relatively easy compared to a tokamak.

An overview of the device is presented in Fig.2.13. The vacuum vessel is divided
into three differentially pumped chambers: The source chamber, the heating chamber,
and the target chamber. In the source chamber, plasma is generated via a cascaded
arc source [69]. In this source, a gas flows past a cathode, through several annular
cascade plates, and eventually out through an annular anode. The generated plasma
is confined into a beam by an axial magnetic field of maximum 2.5 T. The plasma from
the source is only partially ionized (∼10%), but neutrals are pumped away efficiently
due to differential pumping. Flowing along the magnetic field, the plasma reaches the
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Figure 2.13: Schematic overview of Magnum-PSI. Only systems relevant to this thesis
are indicated. Plasma generated in the cascaded arc source (right), and flows along
the magnetic field, through the differentially pumped chambers, to the target (right).
A beam dump is available in both the heating chamber and the target chamber. The
target can be retracted to the TEAC, where samples can be exchanged. The relevant
diagnostics for this thesis are indicated in the magnification. The schematic is not to
scale.
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Figure 2.14: Operational space of Magnum-PSI with superconducting magnet, meas-
ured with Thomson scattering near the target, from [70]. All measurements are taken
for hydrogen plasmas, with a magnetic field up to maximum 1.6 T.

target in the target chamber. In the heating chamber, a beam dump is present which
can be inserted to shield the target. The plasma is not heated in this chamber, despite
its name. Another beam dump is present in the target chamber, but this dump can
only be inserted if the target holder is retracted. The target can be retracted into the
Target Exchange and Analysis Chamber (TEAC), where targets can be exchanged an
analyzed, exactly as the name suggests. Targets can also be kept under vacuum in
the TEAC, while the other chambers are vented.

Plasmas can be generated from different gasses, typically argon, helium, hydrogen,
or deuterium. And plasma conditions can be varied by changing the gas flow and
electrical current through the source, and by changing the magnetic field strength.
The target holder can also be biased to increase or decrease the energy of incoming
ions. To mimic the millisecond increase in plasma temperature and density during
ELMs, a capacitor bank is connected in parallel to the DC power supply of the plasma
source. There are 28 capacitors in this bank which can each be charged up to 675 J.
The capacitors can be triggered individually at a rate up to 100 Hz [55].

Typical plasma conditions in front of the target have recently been characterized in
[70], using the Thomson scattering (TS) system [69, 71]. An overview of the accessible
plasma conditions during steady state, using hydrogen, is shown in Fig.2.14. The
electron temperature can be varied between 0.3 and 6 eV, and the electron density
between 1019 and 1021 m−3, when increasing the B-field up to 1.6 T. These values
correspond to particle fluxes between 1023 and 1025 m−2s−1, and heat flux densities
on the order of tens of MW/m2 (see also [72]). The radial profile of Te and Ne
is Gaussian, with a FWHM of ∼ 10 mm. This is much larger than typical mean
free paths for neutrals originating from the target surface, which means that the
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plasma surface interaction can be considered as strongly coupled, as pointed out in
[72]. The plasma conditions during millisecond pulses can be characterized by using
the TS system in a stroboscopic operating mode [73]. Such a characterization is not
yet available in literature for the current setup, with the superconducting magnet.
However, as shown in this thesis (chapter 7), it is possible to achieve Te > 15 eV
and ne > 35 · 1020 m−3. This corresponds to a peak heat flux density of up to ∼ 1
GW/m2.

Magnum-PSI features an extensive set of diagnostics, also indicated in Fig.2.13.
The following of these are relevant to this thesis. As mentioned the Thomson scat-
tering system can be used to diagnose the electron density and temperature in the
plasma. The standard deviation from the photon statistics results in an error in the
calculated heat flux density of around 10%. The TS system can be used to measure
in the target chamber and in the source chamber. The distance to the target and
source depends on the used target and source position. In case liquid metal targets
are exposed, the TS system cannot be used due to machine safety reasons.

Further plasma diagnostics include: An Avantes spectrometer which can be poin-
ted at the plasma or the target; A four channel bolometer which views±24 mm around
the TS position (each viewing cone is ∼12.5 mm wide); And a Phantom camera which
views the beam perpendicularly around the target position, with a frame rate up to
∼100 kHz. The later can be filtered to view specific wavelengths. Target diagnostics
include: Calorimetry of the target cooling water; Measurement of the target poten-
tial; A FLIR SC7500MB IR camera; And a FAR SpectroPyrometer (model FMPI s/n
7343-1114). The IR camera can achieve frame rates up to ∼ 4000 Hz, but does re-
quire calibration, because values of the target emissivity and transmission coefficient
through the optical path are not always known. For this purpose the the pyrometer
can be used, which provides a calibration free measurement of the temperature.

Lastly, the target holder used for this thesis is the so-called multi-target holder,
shown in Fig.2.15. This target holder has five faces (red) on which targets can be
mounted, oriented at -90, -45, 0, 45, and 90 degrees. The surfaces are made of 4 mm
thick copper, and they are cooled on the back with water at room temperature. The
holder can be rotated around the red axis to select different targets. Rotation around
the green axis changes the orientation of the selected target. A graphite foil is placed
in between the target and the holder to enhance thermal contact. As stated the
targets are mounted in the TEAC. From here the holder translates along the machine
axis, to move the targets into the exposure position. Photographs of the targets in
between plasma exposures can be taken through the TEAC vacuum windows.
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Figure 2.15: Photograph of the multi-target holder on Magnum-PSI, taken through
the TEAC vacuum window. A CAD drawing is overlaid. The red surfaces in the
drawing indicate water cooled copper surfaces, to which targets can be clamped. The
holder can be rotated around the red axis to select a target, and around the green
axis to rotate the selected target.
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2.3 3D-printing of tungsten

As stated in the introduction of this thesis, tungsten is a suitable material for divertor
applications. It has a high melting point, high thermal conductivity, high resilience
to sputtering, and it does not suffer excessively from nuclear activation by the neut-
rons. Moreover, as mentioned earlier, tungsten is resistant against corrosion by both
Li and Sn [43]. The use of tungsten, however, has one major drawback: its brit-
tleness. Tungsten is therefore preferably used above its ductile to brittle transition
temperature (DBTT, below which the material is brittle), of a few hundred degrees
◦C, depending on the exact grade. Additionally, it is extremely hard to shape using
traditional manufacturing methods. This is especially problematic when manufac-
turing LM substrates, which require intricate geometries. Hence, such substrates are
often made from woven wires (section 2.1.3). Additive manufacturing of tungsten is
an alternative route to produce LM substrates, the working principles and benefits of
which are presented here.

3D-printing of tungsten is nowadays commercially available from various compan-
ies [74, 75], and relies on the process of selective laser melting (SLM). A schematic
overview of a typical setup is shown in Fig.2.16. First a tungsten powder layer is
swept over a build platform. The powder is then molten by the laser in the desired
locations, which causes it to attach to neighbouring and underlying material. After
a layer is finished, the build platform is lowered, a fresh layer of power is applied,
and the laser scans of the powder in the new layer. Many parameters influence the
properties of the resulting product, such as: The powder size and shape; The laser

Figure 2.16: Schematic overview of the setup used during additive manufacturing
using selective laser melting. Figure adapted from additively.com.
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power, spot size, scanning speed, and scanning pattern; The ambient temperature
in the powder bed, and the surrounding atmosphere. For tungsten this process is
particularly challenging due to the high melting point, high stiffness, and brittleness
of the material. As a result, micro cracks are often present in the finished products.
Avoiding these is currently the subject of investigation [76, 77].

Despite these imperfections, usable products can already be manufactured. The
3D-printed material used in this thesis is supplied by Dunlee [74], which specializes in
the production of anti-scatter grids for X-ray applications, among other products. For
this application, mainly high accuracy is required. Dunlee can achieve a positional
accuracy of ±25 micron. Although the technical details of the printing process are
proprietary, an impression of a printed grid is shown in Fig.2.17, with a wall thickness
of 80 micron. The strength of the printed material is assessed within this thesis
(chapter 6).

Lastly it should also be noted that 3D-printing of tungsten remains under con-
tinuous investigation, to improve the resulting material properties. For example, the
formation of micro cracks may be reduced by the introduction of ZrC nanoparticles
[? ].

Figure 2.17: X-ray anti-scattering grid printed by Dunlee. The achieved wall thickness
is 80 micron. Figure adapted from [74].
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abstract - In this work, a conceptual design for a pre-filled liquid lithium divertor
target for the National Spherical Torus Experiment Upgrade (NSTX-U) is presen-
ted. The design is aimed at facilitating experiments with high lithium flux from
the plasma facing components (PFCs) in NSTX-U and investigating the potential of
capillary based liquid lithium components. In the design, lithium is supplied from
a reservoir in the PFC to the plasma facing surface via capillary action in a wick-
ing structure. This working principle is also demonstrated experimentally. Next, a
titanium zirconium molybdenum (TZM) prototype design is presented, required to
withstand a steady state heat flux peaking at 10 MW m−2 for 5 seconds and edge
localized modes depositing (130 kJ in 2 ms at 10 Hz). The main challenge is to
sufficiently reduce the thermal stresses. This is achieved by dividing the surface into
brushes and filling the slots in between with liquid lithium. The principle of using this
liquid ”interlayer“ allows for thermal expansion and simultaneously heat conduction,
and could be used to significantly reduce the demands to solids in future PFCs. Lith-
ium flow to the surface is analyzed using a novel analytical model, ideally suited for
design purposes. Thermal stresses in the PFC are analyzed using the finite element
method. The requirements are met, and thus a prototype will be manufactured for
physical testing.
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3.1 Introduction

In the process towards a commercially viable fusion reactor, one of the major chal-
lenges lies in the integrity and lifetime of materials. Tokamaks currently suffer from
excessive wall damage in the plasma exhaust region (also called divertor), partly
due to the high particle and power load. Even tungsten, the plasma facing material
considered for ITER, erodes too quickly for a commercial reactor [78]. One of the
dominant damage mechanisms being erosion.

As an alternative to solid materials, the use of liquid metals is proposed. A
liquid is not vulnerable to erosion, because when material is removed it can easily
be replenished. Another advantage is that any particles from the plasma retained
in the liquid can be filtered out when the liquid is circulated, which can reduce the
tritium inventory for example. Currently one of the most researched candidates is
liquid lithium (LL). Using LL has the additional benefit that a vapor cloud in front
of the plasma facing component (PFC) is formed, which acts like a shield and thus
reduces the power to the PFC [40][79]. A similar mechanism exists for tin [31]. Also,
LL allows for a low recycling operating regime, due to its great affinity with hydrogen
species. This can ultimately lead to enhanced plasma performance [80][81].

Two important open questions in the design of LL PFCs are 1) how does lithium
interact with the plasma, and 2) how can the plasma facing surface (PFS) effectively
be supplied? Elaborate limiter studies with LL have been done on T11-M and the
Frascati Tokamak [40][82]. LL divertor experiments have only been done on NSTX
[54]. These studies have never operated lithium components at high temperatures,
i.e. a maximum of 600 oC for the limiters on the T11-M and Frascati reactors and
300 − 400 oC for the NSTX divertor. As for the LL supply, a full cycle in which
LL is filtered and recirculated has not been attempted yet. Most limiter designs
involve the use of a so called capillary porous system (CPS), introduced in [23] and
[83]. A CPS is some type of capillary medium (e.g. a fine mesh) in which the liquid
is confined by capillary forces. When there is a local shortage of liquid, these same
forces automatically supply new liquid. In some cases, LL is supplied to the CPS from
a reservoir, driven by either capillary forces or external pressure (as in the CDX-U
tokamak rail limiter [81]). Also more advanced flowing limiter schemes have already
been tested [57]. In the case of the NSTX divertor, however, the only technique used
so far has been to evaporate lithium onto the PFCs, depositing µm thick coatings
[54], which is repeated as soon as the lithium is depleted.

In this work, a conceptual design for a pre-filled LL divertor target for NSTX-U
is presented (Fig. 3.3), along with a prototype design (Fig. 3.6). The target PFS will
be supplied with lithium from an internal reservoir. LL transport will be facilitated
by capillary forces acting in a wicking structure, which will provide a much larger
availability of LL at the surface compared to the evaporative scheme used before. This
can be exploited to research the performance of LL PFCs operating at temperatures
up to > 1000 K and corresponding high lithium flux, while avoiding drying of the
surface. The largest challenge in the design will be to keep thermal stresses within
acceptable range.

To get to the design, a set of requirements is first derived. Then a concept design
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is formulated, based upon the principle of passively supplying LL to the surface using
capillary forces. This principle is also demonstrated in a simple test setup using
isopropanol instead of lithium. A detailed prototype design is then made, the critical
dimensions of which have been tuned using a finite element model (minimizing thermal
stresses) and an analytical flow model (maximizing LL flow to the surface). The
performance of the prototype has been assessed through the same models, indicating
that it meets the requirements.

3.2 Design requirements

The liquid lithium divertor target (LLDT) should meet the following requirements,
which have been formulated based on discussion with the NSTX-U team, literature
and basic calculations.

• The substrate must be a fusion relevant high Z material.

• PFC must survive surface temperatures up to 1000 K.

• PFC must survive a peak heat steady state heat-flux of 10 MW m−2 combined
with edge localized modes (ELMs) of 130 kJ in 2 ms at a frequency of 10 Hz,
for maximum 5 seconds.

• LL on the surface must be stable to droplet ejection.

• PFC must be pre-loaded with LL before installation in NSTX-U.

• LL must be liquefied in the time available between shots (20 minutes).

• It must be possible to clean the LL on the surface so that it is optically clean
(reflective).

• PFC must directly replace the original high Z components as installed in row 3
(Fig. 3.1) of the outboard divertor, without the need for additional modifications
to the divertor.

• PFC must inertially cool to 460 K within 20 minutes.

High Z materials are favored over carbon-based materials in the design of LL PFCs,
despite the high temperature resistance of carbon-based materials. Asides from the
formation of C-H components and carbon dust, an important reason is that carbon
easily absorbs lithium, thus reducing the amount available to the surface [84].

A temperature of up to 1000 K is high to compared experiments, which achieved
maximum 600 oC as discussed in the introduction. As calculated by Abrams [84],
when considering only pure evaporation, this leads to an evaporation rate of around
one order of magnitude higher. Though this may raise concerns, no experimental
data exists for the behavior of tokamak plasmas exposed to lithium at this high
temperature. Gathering this data is exactly what this component must facilitate.
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Figure 3.1: Indication of the LLDT position in the cross section of NSTX-U. The
strike points of the high performance discharge impact on the divertor much further
inboard than the LLDT, located in the third row of toroidal tiles in the outboard
divertor. The coordinate system is used later on to indicate the orientation of the
designs.

The component can be heated to this temperature by the plasma heat flux, which
peaks at the specified 10 MW m−2 when the strike point is placed on the LLDT.
Surviving this heat flux and temperature is defined as: no plastic deformations or
recrystallization in the component, and no dry spots on the surface in order to avoid
erosion of the high Z material. Given the short duration of the heat load on the
component, the yield strength is chosen as the limit beyond which plastic deformation
occurs. Creep effects are considered negligible on this timescale.

The heat flux profile is derived in several steps. A free-boundary equilibrium
solver was used to determine a plasma discharge shape resulting in a strike-point at
the candidate position and consistent with NSTX-U coil limitations. The maximum
heating power to this plasma for a given βN is then derived using the ITER ELMy
H-mode confinement scaling. These previous steps follow the same procedure as
utilized for the NSTX-U design study in ref. [85]. The heat flux is predicted from the
magnetic flux expansion for the derived equilibrium and the expected scrape-off layer
heat flux profile measured in NSTX previously [86]. Based on the heat-flux scaling
width and the equilibrium plasma shaping, an assumption that 100% of the power
exhausts to the outboard divertor results in a value far in excess of present material
limitations, but is simultaneously unrealistic due to power splitting between divertor
legs and radiative processes in the plasma. To provide a reasonable design target,
the heat-flux profile is scaled to yield a maximum value of 10 MW m−2, shown in
Fig. 3.2, which is considered a reasonable and significant value similar to previous
measurements in the NSTX[86].
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Figure 3.2: Power density deposited on the surface in the FE model. The power
density only varies in one direction, which corresponds to the r direction in Fig. 3.1.
The coordinate 0 is positioned 15 mm out of the center of the tile row, and coincides
with the middle of the modeled brush, shown in Fig. 3.7

3.2.1 Minimum required capillary flow

To avoid dry spots on the surface, the LL supply must always be able to match
the net loss rate from the surface. Measured erosion yields [84] are not used, since
they are dependent on temperature and thus the thermal response of the design,
which is not yet known. Also, these yields have not yet been validated on tokamaks.
Instead, an estimate of the net loss rate is made by assuming that all incoming power
from the plasma goes into gross erosion of the lithium through evaporation. Power
dissipation by heating of the divertor and possibly vapor shielding are neglected. This
estimate thus represents a conservative approach by potentially over-estimating both
the lithium erosion yield and the absorbed energy.

To then calculate the net erosion, a redeposition factor, R must be taken into
account. This factor was measured by Abrams [37] and may be very high, > 99.5%.
In this work a more pessimistic estimate of R = 0.95 is made. Equation 3.1 describes
the volumetric loss rate Qloss for this case.

Qloss =
Pincoming
Evap

· (1−R) =
Pss + PELM

Evap
· (1−R) (3.1)

Here Evap is the heat of vaporization per volume. Pincoming is the total power
deposited onto the divertor, i.e. onto all divertor components in row 3, which consists
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Figure 3.3: Schematic of the concept design. A wick provides lithium from the reser-
voir to the textured surface, which faces the plasma. Space for heaters is provided
so the lithium can be liquified beforehand. A T-shaped slot is available for fastening.
The slot is electrically and thermally insulated on the inside.

of 96 tiles. The load is assumed to be spread equally across all tiles. Pincoming consists
of the steady state power Pss, and the additional power from ELMs PELM . Pss is
obtained by multiplying the average power density (not peak) with the total surface
area of the strike zone, and equals 6 MW. The energy of the ELMs is translated
into a steady state power by dividing by 0.1 s. The peak power during the 2 ms of
the ELM itself is not considered, since the energy of the ELM will only evaporate a
small fraction of the lithium on the surface itself. This can be recovered during the
rest of the ELM period. This results in the minimum required flow rate for the entire
divertor Qmin = Qloss = 4 · 10−2 L/s.

3.3 Concept design

The concept design is shown in Fig. 3.3. There are two working principles. First,
as explained, LL from an internal reservoir is provided to the surface via a capillary
channel or wick. Lithium is distributed across the surface also by capillary forces,
which arise due to a texturing applied on the surface. These capillary forces also
serve to stabilize the liquid against droplet ejection.

Second, thermal stresses in the component are relieved by using a castellated bulk.
This can be seen in the prototype, Fig. 3.6. Thermal stresses must be relieved because
these can be extremely high due to the large tile size in NSTX-U. The slots in between
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the individual brushes allow for thermal expansion, thus relieving the stress. Note that
these slots have a dual function. They also serve as capillary wicking channels. Thus
they are filled with LL. This is important because the LL allows for heat conduction
across the slots. This is required because the component is not actively cooled, and
otherwise sharp temperature peaks would occur. The combined function of the slots
allows for compactness and more simple manufacturing. Compactness and simplicity
are especially important given the limited amount of design space.

The last important feature of the concept is that it will be pre-filled. This means
the reservoirs will be filled before the component is installed in the reactor, and also
that the wicks and plasma facing surface will be wetted. In practice this will entail
filling the reservoirs with solid or liquid lithium in a controlled environment, such as a
glovebox. Wetting in all areas should be achieved by subsequent heating and manual
distribution of the lithium with thin tools if required. Of course, protective measures
must be applied to prevent contamination of the lithium during installation.

3.3.1 Preliminary testing for proof of principle

A preliminary test has been done which has demonstrated that lithium can indeed
be supplied to the surface using only capillary forces. A stainless steel test piece
was used that has the key features of the concept: a wicking channel and a textured
surface. A CAD drawing of this proto-prototype is shown in Fig. 3.4. The green face
indicates a cross section, which shows the internal geometry. The reservoir is filled
with isopropanol and the wicking front on the surface is observed with a camera from
above.

Two snapshots of the results are shown in Fig. 3.5. On the top a flame sprayed
plate has been used as a porous surface (similar to the original liquid lithium diver-
tor plates in NSTX [54]). On the bottom the plate has been replaced with piece
of KIMTECH Pure cleanroom wipe, which is essentially a tightly woven cloth. The
wicking principle seems to work in both cases, because the isopropanol has clearly
risen through the wick and wetted part of the surface around it. Though, it appears
that the cleanroom wipe is much more effective. Almost the entire wipe is wetted,
whereas the flame sprayed plate is only wetted up to a few mm from the wick. Given
this observation, selecting a suitable surface for the prototype is critical to whether
the final component will work or not. Selecting a suitable surface will require fur-
ther investigation. The complete experimental data set is available in the 3TU data
repository[87].
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Figure 3.4: CAD drawing of the stainless steel proto-prototype. The green face
indicates a cross section showing the internal geometry. The test piece consists of
three steel bars, separated by the dashed lines in the cross section. Shims between
the upper two bars allow for fine tuning of the width of the wicking channel.
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Figure 3.5: Snapshot of the proto-prototype during experiments with a molybdenum
flame sprayed steel plate (top) and woven KIMTECH wipe (bottom). The isopropanol
seems to wet only a few mm of the flame sprayed plate very close to the wick, and
does not continue to spread. The wipe is much more effective and is quickly soaked
entirely. Note that the wipe is wrinkled. Isopropanol soakes the wipe up to the
indicated real wicking front. The wipe turns dark only where it is in good contact
with the substrate though. Ruler marks are given in imperial units.
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3.4 Prototype design

The prototype design is shown in Fig. 3.6, and has an outer geometry almost identical
to the original NSTX-U divertor tiles. The only difference is that it is perfectly
rectangular, rather than slightly trapezoidal, and it is 12.7 mm (0.5 inch) taller (in
z-direction) to generate sufficient space for the internal geometry. The characteristic
dimensions are derived from the analytical model and finite element (FE) model
presented in section 3.4.3 and 3.4.1. The capillary channels that separate the brushes
and reach into the tube shaped reservoirs must have a width of 2rw = 300 µm. The
pores in the porous surface must have a radius of rp = 25 µm. Fully dimensioned
CAD drawings can be found in the 3TU data repository [87], along with Matlab files
and COMSOL files for the analytical and FE model respectively. The material data
used is given in the appendix of this paper.

As mentioned in section 3.3.1, selecting the type of surface is an open issue. Can-
didates are a laser textured surface (as tested by Lin et. al. [88]), a plasma sprayed
surface, and a wire mesh. The laser texturing could also be replicated using electrode
discharge machining (EDM), although the characteristic dimension of the resulting
texture will be a few times larger for EDM. Note that the model presented in section
3.4.3 does make an assumption for the type of surface, which might not be the one
ultimately used.

The prototype will be manufactured from titanium zirconium molybdenum (TZM).
This alloy is preferred over tungsten, despite slightly worse mechanical and thermal
properties, because it is easier to machine. The selected TZM grade is ASTM B686
363/364. This material grade is deformation strengthened to achieve a yield strength
of at least 585 MPa for the bulk. All fine geometry will be created via EDM. Due to
this manufacturing process the reservoirs will be open at both ends, so thin walls will
be bolted to the sides to close off the reservoirs.

The existing interface to the reactor wall is the so called T-Bar, which must fit
inside the T-shaped slot in the component. Direct contact between the slot and the
T-bar will be prevented by either a ceramic coating or a washer. This ceramic layer
will be tuned to minimize the heat loss to the reactor through conduction, while
still allowing the component to cool sufficiently in between shots. The ceramic layer
will also provide electrical insulation, which facilitates more effective glow discharge
cleaning of the lithium surface.

3.4.1 Finite element model of thermal response

An FE model was made in COMSOL 4.4.0.248. to assess whether the achieved surface
temperatures are in the desired range, and to make sure thermal stresses remain within
the tolerable range. For the output, both temperature T and thermal stresses (and
components) are evaluated locally at any point in time. To evaluate the severity of
the thermal stresses, a normalized stress is calculated locally, which is defined as the
magnitude of the Von Mises stress over the yield stress, σ∗ = σMises/σyield(T ).

A simplified geometry is used to minimize the required computational power, and
is shown in Fig. 3.7. Boundary conditions are also indicated. Plasma discharges of
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Figure 3.6: Detailed overview of the prototype design. Outer dimensions correspond
to original row 3 tiles. Only height has been increased by 12.7 mm (0.5 inch) to
accommodate the internal features of the design. The wicking channels are 300 µm
wide. A thin wall is bolted to each side of the component to keep lithium from leaking
out of reservoir and wick ends.

different intensity are simulated by varying the plasma heat flux profile Qss. Fig. 3.2
shows the heat flux profile scaled to the required 10 MW m−2. In this case the initial
temperature is set to 460 K. Qc is only used to analyze pre-heating of the component,
and is in this case set to 200 W. Both heat loads are constant in time. Most notably
in Fig. 3.7, only one brush is modeled. The surrounding material is identical to the
rest of the prototype, except that it is modeled to have no stiffness. This way, the
stress-relieving effect of the slots is mimicked, and heat transfer can still be analyzed.
The design is modeled in both pure tungsten and the selected TZM grade.

The width, length and depth of the brushes influence the thermal stresses in both
the brushes themselves and the material below them. These parameters are tuned so
that, for the heat flux at which the surface temperature reaches the recrystallization
temperature, the stresses remain just below the yield stress. Of course, the width
and length of the brushes are chosen so that there is a whole number of brushes in
all directions.

3.4.2 Prototype thermal response

In the analysis, two different materials are considered, pure tungsten and TZM. Also
two different designs are considered. The first is the prototype design presented here.
The second is an almost identical design, that features lamellae, oriented in the r
direction, instead of brushes. Results for the latter are only included to illustrate the
effectiveness of the brushes.

Fig. 3.9 and 3.10 show the peak temperature and maximum normalized stress in
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Figure 3.7: Simplified geometry used in the FE model. The nodes in red are fixed
in the indicated directions. The plane in which these nodes lie is also a symmetry
plane. The red line indicates the rough shape of the heat load profile Qss. Only
one brush is modeled to further reduce computing time. The brush and the material
below (grey) are modeled as TZM. The material surrounding the brush is also TZM,
but has no stiffness (purple). This way the stress relieving effect is mimicked, while
the heat transfer is still modeled. The steel bar (purple) also has no stiffness, and has
a bottom surface temperature fixed at 300 oC.

the prototypes according to the FE simulations as a function of the steady state heat
load. Where these maxima occur can be seen in Fig. 3.8. Peak stresses at the base
of the brush are not considered physical, since these are due to unrealistically sharp
corners, and insufficiently mesh refinement. The recrystallization temperature is also
indicated for both tungsten and TZM, obtained from [89] and [90] respectively.

Clearly, the brush design performs adequately for both materials, at the required
steady state heat load of 10 MW m−2. The normalized stress does not exceed 0.7 and
the temperature remains below the recrystallization temperature, yet does reach the
required 1000 K. As expected, though, the peak temperatures and thermal stresses
are lowest in tungsten. The reason is that tungsten has a better thermal conductivity.
This allows for lower surface temperatures, due to a decreased temperature gradient.
The latter leads to lower thermal stresses. Of course, tungsten also has a higher yield
strength.

The pre-heating and cooling times are also assessed using the FE model. Fig.
3.11 shows the temperature response of the point on the surface which lies directly
beneath the peak of the heat load. Radiation to the environment was found to be
insignificant due to the low emissivity, and was not taken into account. Pre-heating
and cooling are achieved in ∼600 and ∼325 seconds respectively. Note that in this
analysis the pre-heating is assumed to start from room temperature, which in reality
only occurs for the first shot.
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Figure 3.8: Output of the FEM model for a plasma heat load of maximum 10 MW m−2

on a TZM target at t = 4.83 s into the discharge. The upper plot shows the normalized
stress. The lower plot shows the temperature in Kelvin. The largest stresses occur in
the side face, which is not where the peak temperature occurs. Low stresses occur in
the brush. The stress concentration a the base of the brush is qualitatively correct, but
the quantitative results are not considered reliable due to insufficient mesh refinement
and unrealistically sharp corner geometry.
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Figure 3.9: Results from the FE analysis. Peak surface temperature occuring through-
out the discharge for different peak heat loads. Both materials remain below their
respective recrystallization temperatures at the required 10 MW m−2. A similar
design featuring lamellae instead of brushes is also modeled. As one would expect,
the temperature response is not affected by this.
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Figure 3.10: Results from the FE analysis. The normalized stress remains below 1
for the required heat load for the brush designs. Comparison to the lamellae design
is used to illustrate the effectiveness of the brushes.
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Figure 3.11: Maximum surface temperature of the TZM component according to the
FE model during the full cycle. Radiation to the environment is insignificant due to
the low emissivity of liquid lithium and is not taken into account. The component is
pre-heated from 293 K up to the required 460 K in ∼325 seconds. Cooling below 460
K takes ∼600 seconds from the start of the shot. Both are well within the requirement.

3.4.3 Analytical model of capillary flow

To evaluate the lithium flux to the surface, a model is made using the Darcy equation,
in which the trajectory is composed of n sections positioned in series. The flow
through the complete trajectory (the wick and the surface) is calculated, assuming
a summation of flow resistances. In reality, there are of course also parallel sections.
E.g. the two wicks from the reservoir represent two parallel sections. However, when
parallel sections are identical, they can be represented by a single flow resistance with
a surface area of the parallel sections combined, which is the case here.

Q ·Rtot = ∆P (3.2)

Rtot =

n∑
i=1

Ri ; Ri =
µLi
kiAi

(3.3)

Here Q is the volume flux, k is the permeability of the medium, A is the cross section,
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µ is the viscosity, L is the length of the section. k is approximated for the porous
surface, as a function of the pore radius rp and void fraction [91]. For the wick, the
permeability k is derived from the Poiseuille flow for parallel plates, so k = r2w/3.
The net driving pressure, ∆P , is made up of the forward capillary pressure minus the
backward capillary pressure and the magnetic drag in each section.

∆P =
2γ cosα

rp
− 2γ cosα

rw
−

n∑
i=1

σB2 dLi
dt

Li (3.4)

Here γ is the surface tension, α is the contact angle, σ is the electrical conductivity,
B is the magnetic field strength, and dLi

dt is the speed in a specific section. All flow is
assumed to be purely perpendicular to the magnetic field. There are two terms for the
capillary pressure. The first drives the liquid towards across the porous surface. The
second is for the worst case scenario when the reservoirs are empty, and the reverse
capillary front sits in the wick and drives the flow back into the reservoir. Gravity is
negligible because of the low height of the trajectory. The properties of the lithium
are evaluated at 600 K. Inserting Eq. 3.4 into Eq. 3.2 provides us with and an
expression for the volume flux.

Q =

2γ cosα
rp

− 2γ cosα
rw

Rtot + σB2
∑n
i=1

Li

Ai

(3.5)

Finally, the model has also been verified against the proto-prototype tests where
the KIMTECH wipe was used. The speed of the wicking front has been determined
for multiple experiments, in both the upward and downward direction indicated in
Fig. 3.5, and is shown in Fig. 3.12. Since the actual “pore radius” of the wipe is not
known, both a minimum and maximum estimate of the radius were used to predict
the wicking speed. Both these predictions seem to roughly match the measurements,
despite using the model from [91] to calculate permeability for open foams. The large
variation in the measurements is attributed to the optical method for finding the
position of the wicking front (which is hard to distinguish), and inhomogeneities and
impurities in the wipe. The latter must also be the cause of the non-uniform wicking
front. The measurements beyond 12 mm and with negative flow speeds are considered
outliers. The latter are presumably caused by accidental shifting and wrinkling of the
wipe.

3.4.4 Protoype capillary flow

Fig. 3.13 shows the lithium volume flux to the PFS as a function of rw and rp. Note
that all values on the surface represent the maximum achievable volume flux. In other
words, the lithium flux will be able to match the loss flux from the surface up to this
rate, but if there is no need for replenishment it is not this high. Also, the volume flux
for the design values of rw and rp is indicated. The design values have been chosen
as close as possible to the optimum for Q, but they are restricted by manufacturing
processes.
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Based on the model, the achievable volume flux is almost ten times higher than
the requirement. Although experimental validation is limited, the behavior of the
model seems logical. The flow to the surface peaks when rp is lower than rw, and
thus there is a net capillary pressure which drives the LL to the surface. When rw
is smaller than rp, LL is driven back into the reservoir. When both parameters are
too low or too high, the net flow is very low, due to lack of permeability or capillary
pressure respectively. This increases the confidence in the model, despite the limited
experimental validation.

The thermal expansion of the wicks is taken into account. The width of the wicks
decreases during the plasma exposure, because the tops of the brushes are heated and
expand, while the bottom stays cool. The FE simulation indicates the width of the
channel could decrease up to 60 µm at the top. This decrease is accounted for in the
flow model by decreasing the width of the entire wick. The result is a decrease in
lithium flux of only 5%.

Finally, remember that the surface texturing also serves to stabilize the liquid
against droplet ejection. The design value for rp is compared against stability criterion
derived by Jaworski [54], and is found to be well within the stable region.
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Figure 3.12: The velocity of the wicking front in the proto-prototype experiments
is measured close to 10 mm from the wick. Measurements beyond 12 mm or below
0 mm/s are considered outliers, and do not contribute to the standard deviation. The
flow model has been used to predict the velocity for two different estimates of the
“pore radii”, at the average distance from the wick (9.6 mm).
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Figure 3.13: Prediction of the volumetric flow rate, Q, by the analytical model. The
expected flow at the design values for rw and rp is ∼ 0.4 L/s, indicated by the blue
dot. The negative peak occuring for low rw and higher rp is expected. Here the
capillary pressure in the wick is larger than it is on the porous surface, and thus the
lithium is pulled back into the reservoir.
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3.5 Discussion

As shown, thermal stresses are dissipated very effectively by the castellated surface.
After closer study of the simulation results, Fig. 3.8, it appears that the peak stresses
do not occur on the top surface of the brushes, but below them, where the temperature
is much lower. This is advantageous, since the yield strength strongly decreases with
temperature.

The surface temperature is more critical, especially for TZM. However, it must
be noted that the recrystallization temperature for TZM taken from [90] is measured
for a grade with a yield strength of ∼ 900 MPa. The cold or hot work, needed to
achieve this strength, generally lowers the recrystallization temperature. This is due
to the increase of internally stored energy in the metal, which is a driving force for
the recrystallization process. Hence, the recrystallization temperature for the grade
used, is estimated too low here.

Additionally, the predicted surface temperature is likely too high. In reality, the
lithium on the surface will limit the surface temperature when the vapor pressure
reaches an equilibrium with the plasma pressure. This is reported for tin by Van
Eden et. al. [31] and for lithium by Martin-Rojo et. al. [92]. Although no literature
exists yet which allows for reliable and accurate prediction of the exact temperature
of the lithium, it is expected the equilibrium temperature is lower than the surface
temperature predicted here.

The predicted flow also seems promising, even when taking into account the de-
crease in width of the wicking channels due to thermal expansion. The estimated flow,
however, is only a lower bound, since the model assumes an empty reservoir and thus
a strong capillary force in the wick, driving the LL back into the reservoir. The model
(reservoir assumed full) has been validated against the proto-prototype experiment,
and shows agreement. The most important outcome of these experiments, though, is
the importance of using the right wicking medium on the surface.

The flow requirement, 4 · 10−2 L/s, was originally estimated by assuming that all
incoming power was spent on evaporation of the lithium. A better estimate can be
made, now that the surface temperature is available. The atomic yield of lithium
was fitted as a function of temperature from the data obtained by Abrams et. al.,
shown in Fig. 4 of [93]. The loss rate was obtained by combining the latter with
the surface temperature from COMSOL, an assumed homogeneous particle flux of
2 · 1024 m−2s−1, and a recycling coefficient of 0.95. The maximum loss rate, which
occurs when the surface is hottest, was found to be 1.5 ·−4 L/s. This corresponds to
a decrease of thickness of the lithium layer of ∼ 2 · 10−7 m/s. To put this number
into perspective, the predicted erosion of W in the ITER divertor is on the order of
nanometers per second [78].

3.5.1 Outlook

In the trajectory toward implementation of the LLDT in NSTX-U, first prototype
tests are required to check whether the performance of the design is sufficient and
matches the predictions. Practical issues must also be investigated, e.g. possible
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clogging of the wicking channels by impurities, or leaking of lithium from the reser-
voirs. These experiments are planned on the linear plasma device Magnum-PSI [72]
for the fall of 2016. Although, as mentioned in section 3.3.1, before a prototype can
be manufactured, a suitable CPS type has to be selected for the surface. Based on
the prototype tests, the LLDT design can then be finalized before the end of 2016,
and potentially be implemented on NSTX-U for the FY2018 experimental campaign.

3.6 Conclusion

A new LLDT is required for NSTX-U, aimed at research into tokamak operation with
high lithium flux from the PFCs, and investigating the potential of capillary based
LL components. To this end, a set of requirements was formulated, a concept design
was made, a detailed prototype design was made, and the performance was evaluated.
Based on an analytical model for the lithium flow to the PFS and a finite element
model for the thermal response, it is predicted that the performance of the design will
be more than sufficient.

There are two important results from the design process that will impact further
development of the LLDT for NSTX-U and possibly any future liquid lithium divertor
design. Both are related to the main working principles of the concept design. First,
the concept utilizes capillary forces in a wick and a surface texturing to transport LL
to and across the plasma facing surface. A preliminary test, aimed at demonstrating
this principle, has shown the importance of the surface texturing. A flame sprayed
surface showed extremely poor performance compared to woven KIMTECH wipe. For
the development of the NSTX-U LLDT, it is therefore essential to further investigate
different surface types for the prototype and final design.

Second, the slots in between the brushes are filled with LL, to minimize thermal
stresses while still allowing for thermal conduction across the slots. In general, a
liquid metal interlayer will always allow for thermal expansion of its neighboring
solids without any resistance, yet still conduct heat. The importance of this general
principle is stressed, because it has the potential to reduce the demands on solid
materials significantly in future PFCs.
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abstract - A model is formulated to make a first estimate of the maximum tolerable
power of liquid lithium divertor targets, and to gain insight into their behavior in
terms of lithium loss rate and surface temperature. The model, formulated as a
simple analytical expression, states that the incoming power is balanced by heat
conduction through the target and by the lithium which is dissipating energy via
evaporation, radiation and ion-neutral friction. A target is considered to fail when
the net lithium loss flux from the surface exceeds the available supply. The model
is evaluated over a range of input parameters: lithium supply rate, surface layer
thickness, redeposition coefficient, and dissipated energy per Li particle lost to the
plasma. Based on the results, first, surface temperature locking is expected above
a deposited power of ∼ 10 MW/m2. Second, lithium targets are expected to be
extremely robust against power deposited during short transient events. A surface
layer thickness of 50 micron is sufficient to withstand 60 MJ/m2 vertical displacement
events or 20 MJ/m2 disruptions.

4.1 Introduction

Liquid metal (LM) divertor solutions have often been proposed [22, 59, 40, 23, 52]
as they potentially address issues with existing solid tungsten divertors. Important
arguments for this claim are: first, the lifetime of a solid W divertor is limited by
erosion [78], whereas a liquid metal target can be replenished [40]. Second, liquid
lithium (LL) specifically can retain up to 100% of incoming hydrogen [26], which could
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lead to significantly improved plasma performance as experimentally observed with
liquid lithium in NSTX and CDX-U [80, 81]. The downside is that, unless retention
can be prevented, fast circulation and filtering of lithium will be unavoidable to meet
tritium inventory requirements, or high temperature regimes as considered in this
work have to be used to prevent retention [27]. Third, the topic of this letter, in the
case of the monoblock divertor design for ITER the power handling limit is only just
above the operating point. Recent work shows melting of the monoblock edges is
most likely unavoidable and that the safety margin for heat load control is extremely
small [14]. Better power handling is expected for LM targets due to so called “vapor
shielding” [31, 40, 79]. This phenomenon has long beens studied for solid materials
(e.g. the ”virtual limiter” in [94] or more recently [95]), though only for LM the effect
can be used without permanently damaging the divertor. However, the exact power
handling limit has not yet been found. All of these issues are critical factors for the
feasibility of commercial fusion plants.

In this work, a model is formulated to gain insight into the behavior of liquid
lithium targets in terms of lithium loss rate and surface temperature, and to make
a first estimate of the maximum tolerable power, beyond which components will be
damaged. The model is based on theory discussed in section 4.2. The model itself is
presented in section 4.3 and considers a generalized target design, which is regarded
to fail when the lithium on the plasma facing surface (PFS) is depleted. Discussion
and conclusion follow in section 4.4 and 4.5 respectively.

4.2 Theory

Lithium that is removed from the PFS dissipates energy in the plasma. This is an
important contribution to the power handling capabilities of LL components. The
work presented in [38], provides us with the energy dissipated per lithium particle in
the plasma, εcool. This parameter is sensitive to the particle residence time in the
plasma, τ , the electron density, ne, and most importantly Te.

The electron temperature can vary strongly throughout the plasma. Close to the
divertor in detached scenarios Te is in the range of 1-10 eV [96, 97], which puts εcool in
the order of 5-10 eV. Whereas around the midplane SOL Te is expected to be in the
order of a few hundreds of eV [38], and also during transients events such as ELMs
Te can exceed 100 eV as measured and modeled for JET [98]. Correspondingly εcool
could be optimistically estimated as 300 eV. The present work considers εcool of 5, 50,
and 500 eV. Though the latter is an overestimate, it is chosen to be consistent with
a logarithmic scale.

Lastly, we must consider redeposition. A large fraction of the lost Li is expected to
be ionized within the sheath region [99], and will be promptly redeposited. On top of
that, lithium that is not promptly redeposited and escapes the sheath region can still
be redeposited due to e.g. momentum exchange with the incoming plasma flux. In [37]
it is suggested that the total redepostion fraction R in fusion relevant conditions is >
0.99. Though, below Te < 1 eV this could drop even to R < 0.1. One can imagine that
in the case of prompt redeposition there is no time for the collisional radiative process
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that results in εcool to be dissipated. While not all redeposition is prompt redeposition,
for practical purposes this letter will assume that all redeposited particles are indeed
promptly redeposited, and therefore εcool will only be dissipated by the permanently
lost particles which are described by the net loss rate Γnet. Effectively this is a worst
case assumption.

4.3 Power handling model

A generalized divertor target is considered which consists of a tungsten substrate
which is cooled on the back side. To allow comparison to the ITER monoblocks the
temperature of the coolant and the effective thermal conductance of the complete
target are taken Tcool = 120 Co and C = 13 · 103 Wm−2K−1, as derived from [13].
On the tungsten sits a Li layer the thermal resistance of which is neglected due to its
low thickness. Convective heat transport due to e.g. flow induced by thermoelectric
currents is also neglected [56]. Furthermore it is assumed there is no additional contact
resistance when good wetting is achieved.

The layer has a surface number density of N particles/m2, which is constantly
re-supplied by a uniform steady state (SS) lithium flux density Γsupply. The net
Li flux lost from the surface to the plasma is described as Langmuir evaporation
corrected for redeposition Γnet = Γvap(1 − R), and is constrained by the available
supply, Γnet ≤ Γsupply + N/t. Here t is the pulse length. The target is considered
to fail when either the lithium on the PFS is depleted, or the melting point of the
tungsten substrate is reached. Also only temperatures are allowed where retention is
reduced (as measured in [27]). A conservative estimate of the minimum temperature
is taken to be 700 K.

The target is described by an energy balance in which the incoming power flux
from the plasma must be balanced by 1) power dissipation via thermal conduction
and 2) power dissipation by lithium entering the plasma. Contributing to the second
term are εcool, and the evaporation energy Evap = 1.41 eV.

Qplasma = Qcond + Γvap(1−R)(εcool + Evap) (4.1)

Here, Γvap is a strong function of Tsurf , and Qcond represents the conducted power
density. The latter is composed of a term describing transient heat transfer, taken
from [100], and a term for steady state heat transfer.

Qcond = (Tsurf − T∞surf )t−0.5pulse

√
πCpρk/2C(T∞surf − Tcool) (4.2)

Equation 4.1 is solved for Tsurf as both the conducted power and lithium evaporation
rate are dependent on it. Cp, ρ and k are the heat capacity, density, and thermal
conductivity of the substrate respectively. Temperature T∞surf is the steady state
surface temperature, which is obtained by solving the power balance for t =∞.

A typical result is shown in figure 4.1. The red line is calculated considering only
conductive dissipation, and represents the ITER monoblocks. The blue line indicates
the behavior of a lithium target: similar to the monoblocks there is a steady state
regime, where the tolerable power is set mainly by Γsupply. The pulsed regime has a



54 Chapter 4. Power handling limit of liquid lithium divertor targets

10−4 10−3 10−2 10−1 100 101 102 103 104
101

102

103

104

105

106

107

steady state

regime

pulsed regime

substrate-temperature

limited regime

Pulse Length [s]

T
ol

er
ab

le
p

ow
er

d
en

si
ty

[M
W

/m
2
]

εcool = 50 eV,R = 0.99

ITER-like tungsten monoblocks

LLD, 1025 m-2s-1 supply, 0.1 mm Li surface

1MJ/m2 ELM

20MJ/m2 disruption

60MJ/m2 VDE

Figure 4.1: The maximum tolerable power density has been determined for a LL
divertor target (blue) with thermal properties equal to the ITER-like monoblocks
(red). This target has a lithium supply rate Γsupply of 1025 m−2s−1, and a 0.1 mm
top layer. εcool and R are taken 50 eV and 0.99 respectively. The blue curve shows
three characteristic regimes: the steady state regime, the pulsed regime, and the
substrate-temperature limited regime. The behavior of the former two regimes is
detailed in figure 4.2 and 4.3. The -1 slope of the pulsed regime is due to the fact that
the thickness of the lithium layer on the PFS corresponds to a fixed energy density
which can be dissipated.

slope of -1 also because it is set by the available lithium, but this time the amount
of lithium available on the surface during a pulse, N/t, is the dominant contribution.
Naturally, the lithium in the surface layer corresponds to a fixed energy density that
can be dissipated, thus resulting the -1 slope. For very short pulses the tolerable
power density is again limited by the substrate surface temperature, which exceeds
the tungsten melting temperature before it is sufficient to evaporate all available
lithium.

The blue curve in Fig. 4.1 is calculated for Γsupply = 1025 m−2s−1, which corres-
ponds to a Li flux that could be supplied purely passively via only capillary forces
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(as for the design proposed in [101]). The influence of Γsupply, surface layer thickness,
εcool, t, and R is visualized in Fig. 4.2 and 4.3. Additionally, Fig. 4.2 shows the
impact of doubling the thermal conductance of the system.

4.4 Discussion

In steady state (Fig. 4.2) two “operating modes” can be distinguished clearly: a
conductive and a lithium dominated mode. At respectively low load, heat is dissipated
mainly via conduction. In this mode the tolerable power density can be even lower
than for the monoblocks, as low surface temperature is required to maintain low
net loss rates. Loads below ∼ 4 MW/m2 (depending on target conductance) are
not possible because then the surface temperature becomes so low that retention
becomes problematic. Increasing the effective thermal conductance of the system
linearly increases the tolerable load as illustrated by the cyan curve.

In the Li dominated mode orders higher power density can be absorbed, though,
this mode requires net Li loss rates at least above 1023 m−2s−1. Note, that in this
mode, to handle increased power density only a slight increase in surface temperature
is required due to the strong dependence of evaporation on temperature. This results
in a temperature locking phenomenon as recently observed for liquid tin [31], and
earlier on carbon fiber composite [102]. Modeling in [95] also demonstrated clearly
that the cause is the strong temperature dependence of the evaporation rate. For
lithium the locking temperature is expected to be in the range of 800 to 1000 oC.

The compatibility of these conditions with a high-performance fusion core needs
to be assessed. It is estimated in [63] that Γnet should not exceed ∼ 1021 m−2s−1

to avoid fuel dilution in the core (indicated by the left black line in Fig. 4.2). The
acceptable flux density could be increased via strong baffling. For example, placing
the target inside a vapor box as presented in [42] (despite being designed with a
different working principle in mind) can reduce the lithium outflow by four orders of
magnitude, increasing the acceptable net loss rate up to ∼ 1025 m−2s−1.

In the pulsed regime dissipation by the lithium is dominant for layer thicknesses
above ∼10 micron, as indicated by the low dependence on pulse duration in Fig.
4.3. Consequently the tolerable pulse energy density varies linearly with εcool, until
the layer reaches critical thickness where the temperature required to evaporate all
lithium during the pulse exceeds the substrate melting point. This point is clearly
seen in Fig. 4.3 at a layer thickness around 300 micron, where the curves representing
1 ms pulses suddenly stop increasing. By increasing R from 0.99 (used in Fig. 4.3) to
0.999 the critical thickness will be reduced from ∼300 micron to ∼30 micron. This is
simply because higher temperature is required to remove a given amount of lithium
when redeposition becomes stronger.

Now Fig. 4.3 can be used to find what layer thickness (horizontal axis) is needed
to withstand arbitrary energy density (y-axis). Most notable is that 1 ms disruptions
of 20 MJ/m2, where it is expected that εcool > 50 eV, can already be withstood with
layer thickness of 50 micron. Though not drawn in Fig. 4.3 the model also shows that
for 200 ms vertical displacement events (VDE) up to 60 MJ/m2 a 50 micron layer is
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Figure 4.2: The steady state tolerable power density as function of Γnet. A conductive
regime and Li dissipation dominated regime can be observed below and above ∼ 20
MW m−2s−1 respectively. Illustrated is also the influence of εcool (dashed), which
mainly impacts the regime where dissipation via lithium is dominant, and R (solid),
which impacts surface temperature to reach a given Γnet and thus the conductive
dissipation. The cyan line illustrates the effect of increasing the target conductance
with a factor of 2. Also note that fuel dilution in the core plasma limits the allowable
Γnet, illustrated by the black lines.
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Figure 4.3: The energy density that can be dissipated in the pulsed regime depends
linearly on the PFS LL layer thickness. For layers thinner than 10 micron conductive
dissipation becomes important and dependence on pulse length t increases. For high
layer thickness the substrate temperature limit is reached before all lithium can be
evaporated (above 200 micron for R = 0.99 as presented here).
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also sufficient if εcool > 150 eV. ELMs of 0.5 ms require even smaller layer thickness
of ∼ 2 micron when εcool > 50 eV, corresponding to ∼ 1023 m−2 lithium particles
being released into the plasma per ELM. Thus there may still be concerns regarding
the compatibility of high Li loss rates during ELMs with the core plasma. This is not
problematic for VDEs and disruptions as the plasma is lost in these cases.

Lastly, the model considers a realistic range of εcool, R, and surface layer thickness,
and therefore provides us with a limit to the power handing capabilities of a LL
divertor target. Nevertheless, to obtain a more accurate estimate of power dissipation
via Li further edge transport studies would be required. To also gain more insight
into the acceptable lithium loss rate, coupling edge and core transport modeling would
even be required (for example continuing along the line of [39]).

4.5 Conclusion

Firstly, the formulated model can predict temperatures in LL divertor targets, making
it a powerful engineering tool for the design of these components. Additionally, an
important observation is the temperature locking effect, reducing both the peak tem-
perature during steady state (to around 800 - 1000 oC) and during pulses. Namely,
this will reduce thermal stresses, and therefore relaxes the high requirements to the
strength of divertor substrate materials compared to conventional designs.

Secondly, the steady state tolerable load can be spectacularly increased compared
to tungsten monoblocks, but always at the cost of high LL loss rate. To match the
monoblock performance loss rates are required of ∼ 1025 m−2s−1 for εcool = 5 eV
when R = 0.999. Though, the loss rate for this case can be reduced ∼ 3 orders of
magnitude by increasing the thermal conductance of the system, and ∼ 4 orders of
magnitude via baffling as proposed in the vapor box concept [38]. This puts the net
loss rate in the acceptable range. Nevertheless, the compatibility of specific loss rates
with a high-performance fusion core should be further investigated.

Finally, regarding pulsed loads: Li layers with a thickness of 50 micron are already
sufficient to withstand ELMs, disruptions, and VDEs. In the case of ELMs this may
still lead to core plasma compatibility issues, but this is certainly not the case for
the disruptions and VDEs as these are off-normal events, and thus the plasma is
lost regardless. The ability to withstand these off-normal events is a significant and
important improvement in robustness over traditional solid divertors.
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abstract - To develop realistic liquid lithium divertors for future fusion reactors, this
paper aims to improve understanding of its power handling capabilities. A liquid
lithium divertor target prototype, designed to facilitate liquid metal experiments in
tokamaks, was tested in Magnum-PSI. The target has an internal reservoir pre-filled
with lithium and aims to passively re-supply the textured plasma facing surface during
operation. To assess the power handling capability the target was exposed to helium
plasmas with increasing power flux density in the linear plasma device Magnum-
PSI. Temperature response of the lithium targets was recorded via IR camera, and
compared to FEM modeling taking into account dissipation via Li in the plasma. It
was found that the target works as intended and can take up to 9±1 MW/m2 for
10 seconds before the mesh layer is damaged, and could continue operating at higher
power densities even after being damaged. The total lifetime of the targets was up to
100 seconds. Overall the targets are found suitable for use in tokamak experiments.
Additionally, a central surface temperature evolution indicative of vapor shielding was
observed on intact targets. Predicting the target temperature (and consequently the
evaporation rates and thermal stresses) is considered very relevant for the design of
lithium divertor targets for DEMO. The observed temperature response could indeed
be replicated through modeling, which showed that a significant power fraction was
dissipated by the lithium in the plasma.
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5.1 Introduction

Liquid metals have been proposed as a divertor solution for future power plants [22,
59, 40, 23, 52], as they have a number of advantages over conventional solid divertors:
they can be designed to be self-healing by creating a replenishing liquid metal flow [40];
extremely high power densities can in theory be tolerated in vapor shielding regimes
[31, 40, 103]; the liquid itself cannot suffer damage due to the neutrons (though the
substrate can); and in the case where liquid lithium (LL) is used, main plasma neutrals
can be pumped to improve plasma performance, as observed in NSTX [80], FTU [48],
and HT-7 [57]. Naturally though, before implementation in fusion power plants or
even experimental devices, challenges remain. For example, no clear limitations to
power handling have been identified yet. Experimental studies using electron beam
facility SPRUT-4 have been conducted [104], and a model to predict the maximum
power handling capability for liquid lithium was made [103], which can be applied to
a given design but contained many free parameters. However, reliable prediction of
the maximum tolerable power has not been demonstrated yet.

This paper experimentally investigates the power handling of liquid lithium diver-
tor targets by studying a specific target design, namely the ”pre-filled liquid lithium

reservoir

capillary
flow

plasma

Figure 5.1: Titanium zirconium molybdenum alloy target used for the experiments
reported in this paper, partially disassembled. The design is based on [101] and
manufactured using electrode discharge machining. Lithium is transported from the
reservoir via the wicks across the surface due to capillary forces. Full drawings and
dimension are given in Fig5.2.
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divertor target” (pre-filled LLDT) [101], shown in Fig. 5.1. This concept was ori-
ginally designed for the LL experiments in the National Spherical Torus Experiment
Upgrade (NSTX-U). Capillary flow through wicking channels is used to provide lith-
ium from a reservoir to the plasma facing surface (PFS). The PFS is textured to
promote further spreading of the liquid metal across the surface, essentially function-
ing like a capillary porous system (CPS) [40]. The wicking channels in the target
also serve an important secondary function: to reduce thermal stresses by dividing
the bulk material into brushes with smaller characteristic dimensions. The effective-
ness of this principle is increased due to the fact that heat can still diffuse across the
brushes because the channels are filled with lithium. The original design requirements
for application in NSTX-U state that 5 second pulses with a local peak power density
of 10 MW/m2 must be withstood, without drying out of the PFS due to insufficient
lithium supply rate and without plastic deformation of the substrate due to thermal
stresses [101].

It is expected that vapor shielding phenomena will play an important role in
power handling at high input powers. Earlier studies of this phenomenon have been
performed for solid targets [94, 95], and for liquid tin [31]. It was found that when
increasing the applied power density to the target a point is encountered beyond
which the surface temperature is very insensitive to the applied power: a locking
temperature. This was also predicted for the experiments conducted in this paper. At
the locking temperature, also an oscillation of the surface temperature was observed
which is explained in [41] by stating that first the tin vapor cloud creates a detachment-
like plasma state which shields the target from incoming power thus allowing it to cool
down. As also the vapor cloud itself cools down it enters a runaway recombination
process, due to which the cloud dissipates and the surface is again heated to create a
new cloud. This phenomenon is also expected to be valid here.

The approach of this work is to increase the loading of the target until it is dam-
aged. The experimental results will then be compared to the model from [103]. In
this model the power coming from upstream in the plasma is balanced against the
thermally conducted power Qcond and the power dissipated by the lithium lost from
the surface, which are both temperature dependent terms. When the dissipation
via the lithium vapor becomes dominant over the conductive dissipation, a locking
temperature is predicted by this model, as observed for tin.

Qplasma = Qcond +Qloss (5.1)

Qloss = Γloss,net · (εcool + εrem) (5.2)

Each particle then dissipates an amount of energy required to remove it from the
surface (εrem), plus energy radiated in the plasma and taken up by the increase of
potential and kinetic energy of the evaporated particle (εcool). In case the contribution
from radiation is small compared to the total, εcool is only dissipated when particles
do not return to the PFS, and deposit their potential and kinetic energy elsewhere.
According to [38], this is indeed the case for the plasma conditions in Magnum-PSI,
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and hence εcool is only dissipated for the net loss flux from the PFS. This flux, Γloss,net,
may be approximated as an evaporative loss Γvap corrected for the redeposition R, in
which case εrem equals the latent heat of vaporization. When the net loss flux exceeds
the available supply, the target dries out and the maximum tolerable power is found.

The lithium supply consists of a flow driven by capillary forces. As the porous
texturing on the PFS has much smaller characteristic dimensions than the reservoir,
the flow is driven towards the surface (until the texture is saturated). In [101] a
supply rate of up to 2 · 1025 m−2s−1 is predicted for the original design, using an
analytical model based on the Darcy equation. A similar supply rate is expected for
the prototypes used here, as the characteristic dimensions are similar.

The experimental results in this paper are obtained using linear plasma device
Magnum-PSI [105, 72] to apply heat loads up to 9 MW/m2, while simultaneously
monitoring surface temperature and lithium light emission. The relevant components
of Magnum-PSI, and the exact target design are detailed in section 5.2. The obtained
data is presented in section 5.3. Interpretation of the experimental data, including
comparison to predictions from [103], is then given in section 5.4. The paper concludes
with the assessment of the performance of the design and design recommendations
which will allow implementation in a tokamak for experimental purposes.

5.2 Experimental method

5.2.1 Target design

The target design and dimensions are shown in figure 5.2. The design is based on
the original design for NSTX-U [101], but adapted for Magnum-PSI. The aim is to
use capillary forces to passively supply the PFS with lithium from the reservoir via
the wicking channels. The targets are composed of 7 layers of titanium zirconium
molybdenum alloy (TZM) which were cut from the raw material using wire electrode
discharge machining (EDM). The wicking channels are 300 micron wide, and together
with the reservoir have a volume of 4.7 cm3, sufficient to hold 2.4 grams of lithium.
Note that as the Magnum-PSI plasma beam is oriented horizontally, the targets are
mounted vertically. The wicking channels connect in this configuration to the bottom
of the reservoir so that the reservoir can be fully depleted. Two stainless steel bolts
hold the layers together.

Three variants of the target were used in the experiment, each with a different
surface texturing. The first type is the so-called EDM-type, where the texturing is
cut into the surface using EDM. The cuts are 300 micron wide, 450 micron deep, and
450 micron apart measured from edge to edge (Fig. 5.2). The second type, named
combi-type, uses the same EDM texturing but has a mesh layer applied on top of
this. This layer is fixed by clamping it between the outer two layers of the target.
Unfortunately, this method does not allow for tightening the mesh around the surface,
which results in the presence of some play between the mesh layer and the surface.
The distance between the mesh and the surface is estimated to be up to 1 or 2 mm.
The mesh is supplied by Unique Wire Weaving Co., Inc. and has 165 wires per inch
with a diameter of 0.002 inch in a twill weave. This translates to a mesh with 50
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micron thick wires with square pores of 100 micron wide in between. The third and
final texturing uses only mesh layers and no EDM texturing and is called mesh-type.
The aforementioned mesh layer is used as a top layer, but a coarser mesh is placed
beneath it with 160 micron thick wires and 260 micron wide pores. Only the fine
mesh layer on top is clamped.

After manufacturing the targets were filled with lithium. To this end, first oxides
were removed from the plates using dry sand blasting. Subsequently the targets were
cleaned in a sonic acetone bath, and then rinsed with ethanol. The lithium filling
was performed in an argon atmosphere glove-box with oxygen and moisture levels
below 5 ppm. To ensure wetting, first each of the plates is wetted individually in a

EDM texturing

8

8

6.7
6.7

6.7

8

89.7

12

fine
mesh
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mesh

Figure 5.2: Detailed overview of the prototype design, consisting of 7 TZM layers held
together with steel bolts. Target height is 25 mm in total. The wicking channels are
300 µm wide. Three target types are used: with the EDM texturing (top) or the mesh
layers (bottom) applied, or with the EDM texturing and the fine mesh combined. The
EDM texturing has cuts of 300 micron wide, 450 micron deep, and 450 micron apart
measured from edge to edge. The fine mesh has 50 micron thick wires with square
pores of 100 micron wide. The coarse mesh has 160 micron thick wires and 260
micron wide pores.
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Figure 5.3: Filled targets inside the glovebox with still liquid lithium (top) and solid-
ified lithium (bottom). Minor discoloration still occurs despite the argon atmosphere.
The individual plates are first wetted with scraping tools, then assembled while hot
after which the mesh is placed on and clamped. Then the targets placed on a steel
foil to cool.
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lithium bath, which was heated by a hot plate. Stainless steel mechanical scraping
tools were used to ensure wetting also in the reservoir and in all wicks. The EDM
textured PFS could not be wetted in a straightforward manner. Partial wetting was
achieved by placing the plates upside down in a 400 oC lithium bath for up to 10
minutes. The Li did wet the PFS of the EDM-type target sufficiently when exposed
to the plasma beam. The mesh layers could however be fully wetted and are placed
on the surface during assembly. While the target was still hot, the bolts were inserted
and tightened, thus clamping the mesh layers. The target was then placed on a steel
foil to cool down. When liquid, the lithium had a mirror-like appearance, but some
discoloration occurred already after cooling (Fig. 5.3). This indicates that despite
the use of the glovebox, some chemical interaction still occurred.

One target of each type is mounted on the target holder in Magnum-PSI. This
target holder can hold five targets simultaneously, and it can be rotated so that each
of the targets can be individually exposed to the plasma, without breaking vacuum.
Hence, the lithium targets are only oxidized once during mounting. An image of the
target holder can be found in [106]. Apart from the three lithium targets, two other
targets filled the available places on the target holder. A tungsten dummy target to
test exposure sequences and diagnostic alignment (not discussed further), and one so-
called blank target. The blank is identical to the EDM-type targets, except it was not
filled with lithium and no surface texturing was applied. All targets are clamped to
the target holder, which consists of a 4 mm thick copper surface which is water cooled
on the back. To enhance thermal contact a Grafoil flexible graphite layer was clamped
between the target and the holder. The targets without lithium are mounted first,
so that after mounting the lithium targets, the chamber can immediately be pumped
down to around 0.1 Pa. Despite these steps, reactions of the targets with atmosphere
could not be completely prevented, as indicated by the dull grey/blue-ish discoloration
observed.

5.2.2 Magnum-PSI

A schematic overview of Magnum-PSI is shown in figure 5.4, including only compon-
ents relevant to this work. The working and usage of these components is described
here. Further details can be found in [72, 107, 108].

The plasma is created by a cascaded arc source inside a magnetic field, resulting
in a beam that is impacting on the target. Densities and temperatures around 1020

m−3 and 1-5 eV can be typically achieved [72]. A helium plasma was used to avoid
any chemical interaction with the lithium on the PFS as would occur for hydrogen
[26, 27]. The main concern is that solid lithium hydride formed on the surface could
block the capillary flow. Low power helium discharges were also used to clean oxides
that are created during target mounting from the lithium layer (sec. 5.3). Of course,
the interaction between helium and lithium in the plasma is different than it would
be between hydrogen and lithium. Obtained results regarding the effectiveness of
vapor shielding, can therefore not be directly translated to performance in tokamak
experiments.

The targets were held at floating potential in all cases. An overview of the dis-
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charges presented in this paper is shown in table 5.1. Note that the discharges are
shown in chronological order. Shot number 74 and 77 have been performed on a
second combi-type target some time after the other discharges, denoted by the addi-
tional horizontal lines. Intermediate shots that are not considered in this work have
been left out for convenience, but the full experimental log can be found in the rep-
lication package [109]. In cases where the full history of the targets is relevant, this
is noted in the text (e.g. because damage occurred earlier).

The plasma exposures are composed of four phases which are necessary due to
the fact that Magnum-PSI makes use of 1) a beam dump, and 2) a standby plasma.
Regarding the first phase: The beam dump is located in the target exposure position.
When it is moved down, the target is immediately exposed and is then translated
forward ∼ 60 cm to exposure position. The standby plasma was a low power helium
plasma. When the beam dump and target started moving, the standby plasma was
changed simultaneously into the desired plasma (as specified in table 5.1). As this
is not standard operation, manual timing was required. Consequently, the desired
plasma conditions were reached roughly 1 or 2 seconds after beam dump and target

target

chamber

pump

heating

chamber

pump

source

chamber

pump

super conducting magnet

super conducting magnet

phantom

camera
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camera

pyrometer Thomson scattering

target
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Figure 5.4: Overview of Magnum-PSI [72, 107, 108] and the subsystems relevant to
this paper. On the target holder 3 lithium targets and 1 blank target are mounted.
They are exposed by the plasma from a cascaded source. The three different chambers
are differentially pumped to achieve better plasma parameters. Used diagnostics are
the pyrometer, IR camera, and Phantom camera filtered at 670.8 nm. Thomson
scattering was only available at the plasma source location. To move the target into
exposure position requires that the beam dump is moved down (as depicted). The
complete transition takes around 7 seconds. All diagnostics only have a view of the
target in exposure position.
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Table 5.1: Overview of the experimental plan on Magnum-PSI. Discharges are ar-
ranged in chronological order. Intermediate non-relevant discharges have been omit-
ted. Discharge 74 and 77 are performed some time after the other discharges. The
machine settings (B-field strength and source gas flow and source current Is) are
given along with the estimated peak power density resulting on the target. Helium
is used in all discharges. *The peak power density for shot 54 and 55 could not be
determined via matching of the FEM modeling to the observed temperature (see sec.
5.2.4). Rather, it is extrapolated from the observed correlation between source gas
flow and peak power density for earlier discharges.

Shot no. target type B-field gas flow Is estimated
peak power

density
[T] [slm] [A] [MW/m2]

36 combi 1.2 12 120 9±1
42 mesh 0.6 12 120 (cleaning)
43 combi 0.6 12 120 (cleaning)
44 combi 0.6 12 120 (cleaning)
46 blank 1.2 12 120 9±1
48 mesh 1.2 14 120 8±1
49 combi 1.2 14 120 8±1
50 blank 1.2 14 120 8±1
52 mesh 1.2 12 120 9±1
53 combi 1.2 12 120 9±1
54 combi 1.2 10 120 10±1 *
55 mesh 1.2 10 120 10±1 *

74 combi no.2 1.2 12 120 9±1
77 combi no.2 1.2 14 120 8±1

motion was complete, roughly 7 to 8 seconds after the start of the entire procedure.
Phase 2 then consisted of the exposure of the target to the desired conditions for

the desired amount of time. This phase is from hereon referred to as the main plasma.
A main plasma of 10 seconds on the lithium targets was chosen to approach steady
state conditions, while preserving sufficiently lithium for further exposures. Discharge
number 46 on the blank target had only 5 seconds of main plasma to prevent damage
to the target at high power. Discharge number 77 was continued longer to find out
after what time the lithium would be depleted. Phase 3 and 4 consisted of changing
the plasma back to the standby settings, and subsequently moving the target and
beam dump back.

5.2.3 Diagnostics

The key parameters to measure were the target temperature and deposited power.
Both rely on the pyrometer and infrared camera, which are a FAR SpectroPyrometer
model FMPI s/n 7343-1114 and FLIR SC7500MB respectively. The IR camera meas-
ures in the 2 to 5 µm range at low temperatures or 3.97 to 4.01 µm range at high
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temperatures, depending on the filter chosen. To determine the transmittance of the
IR optical system, the emissivity of the blank target was taken from literature, and
the transmittance was determined via comparison against the temperature measure-
ment by the pyrometer. Considering discharge number 50, and taking a constant
emissivity of 0.15, estimated from [110, 111, 112], this resulted in a transmittance of
22%. Applying these values to six comparable exposures on the blank targets resulted
in a deviation of maximum ±50 oC from the pyrometer measurements. This implies
that the transmittance did not strongly vary during the experimental period.

Pyrometer measurements on the lithium targets were not possible because no
good signal quality could be obtained. Therefore only the IR camera was used, and
the transmittance determined with the blank target was assumed to be valid. The
emissivity of Li was taken to be 0.1 in the measured temperature range [111]. Chan-
ging the emissivity assumed for the lithium or the blank target by 20%, results in a
±65oC change in the measured Li temperature. The assumption for the transmit-
tance did not hold for shot 74 and 77, as they were performed days later, during
which period the transmittance was suspected to have changed. Usable pyrometer
measurements on the blank target around the time of shot 77 are not available, thus
making it impossible to accurately determine the temperature here.

Finally, light emitted by Li-I in the plasma was observed via a Vision Research
Phantom v12.1 camera fitted with a 670.8 nm filter. This camera has a perpendicular
view of the plasma beam directly in front of the target. As shown in figure 5.5, the

D = 71
mm

Axis along
brightest
part of the
plume.

Figure 5.5: View of the Phantom camera perpendicular to the target (right), ∼12 s
into discharge 52. A 670.8 nm filter is applied to capture the light emitted by the
lithium inside the plasma beam (which is coming from the left). The red line marks
the axis along the brightest part of the plume, against which the intensity is plotted
in Fig. 5.13. Length scales are inferred from the size of the window.
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view extends approximately 5.5 cm in front of the target into the plasma. Due to
limited dynamic range the image was often saturated in the region until 0.5 cm from
the target. Images were acquired with a frequency of either 400 or 4000 Hz depending
on the plasma exposure.

5.2.4 FEM-modeling

To determine the deposited power on the blank targets a finite element method (FEM)
model was constructed in Comsol 5.1. The power flux density applied in the exper-
iment is found by tuning the power flux density in the model, so that the modeled
temperature corresponds to the temperature observed experimentally.

The geometry shown in figure 5.6 was used in the model. Computational time
was reduced by applying a symmetry boundary condition. The Grafoil between the
target and the copper was modeled as a thin boundary layer with a thermal resistance
of 1 · 10−4 Km2/W. The backside of the copper was fixed at 293.15 K. A heat flux
was applied in the center of the PFC with a Gaussian profile (FWHM of 19 mm, as
inferred from Thomson scattering). All other surfaces were insulated and radiation
losses were found to be negligible and were therefore omitted in the final simulations.
The exact material properties are given in the replication package.

grafoil
interlayer

copper target holder

cooled area
fixed 20oC

center of applied
heat load

symetry

plane

Figure 5.6: Setup of the FEM model of the blank target (without lithium), and
temperature result. A heat load with Gaussian distribution is applied in the center of
the top surface, FWHM = 19 mm. A symmetry plane is used to reduce computation
time. The Grafoil interlayer is mimicked by using a thin layer with a thermal resistance
of 10−4 Km2/W, based on a thickness of 0.3 mm and a conductivity of 3 W/mK [113].
The copper from the target holder is also included in the model, where the central
area with radius 14 mm has a fixed bottom temperature of 20 oC.
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The time dependence of the heat load is illustrated in figure 5.7. Both the increase
in power due to target motion and due to the plasma transition were modeled as a
linear ramp over a factor 0.5 in 7 seconds. The insertion of the beam dump at the
end of the discharge is modeled as a sharp cut-off. In the simulation, the change in
applied power is taken as the linear combination of both effects. The only remaining
free variable in the model is the applied peak power density during the main plasma,
which was tuned to match the IR camera measurement. It should be noted that the
simulation outcome is not influenced by the exact shape of the trajectory, beyond the
indicated uncertainty of the applied power density in table 5.1. Hence, this estimate
of the heat load time dependence is deemed sufficiently accurate.

Both the experimental result and modeling for discharge 50 and 46 are shown
in figure 5.8. The peak heat flux density was found to be 8±1 and 9±1 MW/m2

respectively (given the uncertainty in the temperature measurement). The increase
in flux density between these shots was achieved by lowering the source gas flow from
14 slm to 12 slm. These discharges were used to infer the applied power density for

-7 0 10 17 24
0 ·Qboundary

0.5 ·Qboundary

1 ·Qboundary

Simulated power in FEM, Qboundary.

time [s]

0

standby, 0.5

nominal, 1
Plasma source settings.

standby, 0

exposure, 1
Target location.

Figure 5.7: Qboundary in the FEM model is taken as the linear combination of functions
in the top two panes. The target motion increases the relative power from 0 to 1, as
in the stand-by position the target is completely shielded by the beam-dump. The
plasma source settings increase the relative power density from 0.5 to 1, as also the
stand-by plasma deposits power. In reality the change is plasma settings is triggered
manually after the target motion is initiated, creating a slight delay. The target comes
into view of the IR camera at 0 seconds.
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Figure 5.8: FEM model output matched to IR-camera recordings for shot 50 and
46. The peak power density during the steady state period of the discharges is found
to be 8 and 9 MW/m2 respectively. The error is estimated at ±1 MW/m2, taking
into account the uncertainty in the IR measurement and the assumptions underlying
in the FEM model. The steep increase and decrease at the beginning and end of
the discharges are merely when the target comes into view of the IR camera. Note
that the FEM results have been slightly shifted along the time axis to correct for the
errors in the manual timing of the experiment. Hence the two FEM curves are not
synchronized.

the lithium exposures except for the cleaning discharges and discharge 55, as for these
cases no comparable discharges on the blank target are available. For discharge 55
the peak heat flux density was assumed to be linearly increased to 10±1 MW/m2,
because the source gas flow was also linearly decreased to 10 slm. Nevertheless this
remains an assumption.
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Lithium layer oxidized
during mounting.

Spot cleaned by low
power He plasma.

Figure 5.9: Oxidized Li target photographed trough the vacuum chamber window.
Exposure to a low power He plasma liquefied the target locally and returned the
surface to a silvery shiny state.
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5.3 Results

In this section, temperature measurements and measurements of 670.8 nm light are
presented. At the beginning of the shot series, all targets were exposed to low intensity
plasmas to remove macroscopic oxides created during mounting, and to make sure
capillary flow was not impeded by these oxides. See for example exposure 43 in table
5.1. As soon as the targets were heated to just above the melting point the dull
gray color changed into a shiny silver color, indicating that the oxide removal was
successful, see figure 5.9. Results from the EDM-type targets are not presented as
this target dried out prematurely.

Exposure of the EDM-type target to low intensity plasmas resulted in a clean shiny
surface, comparable to figure 5.9. However, after exposure to plasmas at 1.2 Tesla the
PFS appeared to be dry, as observed from IR footage, absolute temperature levels,
and visual inspection. The target PFS could not be re-wetted by exposure to the
low intensity plasma, and neither the IR footage nor the Phantom camera recordings
indicate droplet ejection or other macroscopic loss of lithium from this target. Hence
the drying could have been caused by a depleted lithium reservoir due to insufficient
filling, or failure to resupply the PFS from the reservoir.

During all plasma exposures, the Li influenced the surface temperature distri-
bution. The temperature distribution had point symmetry as shown in figure 5.10,
whereas without lithium the individual brushes could be made out clearly.

The presence of Li also suppressed the surface temperature, which could be ob-
served at power densities of ∼9 MW/m2 in shot 48, 49, 52 and 55, see figure 5.11.
Time traces of the target temperature at the beam center are shown for exposures of

Figure 5.10: Temperature distribution across the surface without lithium (left) and
with lithium in shot 43 (right). Without lithium the heat cannot spread across dif-
ferent brushes. The empty wicks act like black-body radiators and light up. On the
contrary, when lithium is present, heat is distributed equally in all directions and an
almost perfectly circular melting front is observed.
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IR-cam temperature trace of LL targets

48: 8±1 MW/m2 on mesh

49: 8±1 MW/m2 on combi

50: 8±1 MW/m2 on blank

52: 9±1 MW/m2 on mesh

55: 10±1 MW/m2 on mesh

Figure 5.11: Observed temperature evolution of LL targets. A combi-type sample
(bold, black) with a hole in the mesh layer is exposed in shot 49. The mesh-type
targets have an intact mesh layer in shot 48 and 52 until it is destroyed in shot 55
marked by the large temperature spike. Notably after this spike the surface reaches
a steady state again before the shot ends at 10s, at a temperature well below that of
the blank targets in Fig. 5.8.

the lithium targets, and for the blank target. The latter reached significantly higher
temperatures. Not all temperature evolutions on the lithium targets were similar,
but also there was a difference in the targets. The mesh-type target which was used
for shot 48 and 52, was fully intact. A combi-type target with a hole in the mesh
was used in shot 49. The hole was created in previous discharges, exposing the EDM
texturing underneath, see figure 5.12. This difference played a significant role, as
further discussed in section 5.4. The temperature evolution for shot 74 is not shown
in this figure, as calibration was not possible for the IR camera. The mesh on this
target was still intact in this shot, and the temperature evolution was similar to that
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in shot 48 and 52.

The temperature evolution when the mesh of the mesh-type target was eventually
destroyed in shot 55 is also shown in figure 5.11. The underlying mesh layer was
not damaged. The hole in the mesh was observed through a view-port immediately
after the discharge. Directly after the temperature spike where the mesh is suspected
to have melted, the temperature returns to reduced levels compared to those on the
blank. The maximum peak power density any target has withstood without damage
is 9± 1 MW/m2, discharge 52.

Temperature oscillations were observed during discharge 48 and with more con-
stant frequency in shot 52. The amplitude was similar in both cases, however, the
oscillation time and shape varied widely. The first four oscillations in shot 52, during
the steady state plasma, had a period of ∼1 second. In discharge 48 though the
period times were between ∼0.5 and ∼1.5 seconds. The steady temperature plateau
that preceded the oscillations, from 0 s until 4 s, was very similar in both discharges.
Oscillations in the light observed by the Phantom camera were not observed. Though,
the image was saturated within 10 mm from the target. Finally, faster oscillations
with a frequency of 20 Hz were also present in the camera signal. These however

↑
EDM texture visible
through hole

Figure 5.12: Post-mortem picture of the combi-type target no. 2. The mesh has
been melted to create a hole in both exposure positions. Through the large hole the
underlying EDM texturing can be seen.
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also occur on the reference shots on the dummy target, and were due to the vibration
of the camera holder and optics, which were in turn caused by the vacuum pumps of
Magnum-PSI.

The Phantom camera has been used for two purposes. First of all, the axial
intensity profile is plotted for a variety of discharges, see figure 5.13. This intensity
profile was taken where the plume is found to extend furthest into the plasma for
every discharge (Fig. 5.5), and averaged over the duration of the discharge. On first
view, two parameters were of clear influence on the intensity: First, the magnetic
field, which is known from literature to influence the thickness of the shielding layer
by limiting transport of ions perpendicular to the field [114, 115]; And second, the
target type, which results in different intensities even for constant magnetic fields.
Also indicated in the figure is whether the mesh layer has a hole in it or is intact.

Secondly, the intensity in front of the target during exposure 77 was used to
determine after what time lithium was no longer evaporating from the surface. In
figure 5.14 it can be seen that from the start of the discharge first the intensity
increased almost by an order of magnitude before falling suddenly at ∼60 seconds,
after which the exposure was terminated manually at ∼80 seconds. This particular
target was exposed to already four 10 s high power discharges before shot 77.
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Figure 5.13: Axial intensity profile of 670.8 nm light observed by the Phantom camera,
averaged over the discharge. The profile is evaluated on the axis where the plume is
highest, as indicated in Fig. 5.5. The target position is on the right. Clearly, a strong
dependence on target type as well as magnetic field is present.
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5.4 Discussion

5.4.1 Prototype performance

The prototypes have demonstrated that the pre-filled target concept can work suc-
cessfully. All wicking channels have been wetted during pre-filling in the glovebox,
and heat was conducted across them. This is apparent from the changed surface tem-
perature profile, figure 5.10. The cleaning procedure, required to remove the oxides
obstructing the capillary flow, is also found to be successful.

The total lifetime of the component can be up to 100 seconds, as demonstrated
by the second combi-type target which lasted 4 · 10 + 60 seconds. This can be trans-
lated as at least 20 discharges of 5 seconds in NSTX-U. But most likely the lifetime
would be much longer. This is firstly because the ramp-up and down phases during
the experiments in Magnum-PSI are not considered. Secondly, due to the length of
discharge 77, the outer areas of the target have heated up more than they would in
a 5 second discharge. These areas were not exposed to the plasma and there was no
redeposition, so large amounts of lithium were likely evaporated from here. Moreover,
the electron and ion temperature at the target in NSTX-U will likely be higher than
in Magnum-PSI. This will increase the amount of energy dissipated per Li particle
(εcool) [38]. In turn this will increase the effectiveness of the shielding, which will
ultimately reduce the surface temperature and evaporation rate, thus increasing the
expected lifetime.

Two limiting factors to the lifetime in NSTX-U compared to the lifetime in
Magnum-PSI must also be considered. First, as mentioned in section 5.2.2, helium
is used instead of hydrogen. In hydrogen εcool could be different than in helium,
though likely the aforementioned effect of increased electron and ion temperature will
be dominant, and εcool will still be increased in NSTX-U compared to Magnum-PSI.
Second, strong evaporation during millisecond transients (e.g. ELMs), could be more
significant than the losses in steady state. Though, resilience against transient events
by Li CPS systems has been demonstrated in [83], it is recommended to investigate
the effect of transient loading on the lifetime for the specific design used here.

A peak power density of 9± 1 MW/m2 can be withstood for 10 seconds without
damage. Beyond this point a hole in the top mesh layer was always created. This is
just below the requirement originally formulated for NSTX-U. When damaged though,
the targets could still be used, as evident from discharge 49, 55 and 77.

It is suspected that the mesh was damaged due to poor contact with the substrate.
Figure 5.11 shows that with an intact mesh layer (shot 48 and 52) the temperature at
the start of the discharge (0 seconds) was twice as high, compared to when there was
a hole in the mesh layer and the plasma impacted the bulk directly (shot 49). Shot 74
was performed on a combi-type target with an intact mesh. The temperature response
for this target is not displayed because for both shot 74 and 77 calibration of the IR
camera was not possible. However, the shape of the temperature evolution for shot
74 resembles the shape observed for shot 48 and 52 closely. Indicating that indeed
the hole in the mesh layer was responsible for the change in temperature evolution,
and not necessarily the target type.
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The quick temperature rise on intact mesh layers was likely also responsible for
the increased intensity of the Li I light for the mesh-type targets, measured by the
Phantom camera in figure 5.13. Though, another possible explanation, which cannot
be excluded, is the presence of the second mesh layer in the mesh-type targets. Com-
paring shot 55 to shot 48 and 52, does indicate the difference between an intact and
a damaged mesh layer, but it should be noted that the damage was created during
shot 55 itself. Also, this discharge was performed at a higher beam power than shots
48 and 52.

Given that the mesh was only clamped at the sides and not fixated to the the
PFS, it is very likely that local heating of the mesh has resulted in bulging. This
could have led to a poor thermal contact and reduced Li supply, which in turn led to
overheating and melting. This hypothesis is supported by the temperature modeling
in sec. 5.4.3, and implies that improvement of the surface texturing could allow use
under higher heat loads.
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Figure 5.14: Time evolution of the 670.8 nm light emission compared to the surface
temperature during shot 77. The 670.8 nm light intensity starts out constant but
then rapidly increases until a rapid decrease at 60 s. The temperature shows a slow
increase until ∼80 s when the shot is manually terminated. The IR camera could not
be calibrated against the pyrometer due to lack of usable data near the time of the
shot.
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5.4.2 Vapor shielding

Vapor shielding is found to be significant during discharges 48 and 52. Signatures
were observed that were also found on tin [31, 41]: both reduced as well as oscillating
surface temperatures.

In the beginning of the discharges, surface temperatures in shot 48 and 52 specific-
ally appeared to rise at least as fast as on the blank target, but then suddenly reached
a temperature plateau. As known from earlier studies on solid targets [94, 95], locking
at a specific temperature is caused by the strong dependence of the vapor pressure on
temperature. Because the vapor dissipates power in the plasma, less power needs to
be conducted and the surface temperature is reduced. A more precise estimate of the
fraction of the incoming power that was shielded is obtained through the modeling in
sec. 5.4.3.

Oscillating behavior was also observed on the IR camera, most clearly for shot
52. The frequency and amplitude of this oscillation are comparable to the oscillations
observed on tin [41]. There, two oscillations were observed at a frequency of ∼250 ms
and ∼2.5 seconds, with an amplitude around ∼200 and ∼300-400 degrees respectively.
This is similar to the frequency and amplitude observed here. The shape of the
oscillation though is not exactly the same. In [41] three phases are described where
first the temperature gradually increases, then a steady state is reached, and finally
a steep drop occurs. In this case there is also a steep drop followed by a recovery
phase, but the recovery phase consists instead of first a sharp rise, and then a gradual
increase until the drop.

Furthermore, the oscillations are not recognizable in the Li I light observed by
the Phantom camera, whereas for tin this was certainly the case [41]. A possible
explanation is that due to the large PFS, the Li concentration in the plasma was
dominated by the surface region at the edge or outside the plasma beam. Namely,
as for tin, it is expected that Li from the beam center is rapidly ionized before it can
reach the plasma edge. Meanwhile, Li evaporated from the target edge could move
towards the beam and be excited at the edge before ionization (these particles should
generally be described using kinetic theory rather than fluid theory [116]). Thus, the
light emitted by neutral Li, would be dominated from lithium evaporated from the
target edge.

Whether the same mechanism as proposed in [41] was indeed responsible for the
temperature oscillations observed here cannot be determined, as also the mesh can
play a role which cannot be excluded. The mesh, or the liquid underneath could have
moved, and may in that way have also caused an oscillation. Though, also in [41]
mesh layers were used.

5.4.3 Temperature modeling

Modeling was used to predict the target temperature response, as well as the lifetime
before lithium is depleted. A finite element method model implemented in Comsol
5.1 was used to simulate the conductive behavior, while the vapor shielded power was
approximated using the analytical model from [103], presented in the introduction.
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Specifically, vapor shielding was accounted for by setting boundary heat flux density
as follows:

qboundary = qplasma(r)− qvap(T ) (5.3)

Here the qboundary(r, T ) is the heat flux density applied to the PFS in the model,
representative of Qcond in eq. 5.1. qplasma is the power density supplied by the beam,
as determined using the blank target. qvap is the power dissipated by the lithium
vapor, and is described in equation 5.4.

qvap = γvap(T ) · (1−R) · (εcool + εvap) (5.4)

In this equation γvap(T ) is the local evaporation flux density calculated according to
the Langmuir evaporation law. εvap and εcool are taken as 1.6 eV and 5 eV respect-
ively. This is derived from [38], given the typical plasma conditions in Magnum-PSI.
Comsol solves the FEM model, with boundary condition from eq. 5.3 and 5.4, for the
temperature T.

D = 3 mm
h = 0.5 mm

↓

Figure 5.15: Adapted FEM geometry to simulate wetted targets. To model shot 49,
all wicks and the surface Li layer are assumed negligible. The reservoir is left empty.
To model shot 52 the top 0.5 mm is modeled as lithium, and an artificial bubble is
added 0.25 mm below the surface. The bubble has cylindrical shape with D = 3 mm
and h = 0.5 mm.
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Figure 5.16: Comparison of the IR-cam measurements on LL to FEM modeling with
(black) and without (red) a hole in the mesh. As shown in Fig. 5.15 an artificial
bubble must be introduced to match the quick temperature increase in shot 52. The
power fraction dissipated by vapor shielding is shown in the bottom pane, evaluated
in the exact center of the PFS. vapor shielding appears to be very relevant for shot
52, but does not play a significant role in shot 49.

Two different geometries have been used. To model the case with a damaged mesh
layer (shot 49) thermal conduction across the wicks was assumed as good as for bulk
tungsten, and thus the wicking channels were completely neglected. The reservoir was
assumed empty. Lithium on the PFS was neglected completely as the layer thickness
was estimated on the order of 30 micron only. This was derived from figure 5.12,
where the EDM texturing can be clearly made out despite being wetted, indicating
that the lithium thickness was well below the characteristic size of the texturing (300
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micron). To model the case where the mesh was intact, the suspected loss of contact
with the bulk (sec. 5.4.1) is mimicked by including an artificial bubble. The top 0.5
mm of the target was modeled as pure lithium, and a cylindrical cavity with diameter
of 3 mm and height 0.5 mm was inserted 0.25 mm below the surface, see figure 5.15.
The dimensions of this artificial bubble were chosen to best match the experimental
results. Results of the FEM modeling are shown in figure 5.16.

Simulations were also performed to determine the effect of adding only the 0.5
mm lithium layer to the model, and the effect of the bubble size. Adding the Li layer
only has a small effect, compared to the model without the layer and bubble. The
temperature evolves the same as the black dashed curve, except it lies about 50 ◦C
higher (after 0 s). Hence, the bubble is mainly responsible for the difference between
the black and red dashed curves in figure 5.16. Increasing the bubble diameter from
3 mm to 6 mm results in an increase of the temperature plateau by about 20 to 40
◦C. Also vapor shielding becomes relevant about 4 seconds earlier.

The model seems to reconstruct the evolution of the central surface temperature
fairly well. The bottom pane of figure 5.16 shows the fraction of power dissipated via
vapor shielding in the exact center of the target model. This indicates that indeed
a significant fraction of power must be dissipated via vapor shielding to achieve the
temperature plateau in shot 52. Interestingly this is not the case for shot 49. Here, the
increased heat conduction due to the lithium is mainly responsible for the temperature
reduction. This is also illustrated by the dash-dotted curve, which is still a reasonable
match, despite completely neglecting vapor shielding.

To match the experimental results, the redeposition coefficient R needed to be set
to 0.9. This seems to be contradicting literature. In [117] and [37] the redeposition
of tin and lithium respectively has been investigated and R is found to be >0.999
in both cases. A possible explanation for this discrepancy could be that both these
works experiments are conducted in Magnum-PSI where the redeposited species was
at an impurity level density several orders of magnitude below the electron density.
Furthermore, the samples used in these studies had diameters not exceeding the beam
diameter. In this work the target surface width was more than twice the FWHM of
the beam, and lithium density was estimated to be comparable to the plasma density
as we are in a vapor shielding regime (though not measured).

Another explanation could be that the model from [103] contains a wrong assump-
tion. It is assumed that only non-redeposited particles dissipate energy. Redeposited
particles do dissipate a small amount of energy, namely via radiation. This could
form a significant contribution, especially given the high redeposition coefficient. Re-
deposited particles would dissipate a small amount of energy many times, before being
eventually lost. Thus, the effective value of εcool is increased. Given the uncertainty
in εcool, it is not possible to determine R accurately.

Any changes to R or εcool will however not impact the vapor shielded power fraction
in figure 5.16, as still the same amount of power must be shielded to obtain the correct
temperatures. The amount of lithium needed, though, will reduce. Nevertheless, this
will not significantly impact the modeled temperature due to the strong dependence
of the evaporation rate on the lithium surface temperature.

Lastly, it was found impossible to accurately estimate the lifetime of the target.
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This was caused by the following issues: First, it is only possible to roughly estimate
the central surface temperature evolution. Second, the uncertainty in R (discussed
above) is problematic. Namely, whether R=0.9 or R>0.999 makes a factor 100 differ-
ence in the amount of Li lost from the surface under the beam. Third, the degree to
which the targets are filled is unknown, especially because some leaking occurs during
the experiments. Fourth, due to depletion of the reservoir and wicks, the thermal be-
havior of the target changed. This must be accounted for in the model. Fifth, on long
enough timescales it becomes important to correctly model the thermal connection
to the heat sink (i.e. the cooled target holder). This was not the case for the 10 s
exposures, but it was the case during the 70 s exposure in shot 77. In this work,
sufficient data is not available to check if this thermal connection has been modeled
correctly. However, a best and worst case estimate indicate that between 0.1 and 0.6
grams of lithium must have evaporated from outer regions during shot 77 alone. Con-
cluding, ballpark estimates of the lifetime can be made, but not sufficiently accurate
to compare the experimental observations. In more controlled environments however,
this might be possible.

5.4.4 Future application

A few important lessons have been learned that are relevant for the design of an LLD
for DEMO. Firstly, the experimental observations show the presence of the vapor
shielding effect. This means Li targets could be extremely robust against high heat
loads, as long as sufficient Li is supplied. The prototypes tested here show that supply
through a passive capillary flow can already be sufficient. Furthermore, the power
handling model from [103] and the theoretical Li supply rate (2 · 1025 m−2s−1, [101])
can be combined to find the theoretical maximum tolerable power. This shows that
if the mesh had not failed, the target should have been able to handle around 20
MW/m2 in Magnum-PSI. However, in a tokamak the dissipated energy per lithium
particle would likely be higher (> 50 eV), and a maximum of over 100 MW/m2 might
even be realized. Of course, at this point the evaporative flux is perhaps no longer
compatible with fusion conditions.

Second, as it is found possible to roughly estimate the temperature response of
the lithium targets, now also thermal stresses can be calculated. This is an important
capability for the design of future LLDs. It is expected that stresses in LLDs can be
significantly lowered compared to solid divertors. Lithium channels create freedom for
thermal expansion, without thermally insulating material or creating leading edges.
This is exactly the secondary function of the wicking channels in the pre-filled LLD
design, as explained in the introduction. Additionally stresses are lowered because
the PFS stays much cooler than solid alternatives.

Third, the evaporation of lithium and its compatibility with fusion conditions
remains a concern. As suggested from the FEM modeling, even regions not exposed
to the plasma can contribute significantly to the lithium evaporation rate. If the LM
concentration in the vacuum vessel is to be kept low in future tokamaks, these regions
should be avoided.

Regarding the maximum evaporation rate that can be tolerated: this limit can
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be experimentally investigated using the concept tested here. Both power handling
capabilities and lifetime are sufficient for this purpose, as demonstrated and discussed
in 5.4.1. Upcoming additive manufacturing techniques will make production and use
of pre-filled LLD targets even more convenient.

5.5 Conclusion

Prototypes of pre-filled liquid lithium targets were successfully tested. The prototypes
could handle a peak power density of up to 9 MW/m2 for 10 seconds, beyond which
a hole was created in the mesh layer on the PFS. Despite the damage, the targets
could continue to function. Poor fixation of the mesh to the surface is suspected to
be the cause of the failure. The targets had a total lifetime of up to 100 seconds,
though this will likely be longer in a tokamak with short pulses. The performance is
deemed sufficient for use on tokamak experiments, e.g. to investigate Li transport.
Though, it is recommended to improve the surface texturing, for example by the use
of additive manufacturing.

The central surface temperature evolution of the targets was successfully recon-
structed via FEM modeling combined with an analytical approximation of vapor
shielding [103]. The modeling as well as the experimental results indicated that vapor
shielding plays a significant role in the power dissipation. This implies future LLD
designs might be extremely robust against high heat loads, as long as sufficient Li is
supplied.

Estimates of the locking temperature are mainly determined by the strong depend-
ence of the evaporation rate on the lithium surface temperature, and are relatively
insensitive to other parameters. Both the capability to predict the temperature re-
sponse, as well as thermal stresses are extremely relevant for design of LLDs for
DEMO. Though, accurate prediction of the lifetime was impossible for the proto-
types tested here, due to a poorly controlled thermal connection, filling ratio, and
insufficient knowledge about the redeposition. The FEM modeling of extreme cases
does indicate evaporation from areas not exposed to the plasma might have been a
significant loss channel of lithium, due to the lack of redeposition. Areas such as this
should be avoided in future designs.

Suggestions for future work

In the near future, it is recommended to carry out tests with transient loading condi-
tions to investigate the impact of ELMs or disruptions. This is possible on Magnum-
PSI, and also provides an opportunity to more thoroughly check the predictive cap-
ability of the model from [103].

Furthermore, to prevent damage to the mesh layer it is recommended that either
the fixation to the substrate is improved, or another suitable texturing is used. This
will make the target more robust, and also exclude movement of the mesh as a cause
of the oscillatory behavior. An interesting option would be to 3D-print the texturing,
or even to print the entire target. Additive manufacturing of tungsten is already
commercially available [74, 75].
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Using 3D-printed tungsten to
optimize liquid metal divertor
targets for flow and thermal
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P. Rindt, J. Mata González, P. Hoogerhuis, P. van den Bosch, M. van Maris, D.
Terentyev, C. Yin, M. Wirtz, N.J. Lopes Cardozo, J.A.W. van Dommelen, and T.W.
Morgan
Published as a letter to Nuclear Fusion 59 2019 054001

abstract - Liquid metal divertors aim to provide a more robust alternative to conven-
tional tungsten divertors. However, they still require a solid substrate to confine the
liquid metal. This work proposes a novel design philosophy for liquid metal divertor
targets, which allows for a two order of magnitude reduction of thermal stresses com-
pared to the state-of-the-art monoblock designs. The main principle is based on a
3D-printed tungsten structure, which has low connectedness in the direction perpen-
dicular to the thermal gradient, and as a result also short length scales. This allows for
thermal expansion. Voids in the structure are filled with liquid lithium which can con-
duct heat and reduce the surface temperature via vapor shielding, further suppressing
thermal stresses. To demonstrate the effectiveness of this design strategy, an existing
liquid metal concept is re-designed, fabricated, and tested on the linear plasma device
Magnum-PSI. The thermo-mechanical FEM analysis of the improved design matches
the temperature response during the experiments, and indicates that thermal stresses
are two orders of magnitude lower than in the conventional monoblock designs. The
relaxation of the strength requirement allows for much larger failure margins and
consequently for many new design possibilities.
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6.1 Introduction

The robustness of the divertor remains a critical challenge on the way to practical
fusion reactors. The plasma facing surface (PFS) must withstand ∼ 10 MW/m2 for
2 full power years [118], while being eroded by the ∼ 1024 m−2s−1 particle flux from
the plasma. Meanwhile, on the millisecond timescale, transient heat loads must be
expected of up to 0.5 GW/m2 due to mitigated ELMs (30 to 60 Hz) [10, 9], or up to 80
GW/m2 in case of an unmitigated disruption [11]. Additionally, neutron irradiation
inevitably leads to material degradation [119]. Under these conditions even the state-
of-the-art tungsten monoblocks [120] face a number of issues: melting [13], erosion
limiting the lifetime [120, 8], and cracking of both the surface and bulk material
[121]. Because of this, the monoblocks are heavily dependent on actively controlled
heat load mitigation strategies [8, 122], and applicability in commercial generation
fusion reactors is therefore highly reliant on the continually sustained success of such
approaches, with little-to-no margin for error.

This work explores a novel design philosophy. 3D-printing of tungsten, in combin-
ation with the use of liquid metals (LM), is used to drastically reduce thermal stresses,
and consequently open up many new design possibilities. Currently, tungsten pro-
duced by additive manufacturing has a reduced strength compared to traditional
manufacturing, but opens up new possibilities for the use of geometries which were
previously inaccessible. Philips Medical Systems specifies shape tolerances as low as
±25 µm. This feature size is sufficiently small to enable good surface tension forces
at the component surface to confine the LM. This technique can therefore be used to
produce optimized porous substrates for LM based divertor targets, where the liquid
serves to dissipate heat via evaporation and subsequent interaction with the plasma
[40, 55, 31, 103], while simultaneously providing the thermal connection across the
voids in the porous tungsten. Therefore both thermal stresses in the substrate can
be minimized, while the replenishing LM flow to the PFS can be maximized.

To demonstrate this, a pre-existing LM divertor concept is re-designed for additive
manufacturing. A simple concept is taken in which the plasma facing surface (PFS) is
supplied passively with LM via wicking channels originating from a pre-filled internal
reservoir [101]. Section 6.2 shows the design, and also tensile test results of the 3D-
printed material. A numerical analysis of the internal stresses is discussed in section
6.3. Finally, the prototype is exposed to fusion relevant plasma conditions in the
linear plasma device Magnum-PSI [107, 108], presented in section 6.4.

6.2 Design philosophy & resulting designs

6.2.1 Design philosophy

The above design principles were applied to the two designs presented in figure 6.1.
3D-printing was used to create a structure which has small dimensions in the direction
perpendicular to the thermal gradient (i.e. horizontally in Fig. 6.1). The gaps
in between these structures provide room for thermal expansion, and thus thermal
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stresses are reduced. The same principle was used in the monoblock design, but here
the dimensions have been refined more.

Filling the structure with LM allowed for thermal conduction across the gaps,
and also reduced the PFS temperature via vapor shielding. In this case lithium
was used because it limits the surface temperature more strongly than the main
alternative, tin. However, tin can also be used in principle if a low vapour pressure
LM is desired. Without LM, the 3D-printed substrate would reach much higher
temperatures for a given power loading due to its high porosity and lowered overall
conductivity compared to bulk tungsten. The gaps in the PFS should also be bridged
by the LM, thus eliminating leading edges.

The flow that replenishes the PFS utilizes capillary action, which was first used in
mesh or felt based systems [40, 30]. In this case however, the high degree of control
over the printed geometry was used to maximize the flow to the PFS. Structure
sizes on the PFS were minimized (∼ 100 µm) to create high capillary pressure, while
internal cavity sizes were maximized (∼ 2 to 4 mm) to reduce drag forces and to allow
for more LM to be stored.

6.2.2 Resulting designs

Two different target designs were made: the “tree-type” and the “V-type”. The void
sizes in the tree-type could be tuned by branching the solid structure and by varying
its thickness. The V-type consists of a number of stacked V’s, and thus the number
of branches at any height is always the same. Pore sizes were only tuned by varying
the material thickness. This design was intended to be more robust during handling.
The pore sizes at the bottom of the tree-type target were set to 4 mm and 1.6 gram
of Li could be stored in total. For the V-type this was 2 mm and 1.4 gram.

A texture was printed on the PFS to enable wicking across the surface (Fig.
6.2). The pattern consists of dots equally spaced with ∼ 125 µm between them,
and a height specified at 100 micron. The texture was designed to be identical for
both target types. The resulting potential wicking speeds were calculated using the
expressions from [101]. These are based on the Darcy equation, modified to account
for MHD drag. Replenishing rates of 1.1 and 2.4 cm/s can be achieved for the V-
and Tree-type respectively, in a 1 Tesla field. MHD drag accounts for more than 90%
of the total pressure drop. Additionally, the texture dimensions were chosen such
that Rayleigh-Taylor and Kelvin-Helmholtz instabilities a.o. do not lead to droplet
ejection [54, 55].

The exact geometry was only constrained by the printing process itself, which
allowed overhanging geometry to be printed if its angle was less than 45◦ or if the
overhang was less than 1 mm. The outer geometry was determined by the Magnum-
PSI sample holder, resulting in the top-hat shape. The circular wall and the bottom
of the target serve to prevent leaking from the inner structure. The wall contains a 3
mm hole near the bottom to equalize the pressure inside and outside the reservoir.
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Figure 6.1: Quarter sections of the two resulting designs, cut by electrode discharge
machining (EDM). Left: tree-type. Right: V-type. The voids serve simultaneously
as both reservoir for the LM, and as wicking channel up to the PFS. At the PFS the
channels are only 0.1 ± 0.01mm wide, as opposed to the 2 to 4 mm cavities at the
bottom. Dimensions are in mm.
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Figure 6.2: SEM top view of wicking channels and printed surface texturing of an
unexposed V-type target. A crack network is present on the surface that is created in
the printing process. Compared to an exposed target there is no observable difference.
The SEM image is available in [123].
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6.2.3 Material strength

To assess the strength of the targets, micro tensile test samples were fabricated accord-
ing to ASTM Standard E8-A356 and tested according to the ASTM D638 protocol.
The samples were printed vertically, similar to the internal structures of the targets.
The samples were tested without heat treatment, stress relieved (1000 ◦C for two
hours), or recrystallized (1600 ◦C for one hour). Three samples were tested for each.
The tests were carried out at 600 ◦C, which lies above the ductile to brittle transition
temperature for most tungsten grades. Results are shown in Fig. 6.3.

Although the heat treatment slightly increases the strain at which the samples fail,
all samples fractured in a brittle fashion below 275 MPa. It is suspected that the crack
network, visible in Fig. 6.2, caused this behavior. These micro-cracks are inherent to
the printing process, and cannot yet be avoided. The targets used for experimentation
in section 6.4 were all stress relieved, as this resulted in the highest failure strength on
average. The failure strength is significantly lower than for commonly used material
grades for fusion [124]. The question is if this disadvantage can be off-set by designing
the samples such that thermal stresses remain inherently low.
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Figure 6.3: Tensile test results at 600 ◦C of samples with different heat treatments.
Stress relieved at 1000 ◦C for two hours, recrystallized at 1600 ◦C for one hour, and
without treatment. The samples were printed vertically, in the same orientation as
the internal structures of the targets.
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6.3 Thermal stress analysis

The thermal stresses in the component (filled with Li) were calculated using the
finite element package COMSOL. An initial comparison of the two designs showed
that stresses were two times lower in the tree-type target. This was not unexpected as
indeed the material is less interconnected in this design. As it is aimed to demonstrate
the potential of this new design strategy, only the tree-type target has been considered
in this section.

To mimic the plasma loading experiment with the highest power flux density from
sec. 6.4, a 10 s pulse was applied with a peak power density of 11 MW/m2, following
a 7 s ramp-up. Heat dissipation due to the lithium is implemented according to [103].
Target holder material, clamping, and cooling were included. All details on the FEM
model can be found in the replication package [123]. As shown in Fig. 6.4, the von
Mises stresses in the free standing structure were on the order of 1 MPa and did not
exceed ∼ 10 MPa. Peak stresses occur where the branches separate, which is where
the material is the widest, but also a sharp corner is present here. Details on the
rendering of Fig. 6.4 can also be found in the replication package.

The central surface temperature peaked at ∼ 920 ◦C in the simulation. Modeling

time = 17.01 s Volume: log10(solid.mises)

100 MPa

10 MPa

1 MPa

0.1 MPa

Figure 6.4: Von Mises stresses in the free standing tree structure are on the order
1 to 10 MPa, according to the FE simulation. A Magnum-PSI discharge is modeled
consisting of a 7 s ramp-up and 10 s steady-state pulse with a peak power density
of 11 MW/m2. Dissipation via lithium vapor-shielding is included, using the model
from [103]. Stresses are fairly constant throughout the discharge.
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of a target filled with LL, where vapor shielding was omitted, showed that the surface
temperature would have increased to ∼ 1500 ◦C, and stresses would have increased by
a factor 2. When all Li effects were omitted (thermal conduction and vapor-shielding),
the melting temperature of W was approached within the exposure time, and stresses
were also increased by almost an order of magnitude.

In simulations where the peak heat load was increased to 20 MW/m2, temperat-
ures remained below 1000 ◦C due to vapor shielding, consequently, also stress levels
in this case were almost the same as for the case of 11 MW/m2, Fig. 6.4.

6.4 Fusion relevant plasma loading

Both target types were tested under several conditions in the linear plasma device
Magnum-PSI [107, 108]. A cascaded arc source in a 1.3 T magnetic field was used
to create a helium plasma beam on the targets with a Gaussian profile for the heat
flux density. The surface temperature of the exposed samples was monitored in situ
via a FLIR SC7500MB IR-camera which was calibrated against a FAR SpectroPyro-
meter FMPI. The calibration was done on a 3 mm thick tungsten dummy target,
as no pyrometer measurement could be obtained with Li. The deposited power was
estimated by matching the temperature from an FEM model to IR recordings of the
same dummy target. Shot 3 from Fig. 6.6 was the the most powerful, with a peak
power flux density estimated at 11 MW/m2. A Vision Research Phantom v12.1 high

plasma
beam

plasma facing surface

target side wall

Figure 6.5: IR-camera view during exposure in Magnum-PSI. The beam (left) is
impacting the plasma facing surface. The PFS appears to be fully wetted with Li,
visible from the dark color caused by the low emissivity of Li. The side wall appears
hotter (white) due the shallow viewing angle and lack of re-wetting exposing the bare
tungsten. Also visible are a lithium drop at the top-right edge of the PFS, and a dark
line right of the side wall indicating lithium that has wetted the base and clamping
ring.
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speed camera was used to view the target tangentially to the target surface.

The IR-camera view of a sample with fully wetted PFS is shown in Fig. 6.5. Darker
colors correspond to either colder surfaces or the presence of Li (lower emissivity). It
was observed in-situ that lithium accumulated at the top-right edge of the sample,
and also on the clamping ring. Despite this, neither the IR footage or the footage
from the fast camera show signs of droplet ejection into the chamber during the 10
second main pulse.

The evolution of the central temperatures and the result of the FEM are shown
in Fig. 6.6. All display an almost flat temperature response around 900 ◦C. For
reference, the 3 mm thin dummy target achieved a peak temperature over 1050 ◦C
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Figure 6.6: Central temperatures on the PFS from the IR recordings. Shot 3 has
the highest peak power density with 11 MW/m2. In all cases a reasonably steady
temperature of around 900 ◦C is reached. *Also shown are the results from a conven-
tionally manufactured target which uses a mesh layer [125]. The smaller fluctuations
in shot 4 are due to degradation of the plasma source. Note that the steep increase
and decrease in the camera signal at the beginning and ends of the measurements, is
merely when the target enters and leaves the camera view.
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during an identical plasma exposure, despite much more direct connection to the heat
sink. Note that the steep increase and decrease in the camera signal at the beginning
and end of each measurement was merely when the target enters and leaves the camera
view.

The temperature response from an almost identical experiment on Magnum-PSI
is also shown [125]. Here a conventionally manufactured target with mesh based
CPS was used. The oscillations in temperature are possibly caused by mechanical
instability of this mesh layer, and are not observed on the 3D-printed targets. The
fluctuations in shot 4 are due to degradation of the plasma source.

At 900 ◦C, lithium is removed from the surface layer at a rate of roughly 10 mi-
cron/s (using the Langmuir evaporation equation and taking a redeposition coefficient
of 0.99 [37]). This is well below the feasible supply rate estimated in section 6.2.2.

After plasma exposure, it was checked whether any damage has occurred. SEM
images were taken of the PFS and of the internal structures after sectioning, for both
an exposed target (cleaned) and an unexposed target. No evidence of damage was
found. However, this was deemed inconclusive due to the low number of exposures.

6.5 Discussion

A liquid metal divertor target has been re-designed for 3D-printing according to a
novel design strategy, and subsequently experimentally tested, and analyzed using a
thermo-mechanical FEM simulation.

The simulation results from Fig. 6.4 show that peak von Mises stresses in the tree-
type target lie more than a factor 20 below the failure strength. Therefore, it makes
sense that no damage was observed, despite the brittleness and low failure strength of
the 3D-printed tungsten. The temperature response predicted by the FEM simulation
matches the experimental observations reasonably well, and can therefore indeed be
used to estimate thermal stresses. It appears that both the use of mm length scales,
and the presence of Li to reduce target temperature, play an important role in the
stress reduction.

The thermal stresses lie 2 orders of magnitude below the stress levels encountered
in the ITER monoblocks [2]. However, the 3D-printed prototypes are not yet at the
same technological readiness level. For now, the best comparison is made when the
peak heat load in the simulation is increased to 20 MW/m2. In that case the Li vapor
shielding causes temperatures to still remain below 1000 ◦C and stresses remain at a
similar level.

It should be noted that the FEM analysis did not consider the micro structure.
The crack network created in the printing process (Fig. 6.2) is suspected to be
responsible for the observed brittle failure behavior in the tensile tests. Especially in
the case of high pulse numbers, growth of these cracks must be expected due to stress
concentration around the tips of these cracks. Though, tests with high pulse numbers
were outside the scope of this work, they should certainly be considered in the near
future.

The printed structure was found to function well as a Li substrate. The potential
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wicking speed calculated in sec. 6.2 is increased 20 to 50 fold compared to the wicking
speed of ∼ 0.5 mm/s estimated for the conventionally manufactured design in [101].
In the experiment, the PFS was effectively replenished with Li and stayed wetted
at all times, as observed qualitatively from the IR footage, and from the strongly
reduced surface temperature. As intended, ejection of droplets into the plasma beam
was not observed during the main pulse.

It is expected that the targets are also resistant to ELMs or disruptive loads, based
on the theory from [103], and earlier tests with mesh based systems [30]. Experimental
verification was however beyond this initial study, and is recommend for future work.

Compared to mesh based systems, the PFS used here is more stable (see Fig. 6.6).
Thermal expansion and and subsequent loss of mechanical stability, as reported in
[30] and suspected recently in [125], is problematic for mesh systems, especially for
application to large flat surfaces. This is not an issue here.

All things considered, the ability to lower the bulk stresses is promising. As
strength is no longer a critical requirement, materials with otherwise more favorable
properties can be selected (e.g less prone to cracking during printing, as attempted
to fabricate in [126, 127]). Additionally, because the the bulk stresses are a factor
20 lower than the failure strength, a large margin for material strength degradation
is available, before thermal stresses become problematic. Hence, loss of strength due
to fatigue and neutron damage will be less problematic than in ITER-like monoblock
divertors.

When looking ahead to a fully functional LM divertor, also a coolant channel must
be considered (e.g. as suggested in [22, 55]). The stresses in the coolant channel in
monoblock designs are caused to a large degree by a mismatch in thermal expansion
coefficient between the CuCrZr channel and the tungsten armor. In a LM divertor
other materials than pure CuCrZr may be used, due to e.g. chemical compatibilty
issues with the LM. But in principle, using a 3D-printed structure filled with LM
for the armor, will allow a reduction of this interface stress. This is because there
is a very low overall stiffness in the printed structure due to the low connectedness
of the material. The mismatch in thermal expansion coefficient is only relevant on
the small area where the individual printed structures are attached to the coolant
channel. Stresses in the pipe might therefore be strongly reduced.

6.6 Conclusion

In conclusion, we have demonstrated a novel design strategy, making use of additive
manufacturing, which allowed the successful construction and testing of liquid metal
divertor targets. Designs can be made where bulk stresses are on the order of only 1
MPa, with stress concentrations up to 10 MPa, two orders below stresses in ITER-like
monoblocks. Synergy between the use of additive manufacturing and LM is critical to
achieve this. 3D-printing provides the geometric control over the tungsten required
to minimize the stresses and maximize the LM flow to the plasma facing surface. The
LM on the other hand is essential for power handling.

For future work, novel design opportunities are now created. Because strength
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is no longer a restricting requirement, first, materials can be used that have other-
wise superior properties. Second, as a large safety margin is now available, material
degradation due to for example neutron damage is much less problematic. Also for
actively cooled designs, a 3D-printed/LM armor is likely to induce less stresses in a
coolant channel than a solid W armor, thus reducing also the demand for strength in
the coolant channel.

Overall, 3D-printing of tungsten is found to be a highly flexible manufacturing
technique that allows for optimization of various design parameters due to a high
degree of geometric control. It can be used to produce LM components for experi-
mental purposes with great ease (as demonstrated here), while improving the robust-
ness compared to traditional monoblock designs. This can be extrapolated to liquid
metal divertor designs for DEMO and beyond.
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Chapter 7

3D- printed LL divertor
targets under deuterium
loading with pulsed power
in Magnum-PSI

abstract - In a fusion reactor, the divertor will be exposed to steady-state deuterium
fluxes on the order of 1024 m−2s−1, and heat flux densities of 10 MW/m2. Addi-
tionally, up to 0.5 MJ/m2 may be deposited during millisecond edge localized modes
(ELMs), occurring with 30 to 60 Hz. Here it is investigated if these conditions can
be tolerated by CPS-type (capillary porous system) liquid lithium divertors, without
problematic lithium deuteride (LiD) formation, and without drying of the surface.
To this end, Li-filled targets were exposed in the linear plasma device Magnum-PSI,
to steady state D plasmas with relevant power and particle flux densities. ELM-
like pulses were superimposed with 2 to 100 Hz. During which a power flux density
between 0.3 and 1 GW/m2, and electron temperatures around 14 eV were reached.
The Li was held in 3D-printed tungsten targets, presented in the previous chapter.
The targets could tolerate up to 29 ± 4 MW/m2 in quasi-steady state. The surface
temperature was locked at ∼ 850 ◦C, which indicated that vapor shielding played a
role in the power dissipation. Bolometer measurements indicated that radiation was
not a significant contribution to vapor shielding in this case, where Te was around 1.5
eV. Formation of a macroscopic LiD layer was observed below ∼ 500 ◦C. This layer
could be removed during vapor shielding, but it could not be determined exactly at
which temperature the layer disappeared. Pulsed loading did not result in damage to
the 3D-printed substrate, and the plasma facing surface remained wetted. The target
potential during pulses was reduced by the presence of lithium, compared to bare
tungsten, by maximum 5%. Bolometer measurements indicated that a significant
part of the pulse energy was radiated away, unlike in steady state.
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7.1 Introduction

Based on the results shown in chapters 5 and 6, the power handling, particularly for
the 3D printed design, appears capable of achieving the desired performance levels.
However, previously the targets were loaded with quasi steady-state helium plasmas.
In a fusion reactor the predominant plasma ion species should be deuterium and tri-
tium, while phenomena such as ELMs may occur leading to transient power excursions
at the divertor targets. This will cause different challenges for the functioning of ca-
pillary porous systems (CPS). Under the correct pressure and temperature conditions
Li can combine with the hydrogen-isotope plasma to form lithium hydride (LiH) up
to a 1:1 stoichiometric ratio [26]. The formation of solid lithium hydrides over longer
periods may prevent replenishment of the plasma facing surface (PFS), by blocking
any capillary supply channels, and would likely lead to dry-out. The formation of LiH
would also reduce Li loss rates [35]. This implies that vapor shielding will occur at
increased temperatures, compared to helium exposures. The capacity to withstand
pulsed loading depends on the lithium layer thickness on the PFS. But in the case of
repetitive loading increased replenishment rates are required to recover this layer.

These issues have only been partially investigated in literature. In FTU, the
lithium limiter surface is observed to stay clean and shiny, despite hydrogen operation
[48]. Likely this can attributed to the fact that the limiter reaches around 500 to
550 ◦C, above which LiH decomposes [27]. Resilience against pulsed loading was
demonstrated in several plasma accelerators, see [30] and references therein. Here
pulses were not superimposed on a steady state load, nor was the load applied at
frequencies around 10 to 100 Hz as would be the case for ELMs. Usable temperature
measurements during pulses are not available from either of these studies, to validate
the predicted locking temperatures from chapter 4. In FTU, the onset of vapor
shielding is observed, but the discharge is too short for the locking temperature to
fully establish. No temperature evolutions were measured at all during the studies of
pulsed loading.

Compatibility with the fusion plasma must also be considered. An operating tem-
perature must be found where LiH formation is not problematic, while evaporation
rates are still acceptable. For lithium, the maximum surface temperature is estim-
ated at ∼700 ◦C before plasma core is excessively contaminated (assuming 99.9%
redeposition [63]). This consideration is also crucial for ELM-like loading. The lith-
ium evaporation flux may be increased by pulsed loads, even until after the pulse
when the target is still cooling. How much lithium is evaporated, and where this
material goes are crucial questions.

To gain more insight, this chapter answers the following questions:

Can the LL PFS be passively replenished LL under steady state deuterium loading?

And,

how does such a target respond to repetitive ELM-like pulsed loading in terms of
temperature, evaporation, and replenishment?
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An experimental approach is taken. This additionally allows validation the power
handling model from chapter 4 for pulsed loads, by comparing the predicted tem-
peratures against observed temperatures. The 3D-printed targets from chapter 6 are
used, as these have so far displayed the highest robustness, and are predicted to have
higher replenishment rates. Magnum-PSI is used to apply loading conditions, because
it has the capacity for both pulsed and steady state operation. Additionally, the dia-
gnostic suite which is available has sufficient time resolution to resolve the dynamics
of the vapor shielding during pulses. A full description of the setup is given in sec.
7.2. The results for steady-state deuterium loading and for pulsed loading are given
in sec. 7.3 and 7.4 respectively. The results are discussed in sec. 7.5.

7.2 Experimental setup

3D-printed targets, identical to those described in chapter 6 are used. Specifically,
the tree-type design, because this was predicted to have the highest replenishment
rate. The surface texture print quality has been improved compared to the previous
chapter by using different printer settings, see Fig. 7.1. Four identical targets were
printed, three of which were filled with lithium (labeled Li-1, Li-2, and Li-3). The
fourth was not filled, and used as a reference target. This target shall be referred to
as “3D-blank” The targets were mounted on the multi-target holder, using the same
procedure as in chapter 5. A dummy target was also installed, which was in fact the
conventionally manufactured target from chapter 5. This target was not filled with
lithium, and was used to help determine the loading conditions with FEM due to its
simple geometry, while the lack of surface texturing permitted easier infra-red camera
analysis.

Magnum-PSI was used to generate steady-state loads, and to impose pulses on
top of the steady state [73]. Pulses were generated by discharging capacitors over
the plasma source anode and cathode. In the first part of this work experiments
were conducted with quasi steady-state discharges of 15 seconds. In the second part,
second pulsed loading was superimposed. A complete overview of the setup is shown
in Fig. 2.13, in the introduction of this thesis.

Pulses could be applied with different frequencies, by discharging several capacitors
in a capacitor bank in sequence. The capacitors appeared to be not all identical,
which led to a variation in the realized pulses. Additionally, flaws in the trigger
system prevented capacitors from being fired at fixed intervals above 50 Hz. Instead,
short pauses of 70 ms occurred after pulse trains of 10 to 15 pulses. Pulses within
one train did occur with the set frequency. This effect can be observed when looking
forward to results in Fig. 7.9. The capacitors were set to charge to 108 J in all cases.
The electrical energy consumed by the plasma source was determined by measuring
the source voltage and current, and subsequently multiplying and integrating these. I
appeared that this energy did vary with the applied magnetic field and specific source
settings for steady state.

The plasma conditions (Te, Ne) were measured using a Thomson scattering system
near the target position (Fig. 2.13). Errors were derived from photon statistics, and
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correspond to a 95 % confidence interval [128]. For machine safety this was only
carried out during experiments without lithium. The power onto the target could be
calculated from the measured Te and ne, taking also into account the effect of potential
energy [129]. Using a stroboscopic operating mode, a time resolved measurement
could also be obtained for a pulse, see Fig. 7.2. The duration of 1 ms, and power
flux density of ∼ 0.5 GW/m2 are in the range of a mitigated ELM in ITER [10]. The
measured pulse shape was found to be quite irregular. More so than in [73]. This is
likely due to the fact that the stroboscopic measurement combines data from different
pulses, which were created by different capacitors. Recall that not all capacitors are
identical.

Surface temperatures were monitored using the IR camera as well as the pyro-
meter. Transmission and emissivity coefficients for the IR camera were determined
by comparing both measurements, and were always taken constant. When pyrometer
measurements were not available, coefficients were used from discharges performed
around the same time as the shot in question. The detection limit of the pyrometer
lies around 500 to 600 ◦C. For estimation of the maximum target temperature there

Figure 7.1: SEM micrograph of the 3D-printed targets used for this work. The design
is identical to that presented in chapter 6. Except, in this batch the exact printer
settings have resulted in a better defined surface texturing (see Fig. 6.2).
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were three sources of error: First, during steady-state exposures the pyrometer was
estimated to measure 2± 1 mm away from the beam center. Additionally, the wick-
ing channels, which are insulating when empty, caused steep temperature gradients
(observed with the IR camera). Combined, this caused a temperature underestimate
between 2 and 10% for the 3D-blank and between 4 and 20% for the dummy target.
On the lithium targets the spatial temperature profile is flatter, resulting in an under-
estimate between 2 and 6 %. Second, to resolve the temperature during millisecond
pulses the IR camera was used with a frame rate of ∼4 kHz. The exact timing of
the individual frames with respect to the actual time of the temperature peak, could
result in an underestimate up to 20%. This was derived from virtual measurements
of various temperature excursions generated from a FEM model. Third, the spatial
resolution of they pyrometer and IR camera were estimated at 1 mm and 0.3 mm
respectively. This was insufficient to resolve the texturing on the 3D-printed targets.
Local overheating could therefore not be observed. The magnitude of this effect could
not be estimated because the thermal connection between the texturing and the bulk
is unknown, as it may have been affected by internal voids or cracks. Local overheat-
ing mainly occurred during pulsed loading, as during steady-state pulses there was
sufficient time for temperature equilibration.
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Figure 7.2: Pulse shape as a function of time and beam radius. The power is con-
structed from a stroboscopic Thomson scattering measurement, taken over 50 pulses
during shot 34.
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Faster diagnostics were also available. The Phantom camera was used to monitor
670.8 nm light from Li I with frame rates between 30 kHz and 65 kHz. The camera
was orientated perpendicular to the plasma beam viewing the plasma 5.8 cm in front
of the target. This therefore monitored the evolution of the vapor cloud neutral
lithium emission intensity during pulses. The target potential and source potential
and currents were monitored at rates of 500 kHz. The target potential was used to
estimate the average electron temperature in front of the target following the method
used in [41]. The product of the source potential and current (Isrc·Vsrc) was integrated
to find another measure of the pulse energy. Not all input power of the plasma source
is transferred to the plasma, so this gives only an upper bound for the input power
to the source. However, it can be used to distinguish the influence of capacitor bank
variation from variations in source output as measured by TS and IR. Unlike the TS
measurement, comparison between pulses is possible, including for experiments on
the Li targets.

Lastly, the radiated power from the plasma was measured using the bolometer
[130]. The bolometer time constant of 136 ms was sufficient to monitor the radiation
during quasi steady-state exposures. Though a time resolved measurement could not
be made during pulses, a measurement representing the total radiated energy could
be obtained. Only channel 1 (viewing from 5 to 18 mm in front of the target) and
channel 3 (from 31 to 44 mm) were found to produce reliable measurements. Channel
2 and 4 showed problematically high noise levels, and erratic behaviour which could
not be explained. Each channel is viewing a 12.5 mm segment of the beam.
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Table 7.1: Overview of relevant steady state discharges in deuterium. The power
density deposited on the target was estimated based on TS measurements. The error
corresponds to a 95% confidence interval. The power density depends on the magnetic
field and plasma source settings. The gas flow through the source is given in standard
liters per minute (SLM), and the source current Is is given. The power density profile
was Gaussian, the maxima of which are given. The FWHM was around 11 mm in all
cases. Shots on a dummy target are also given (italics). Exposures of this target were
reconstructed using an FEM model, resulting in a second estimate of the deposited
power.

shot no. target
type

B-field gas flow Is PTS PFEM

[T] [SLM] [A] [MW/m2] [MW/m2]

9 3D-blank 0.8 10 150 0.7 ± 0.2 -

11 3D-blank 1.2 14 150 2.6 ± 0.6 -

13 3D-blank 1.2 14 170 5.3 ± 1.0 -

23 dummy 1.2 14 180 6.9 ± 1.8 8 ± 1

27 3D-blank 1.5 14 150 9.9 ± 1.4 -

30 3D-blank 1.5 14 180 29 ± 4 -

34 dummy 1.5 14 160 7.5 ± 1.4 11 ± 1

35 dummy 1.5 14 160 7.5 ± 1.4 11 ± 1

36 dummy 1.5 14 180 20 ± 4 14 ± 1

46 Li-1 0.6 10 150 - -

50 Li-2 0.8 10 150 (0.7±0.2) -

54 Li-1 1.2 14 150 (2.6±0.6) -

55 Li-2 1.2 14 170 (5.3±1.0) -

56 Li-2 1.2 14 170 (5.3±1.0) -

57 3D-blank 1.5 14 150 (9.9±1.4) -

59 Li-2 1.5 14 150 (9.9±1.4) -

62 Li-1 1.5 14 180 (29 ± 4) -
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7.3 Results after deuterium loading

An overview of the relevant steady-state discharges can be seen in table 7.1. Not
shown are initial discharges with helium, which were used to remove atmospheric
contamination from the target mounting. After these discharges, and before hydrogen
exposure, the Li targets had a shiny silvery appearance. This procedure was only
performed once at the start of the campaign. In all following deuterium discharges
the power density had a Gaussian profile, with an FWHM of about 11 to 13 mm,
determined from TS. The loading was varied from below 1 MW/m2 up to to 29 ± 1
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Figure 7.3: Overview of temperature measurements during steady state deuterium
loading. IR measurements are matched to pyrometer measurements when available.
Shot 30, 54 and 62 use emissivity and transmission coefficients from shot 27, 55 and
59 respectively. Temperatures on blank targets increase with the deposited power,
while temperatures on the lithium targets do not. A steep drop is observed on the
Li targets (at ∼ 9 s for shot 56 and 55). It is suspected that at this point the LiD
layer dissociates, and consequently the emissivity is reduced. The temperature on all
targets is calculated with a constant emissivity.
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MW/m2. For the dummy targets, a second estimate of the deposited power was
made from a FEM reconstruction. The discrepancies between the power flux density
determined from TS on the dummy target, TS on the 3D-blank, and FEM of the
dummy target are treated further in the discussion. The particle flux density was
maximum 3.9 · 1023 m−2 s−1 and 1.3 · 1024 m−2 s−1 in shot 9 and 11 respectively.
And increased up to 3.5 · 1024 m−2 s−1 and 9.5 · 1024 m−2 s−1 in shot 27 and 30
respectively.

Several observations were made during the steady-state discharges: First, temper-
ature plateau was observed, similar to that observed under helium plasmas in chapter
5 and 6. An overview is presented in Fig. 7.3. The IR data was matched to the
pyrometer data, except for shot 30, 54 and 62, where emissivity and transmission
coefficients were taken from shot 27, 55 and 59 respectively. Emissivity and trans-
mission coefficients were kept constant in all cases. A steep drop in IR emission was
observed on the Li targets at ∼ 4 s for shot 59, at ∼ 9 s for shot 56 and 55, and at
∼ 13 seconds for shot 54. The origin of this drop is treated in the discussion.

Second, the radiated power from the plasma was determined via the bolometer. No
significant difference in radiated power was observable in any steady state discharge.
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Figure 7.4: Bolometer measurement of shot 59 (blank) and 59 (Li-2). The total power
is given that is radiated in all directions from the segment within the view cone of each
channel. These beam segments are 12.5 mm long. There appears to be no significant
difference in radiated power between both discharges.
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This is shown in Fig. 7.4 for shot 57 and 59 where the heat flux density is 9.9 MW/m2.
Third, a black/blue-ish discoloration of the Li targets was observed after the low

power discharges 46 and 50 (Fig. 7.5). The photos were taken between shots through
a vessel window, so that the samples remained under vacuum. The surface tem-
perature during these discharges could not be estimated due to unknown emissivity
coefficients and the absence of pyrometer measurements. The absence of pyrometer
measurements, however, indicates that the temperature was below the acquisition
threshold of 500 ◦C. In the top right pane, the target can be seen after shot 50. This
target was originally overfilled. After exposure, a ridge formed in the shape of an
almost complete ring, the center of which coincided with the position of the beam
spot. The surface was observed to have shiny silvery state after exposure to all dis-
charges with a higher power flux density than in shot 46 and 50. Figure 7.6 shows
the Li-1 target after shot 54. In this case, the discoloration has disappeared in the
location of the beam spot, but remains in the region around it. Figure 7.6 also shows
an IR-camera view corresponding of the same target. Here, the IR emission is lower
in the center of the target than at the edge. This indicates that the black/bluish layer
had a higher IR emissivity than a clean lithium layer.

This difference in emissivity was compensated for in Fig. 7.7. Here the tem-
perature in the location of the beam center is shown in black/grey and blue/grey.
For the black curve, after 15.5 s, the emissivity was set to 0.12 to match pyrometer
measurements on comparable discharges (Fig. 7.3). For the blue curve, before 12.5
s, the emissivity was set to 0.25, so that the temperature smoothly increases to what
is observed at the end of the discharge (the black curve). Because from Fig. 7.6 it
is known that the discoloration remained in the edge region, the red curve is also
determined using ε = 0.25.

At the end of the campaign, all three lithium filled targets were used for at least
60 seconds. This also includes the pulsed loading described in the next section. Af-
terwards, none of the targets were fully depleted as concluded from visual inspection.
No measurement of the remaining amount of lithium could be made.
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Figure 7.5: Top Li-1 (left) and Li-2 (right) targets photographed after shot 46 and
50 respectively. The Li-2 target was originally overfilled. During these shots, melting
was achieved, but vapor shielding was not achieved. Also the black/blueish layer
was formed. Bottom: Li-1 (left) and Li-2 targets after exposure to higher power
discharges, photographed after shot 62. During these shots, vapor shielding was
observed, and the surface returned to it silvery shiny state.
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beam centerbeam edge

post-mortem photograph IR view @ 17.5 s

Figure 7.6: Left: Photograph of the Li-1 target after shot 54. A silvery layer of
lithium is observed in the location of the beam spot. A black/blueish layer surrounds
it. The top left pane in Fig. 7.5 represents the state of the target before discharge 54.
Right: IR camera view at 17.5 s into discharge 54. The marked locations correspond
to those used in Fig. 7.7.
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Figure 7.7: Temperature during shot 54 measured via IR camera. The emissivity
was varied to account for the suspected change in emissivity between 12.5 and 15.5
s. After 15.5 s an emissivity of 0.12 was used to determine the central temperature
(black/grey). This value was also used in Fig. 7.3, and is believed to represent
the emissivity of pure Li. Before 12.5 s the emissivity was set to 0.25, so that the
temperature increases smoothly towards ∼ 850 ◦C (blue/grey). The red line was
measured at the edge position indicated in 7.6. Here, the target was suspected to be
discolored throughout the discharge based on Fig. 7.6, and ε = 0.25 was used.
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Table 7.2: Overview of the relevant discharges where pulsed loads were applied on
top of the steady state loading. The steady-state power, PTS , corresponds to the
values given in the above table, and was generated with identical source settings.
The deuterium flow was 14 SLM in all cases.

shot no. target
type

B-field Is PTS

steady
state

frequency duration
of pulse

train

Epulse,TS

[T] [A] [MW/m2] [Hz] [s] [J]

22 dummy 1.2 150 2.4± 0.4 5 10 57± 33
23 dummy 1.2 180 6.9± 1.8 5 10 71± 9
34 dummy 1.5 160 9.9± 1.4 5 10 72± 9
36 dummy 1.5 180 29± 4 5 10 84± 16
68 3D-

blank
1.2 170 5.3± 1.0 5 3 -

69 Li-3 1.2 170 5.3± 1.0 5 3 -
71 3D-

blank
1.5 150 9.9± 1.4 5 3 -

72 Li-2 1.5 150 9.9± 1.4 5 3 -
73 3D-

blank
1.5 180 29± 4 2 4 -

74 Li-3 1.5 180 29± 4 2 4 -
75 3D-

blank
1.5 150 9.9± 1.4 100 1 -

76 3D-
blank

1.5 150 9.9± 1.4 100 1 -

79 Li-3 1.5 150 9.9± 1.4 100 1 -
81 Li-3 1.5 150 9.9± 1.4 100 3 -
82 3D-

blank
1.5 150 9.9± 1.4 100 3 -

7.4 Results after pulsed loading

7.4.1 Target temperature and radiated power during pulses

After exposure to steady state deuterium plasmas, the capacitor bank was used to
impose pulses on top of the steady state load. Pulses were applied only for steady
state power densities of 5.3 MW/m2 or higher. Several settings were varied, see table
7.2. A TS measurement of a typical pulse has been shown in Fig. 7.2. As stated,
the capacitors were charged to 108 J in all cases. The pulse energy derived from the
TS measurements was slightly lower than this, because not all power was absorbed
by the plasma. The maximum heat flux density varied between 0.2 and 1 GW/m2.
First, pulses were applied with a frequency of 2 or 5 Hz. A these frequencies, the
temperature excursion due to a single pulse completely dissipated before the next
pulse, and the resilience of the target against single pulses could be studied. Also, in
this case the bolometer could be used to estimate the power radiated during a single
pulse. Next the pulse frequency was increased to 100 Hz. At this point, there was a
clear history effect between subsequent pulses, as will be presented below.
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The temperature response of the lithium targets during low frequency pulses as
shown in Fig. 7.8, was quite unexpected. Namely, the temperature excursion seemed
unphysically high (700 to 900 ◦C) compared to the blank targets (about 200 ◦C). This
was also the case for the pulses at 100 Hz, see Fig. 7.9. Despite this fact, the base
temperature of the lithium targets remained constant in any shot, while this was not
the case for the 3D-blank target at 100 Hz. Post-mortem inspection indicated that
the Li-filled targets remained intact. The unsteadiness of the plasma in the periods
without pulses was attributed to source degradation. Yet the output power did not
seem significantly affected, because the overall temperature response was comparable
to the earlier exposures without pulses.

The 3D-blank target did not withstand the 100 Hz loading in shot 82 without
damage. A sudden decrease in IR emission was observed just after 15 s in Fig. 7.9.
This coincided with the creation of a melt spot visible in the IR images. Melting was
also observed post-mortem, as shown in Fig. 7.10. Four connected branches of the
tree structure were melted under the beam spot, which positioned slightly off-centre.
A crack had formed through the middle of the tungsten droplet, presumably during
the cooling process after solidification. Neighbouring branches, which were insulated
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Figure 7.8: IR recordings of shots with increasing steady-state and pulsed loading,
at 5 and 2 Hz. The unsteadiness of the temperature when pulses do not occur is
attributed to source degradation, which leads to fluctuating heat flux density in the
plasma.
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by the empty wicking channels, did not melt. The fact that melting seemed to occur
about 1000 ◦C below the tungsten melting point is attributed to the camera’s lacking
spatial resolution, which is coarser than the printed texture (sec. 7.2). This made it
impossible to detect local overheating of the surface texture.

Figure 7.11 shows the total radiated power per pulse per beam segment, as de-
termined from the bolometer measurements. Unlike the steady-state measurement
from Fig. 7.4, the radiated power from the Li targets is clearly increased compared
to the blank. Furthermore, the power increases with the power flux density in steady
state (color coding), and with the source input energy during pulses (x-axis). This
is true with the exception of the exposures of the Li-2 targets at 1.5 T. The source
input energy was obtained by integrating the source current and voltage over the
duration of a pulse. It is unknown what caused the deviation between this number
and the stored energy of 108 J, which was based on the specified capacitance of the
used capacitors.
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Figure 7.9: IR recording of shot 81 and 82, where maximum loading conditions were
applied. During the 100 Hz pulses, the base temperature of the blank increased until
the target melted. The fact that melting appears ∼ 1000 ◦C below the tungsten melt-
ing point is attributed to the fact that the camera’s spatial resolution is insufficient
to distinguish individual features within the texturing, as discussed in sec. 7.2.
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Figure 7.10: Blank target after shot 82. A melt layer has formed in a square. Neigh-
bouring branches of the tree structure were not melted. This was attributed to the
insulating effect of the wicking channels. The location of the melt indicated that the
plasma beam was slightly misaligned.
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Figure 7.11: Radiation during pulses against the electrical input energy of the plasma
source. The radiated energy is determined from the bolometer measurement. This is
the total energy radiated from a segment of the beam as wide as the viewing cone of
the bolometer. The radiated energy is significantly higher for lithium targets than for
the 3D-blank targets, and also increases with the magnetic field and plasma source
settings during SS, as indicated in the legend.

7.4.2 Phantom camera and target voltage observations
during 100 Hz pulses

What happens during a single pulse becomes clear from the Phantom camera footage.
Figure 7.12 shows several snapshots of the 670.8 nm light, taken before during, and
after a pulse. Global contrast and brightness values of the individual frames were
edited to increase visibility. This is necessary due to the low dynamic range of the
camera. The first pane (-0.37 ms), shows the situation before the pulse. The target
is outlined in red on the right side of the image. The beam was coming from the left,
and lithium light was emitted in front of the target. The outline of the beam can be
clearly observed. Next, at 0.00 ms the pulse starts. During the pulse, at +0.29 ms,
Li-I emission can only be observed in a close region around the target. After the pulse,
at 0.93 and 1.0 ms, the pulse had ended, and the layer expands rapidly. Given the size
of the viewing port, it is deduced that the cloud expands at about 459±82 m/s. After
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+1.0 ms

+0.29 ms

+4.9 ms

+0.93 ms

-0.37 ms

+1.4 ms

Figure 7.12: Snapshots from the Phantom camera during a pulse in shot 74 (2 Hz).
The target position is indicated by the red line in the first snapshot, the plasma is
coming from the left. The pulse starts at exactly 0.00 ms. The expansion of the layer
observed at +0.93 ms and +1.0 ms occurs with 459± 82 m/s.
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this rapid expansion, at 1.4 ms, an unstable radiation front formed slightly in front
of the target. The radiation front and the target are connected by several filaments
which vary in number over time. This state persisted for several milliseconds. During
this time the target was still cooling down and had not yet returned to its original
temperature, as observed from the IR footage. Ultimately, after about 5.3 ms (not
shown in the figure) the radiation pattern completely returned to that observed before
the pulse.

The measurement of the target voltage provided a more detailed insight into the
electron temperature during the pulses. Fig. 7.13 shows the difference between a
target without lithium (blue) and with lithium (red) for pulses at 5 Hz. In the steady
state, the target potential was about -20 V in both cases, corresponding to a Te of
roughly 6 eV. This is higher than the TS measurement of maximum 2 eV (measured
for shot 34). During the pulse (at 0 ms), the potential dropped to about -50 V,
corresponding to Te = 14 to 15 eV. The TS measurement also gave a maximum
temperature of 14 eV. After the pulse, the potential rises and overshoots its original
value, reaching almost 0 V. After this it returns to the steady state level. A similar
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Figure 7.13: Target potential. Comparison of pulse shapes of pulse number 12 in shot
71(blank) and 72(Li-2). The dip in target voltage just after 0 ms was caused by the
plasma pulse. The peak after the pulse overshoots the steady state, and may have
been caused by the capacitor bank electronics setup. However, the lithium target
reached the steady state slower than the blank target after this overshoot, which does
imply some dependence on the target type. The potential of the Li target is slightly
less negative overall. This is confirmed in Fig. 7.14.
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overshoot is observed in the currents an voltages measured over the plasma source.
The Li target voltage was almost identical to that of the 3D-blank (Fig. 7.13), with

two main differences: First, after the overshoot the voltage of the Li target decayed
slower to the steady-state level; Second, the voltage of the Li target was slightly less
negative than for the 3D-blank. This was also observed consistently for the 100 Hz
pulse cases (Fig. 7.14). The difference is always 5 to 10 V. From Fig. 7.14 it also
becomes clear that at 100 Hz, there was a history effect between pulses. This goes for
both the blank and Li targets, evident from the negative peaks. These peak values
changed slightly during the first second of pulses. During the 2 seconds after this
there is a new equilibrium.

For the lithium targets specifically, another effect was present. Namely, second-
ary oscillations formed for pulses further into the discharge. The contour of these
oscillations can be seen for shot 81 in Fig. 7.14, and a detailed view is shown in Fig.
7.15. In the left pane of Fig. 7.15, the change in pulse shape for the first train is
shown (starting around 1.2 s in Fig. 7.14). The first pulse had the same shape that
was observed for a single pulse. After 10 pulses, however, a secondary oscillation was
established. The right pane shows the pulses in the before-last train, starting after
3.5 s. In this case the secondary oscillation is already established from the start, in
pulse 183. By pulse 193 the secondary oscillation was much more pronounced, and
even contained a new upward peak (at 2 ms). Also the difference in base voltage
between the left and right pane must be noted (from -2 to 0 ms). In the left pane,
the base voltage gradually decreased with every pulse. In the right pane the base
voltage for pulse 183 was already increased compared to the left pane. Moreover a
new equilibrium was established within two pules.

Lastly, the history effect was also observed in the phantom camera footage. Addi-
tional to the phases shown in Fig. 7.12, another phase was observed when increasing
the pulse frequency to 100 Hz. A configuration reminiscent of a shock wave was
formed, shown in Fig. 7.16. This phase started after the expansion of the thin layer
around 1.3 ms, and around 4.2 ms it slowly changes into the situation shown in pane
5 from Fig. 7.12 (labeled 1.4ms). In the additional phase, the profile from the beam
was observed, but it ∼ 3 cm in front of the target. Between the beam and the target a
sharp transition was present, after which no Li light could be observed until the target.
This is with the exception of the small filament that connects the vapor cloud and
the target. In the original footage it can be seen that this filament is not stationary.
Rather it moved fast up and down along the target surface. The the shock-wave-like
front was not stable as well. The exact shape slightly varied constantly and was often
asymmetrical.
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Figure 7.14: Positive and negative peaks for all discharges with 100 Hz pulses. The
values for lithium targets (yellow and red) are systematically higher than for targets
without lithium, despite the variation between different capacitors within the capa-
citor bank. In the potential trace for shot 81 (grey) a secondary oscillation can be
discerned between -10 and -30 V.
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Figure 7.15: Detailed view of the secondary oscillation in the target potential for shot
81 (Li). Left: pulses taken from the fist pulse train, starting around 1.2 seconds in
Fig. 7.14. Right: pulses taken from the before-last pulse train, starting around 3.6
seconds.



125

+1.8 ms

Figure 7.16: Snapshot from the phantom camera during shot 79 (100 Hz). A shock-
wave-like phenomenon occurred which was not observed in the case of low frequency
pulses, see Fig. 7.12. This phase starts about 1.3 ms after the pulse, and stops around
2.6 ms after the pulse. Then it slowly changes into the phase shown in Fig. 7.12 at
about +4.2 ms.
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7.5 Discussion and considerations for future LMDs

7.5.1 The impact of deuterium loading on the heat loading
capability of passively replenished CPS-systems.

The lithium targets were exposed to a range of different heat flux densities. These were
determined via Thomson scattering, and via comparison of observed temperatures to
a FEM reconstruction. The estimates from these two methods differed by maximum
30%, and could not be reconciled within their error margins. The reason for this could
not be established. The Li-targets could withstand a heat flux density up to 14 ± 1
MW/m2 according to the FEM reconstruction, or up to 29± 4 MW/m2 according to
the TS measurements, without observable damage.

Temperature locking was observed at about 800 to 900 ◦C, for heat flux densities
of 2.6 MW/m2 or higher. This is similar to the observations during helium discharges
from chapter 5 and 6, and also the experiments from [31]. The presence of the lock-
ing temperature indicated that vapor shielding played a significant role. Bolometer
measurements indicated that in steady state radiation from the plasma beam was
not significantly increased compared to cases without lithium. Therefore, the loss of
energetic particles must have been the main vapor shielding mechanism in this case.
This agreed with the collisional radiative modeling performed in [38], which indicated
that radiation is a minor contribution to the dissipated power when ne = 1020 m−3

and Te lies between 1.5 and 6 eV.

The use of deuterium plasma led to the formation of a black/blueish discoloration
of the Li. This was not observed in earlier experiments with helium. And so, the
creation of this layer is attributed to the formation of LiD. Discoloration was only
observed on targets that were directly exposed to the plasma beam, and not to neigh-
bouring targets on the target holder. Thus exposure to the deuterium background
gas did not lead to macroscopic LiD formation. Detailed analysis of shot 54 (Fig.
7.6 and 7.7) indicates that the LiD layer can persist, even if it reaches ∼ 800 ◦C for
a few seconds. Formation of the LiD layer is considered problematic because LiD is
a solid below 692 ◦C. If Li layers are volumetrically converted into LiD this means
that liquid flow, and thus self-healing, are no longer possible. Such a scenario could
occur in future LLD designs where the PFS is actively cooled. In such a case, the
LiD would likely erode after its formation, leaving the porous substrate exposed.

In the experiments conducted here, the LiD layer disappeared after exposure to
plasmas with a heat flux density of 2.6 MW/m2 or higher, which is also when vapor
shielding occurred. Figure 7.5 shows the surfaces restored to a shiny silvery state.
This transition likely had an influence on the surface emissivity, which was observed
as a steep drop in IR emission in figure 7.3. It is suspected that the breakup of the
LiD layer is a temperature driven process. Namely, the dissociation pressure of LiD
depends strongly on temperature as well, and is documented thoroughly [46]. Because
of this temperature dependency, the observed drop in surface emissivity occurred later
during shots where less power was applied, because the necessary temperature was
reached later. The ability to remove the LiD layer and use the targets for further
experiments without drying of the surface, indicates that blocking of the capillary
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channels could successfully be avoided. Although, this was only possible at the locking
temperature of ∼ 850 ◦C.

7.5.2 The impact of LiD formation on the thermal operating
window of CPS-based lithium divertor targets.

Considering next the thermal operating window of a CPS-based lithium divertor
in DEMO: For such a component, the temperature must be below 700 ◦C, above
which the core plasma is excessively contaminated [55]. Meanwhile the temperature
must be high enough to avoid formation of LiD and LiT, so that liquid flow is not
impeded and the allowed tritium inventory is not exceeded. In literature it has been
demonstrated that deuterium is no longer trapped above ∼ 500 ◦C, under a deuterium
flux of 2.5 · 1019 m−2s−1 [27]. Experiments from [92], where a particle flux density
of ∼ 1023 m−2s−1 was applied, indicated that deuterium is indeed desorbed from
Li above ∼ 500 ◦C. Though, desorption rates and deuterium concentrations after
plasma exposures could not be determined. In the present work, however, it seemed
the formation of macroscopic LiD layers can only be prevented near the onset of
vapor shielding at ∼ 850 ◦C. These two observations must be reconciled, before it can
be determined whether LiD/LiT formation can be prevented below the maximum
operating temperature of 700 ◦C.

Although this cannot be done based on the available data, it can be derived from
[27] that the deuterium flux density to the PFS is an important factor. Namely, to a
achieve a deuterium trapping rate equal to 0, the incoming flux (minus the reflected
fraction) must be matched by the dissociation rate. The dissociation rate increases
with temperature and LiD concentration. The incoming deuterium flux density in
this work is ∼ 1024 m−2s−1. That is 1 to 5 orders of magnitude higher than in [92]
and [27] respectively, and might explain why the LiD layer is observed to disappear
at a relatively higher temperature. It should be noted, however, that in the present
work no plasma exposures were performed with a quasi-steady surface temperature
around 700 ◦C. It is therefore recommended to conduct experiments where the target
temperature can be controlled independently of the incoming particle flux density,
and where also the the LiD concentration in the target can be monitored.

7.5.3 Resilience against repetitive ELM-like loads

The targets were exposed to maximum 211 pulses at 100 Hz with an energy of 57±33
J to 84 ± 16 J (∼ 0.5 to ∼ 0.75 MJ/m2 averaged over the surface). Post-mortem
inspection showed no damage to the lithium-filled targets, whereas the 3D-printed
blank had melted. First of all this indicates that the Li supply rate was sufficient
to replenish the PFS in between pulses. This follows from the fact that the surface
temperature always returns to the same level between all pulses. In case the lithium
had run out, the base temperature would have slowly risen, similar to what was
observed for the blank target in shot 82 (Fig. 7.9).

Secondly, the bolometer measurements indicate radiation was a significant con-
tribution to vapor shielding during pulses. Within the bolometer viewcone, up to 7
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times more radiation was emitted from the plasma when lithium-filled targets were
exposed, compared to when the 3D-blank was exposed. This was unlike the situation
in steady state where no significant difference in radiation could be detected. The
exact fraction of the pulse energy that was radiated from the entire plasma could not
not be determined because the bolometer measured only within two 12.5 mm wide
segments of the beam. There are two possible explanations for the increased radi-
ation: First, the increased electron temperature during pulses (∼ 14 eV) increases
the amount of radiation emitted per lithium particle in the vapor cloud. This follows
from the outcome of the collisional radiative modelling in [38], where the contribution
of radiation increased more than an order of magnitude between a Te of 6 and 10 eV.
Second, increased amounts of lithium in the plasma cause more radiation. Based on
the available data it cannot be concluded which of these is dominant.

The maximum temperature of the lithium-filled targets during pulses could not be
determined with certainty. Hence, the power handling model from chapter 4 cannot
be validated for this case. Logically, the temperature excursion of the lithium should
have been less than that of the blank target. Namely, the pulse energy deposited on
the Li-filled targets was reduced via vapor shielding, and thermal conductivity was
increased because lithium had filled any open pores in the tungsten. Nevertheless, the
temperature excursion for the lithium was measured to be higher than for the blank
targets. Again there are two possible explanations, which are relevant specifically
during pulses: First, the measurement of the lithium temperature could have been
distorted by the presence of a dense vapor cloud in front of the targets. Second, the
temperature of the bare tungsten was underestimated. Because melting occurred, it
is certain that the tungsten reached over 3422 ◦C. As stated earlier, local overheat-
ing of the texture might have caused this underestimate. A similar situation was
encountered during pulsed loading in [131] and attributed to the same cause.

7.5.4 The vapor shielding mechanism during millisecond pulses.

The vapor shielding process during pulses could be resolved by the target voltage
measurement and the Phantom camera. The former provides an indication of Te,
while the latter measures Li-I emission.

The Phantom camera shows that particularly after the pulse an increased amount
of lithium is released from the target. This is due to two reasons. First: In Fig.
7.12 it is shown that during the pulse, Li-I light is emitted from a thin layer around
the target. This appears to be a dense layer of lithium vapor, which expands with
∼ 459 m/s immediately after the pulse. This is because after the pulse the plasma
pressure is reduced, while the pressure in the layer is not. Second, after the expansion
of this layer, increased Li-I emission in front of the target still persists for ∼ 5 ms.
An explanation for this observation is that the target has not yet cooled down to its
base temperature, and the evaporation rate is still higher than in quasi-steady state.
ELMs in ITER are foreseen to occur up to 60 Hz, which makes the inter pulse time
around 17 ms. Increased Li losses during 5 ms after a pulse will therefore significantly
affect the total Li loss rate. Hence, in a future reactor where ELMs are foreseen, the
increased Li losses due to pulses must be taken into account when designing an LMD.
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Another concern for future devices is that the target potential during pulses is
almost identical for the case with and without Li (7.13). With lithium, the target
potential is only ∼ 5 % less negative during pulses, compared to the 3D-blank target.
Hence, the acceleration of ions towards the target will not be significantly reduced.
During ELMs the electron temperature can be up to 150 eV [98], compared to ∼ 14 eV
in this experiment, at which point ions are accelerated sufficiently to sputter tungsten.
If this cannot be prevented by using lithium targets, sputtering of the CPS structure
may occur in places where the Li layer is thinnest. It is recommended to conduct
experiments where Te during pulses is in the range of actual ELMs, to verify if the
CPS will be eroded or not.

A history effect is also observed in the target potential measurements, during 100
Hz pulses. Figure 7.15 shows that within a train of 11 pulses the base voltage before
each pulse gradually becomes less negative (see pulse 5 until pulse 15 in the left
pane). In between pulse trains the base voltage slowly returns to its original value,
which is why pulse pulse 183 has a base voltage almost at the level of pulse 5 (right
pane). After pulse 183 however, a new equilibrium is reached within two pulses. The
less negative target potential is indicative of a lower Te in front of the target. This
suggests a buildup neutral Li density, as a possible explanation for these observations.
An increased neutral lithium density would likely lead to more Li entering the plasma,
and consequently more cooling.

The history effect also included the observation of secondary and tertiary oscil-
lation of the target potential (Fig. 7.14 and 7.15). As well as the observation of a
sharply outlined radiation front in the Phantom camera footage, which is reminis-
cent of a bow shock. The presence of this secondary oscillation coincides with the
observation of the sharply outlined radiation front, and indicates a second peak in Te
occurring 2 to 3 ms after the original pulse created by the plasma source. Hence it
is proposed here that a bow shock is indeed present. The compression and heating
caused by this shock wave are responsible for the increase in Te. The increased density
in the shock wave leads to a very high local recombination rate of the plasma, which
in turn results in the sharply defined radiation front that was observed. The origin
of the filament between the target and the shock wave, and the tertiary oscillation in
target potential (left pane of Fig. 7.15), remain unknown.

7.6 Conclusion

Lithium-filled CPS type targets, specifically made from 3D-printed tungsten, were
found to function well under deuterium plasma loading in Magnum-PSI. A lithium
deuteride crust formed when the target temperature remained below 500 ◦C, but
this could be avoided in the vapor shielding regime at ∼ 850 ◦C. It could not be
determined if macroscopic LiD formation can also be avoided below the 700 ◦C limit,
beyond which lithium contamination of the plasma core becomes problematic. For
future work it is recommended to conduct experiments with a similar deuterium flux
density as was used here (1024 m−2s−1), with actively cooled targets to control the
surface temperature, and with the capability to measure the LiD concentration on the
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PFS. Namely, to balance a higher incoming deuterium flux density with dissociation,
theoretically requires higher LiD concentrations at a given temperature. Hence, such
experiments can clarify if deuterium retention can be sufficiently avoided within the
temperature operating window for a realistic fusion reactor such as DEMO.

The 3D-printed targets are also found to be resistant against ELM-like pulsed
loading, even at 100 Hz. The lithium supply rate is sufficient to replenish lithium in
between pulses, and base temperatures remained constant. The evaporation rate is
increased during a pulse, and for ∼ 4 ms after a pulse. Electron temperatures during a
pulse were were decreased by maximum 5% due to the presence of lithium, compared
to a solid target, but significantly increased compared to the steady state. Moreover,
a second peak in Te was observed after the pulse. We attribute this to the formation
of a shock wave which heated the plasma.

Further validation of the power handling model from chapter 4 was not possible.
Modeled and measured surface temperatures could not be compared, due to a dis-
tortion of the IR temperature measurement during pulses. Bolometer measurements
during pulses did indicate that a significant fraction of the vapor shielding power was
radiated, which was not the case during quasi-steady state operation. This seems
in agreement with the radiative collisional modeling from [38], which suggested that
radiation becomes significant only above ∼ 10 eV. But alternatively the increased
radiation could be explained by an increased Li concentration.
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Chapter 8

Conceptual design of a liquid
metal divertor for the
European DEMO

abstract - Liquid metal divertors are considered for the European DEMO reactor, be-
cause they offer improved performance compared to the tungsten monoblock concept.
No concepts suitable for implementation on DEMO exist however. The goal of this
work is to provide such a concept, and explore the limitations of liquid metal diver-
tors. To this end, a set of design requirements was formulated in close collaboration
with the EUROfusion Power Plant Physics and Technology team (responsible for the
design of DEMO). A concept design was then chosen and analyzed using thermo-
mechanical FEM simulations. It appeared that heat flux densities up to 17 MW/m2

could be tolerated in steady state, and that 43 WM/m2 could be tolerated during slow
transients. Resistance against disruptions remains to be confirmed, but is plausible
based on best- and worst-case estimates. Overall, the concept is considered a sig-
nificant improvement compared to the tungsten monoblocks (Which are required to
handle 10 MW/m2 in steady state, ∼ 20 MW/m2 during slow transients, and cannot
withstand disruptions). It is therefore recommended to develop this concept further.
For improvement of the concept beyond DEMO, however, further increase of the in-
coming heat flux density and coolant temperatures are restricted by the temperature
limits of the used materials and coolant. It will therefore be necessary to reduce the
incoming heat flux density, e.g. by the use of a vapor box [42].
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8.1 Introduction

To improve the performance of future fusion power plants, liquid metal divertors will
likely be required. LMDs feature improved robustness against transient loading (e.g.
during disruptions), which is achieved via vapor shielding. Additionally, if they can
deliver increased tolerable steady-state loads, reactors can be designed smaller [34],
and thus more economical. An example of this is the ARC tokamak, which aims at
delivering the same fusion power as ITER (500 MW) in a device with half the major
radius (3.3 m compared to 6.2 m) [33]. In this chapter, we focus on the design of an
LMD for the nearest step towards a fusion power plant: the European DEMO. This
reactor will complete the pre-conceptual design stage in 2020 [1]. Meaning that several
viable concepts must be delivered (though no final selection has to be made yet). In
spite of this, LMD designs are not yet at a sufficient technological readiness level. Not
even for testing on experimental devices (such as a Divertor Test Tokamak, DTT).
Presently, concept designs are needed with the potential to fulfill the requirements
for DEMO, and possibly for reactors beyond it. This work aims at delivering such a
design. It is supported by a EUROfusion engineering grant and performed in close
collaboration with the Power Plant Physics and Technology team, which is responsible
the design of DEMO. And in collaboration with the EUROfusion DIV and LMD work
packages, which are responsible for the design of the tungsten monoblock concept, and
the liquid metal divertor concepts respectively.

Existing designs of liquid metal components are considered in the design process,
see the overview in chapter 2. Although none of these can be directly applied in their
current form, there are lessons to be learned from them. The most important are
first, the theory describing LM surface stability [52], and the effective suppression
of LM splashing by using capillary porous systems (CPS) [40, 48, 53]. Second, the
theory and practical demonstration of vapor shielding, which provide an estimate of
power handling capability and LM surface temperatures [30, 31, 103, 125]. Third, the
concept of a vapor box, which can be used to prevent excessive LM concentrations
in the core plasma, despite high evaporation rates [38]. And fourth, the studies of
LM flow to dissipate heat through convection [56, 59], which indicate the importance
of J × B driven forces and MHD drag. Related to the design requirements, also the
studies regarding the LM loss rate and plasma contamination are crucial [63, 39, 64].
Namely these studies provide concrete limits for allowable LM evaporation rates.

The approach of this work is to design a concept from the ground up, in order not
to be hindered by assumptions that may not be valid for DEMO. In section 8.2, first
the design requirements for DEMO are composed. Next, a concept design is chosen
and worked out into a more detailed concept design. This design is presented in section
8.3, and its performance is analyzed in section 8.4. In sec. 8.5 it is checked whether
the design meets all requirements for DEMO, but also the potential for improvement
beyond DEMO is discussed.
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8.2 Design requirements

A main functionality of the divertor target is that of a power exhaust. The power
coming through the plasma scrape off layer, must be somehow transferred to outside
the reactor. The divertor must therefore be resistant against the power flux from the
plasma, and given its location, it must also be resistant against various other loads.
E.g the neutron flux and resulting decay heat ( 3 W/cm3). And EM-forces created by
halo currents during disruptions and Vertical Displacement Events (up to 272 kA in
a single divertor cassette) [REF]. Furthermore, machine compatibility requirements
must be satisfied. E.g. The targets must fit within the available space. The following
requirements were found to be the most relevant to the concept design proposed here.
References are given where possible. In other cases requirements are based on internal
decisions made within the EUROfusion Power Plant Physics and Technology team
(PPPT), that is responsible for the design of DEMO.

1. In normal steady-state operation, the local maximum heat flux of 10
MW/m2 must be tolerated, and up to 17 to 21 MW/m2 during slow
transients of 3 to 10 seconds [118]. Outside the strike point the load
will be kept below 5 MW/m2.

2. During disruptions, the load on the divertor can peak at 80 GW/m2.
The total length of the pulse is about 4 ms [11]. Such an event must be
withstood at least one time throughout the lifetime of the divertor.

3. The design must take into account a safety margin of 40% for the
tolerable heat flux density.

4. The tritium inventory within the vacuum vessel must remain below
730 gram at any time. The specific budget for the divertor remains t.b.d.
This limit is imposed for safety reasons. More importantly perhaps, tritium
is extremely rare, and an increase of unusable tritium in the reactor directly
reduces the deployment rate of next generation fusion reactors [20, 21].

5. The evaporated LM must not significantly reduce core plasma per-
formance. Estimates from [63] provide a worst case estimate for the maximum
strike point temperature, which is 1250 ◦C for tin, and 690 ◦C for lithium.
These estimates do not take into account the details of LM transport through
the SOL, core, and vacuum.

6. The divertor must be a high recycling surface. The physics basis for
DEMO is based on the most relevant experiment available: ITER. In ITER, it
is assumed that the divertor will be a high recycling surface. Even though high
retention at the wall was shown very beneficial for the plasma performance (see
the introduction of this thesis), it is not allowed in DEMO.

7. Activation should be kept below the allowable limits for low or inter-
mediate level nuclear waste. This results in a maximum usage of elements,
presented in [16].
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8. The lifetime of the LMD must be 2 full power years (FPY).

9. The divertor target must be 70 cm wide, and it must be oriented near
vertically. This width of the target is required due to the uncertainty in the
strike point location.

10. It must be possible to re-wet the target, without moving the divertor
cassette. This guarantees that the target can continue to operate in case of
accidental drying of the target, while minimizing the time required for mainten-
ance.

11. The divertor should withstand exposure to atmosphere for about 2
months during regular maintenance, and a 48 hour bake at 200 ◦C
during subsequent start-up procedures.

12. The LM divertor must not require major design changes to diagnostic
systems, or other in vessel components, including the first wall1 .
This is required to maintain a manageable concept design phase for DEMO as a
whole. However, in case significant improvements can be made that do require
major changes to other systems, it should be considered if these changes can be
realistically achieved.

Note that the use of LM will bring increased complexity to the divertor. Hence, to
be worth its cost, a LMD must perform significantly better than its solid counterpart.
Given the vapor shielding capability of LMDs (without causing divertor damage),
the most likely area of improvement is power handling. It is important to realize
that the heat flux requirements during steady state and slow transients are not set
by the plasma output power, but rather by the technological limit for the power
handling capacity of a solid divertor. As such, the specified loads are simultaneously
a requirement for the actively controlled detachment, which is responsible for heat load
mitigation. In the case where accidental full re-attachment of the plasma occurs, the
heat load can reach up to ∼ 80 MW/m2. Far above the specified load. The capability
to withstand such loads, or unmitigated ELMs and disruptions, could justify the use
of LMDs.

In the current design of DEMO it is anticipated that ELMs are not tolerable by
the solid divertor, and ELMs are therefore not foreseen. For a more thorough design
analysis is assumed here that ELMs may occur. During so-called mitigated ELMs,
an energy of 0.5 MJ/m2 is deposited on the strike point in 1 ms, with a frequency of
30-60 Hz [9, 10]. Unmitigated ELMs will deposit an energy of 10 MJ/m2 and will be
single events.

Lastly, in DEMO, it is not required to use the power impinging on the divertor
for electrical power generation. I.e. no minimum divertor coolant temperature is
required for efficiency of the power plant steam cycle. Being able to use higher coolant
temperatures than the monoblocks (150 ◦C, [132]) is however considered a benefit.

1the ‘first wall’ refers to the entire inner surface of the tokamak. It is the first barrier that
the plasma sees, and consists mainly of cooled armor elements. In some locations the first wall is
penetrated by diagnostic systems. The first wall does not include the divertor.
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8.3 Design choices

8.3.1 Liquid metal choice

The liquid metal species is the single most important parameter for the resulting
concept design. This choice could be made independent of any other concept choice,
and is therefore presented here first. As explained in the introduction of this thesis,
the main candidates are lithium and tin (or an alloy the two). Out of these two, tin
is regarded as the most realistic for DEMO. The main reason is that in DEMO, it
may be not possible to avoid a buildup of tritium inventory when using lithium. As
stated in requirement no. 4, this is unacceptable.

Although there are methods to avoid a buildup of tritium inventory, the following
problems are encountered. The first method is to circulate the lithium and filter out
any retained tritium. Given the potential of lithium to retain 100% of incoming D/T
[26], this means the throughput of the system, Γthroughput, will be on the order of the
incoming particle flux. This is 1024 s−1, half of which will be tritium (ΓT = 5 · 1023

s−1). This an order of magnitude increased compared to the throughput currently
foreseen for DEMO, which is ∼ 4.5·1022 s−1 (170 Pa m3 s−1) [133]. Moreover, because
the tritium inventory is limited to a fixed amount NT,inv, an increased throughput
also requires that the tritium is recirculated faster. The allowed average circulation
time τ of a tritium particle in DEMO can be simply expressed as follows.

τ = NT,inv/Γthroughput (8.1)

From this expression it is clear that an increase in throughput requires a decrease
in τ . Hence, in the case of lithium divertor, not only the throughput might be
increased by an order of magnitude, but tritium should be processed an order of
magnitude faster as well. Because the currently envisioned throughput of DEMO is
already significantly increased compared to ITER (40 Pa m3 s−1), another order of
magnitude improvement is considered an unfeasible step. Although, this might be
achieved in the far future.

Alternatively, retention of tritium might be prevented in the first place. This can
be done by ensuring that any location that lithium can reach, is hot enough to prevent
the formation of LiD/T. The problems with this approach are, first, that the design
currently envisioned for the DEMO first wall is not resistant against off-normal events,
and thus strongly cooled port limiters are used as well [134, 135]. Of course this issue
may be overcome in other reactor designs. Second, lithium can migrate through gaps
in the wall armor and condense in colder areas behind it. Third, it is not certain if
the strike point itself can be operated at a temperature where LiD/T formation is
prevented, while maintaining an evaporation rate within the acceptable range (see
chapter 7). Though, increased evaporation rates can be dealt with via the use of
baffles (e.g. the vapor box concept [38]). Fourth, to keep the level of Li in the reactor
constant, the Li must be pumped or condensed somewhere. Yet, LiD/T formation
may be problematic in any component designed specifically to accumulate Li, such as
the baffles of a vapor box. In sum, tritium retention in lithium may be preventable to
a sufficient degree, but no viable engineering solution to do so is currently available.
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Apart from the problematic buildup of tritium retention in lithium, another prac-
tical challenge is the maintenance periods. These require that the reactor can be
under atmosphere for about two months. During this period lithium surfaces will
both oxidize, and cause a safety hazard. Though no quantitative analysis has been
carried out into the degree of oxidation, it is likely that a lithium divertor will need
some form of protection against exposure to atmosphere, which is not straightforward.

In tin, tritium retention is comparable to tungsten [24, 25], and therefore a prob-
lematic buildup of tritium inventory will not occur. Moreover, exposure to atmosphere
at room temperatures does not result in problematic oxidation, or safety hazards. For
these reasons, tin is considered the most realistic LM choice for DEMO. It should be
noted though that alloying or mixing with other elements is still possible as long as
retention is prevented, and might be used to improve the material properties.

Finally, it should also be noted that tin activates slightly. According to [16], no
more than 10% of the entire first wall should be made up of Sn. Given that the
divertor target area makes up only ∼ 8% of the total surface area of the reactor, and
the fact that only thin layers of Sn will be used, this should not be problematic.

8.3.2 Resulting concept

The resulting concept is shown in Fig. 8.1. The incoming heat flux is conducted
to a coolant through a layer of armor and the wall of the coolant channel. This is
the same working principle employed in the monoblock design. Except, the armor
consists of a Sn filled CPS on top of a coolant channel. This concept is chosen because
both water cooling and the use of CPS are relatively well developed technologies.
Pressurized water cooling has been applied successfully in nuclear fission plants, and
in the monoblock designs for ITER and DEMO [2, 132]. The capillary porous systems
is currently the most reliable method in the field to replenish a LM surface, and keep
it stable against droplet ejection. Despite relying on the same working principle as
the monoblock design, the power handling capability can be improved because the
armor layer can be made much thinner. To supply sufficient Sn to the strike point,
an array of pipes is placed inside a shallow bath. As required, this bath is oriented
vertically. Because the required height of 700 mm is too high to create a static liquid
column held up by capillary forces, the flow scheme from Fig. 8.2 is applied. Tin is
injected at the top of the component, and flows down due to gravity. At the bottom
it is collected and pumped back up. Possible heating of the Sn in this loop should
be considered in future design activities, to ensure that the Sn remains liquid and
can indeed be pumped. The parameters that determine the tolerable heat load for
this design are the width w of the pipe, the diameter D of the coolant channel, the
thickness t of the armor, the pipe and armor material choice, and the coolant pressure
P , bulk temperature Tb, and velocity v.

The pipe will consist of copper reinforced with tungsten. This material has suf-
ficiently high thermal conductivity, and also has sufficient strength at elevated tem-
peratures. The latter is required because the water will have a bulk temperature
close to the Sn melting point to ensure it is liquid, and consequently it will be under
higher pressure (see the paragraphs below). The coolant channel is round to avoid
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high stresses in the pipe due to the high coolant pressure. Yet, the pipe is square on
the outside to ensure as homogeneous cooling as possible for the PFS. The width of
the pipe and diameter of the channel are set to w = 10 mm and D = 8 mm. For
these dimensions stresses due to the pressure remain within acceptable levels. The
armor thickness is set to t = 2 mm. Although it could be made thinner, this layer is
still thin enough to keep evaporation with the acceptable range during steady state
operation. Meanwhile the PFS gets sufficiently hot enough to benefit from vapor
shielding during slow transients (see sec. 8.4). Also, for this geometry the ratio of
the heat flux density through the pipe inner wall to the heat flux density through the
PFS, is smaller than it is in the monoblocks (∼1.2 compared to 1.6 in the DEMO
monoblocks [132]).

With regards to the CPS: tungsten is used because it has sufficient thermal con-
ductivity, it is compatible with the nuclear environment, and it is resistant against
corrosion by the tin [43]. The copper pipe is not resistant to corrosion by tin, and
will therefore also be cladded in tungsten. The CPS will be 3D-printed, which has
the advantage that the internal structure can be optimized for the most beneficial
flow and lowest thermal stresses. Though, a detailed design of this structure has not
been made within this work. A second advantage is that the resulting plasma facing
surface is stable, provided a reliable joint between the CPS and the tungsten coated
cooling channel can be made.

t = 2 mm

w = 10 mm

w = 10 mm

D
=

8 mm

3D-printed tungsten CPS

Tungsten reinforced copper

Tungsten corrosion barrier

Water, T = 180 ◦C,
P = 15 MPa, v = 14 m/s

Figure 8.1: Concept chosen for DEMO: Similar to a monoblock, the incoming heat flux
is directly conducted to a coolant. Under the strike point the Sn surface temperature
can be kept sufficiently low due to the the low thickness of the CPS. Yet, during slow
transients, vapor shielding will become relevant before the coolant boils excessively.
Water at 180 ◦C is used so that sufficient heat flux density can be tolerated before
the CHF is reached, while keeping the top layer of Sn liquid in regions with lower
heat flux density.
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Sn inlet

water inlet

bath

3D-printed W CPS

water outlet

Sn collector

Sn outlet

W/Cu tubes

Sn water

Figure 8.2: Impression of a full divertor target assembly. The coolant channels and
Sn filled CPS are constructed as shown in Fig. 8.1. An array of pipes is placed in a
shallow bath, which is fed with tin from the top, and drained from the bottom. In
combination with the 3D-printed CPS, this strategy can be used to optimize the LM
re-supply rate to the strike point. In case of unexpected dry-out, this system can also
be used to force re-wetting by increasing the Sn flow.
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Coolant conditions

Water is selected as a coolant, because it allows sufficient heat flux density, while it
can also operate in the correct temperature window. On one hand, the temperature of
the Sn PFS must remain below 1250 ◦C. On the other hand the coolant temperature
is required to be around the melting point of the Sn at 232 ◦C so that the Sn does not
solidify. Given a heat flux on the order of 20 MW/m2, the finite thermal conductivity k
of the tin, tungsten and copper generate a ∆T of ∼ 800 ◦C. This requires a convective
heat transfer coefficient h on the order of 100 kW/m2K. Water under the selected
conditions provides h ≈ 175 KW/m2K which makes it a suitable candidate.

Moreover, h increases when the wall temperature rises to the point where nucleate
boiling starts, thus keeping the wall temperature almost constant. A calculation of h
under the specified coolant conditions is made according to [136, 137], and is shown
in Fig. 8.3. Nucleate boiling can be used until the critical heat flux (CHF) is reached.
This is the point where nucleate boiling changes into transition boiling, and h reduces
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Figure 8.3: Calculation of the convective heat transfer coefficient. A modified Sieder-
/Tate correlation is used before the onset of nucleate boiling, in the forced confection
regime. Beyond this point a CEA/Thom correlation is used. Both are taken from
[136] and [137].
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Figure 8.4: Trade-Off in the choice for coolant bulk temperature Tb. Lower Tb allows
for increased CHF (colored, left axis), but will eventually reduce the tin temperature
(black, right axis) outside the strike point below the melting point (dashed). The CHF
is calculated at various pressures using the modified Tong correlation from [137]. The
minimum temperature in the top 1 mm of Sn is calculated assuming h = 175 kW/m2K
and an incoming heat flux density of 2.5 MW/m2.

again. The CHF is dependent on pressure, coolant velocity, and bulk temperature.
Note that nucleate boiling cannot be used in steady state operation, due to the erosion
of the pipe material caused by the collapse of the bubbles.

The temperature of 180 ◦C, pressure of 150 bar, and velocity of 14 m/s, are
proposed to maximize the CHF, while keeping the top 1 mm of Sn outside the strike
point liquid at 244 ◦C. Here the heat flux density is assumed to be 2.5 MW/m2. The
influence of the bulk temperature and the pressure on the CHF is shown in Fig. 8.4,
as well as the influence of Tb on the temperature in the top 1 mm of Sn. The chosen
parameters result in the onset of nucleate boiling when the pipe inner wall reaches
345 ◦C. This occurs at a heat flux density of 28.4 MW/m2 through the inner wall.
The achieved CHF through the inner wall is 56.1 MW/m2. Further increasing the
pressure does not further increase the CHF.
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8.4 Performance analysis

The heat loading capability of the design is investigated using a thermomechanical
model made in COMSOL. An overview of the model geometry and applied boundary
conditions can be seen in Fig. 8.5. The pipe material is set to have a composition of
40% W and 60% Cu, and the material properties are calculated as a linear combination
of both. The CPS is set to have a composition of 70% Sn and 30% W. The CPS is
assumed not to have an influence on the thermal stresses in the pipe, and is neglected
in the stress analysis. The pipe itself is constrained stress free. The incoming heat flux
is modeled as a gaussian beam with a FWHM of 44 mm, on top of a homogeneous base
load of 5 MW/m2 [138]. Values of the power flux density mentioned in this analysis
refer to the maximum value of the sum of both. Vapor shielding is implemented
according to the model from chapter 4. In the steady state analysis R = 0.99 εcool =
1000 eV are used. The latter is the order of magnitude obtained when the cooling
function Lz Fig. 2.3 is multiplied with a density of 1020 m−3 and a particle lifetime
of 10−5 s.

Next, the maximum tolerable power in steady state is determined. Fig. 8.6 shows
the thermal response of the the target under various loads. These temperatures are
measured along the z-coordinate in the center of the pipe, and along the side of the
pipe. The following limits must be taken into account: First, the pipe inner wall must

Gaussian heat flux density profile, FWHM = 44 mm

Uniform load of 5 MW/m2

60/40 Cu/W coolant channel

70/30 Sn/W CPS

Symmetry BC

Convective cooilng BC

(side)

(center)

Figure 8.5: Setup of the used FEM model. The indications ’center’ and ’side’ show
where the temperature profiles shown in Fig. 8.6 were taken.
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remain below the onset of nuclear boiling at 345 ◦C; Second, Sn surface must remain
below 1250 ◦C; Third, the heat flux through the pipe inner wall must remain below
the CHF of 56.1 MW/m2; Fourth, the pipe stress must remain below the yield stress.
Due to lacking data, the latter is approximated by the ultimate tensile strength of
500 MPa at 816 ◦C [139].

From the analysis is follows that steady state operation is limited at an incoming
heat flux of 23.8 MW/m2, because the onset of nucleate boiling is reached. At this
heat flux density the Sn surface temperature lies just below the limit of 1250 ◦C.
Damage to the target, however, does not occur until an incoming heat flux density of
about 60 MW/m2. At this point, the critical heat flux through the inner pipe wall
is exceeded, and up to 27% of the incoming power is vapor shielded. The thermal
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20 MW/m2

23.8 MW/m2

40 MW/m2

50 MW/m2

60 MW/m2

Figure 8.6: Vertical temperature profiles ranging from the PFS, down to the pipe
surface (5 mm), and to the pipe inner wall 1 mm lower. The profiles are taken in
the center of the pipe, and on the side (dashed), as indicated in Fig. 8.5. At an
incoming heat flux density of 23.8 MW/m2 the onset of nucleate boiling is reached.
At an incoming heat flux density of ∼ 60 MW/m2 the CHF of the coolant is reached.
Indicated by the black dashed lines are: The temperature for the pipe inner wall
where the onset of nucleate boiling occurs (345 ◦C); The temperature below which
the W/Cu has a tensile strength above 500 MPa (816 ◦C); The temperature below
which Sn evaporation is acceptable (1250 ◦C)
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350 MPa

300 MPa

250 MPa

200 MPa

150 MPa

100 MPa

50 MPa

Von Mises stress, 60 MW/m2

Figure 8.7: Von Mises stresses during steady state operation at 60 MW/m2. The CPS
is considered to have no stiffness, and is therefore neglected for this result. Analisys
of the individual stress components (not shown) indicated that stresses oriented along
the length of the pipe are the main contribution to the Von Mises stress.

stresses for this case are shown in Fig. 8.7, and do not exceed the ultimate tensile
stress of 500 MPa at 816 ◦C. This is however not conclusive as the real limitation
is the yield stress, which is unknown. Furthermore, it should be considered that the
stresses in the top surface in the pipe are compressive stresses, rather than tensile
stresses. Taking into account a safety factor of 1.4 as required, this means the target
can be operated at 17 MW/m2 in steady state, and up to 43 MW/m2 during slow
transients.

Finally, the resistance against millisecond pulsed loads is assessed. Figure 8.8
shows the temperature response expected during disruptions and unmitigated ELMs.
These are modeled as triangular pulses with a peak power density of 80 GW/m2

and 10 GW/m2, lasting 1 ms and 4 ms respectively. The pules are applied on top
of the maximum tolerable steady state load of 17 MW/m2, as determined above.
Interestingly, the maximum temperature that is achieved is strongly dependent on R
and εcool. This is because the vapor pressure is a less strong function of temperature
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than it is during steady-scenarios, due to relatively higher temperatures. The melting
temperature of tungsten is taken as a failure criterion. Excursions above the the
recrystallization temperature are not considered problematic, even though this might
weaken the material, because strength is not a requirement.

Because the effective values of R and εcool cannot be determined precisely, a worst-
and a best-case scenario are considered. From Fig. 2.3 we can determine that εcool =
6000 eV, for an electron density of 1021 m−3 and a particle lifetime of 10−5 s. Yet,
as a worst-case scenario, it is assumed that εcool = 600 eV. And, that only a fraction
of (1 − R) of the evaporated flux contributes to vapor shielding. In this case the
tungsten substrate melts during disruptions when R ≥ 0.9. When R = 0.9 and
εcool = 6000 eV, the substrate stays below the melting point. The situation during
unmitigated ELMs is slightly less critical. For the best-case scenario it is considered
that εcool may be mainly dissipated in the form of radiation. In that case up to 100%
of evaporated particles may contribute to the vapor shielding, regardless of whether
they are redeposited or not. When 50% of the evaporated particles each reduce the
incoming power by 600 eV, the surface temperature will be maximum ∼ 3000 ◦C. If
100% of the particles remove 6000 eV, ∼ 2250 ◦C will not be exceeded.
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Figure 8.8: Temperature evolution during disruptions. Several combinations of R
and εcool were considered, as well as the case where a percentage of particles removes
εcool from the beam regardless of redeposition. This could be the case when energy
is mainly dissipated via radiation. Also the temperature response during ELMs is
given (gray), as well as the melting point of tungsten (black dashed). All material
properties are kept constant, regardless of temperature. This introduces a negligible
error in the temperature because ∼99.5% of the incoming power is vapor shielded in
all cases.
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8.5 Discussion

A design is proposed that satisfies all design criteria that can currently be assessed.
In fact, some of these are even exceeded. Taking into account a safety margin of
40%, the tolerable heat load is 170% of the requirement for steady-state operation.
The tolerable heat load during slow transients is 300% of the requirement, although
this is a worst case estimate. Excessive tritium retention is avoided by the use of
tin. This also means that the divertor is a high recycling surface for hydrogen, as
required. Though tin does activate slightly, sufficiently little is used so that waste
and safety limits are not exceeded. Surface temperatures are kept below the limit for
excessive evaporation during steady state. The gravity driven flow across the surface
allows the target to be the required height, and also allows for forces re-wetting in
case of accidental dry out. Lastly, the divertor can be exposed to atmosphere during
maintenance without oxidation of the tin.

Two important criteria though have not yet been addressed conclusively. First, a
lifetime of 2 FPY has not been shown to be feasible. Given that the LM PFS is self
healing, the main source of degradation might be fatigue of the coolant channel and
the 3D-printed CPS. This includes the interface between the two. Additionally, also
the lifetime of the corrosion barrier surrounding the pipe is unknown, including the
effect of thermal cycling. It is recommended to investigate these issues by conducting
thermal cycling, and thermal shock tests on a realistic mock up.

Second, it could not be concluded whether disruptive heat loads could be with-
stood. Experimental tests on CPS targets have shown that disruptive loads can be
handled when Li is used [30]. But tin has a much lower vapor pressure, which makes
the tungsten CPS more likely to melt. Nevertheless, the modeling results from Fig.
8.8 indicate that dependent on the effective values of R and εcool, disruptions can
also be handled by Sn-filled CPS. Currently the monoblock design is not resistant
against a single disruption, which makes DEMO fragile. Resistance against disrup-
tions would therefore be perhaps the most significant improvement that can be made
using an LMD. It is therefore recommended to test this capability in the near future.

Looking beyond DEMO, further improvement of the divertor performance is re-
quired. To increase the thermodynamic efficiency of the steam cycle, a coolant at
even higher temperatures and pressures is desirable. Water temperatures larger than
700 ◦C are achieved in ultra-supercritical steam generators [140], and molten salts
are used as coolants in the same temperature range, yet without the need for high
pressure.

This is however unfeasible in any divertor design where the incoming heat flux
is conducted directly to the coolant. Namely, the heat flux density is much higher
than in other types of power plant, which gives rise to a large temperature increase
over the wall and armor material. An increased coolant temperature, will push the
armor material over its temperature limits. In the case of a LM plasma facing surface,
temperature limits for evaporation will be exceeded. Moreover, it is likely not possible
to absorb such high heat flux densities in the coolant in the first place. The incoming
heat flux density from on the divertor is expected to increase further in the future.
As stated in the introduction, compact high-field tokamak designs are envisioned to
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make fusion energy more competitive on the energy market. In such devices the
divertor heat load will be significantly increased. The only way to increase coolant
temperatures and deal with the expected high heat flux densities, is to spread out the
heat flux before it is conducted to the coolant.

As demonstrated in this thesis, vapor shielding can very effectively be used to
reduce heat flux densities to the coolant. This power is deposited elsewhere via
radiation or particle transport. To enable the use of vapor shielding, it must be
possible to avoid excessive contamination of the core plasma. In [42] it is proposed to
achieve this through the use of a vapor box, but this has not yet been demonstrated.

8.6 Conclusion

The liquid metal divertor concept proposed in this chapter is suitable for application
in DEMO. In this design liquid tin is used to avoid problematic tritium retention.
The tin is confined in a 2 mm thick 3D-printed tungsten CPS. This CPS is printed
on top of a composite Cu/W cooling channel, which is round on the inside (D = 8
mm) and square on the outside (w = 10 mm). This channel is coated in tungsten
to prevent corrosion by the tin. Water at 180 ◦C, 15 MPa, and 14 m/s is used as
a coolant. Compared to the monoblock design, heat loading capability is improved
up to 17 MW/m2 for steady state operation, and up to about 43 MW/2 during slow
transients, including a safety margin of 40%. Resistance against disruptions remains
to be confirmed, but is not deemed unrealistic. Currently, the tungsten monoblock
design is not resilient against disruptions, and a single disruption can render the
divertor, and thus the entire machine, unusable. In case a liquid Sn divertor is indeed
resilient against disruptions, this is considered a major improvement of the robustness
of the entire fusion reactor.

Given the predicted performance, it is recommended to develop this concept fur-
ther. Resilience against disruptions should be verified experimentally in the near
future. Future studies should also confirm whether the required lifetime of 2 FPY
can be achieved. For this, mainly the effectiveness of tungsten as a corrosion barrier
against tin, and the resistance of the 3D-printed material against thermal cycling
should be investigated.

For development of divertors beyond DEMO, it is recommended to investigate
methods to spread out the incoming heat flux, to achieve lower heat flux density.
This will increase the tolerable incoming heat flux density, and allow for the use of
higher temperature coolants. The most promising way to achieve this is via vapor
shielding, which will require the use of a vapor box as proposed in [42].
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Chapter 9

Summary, discussion and
outlook

This chapter looks back to the original research questions, formulated in chapter 1, and
discusses to what extent these have been answered. Furthermore, unexpected findings
that arise from the thesis as a whole are discussed, as well as their implications.

9.1 Can we design a simple and robust liquid metal
divertor target to facilitate research on experi-
mental tokamaks?

9.1.1 Performance of the pre-filled target concept

A pre-filled target concept was presented in chapter 3, which, like an oil lamp, sup-
plied LM from a reservoir to the plasma facing surface (PFS). The purpose of the
concept was to facilitate research on experimental tokamaks. In particular NSTX-U.
The concept was experimentally tested on Magnum-PSI, using a prototype manu-
factured using conventional techniques (chapter 5), and using a 3D-printed tungsten
prototype (chapter 6 and 7). It appeared the concept can meet the requirements
for use in tokamaks: Droplet ejection could be prevented; steady-state heat loads
up to 29 ± 4 MW/m2 could be tolerated; ELM-like pulses could be withstood with
frequencies up to 100 Hz; exposure to deuterium plasmas did not lead to problematic
formation of solid lithium deuteride (LiD); and the lifetime was at least 60 seconds
(for 1.6 gram of Li in a 3D-printed target). Moreover, the concept is simple to use
and toD manufacture, especially using 3D-tungsten printing. 3D-printing brings an
important particular advantage: The internal structure can be optimized to maximize
LM flow, and to minimize thermal tresses. For implementation in tokamaks, it is also
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advantageous that the CPS can be printed directly on any surface, regardless of the
shape or curvature, and that the 3D-printed targets can be designed to fit in any
machine. By using separate targets as tiles, there is no limit to the area that can be
covered. Small batches of maximum 10 pieces, as used in this thesis, can be printed
overnight, and were provided free of cost by Dunlee. This will not be the case when
larger numbers are required, and larger areas must be covered.

These achievements are a large step forward compared to previous liquid metal
component designs. Mesh layers are most commonly used to create capillary porous
structures, but they are always clamped around convex surfaces [32, 33, 34]. Divertor
surfaces, however, are typically flat, in which case the mesh layer cannot be pulled
towards the supporting surface. During the experiments described in chapter 5, this
led to mechanical instability and subsequently damage. This problem has now been
overcome by use of the 3D-printed tungsten. With regards to the capability to create
large flat LM surfaces: This was previously achieved in NSTX, where a flame-sprayed
porous coating covered almost the entire divertor area [7]. This porous layer was
loaded with LL via evaporation. The downside of this strategy was that only mi-
crometer coatings could be applied, with had to be re-applied regularly. By using
3D-printed targets, now a large, stable, plasma facing surface can be created, where
the LM supply is only limited by the size of the reservoir underneath.

9.1.2 Apparent redeposition coefficient

The redeposition coefficient from the observed lifetime of the targets does not appear
to match values from literature. In the master thesis on the design and initial testing
of the 3D-printed targets [35] it was estimated that at least 0.21 g of lithium was lost
during 15 seconds of vapor shielding. This corresponds to a lifetime of about 2 minutes
before the entire target is depleted. Given the evaporation rates at the observed
surface temperatures between 800 and 900 ◦C, this implies that the redeposition
coefficient R lies in the range of 0.95 to 0.8. Because the temperature is assumed
to be homogeneous across the surface, R might be even lower in reality. Earlier
experiments on Magnum-PSI, however, have shown that R > 0.999 [23, 36].

This can be explained in two ways: Either the amount of lithium lost in the
experiments is mostly due to droplets falling from the targets, and a much smaller
fraction is evaporated; Or R is reduced during vapor shielding. Redeposition has
been studied and modeled extensively, as summarized for example in [37]. But not
during vapor shielding. Coupled fluid-kinetic simulations of Magnum-PSI [38] showed
that beyond a certain Li evaporation flux the redeposition coefficient can indeed be
decreased to 0.9 or lower. The reason proposed in [38] is that beyond a certain Li
evaporation rate, the electron temperature in front of the target decreases to the point
where neutral lithium is more abundant than lithium ions. Evaporated particles then
escape, rather than ionizing and redepositing due to momentum exchange. In the
experiments from [23, 36] the particle loss flux from the surface is orders of magnitude
lower than that during vapor shielding, which explains why high redeposition was
still observed there. The exact mechanisms driving redeposition are also critical for
accurate predictions of vapor shielded power, as will be discussed next.
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9.2 What are the limitations to power handling for
a given liquid metal divertor design?

This question can be answered from the perspective of the plasma, or from that of
the divertor target. The heat loading capacity of the target was investigated via both
experimentation and analytical modeling of vapor shielding. Experimental observa-
tions during exposures to deuterium plasmas also led to new insights regarding the
temperature operating window of lithium.

9.2.1 Modeling of the tolerable heat flux density

A power handling model was formulated in chapter 4, which predicts the target tem-
perature and corresponding LM loss rates by solving a power balance. The target
is considered to fail when the LM loss flux exceeds the available supply rate. The
power balance approach is not uncommon, and has recently been applied to vapor
shielding studies of tungsten as well [17]. This approach is, however, different from
the suggestion that the LM vapor pressure must reach an equilibrium with the plasma
pressure, as proposed in [14] and referenced in the discussion of chapter 3. Although
a certain vapor pressure and corresponding evaporation rate are indeed needed to
fulfill the power balance, this does not imply that the vapor pressure is necessarily
equal to the plasma pressure. Especially given that a complex distribution of densit-
ies, temperatures and velocities may occur in front of the target. Moreover, the LM
temperature and vapor pressure are influenced by active cooling of the target as well.
From the PhD thesis [39], corresponding to [14], it can indeed be seen that in the case
of steady-state vapor shielding of a tin target, the vapor pressure exceeds the plasma
pressure by about half an order of magnitude.

The model used in this thesis states that the incoming heat flux from the plasma
must equal the vapor shielded power plus the thermally conducted power. The vapor
shielded power is calculated as the net evaporated particle flux Γvap(1 − R) times
the energy dissipated per particle εcool (eq. 4.1, the latent heat of vaporization is
neglected in this discussion). From this model it is predicted that with lithium ∼ 100
MW/m2 can be tolerated with a re-supply rate that is achievable through passive
capillary action, see Fig. 4.1. And, that a 0.1 mm surface layer is sufficient to
withstand disruptions. These numbers were calculated for R = 0.99 and εcool = 50,
both derived from literature.

The discussion in the previous section, however, indicated that R might be signi-
ficantly reduced compared to literature values during vapor shielding. Furthermore,
with regards to the power handling model proposed here, dependent on the exact
redeposition mechanism, redeposited particles may contribute to vapor shielding via
radiation. Which is unlike the model assumes. In the discussion below this possibility
will be assessed by comparing the model to the experimental results for steady-state
experiments and for pulsed loading.

For steady-state loading, the predicted maximum tolerable heat flux density of
100 MW/m2 was beyond the capacity of even Magnum-PSI and could therefore not
be verified. But in agreement with the model, no damage to the targets was observed
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in any case (apart from the damage to the mesh layer which was attributed to poor
fixation, chapter 5). In all experiments a locking temperature between 800 and 900 ◦C
was observed. And, in chapter 7 the bolometer showed that the amount of radiated
power during steady-state exposures was not measurably increased by the presence of
lithium, compared to the blank target. The low levels of radiation are in agreement
with the collisional radiative model from [18], which states that radiation is only a
minor contribution to εcool when Te < 6 eV. Moreover, the low levels of radiation
indicate that power was mainly vapor shielded by energetic particles that were not
redeposited, i.e. mass loss. Thus, as should be expected, the locking temperature
could be reproduced by the model by assuming that R = 0.9, as argued above, and
that only the non-redeposited particles dissipated εcool = 5 eV, as suggested from
literature [18].

During the loading with ELM-like pules in chapter 7, the bolometer did measure a
significant amount of radiated power. Again this is in agreement with the collisional
radiative model from [18], which states that radiation becomes the main contribution
to εcool above Te = 10 eV. Temperatures during pulses could unfortunately not be
measured, and thus comparison to the model was not possible. Usable data is how-
ever available in literature [34]. Mesh-based lithium-filled targets were exposed to 1
microsecond pulsed loads with an energy density of 60 MJ/m2. During which elec-
tron densities and temperatures of respectively 1024 m−3 and 30 eV were observed.
Though temperatures were not measured, forty pulses could be withstood without
reaching the melting point of the tungsten substrate. The resilience against these
extreme pulses cannot be explained by the power handling model. Namely, according
to this model, if R = 0.99 and εcool = 500 eV is dissipated by only non-redeposited
particles, maximum 1 MJ/m2 can be tolerated before the tungsten melts. Therefore,
one of the following must be the case: Either R < 0.4, or redeposited particles did
contribute significantly to vapor shielding via radiation. In the latter case, the max-
imum tolerable power at the tungsten melting point is determined by εcool and the
particle fraction of the gross evaporation rate that radiates. Although this fraction
is unknown, we can assume that in the best case 100% of the evaporated particles
radiate. Then εcool = 300 eV is sufficient to withstand 1 microsecond 60 MJ/m2

pulses.

Looking forward to tokamaks. Because Te in steady state will be increased with
respect to Magnum-PSI, radiation will also contribute to steady-state vapor shielding.
This will make only a minor impact on the predicted locking temperature though,
due to the steep dependence of the evaporation rate on the temperature. Estimating
the net lithium flux 10 times lower or higher than it really is, results in a temperature
estimate just over 100 ◦C off. Hence the surface temperature during steady-state
operation can be estimated with sufficient accuracy for design activities. During
millisecond transients the temperature reaches much higher, and the dependency of
the evaporation rate on temperature becomes less strong. As a result, predictions of
peak temperatures during disruptions or ELMs depend stronger on εcool and R as
demonstrated in chapter 8. When using Sn instead of Li, higher temperatures should
be expected in general due to the reduced vapor pressure. The resilience of Sn-filled
CPS systems against disruptions has not yet been tested experimentally. But given
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the reasoning above, it is likely that the temperature will stay below the melting point
of tungsten, and that disruptions can be withstood.

9.2.2 Impact of LiD formation on the temperature operating
window of lithium

From the perspective of the plasma, the main constraint imposed on LM evaporation
is the resulting LM concentration in the core plasma. During steady-state operation
the allowed evaporation rate also limits the power that can be vapor-shielded. For
lithium specifically, a lower temperature bound can also be taken when deuterium and
tritium retention become problematic. The study from [29] suggested a temperature
of 690 ◦C as the upper limit for liquid lithium divertors, assuming 99.9% redeposition.
Meanwhile, in [12] it was observed that at∼ 500 ◦C the trapping efficiency of hydrogen
species reaches zero. This leaves a temperature window of about 200 ◦C for operation
of an LLD. The experiments from chapter 7, however, suggest that formation of
macroscopic LiD layers can only be prevented near 800 ◦C. Around this temperature,
previously formed LiD layers disappear. This temperature is significantly higher than
the observations from literature, and suggest that there is no viable temperature
window. If correct, this would rule out lithium for use in LMDs.

The discrepancy between the lower temperature limit from literature, and the limit
suggested in this thesis, could be explained as follows. In [12] it is already hypothesized
that the trapping rate at any given temperature is defined by the ratio between
the incoming deuterium flux and the LiD dissociation rate. The LiD dissociation
rate is determined by the temperature and LiD concentration. The deuterium flux
density in chapter 7 is 5 orders of magnitude higher than in [12]. To balance this
increased particle flux with an equally large dissociation rate, it is not unexpected
that a relatively higher temperature is required (even when part of the incoming
particle will be reflected rather than retained, as might be the case during vapor
shielding).

It must be noted though that during the experiments in chapter 7, no discharges
were performed where the maximum target temperature remained above 500 ◦C and
below 700 ◦C. It can therefore not be determined if formation of a LiD crust can
be prevented within this window. It is recommended to conduct experiments where
the target temperature can be controlled independently from the incoming particle
flux density. The LiD concentration in the PFS should be determined after reaching
steady state. Because this determines the dissociation rate, along with the temper-
ature. In steady state, the net trapping rate should equal zero, and it can be verified
if the theoretical dissociation rate is indeed equal the applied particle flux. Observed
differences might be explained by reflection of deuterium back into the plasma, or by
contributions to the deuterium loss rate from the lithium other than thermal disso-
ciation. For the prediction of required temperatures and resulting LiD/T concentra-
tions for divertor designs, the difference in conditions across the plasma facing surface
should be considered. LiD formation might be especially problematic in regions just
outside the strike point, where temperatures may be lower. The lithium vapor box
for example, requires surfaces with the specific purpose to condense lithium [30].
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9.3 What is a realistic liquid metal divertor design
for DEMO?

A design is proposed which can be regarded similar to the tungsten monoblocks. In
both cases, heat is conducted to a pressurized water coolant inside a copper tube.
The main differences are that the tungsten armor is replaced with a much thinner
3D-printed Sn-filled CPS, and that the LMD uses 180 ◦C water at 15 MPa to keep
the LM surface layer liquid at all times. Tin is chosen over lithium to avoid fuel
retention issues, and because excessive evaporation can be avoided without the use of
baffling. The proposed LMD can be operated up to 17 MW/m2 in steady state, and
can withstand slow transients up to 60 MW/m2. This is 170% of the allowable steady-
state heat flux density, compared to the requirement for the tungsten monoblocks.
And 300% of the tolerable heat flux during slow transients. Although, qualification
of different variations on the monoblock concept are still ongoing, and the exact
operating limits are not yet determined [40]. Most importantly, resilience of the LMD
against disruptions is deemed plausible. These results constitute a major improvement
of the resilience of the divertor compared to the monoblock design. On the one hand
this allows longer and safer operation of DEMO. On the other hand, it makes an
important step towards the design of DEMOs with a higher power load, i.e. more
compact designs [41]. Compact high-field tokamak designs are envisioned to make
fusion energy more competitive on the energy market. For example, the concept
proposed in [42]. produces the same amount of fusion power as ITER (∼ 500 MW),
in a device with half the major radius (3.3 m compared to 6.2 m).

Further improvement, however, is still advantageous. Compact tokamaks will
require even higher tolerable heat flux densities, and also higher coolant temperatures
are desirable. The latter improves the thermodynamic efficiency for electrical power
generation, and may allow the cooling circuit for the divertor to be combined with
that of the first wall or blanket, thus making the reactor simpler and cheaper. Apart
from the limitation on the evaporation rate, the current limitations to the design are
the critical heat flux of the water coolant, and the limited operating temperatures
of the pipe material. The only way to circumvent these limits is by spreading out
incoming power before being transferred to the coolant. Perhaps the most promising
method to do so is the use of a vapor box, using a working liquid that does not
retain tritium. This provides self-regulating heat flux mitigation, without the need
for actively pumping liquid metals in high volumes or at high velocities.
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9.4 Future work

To advance the understanding of power dissipation via vapor shielding, and to further
develop the LMD design for DEMO, the following steps are recommended for future
work.

9.4.1 Continued high heat flux testing for tin

Steady state vapor shielding of tin has been demonstrated on Magnum-PSI [14].
In fact, the locking temperatures observed in this study matches the calculations
performed for the DEMO design in chapter 8 (although here much higher heat flux
density is required due to more effective active cooling). Further experimentation in
Magnum-PSI is, however, recommended to obtain more certain estimates of R during
vapor shielding. This can be done by exposing the target to a single quasi steady-
state plasma, which has sufficient heat flux density to reach temperatures where
vapor shielding occur. This pulse should last long enough to evaporate a significant
fraction of the available tin. The amount of evaporated material can be determined
by weighing the targets before and after, and also accounting for any leaked Sn.
This is feasible because the density if Sn is on the same order of magnitude as that
of tungsten. The redeposition coefficient can then be determined by comparing the
measured evaporation against the amount of evaporation that would be expected from
the measured surface temperature. A similar experiment might also be attempted for
lithium.

Another step must be to verify the resilience of Sn-filled targets against disrup-
tions. The ability withstand disruptions on DEMO is invaluable. Confirming this
capability for a Sn-filled CPS system requires experiments. As presented in chapter
2, Li CPS systems have already been tested to this end, on various plasma accelerators
[34]. Such tests could easily be repeated for liquid tin. To gain a better understand-
ing of vapor shielding processes during ELMs or disruptions, it would be beneficial to
observe not only target integrity, but also the target temperature evolution and the
total amount of radiated energy. In addition to relevant heat flux densities, also rel-
evant electron temperatures and densities are required in the used plasmas. Namely,
this ensures the vapor shielding process is similar to that in a tokamak. Moreover,
by monitoring the target potential it can be verified if the electron temperature is
more significantly reduced by vapor shielding than observed in chapter 7. There a
reduction of only ∼ 5% was observed in the target potential. If the the estimated
electron temperature cannot be kept below the sputtering threshold, an investigation
of the erosion of the substrate during high pulse numbers should be considered.

Lastly, the temperature limitations for operation of a liquid tin divertor in DEMO
should be verified. This requires experimentation in an experimental tokamak which
can produce plasma configurations and conditions relevant for DEMO. Initial tests
may be conducted using the 3D-printed pre-filled targets developed in this thesis.
By changing the length of the discharges, the temperature of the Sn can be varied
while maintaining the heat and particle flux at levels that would be expected in
DEMO. Key observations would be: the target temperature and incident particle
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fluxes and energies; the concentration of Sn in the core and SOL; and the fuel density,
temperature, and confinement time in the core. Based on these it should be possible
to correlate the Sn particle flux from the divertor (due to evaporation and sputtering),
to the core plasma conditions. Moreover, recent core- and edge-transport modeling
studies could be validated ([31] and [43]), and used to extrapolate the results towards
DEMO.

To increase the power handling capability beyond the needs of DEMO, experi-
mental and modeling studies should be extended to include baffling. This will demon-
strate if the allowed temperatures of the Sn (or other LMs) can indeed be increased.
As argued above, this is desirable to increase the tolerable heat flux density during
steady-state operation via vapor shielding, and to allow the use of higher temperature
coolants.

9.4.2 Resilience of porous 3D-printed tungsten structures to
thermal cycling

The 3D-printed tungsten CPS developed and tested in chapter 6 shows promising
performance. Thermal stresses could be almost completely avoided during quasi
steady-state operation, and capillary flow could be drastically increased. Moreover,
mechanical instabilities of the PFS, as can occur for mesh layers, could be completely
avoided. However, the lifetime of the this material has not been investigated yet.
Especially thermal cycling due to ELMs or the duty cycle of DEMO might lead to
material failure. The as-manufactured material already contains micro cracks, which
can easily grow and cause macroscopic failure.

An initial study has already been performed in the master thesis [44]. Here, up
to 5000 ELM pulses were simulated, by exposing a 3D-printed target to laser pulses.
No liquid metal was used. This experiment showed that the 3D-printed tungsten
is damaged more easily than ITER grade tungsten, for identical loading conditions.
However, in a LM divertor, vapor shielding will will reduce the incoming heat flux
before it reaches the substrate. After compensating for this fact, damage levels were
found to be comparable those observed for the ITER grade tungsten. To verify this, it
is recommended to incorporate LM in future fatigue tests. Moreover, the presence of
the LM on the target will also alter the thermal response. The temperature excursion
of the 3D-printed tungsten will be reduced, depending on the thickness of the LM
layer. And filling of the micro-cracks with LM will prevent thermal insulation and
local overheating of the tungsten.

During experiments where the DEMO duty cycle is mimicked, a special point
of attention must be the bonding to the coolant channel. This appears to be an
important source of failure, during tests carried out for various monoblocks concepts
for DEMO [40]. This problem may however be drastically reduced for the 3D-printed
tungsten due to two factors: First, the copper coolant channel will require a corrosion
barrier against the tin. If this barrier is made out of tungsten, this opportunity may be
used to create a well controlled transition from copper to tungsten, before the tungsten
is printed on the pipe. This can be imagined similar to functionally graded materials
[45]. Second, the scale of the 3D-printed structures is much smaller than that of the
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monoblocks, and therefore the interface area will be on the millimeter scale rather than
the centimeter scale. This will reduce interface stresses drastically, because absolute
difference in expansion is an order of magnitude lower. A detailed component design
should be made which can be manufactured and subsequently tested.
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Chapter 10

General conclusion

A liquid tin divertor has been designed for the European DEMO reactor. It is con-
cluded that this divertor can tolerate significantly higher heat flux densities during
all foreseen loading conditions, compared to the existing monoblock concept.

The proposed design consists of a water cooled channel that is square on the
outside (w = 10 mm) and round on the inside (D = 8 mm). A 2 mm thick porous
tungsten structure is printed on top of this channel to confine the liquid tin. The
coolant is held at 180 ◦C and 15 MPa, and flows at 14 m/s. The channel is made
from copper reinforced with tungsten, and clad in a tungsten corrosion barrier to
protect against the tin. An array of pipes is placed inside a vertically oriented bath.
The top layer of Sn is kept liquid in all locations by the homogeneous background
heat flux. Tin is injected at the top of the bath and flows down through this layer due
to gravity, thus providing a continuous supply to the strike point. The Sn is collected
at the bottom and pumped back to the injector. Tin is chosen over lithium to avoid
oxidation and safety hazards during regular maintenance. And, most importantly,
to prevent a problematic buildup of tritium. In DEMO specifically, this can likely
not be avoided when using lithium, based on the results from chapter 7. The tritium
inventory is restricted for safety reasons and due to its extreme scarcity.

During steady state operation, a heat flux density up to 23.8 MW/m2 can be
tolerated before the onset of nucleate boiling in the coolant. The Sn reaches a tem-
perature of ∼ 1200 ◦C under this load, at which point the Sn evaporation rate does
not excessively contaminate the core plasma. Taking into account a safety factor of
1.4, the target can be operated up to 17 MW/m2 in steady state. This is 170% of the
requirement for the tungsten monoblocks. During slow transients, the concept can
withstand an incoming heat flux density of 60 MW/m2 before the critical heat flux
of the coolant is reached. At this point the Sn temperature lies around 2000 ◦C and
up to ∼ 27% of the incoming power is vapor shielded. The amount of vapor shiel-
ded power is determined using the model from chapter 4, assuming R = 0.99 from
literature. However, the experimental observations from this thesis, during lithium
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vapor shielding, suggest that R might be closer to 0.9, and so the limit of 60 MW/m2

should be considered a worst case estimate. In any case, the tolerable load during
slow transients is at least 300% of the capacity of the tungsten monoblocks.

Resilience against 80 GW/m2, 4 ms disruptions could not be confirmed, but is
deemed plausible. A worst case estimate of the substrate temperature during disrup-
tions is made by applying the model developed in chapter 4. This model assumes that
only non-redeposited particles contribute to vapor shielding. In that case R < 0.9
is required to avoid tungsten melting, assuming that 6000 eV is dissipated per tin
particle. The experimental results from chapter 7 and discussion from chapter 9,
however, indicate that in fact the major contribution to vapor shielding might be the
radiation from a larger fraction of the evaporated particles. In the case that 50% of
evaporated particles radiate 600 eV, the tungsten temperature does not exceed 3000
◦C. It is recommended to verify this experimentally.

The use of the 3D-printed tungsten CPS brings several advantages. Like mesh-
based CPS, thermal stresses during steady-state operation can be almost completely
avoided (< 10 MPa compared to a failure stress around 225 MPa). Also, interface
stresses between the pipe and the 3D-printed material can be likely reduced. Negli-
gible thermal stresses imply that strength degradation due to neutrons is no longer
problematic. The robustness of the material and the pipe interface against thermal
cycling remain to be determined. There are two additional benefits of the 3D-printed
tungsten over other CPS types: First, mechanical instability of the surface (as for e.g
the mesh layer in chapter 5) cannot occur, and will therefore not lead to damage to
the CPS. Second, the internal structure can be optimized for different flow types. In
this thesis, a capillary flow rate is achieved which is sufficient to prevent surface dry-
ing during steady-state vapor shielding of lithium at ∼ 850 ◦C, and during ELM-like
pulses occurring with 100 Hz and with power densities between 0.3 and 1 GW/m2.

In conclusion, the performance of the proposed liquid tin divertor concept can meet
the requirements for DEMO, and significantly exceeds the power handling capability
of the monoblock concept. In particular the potential to withstand disruptions is a
critical improvement to the robustness of DEMO. However, these improvements do
not only allow for longer and safer operation of DEMO, as it is currently envisioned.
But, they constitute an important step towards the design of fusion power plants with
a higher divertor power load, i.e. more compact designs, which will be more practical
and more competitive on the energy market.
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Appendix to chapter 3

The material data used in this work are given in the tables below. Respective sources
are also indicated.

TZM properties
Temperature in Kelvin.

Yield strength σy [MPa]. Scaling
derived from [145].

f(T ) · (σy,room · (1 − 0.8) + 134) +
0.8σy,room − 134
f = −3.7 · 10−9T 3 + 1.0 · 10−5T 2 −
9.7 · 10−3T + 3.0

Young’s Modulus E [Pa]. Fitted from
[146].

−132.5T 3 + 3.24 · 105T 2 − 3.44 · 108T +
4.05 · 1011

Coefficient of thermal expansion
CTE [1/K]. Fitted from [146].

1.07 · 10−9T + 4.689 · 10−6

Thermal conductivity k [W/m/K].
Fitted from [146].

−1.93 · 10−8T 3 + 3.27 · 10−5T 2 −
0.035T + 142.4

Heat capacity Cp [J/kg/K]. Data from
[112].

0.05T + 237

Density ρ [kg/m
3
]. Fitted from [146]. 10222

Poissons ratio ν [−]. Data from [112]. 0.31
Onset of recrystallization Trec [K].
From [90].

1473

Ductile to brittle transition
temperature DBTT [K]. From [147].

< 77
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Tungsten properties
Temperature in Kelvin.

Yield strength σy [MPa]. Fitted from
data in [148].

2.5 · 10−4T 2 − 1.3T + 1.695 · 103

Young’s Modulus E [Pa]. Temperature
in oC [149].

391.448−1.3160·10−2T−1.4838·10−5T 2

Coefficient of thermal expansion
CTE [1/K]. Fitted from data in [150].

3.16·10−13T 2+2.88·10−10T+4.44·10−6

Thermal conductivity k [W/m/K].
Fitted from data in [151] [152] [150]
and [112].

−1.19 · 10−10T 3 + 7.26 · 10−5T 2 −
0.15T + 211

Heat capacity Cp [J/kg/K]. Fitted
from data in [153].

0.0232T + 126

Density ρ [kg/m
3
]. From [146]. 19300

Poissons ratio ν [−]. Temperature in
oC [149].

0.279 + 1.0893 · 10−5T

Recrystallization temperature for one
hour annealing Trec [K]. From [89].

1650

Ductile to brittle transition
temperature DBTT [K]. From [154].

As worked: 80− 200
Recrystallized: 400

Lithium properties
Material data from [155]
Temperature in Kelvin.

Dynamic viscosity µ [Pa · s] −4.164− 0.6374 · ln(T ) + 292.1/T
Surface tension γ [N/m] 0.398− 0.147 · 10−3T
Contact angle θ [o] on TZM. Estimated
from [[156]]

65

Electrical resistivity ρe [nΩ ·m] −64.9 + 1.064T − 1.035 · 10−3T 2 +
5.33 · 10−7T 3 − 9.23 · 10−12T 4

Heat of vaporization Evap [J/L] 1 · 107

Steel properties

Young’s Modulus E [Pa] 1
Coefficient of thermal expansion
CTE [1/K]

12.3 · 10−6

Thermal conductivity k [W/m/K] 44.5
Heat capacity Cp [J/kg/K] 475

Density ρ [kg/m
3
] 7850

Poissons ratio ν [−] 0.28
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Al2O3 properties

Young’s Modulus E [Pa] 1
Coefficient of thermal expansion
CTE [1/K]

0.55 · 10−6

Thermal conductivity k [W/m/K] 18
Heat capacity Cp [J/kg/K] 880

Density ρ [kg/m
3
] 3600

Poissons ratio ν [−] 0.17
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Tao Zhang. Tensile properties of baseline and advanced tungsten grades for
fusion applications. International Journal of Refractory Metals and Hard Ma-
terials, 75:153–162, sep 2018. ISSN 0263-4368. doi: 10.1016/J.IJRMHM.
2018.04.003. URL https://www.sciencedirect.com/science/article/pii/

S0263436818301100?via{%}3Dihub{#}f0025. 94

[125] P. Rindt, T.W. Morgan, G.G. van Eden, M.A. Jaworski, and N.J. Lopes Car-
dozo. Power handling and vapor shielding of pre-filled lithium divertor targets
in Magnum-PSI. manuscript submitted for publication to Nuclear Fusion, 2018.
97, 98, 99, 134

[126] Dongdong Gu, Donghua Dai, Wenhua Chen, and Hongyu Chen. Se-
lective Laser Melting Additive Manufacturing of Hard-to-Process Tungsten-
Based Alloy Parts With Novel Crystalline Growth Morphology and En-
hanced Performance. Journal of Manufacturing Science and Engineer-
ing, 138(8):081003, mar 2016. ISSN 1087-1357. doi: 10.1115/1.

https://www.sciencedirect.com/science/article/pii/S0920379614003123
https://www.sciencedirect.com/science/article/pii/S0920379614003123
https://linkinghub.elsevier.com/retrieve/pii/S2352179118300437
https://linkinghub.elsevier.com/retrieve/pii/S2352179118300437
https://www.sciencedirect.com/science/article/pii/S092037961730025X
https://www.sciencedirect.com/science/article/pii/S092037961730025X
https://www.sciencedirect.com/science/article/pii/S0920379616300230?via{%}3Dihub
https://www.sciencedirect.com/science/article/pii/S0920379616300230?via{%}3Dihub
https://www.sciencedirect.com/science/article/pii/S0263436818301100?via{%}3Dihub{#}f0025
https://www.sciencedirect.com/science/article/pii/S0263436818301100?via{%}3Dihub{#}f0025


186 Bibliography

4032192. URL http://manufacturingscience.asmedigitalcollection.

asme.org/article.aspx?doi=10.1115/1.4032192. 99
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