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Abstract1

Providing an efficacious plasma facing surface (PFC) between the ex-2

treme plasma heat exhaust and the structural materials of nuclear fusion3

devices is a major challenge on the road to electricity production by fusion4

power plants. The performance of solid PFCs may become critically re-5

duced over time due to progressing damage accumulation. Liquid metals,6

however, are now gaining interest in solving the challenge of extreme heat7

flux hitting the reactor walls. A key advantage of liquid metals is the use8

of vapour shielding to reduce the plasma exhaust. Here we demonstrate9

that this phenomenon is oscillatory by nature. The dynamics of a Sn10

vapour cloud are investigated by exposing liquid Sn targets to H and He11

plasmas at heat fluxes >5 MWm−2. The observations indicate the pres-12

ence of a dynamic equilibrium between the plasma and liquid target ruled13

by recombinatory processes in the plasma, leading to an approximately14

stable surface temperature.15
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Nuclear fusion power plants may turn out to be the sole candidate for cen-16

tralized large-scale electricity production in a future carbon-free energy system.17

However, the largest obstacle on the development path of this technology is18

the tremendous power flux that hits the interior walls of such reactors. The19

largest fusion device to date, ITER (’The Way’ in Latin), is currently being20

built and expected to have a combined exhaust power from external heating21

and alpha particles of ≈150 MW [1] while future electricity producing plants22

such as DEMO (DEMOnstration power plant) will have exhaust powers in the23

range ∼580 to ∼980 MW [2]. The latter device may possess an even narrower24

scrape-off layer width due to its larger size or increased magnetic fields [3] hereby25

delivering a critical heat load to its exhaust area. The maximum heat load26

removal capability for conventionally designed divertors beyond ITER is not27

expected to increase much above the ITER limits of 5-10 MWm−2[4] and the28

surface area receiving the power exhaust will remain similar to the case of ITER,29

which makes it essential to dissipate high power fractions via radiation in the30

scrape-off layer and main chamber. As the tolerable heat load onto the divertor31

has a small error margin due to heat handling degradation for temperatures32

above recrystallization such as observed for W [5, 6], any accidental reduction33

of radiative cooling in DEMO and beyond causes increased divertor heat loads34

which may be fatal to its armour integrity. At the same time, good divertor35

performance without regularly replacing its armour materials are essential for36

a fusion reactor to be commercially viable. Meeting such requirements using37

present day technologies are very challenging which makes investigating alter-38

native divertor solutions a necessity.39

The use of liquid plasma facing components (PFCs) can potentially alleviate40

many of the heat exhaust issues in the divertor. A liquid wall is self-healing as41

material displacement due to off-normal plasma impact is reversible. Lifetime42

issues related to erosion are less problematic because a liquid can replenish itself43

which prevents damage accumulation, leading to a potentially longer lifetime.44

Additional heat transport by convective movement of the liquid, evaporative45

cooling [7] and a reduction of neutron issues [8] are other potentially beneficial46

properties of liquid PFCs. Finally and most importantly, when operating in47

the vapour shielding regime where a cloud of evaporated neutrals exists in front48

of the plasma-exposed surface [9, 10], any accidental exhaust power excursion49

leads to increased evaporation which may mitigate the impact on the divertor50

armour by self-protection. Despite these advantages, liquid metals are still at a51

low technology readiness level and require further development.52

The effect of additional heat dissipation channels was recently demonstrated53

by the observation of a self-regulated heat flux mitigation phenomenon due to54

the presence of a Sn vapour cloud [11]. The upstream plasma heat flux was found55

to be almost completely decoupled from the average target surface temperature56

while the plasma temperature decreased to values close to 0.5 eV in front of the57

target surface. Although equilibrium timescale effects of the vapour presence58

were made clear in this study, the dynamical evolution and mechanism of the59

shielding phenomenon were not described.60

Such questions have now been addressed and outcomes are reported here.61

The response of liquid Sn targets exposed to H or He plasmas in the power flux62

range of qref =0.5-22 MWm−2 have been investigated. Conditions were chosen63

such that the Sn vapour pressure was of similar magnitude as the plasma pres-64

sure [11]. Solid Mo targets without vapour cloud formation were consequently65
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exposed to equivalent plasma conditions, thus serving as a reference case.66

The key result is that, during steady-state vapour shielding, the width and67

extent from the surface of the Sn vapour cloud oscillates in time in correla-68

tion with the target surface temperature and Sn emission intensity. A periodi-69

cally varying shielding effectiveness resulting in a dynamic equilibrium between70

plasma and liquid surface is concluded. The obtained findings shed light on the71

dynamical aspects of steady-state vapour shielding by liquid metals at divertor-72

relevant plasma conditions. The outcomes of these investigations are pointing73

into a direction where the divertor-strike points are equipped with liquid metal74

technology (Sn, Li) while operated in a regime where the vapour pressure is of75

similar magnitude as the plasma pressure. If realized, steady-state operation of76

a liquid fusion reactor divertor is likely to be feasible.77

1 Results78

1.1 Surface temperature oscillations79

Our previous work [11] reported on the striking difference between the thermal80

response of liquid Sn versus solid Mo when exposed to equal plasma heat fluxes:81

the surface temperature at the end of the plasma discharge in the case of Sn82

was found to remain approximately constant while that of Mo continuously rose83

in accordance with increasing qref . Another difference in the thermal response84

by these materials is evidenced by looking at the surface temperature over the85

course of the plasma discharge. Clear oscillations in surface temperature at an86

amplitude up to 200 K and period of roughly 100 ms are regularly observed at87

both the edge and centre of the Sn target, while the temperature response of the88

Mo target remains approximately constant once thermal equilibrium is reached.89

An example of this oscillatory behaviour is given in figure 1 which shows the90

temperature evolution in both the centre and at the edge of the target during91

He discharges at qref =22.0 and 12.2 MWm−2.92

The magnetic field strength is plotted versus time in figure 1a. This dom-93

inantly sets qref which is thus seen to be approximately constant over the dis-94

charge duration. The edge temperature is seen to gradually increase followed by95

a rapid drop over the course of a single oscillation period while the temperature96

changes in the centre are much smaller during this period but are seen to rise97

rapidly at the end of each cycle. The grey box in panel a shows the period98

which is analysed in detail in figures 2 and 3. Figure 1b shows oscillations in99

the surface temperature which are less regularly spaced but of much larger am-100

plitude and temporal extent. This particular discharge therefore proved to be101

very suitable for analysis using diagnostics that have a time response which is102

usually too slow to observe fast fluctuating signals, such as target potential and103

spectroscopic measurements.104

1.2 Emission from neutral Sn105

Recording the intensity of a distinct neutral Sn transition (ISn0) at 452.5 nm106

(5s25p6s to 5s25p2) using the tangentially positioned fast camera allowed for107

investigating the vapour dynamics with high temporal resolution. A sequence108

of characteristic frames within a single oscillation cycle during a discharge at109
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Figure 1: Evolution of the liquid Sn surface temperature. The tem-
perature at the target centre and edge while exposed to a 22 MWm−2 (a) and
12.2 MWm−2 (b) He plasma as recorded by a fast IR camera. Fast temperature
oscillations around a constant base value are regularly observed during dis-
charges. The magnetic field strength over time is shown in a by the right axis
and is identical for both qref . The grey box indicates a temporal range which
is analysed in detail in figures 2 and 3. The discharge at 12.2 MWm−2 shows
slowly evolving temperature changes at larger time intervals.

22 MWm−2 are shown in figure 2. Frames in figure 2a-c qualitatively show the110

growth of the emissive region and magnitude of emission which is the phase of111

continuous evaporation of Sn. Panel 2d shows the quenching of the plasma due112

to the high Sn impurity presence and is discussed later.113

The neutral Sn emission is proportional to the product of the Sn atomic114

density nSn0, the electron density ne and the electron excitation rate coefficient115

Cexc(Te):116

ISn0 ∝ nSn0neCexc(Te). (1)

Excitation from Sn0 to this particular excited state Sn0∗ (5s25p6s) is much larger117

than the combined recombination rates from Sn+1 to Sn0∗ at temperatures118

0.5 − 0.8 eV [11], even when taking into account that a large fraction of Sn is119

ionized [12]. This makes ISn0 in equation 1 suitable for qualitative investigation120

of the Sn0 density.121

Figure 2e shows
∑
r ISn0 (integrated over the beam radius) as a function of122

axial distance from the target. Given its exponential-like distribution, the ratio123

of the local intensity
∑
r ISn0(x) and the maximum intensity

∑
r ISn0(0) can be124

expressed by125 ∑
r ISn0(x)∑
r ISn0(0)

= e−x/dax , (2)

with the typical axial penetration length of the evaporated Sn neutrals given by126

x = dax. This treatment was repeated similarly for the intensity parallel to the127

target surface, giving the typical width of the Sn vapour cloud (assuming axial128

symmetry).129
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Figure 2: Oscillatory emission intensity from neutral Sn. A sequence
of characteristic images during a single vapour shielding cycle as obtained from
neutral Sn emission. The timestamps of the images a-d are 17.6, 17.64, 17.71 and
17.75 s after initiating a discharge at 22 MWm−2. The decay of Sn0 emission
versus distance from the target (t=17.54 s) is shown in e.

Figure 3a-b shows both the surface temperature at the edge and centre of130

the target respectively while the neutral Sn emission characteristics during this131

period are shown in panels c-e. The intensity at 452.5 nm was line-integrated and132

summed over all pixels in the non-saturated part of the image and is denoted as133 ∑
ISn0. A comparison of figures 3a-b and 3c shows that the surface temperature134

oscillates in correlation with
∑
ISn0. Results of time-resolved dax and the vapour135

cloud width (radial e-fold length) are shown in figures 3d and 3e respectively.136

Three phases during each oscillation period can be identified when examining137

the information in figure 3. Phase I is defined as the phase where the surface138

temperature increases in accordance with increasing
∑
ISn0 (roughly half the139

oscillation duration). Secondly, at half the cycle period, the phase where the140

central surface temperature starts to decline while dax still slowly increases is141

called phase II. Interestingly,
∑
ISn0 keeps progressively rising throughout this142

phase together with the edge surface temperature which naturally results in a143

flattened radial surface temperature distribution at the end of phase II relative144

to phase I. Finally, phase III indicates a sharp increase in surface temperature145

followed by a sudden drop which characterizes the end of the cycle. This rapid146

temperature excursion does not show up in parallel in the emission profile and147

will be discussed later.148

Both dax and dwidth are seen to oscillate in time with the same periodicity as149

the surface temperature. Interestingly, when the cloud extends ∼7 mm into the150

plasma (∼100 ms into phase I) the surface temperature of the centre starts to151
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Figure 3: Vapour shielding dynamics. The surface temperature at the target
centre (a) and edge (b) and Sn emission (c-e) during 17.2-18 s after initiating
a 22.0 MWm−2 He discharge. Three characteristic phases within a typical
oscillation period are indicated by the Roman numerals I-III. Panel c shows the
total line-integrated intensity at 425.5 nm and panels d-e show respectively the
penetration into the upstream plasma and the radial extent of the vapour cloud.

decrease (entering phase II). The Sn vapour cloud extends further upstream in152

the remainder of the cycle and its width increases as indicated by the increasing153

e-folding lengths. The increase in dwidth is in agreement with the continuously154

rising edge surface temperature. Since dax ∝ 1/σne, where σ represents the155

collision cross section which is proportional to Te, a decrease of Te and/or ne156

is implied in this region. We thus reason that the static plasma pressure, p =157

2nekTe (assuming Te=Ti), periodically decreases as a result of interactions with158

the Sn cloud. This conclusion is in accordance with increased recombination159

as previously reported [11]. It is further concluded that the point at which the160

target temperature starts to decrease is set by the Sn vapour density depending161

on qref, which is the period where effective shielding occurs (phase II).162

1.3 Plasma sheath potential163

The floating potential Vfl of the Sn and Mo targets during the plasma discharges164

is measured at a time resolution of 250 ms. Vfl is the sum of the plasma potential165

Vp, the sheath potential Vsh, and pre-sheath Vps potential relative to the ground:166

Vfl = Vp+Vsh+Vps. As the upstream plasma conditions and source behaviour are167

found not to change when switching between Sn and Mo targets, Vp is assumed168
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to remain equal as well. Therefore, since Vsh ≈ 2.5kBTe/e relative to Vp [13],169

measuring the floating potential provides an indirect method of investigating170

Te.171

Figure 4a shows a comparison of the floating target potential during expo-172

sures of Mo and Sn targets averaged during the phase of constant magnetic field173

(3-21 s after initiating the discharge). A less negative target potential by a factor174

>2 is consequently observed for He exposures on liquid Sn and the effect seems175

to increase at larger qref. The effect is small but also observable for the lower176

heat flux discharges using H. The relative increase in sheath potential when177

comparing the Sn and Mo exposures (Vp remains the same) at fixed qref directly178

correlates to reduced Te in the case of Sn as obtained from Boltzmann plots179

made during the same discharges [11].180

Due to temporal constraints associated with these measurements, only the181

relatively slow oscillations that occurred during the 12.2 MWm−2 discharge182

could be well studied. Figure 4b shows both the surface temperature and time-183

resolved floating potential of this discharge for comparison. As can be seen, Vfl ≈184

−10 V during the non-oscillatory phases 4-21 s after the start of the discharge.185

Vfl decreases however maximally to values ranging -20 to -15 V during the last186

phase of the vapour shielding cycle where the surface temperature strongly187

decreases. The latter values are close to the floating potentials as measured188

during Mo exposures presented in figure 4a.189

Given that the target floating potential correlates with Te , it is concluded190

that Te reduces during phase II while temporarily increasing during the period191

marked by the end of phase III and the start of phase I. Cooling of the plasma192

by neutral-ion elastic collisions and subsequent ion-electron elastic collisions [14]193

is previously interpreted as the mechanism [11]. This statement is in agreement194

with the behaviour of the floating potential as reported above: the increase in195

vapour emission (figure 3c) means increased neutral Sn density causing increased196

neutral-ion friction via elastic collisions. The plasma cools by ion-electron cool-197

ing which is reflected in a less negative target potential. Once the vapour cloud198

is lost, Te increases causing a more negative (Mo-like) target potential. Hence,199

also Te is found to oscillate during the vapour shielding cycle.200

1.4 Continuum radiation201

Emission spectra in the range of 360-580 nm in the near-surface region have been202

recorded. The continuum emission, clearly observable between the characteristic203

line emission features, emerges due to a combination of Bremsstrahlung and204

recombination radiation. It can be expressed as a simplified proportionality in205

the following way:206

εcont ∝
∑
i

nine√
Te

=
ne√
Te

(nHe+ + nSn+) =
ne

2

√
Te

[Wm−3sr−1nm−1], (3)

where the sum indicates a summation over all ionic species present in the plasma.207

More complicated factors of Te that predominantly affect the shape of the con-208

tinuum emission distribution rather than its absolute levels are neglected in the209

proportionality expressed in (3). We used the assumption that both the He and210

Sn species are only maximally singly ionized which cancels the dependency on211

the effective charge via Zi
2 which appears in the full expression of εcont [15].212

7



a)

b)

Figure 4: Changes in target potential during Sn vapour shielding. The
average target floating potential in discharges on Mo and Sn (a) and temporal
changes of the target floating potential measured during a 12.2 MWm−2 He
discharge on liquid Sn in comparison to the Sn surface temperature evolution
(b). Vfl in (a) is obtained from averaging the target floating potential over the
range of constant magnetic field. The error bars represent the s.d. of these
datasets.

The spectral radiance during exposures of liquid Sn are measured and poly-213

nomial fits to the data are presented in figure 5a. When changing qref from 8.2214

to 16.0 MWm−2, ne changes from 4.1×1020 to 6.1×1020 m−3 (see table 1).215

Since Te is found to be highly similar at ∼0.6 eV for these discharges [11], the216

increase in density should lead to an increase in the continuum emission by a217

factor (6.1/4.1)2 = 2.2 which is confirmed by the data shown in figure 5a.218
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a)

b)

c)

Figure 5: Oscillations in Sn/He plasma continuum emission. Polynomial
fits representing the continuum emission acquired during measurements of the
spectral radiance during He plasma exposures of Sn (a). Experimental data of
the discharge at 8.2 MWm−2 is shown for comparison. The spectral radiance of
the near-surface plasma with a large fraction of Sn for discharges at qref =22.2
MWm−2 (b) and qref =12.2 MWm−2 (c). The continuum emission (fits to the
experimental data) of the near-surface plasma at the start of phase I and during
phase II are shown by the dotted blue lines and dashed red lines respectively.

It follows from (3) that analysing the changes in continuum emission dur-219

ing a vapour shielding cycle provides insight in the evolution of the plasma220

parameters during the oscillation phase. Figures 5b and 5c show the spectral221

radiance and polynomial fits to the data of He discharges at 22.2 and 12.2222
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MWm−2 respectively. Spectra at the start of phase I, where the surface temper-223

ature starts to increase but is still at a minimum, are now being compared to the224

spectra where vapour shielding most effectively occurs, namely halfway phase225

II where the central surface temperature is relatively constant or decreasing.226

It is found that ne changes by a factor
√

1.7 = 1.3 and
√

18.6 = 4.3 during the227

vapour shielding cycle for qref =22.2 and 12.2 MWm−2 respectively. Recall that228

the emission from neutral Sn is found to steadily increase over the course of the229

vapour shielding cycle as shown in figure 3b. Also, despite the decrease of surface230

temperature in the centre during phase II, the edge temperature still rises (figure231

3), implying a continuously increasing flux of Sn atoms released from the target.232

It is mentioned in section 1.2 that the increase in mean free path of Sn atoms233

during the vapour shielding cycle as shown in figure 3c implied a reduction234

ne and/or Te in the centre of the plasma beam. However, from the increase235

of εcont which is proportional to ne
2, an increase in electron density during236

the vapour shielding cycle is concluded. By realizing that the collision cross237

section of neutral Sn is highly sensitive on Te while weakly dependent on ne, it238

is thus concluded that mean free path is increased due to reduction of Te despite239

increasing ne . Hence, the observed increase in continuum radiation over the240

course of the vapour shielding cycle is explained by increasing ne by a factor up241

to ∼4 during this period. Since Te is reduced by roughly the same factor when242

moving from a liquid to a solid target at equal upstream plasma conditions [11],243

pressure (∝ neTe) along the plasma beam is conserved as expected.244

1.5 Liquid metal transport245

A thin layer of Sn is formed on the target surface during plasma exposure246

while the CPS secures the bulk liquid. This free liquid surface may give rise to247

convective flow which influences the heat distribution along the target surface.248

Azimuthally directed liquid flow was observed during phases I and II of the249

vapour shielding cycle while phase III displayed a radial flow directed from edge250

to centre. A succession of IR images at 5 different times during one vapour251

shielding cycle, illustrating the different phases, are shown in figure 6. The IR252

images are linked to the temperature trace by the given numbers.253

The speed of the liquid motion was quantified by monitoring the movement254

of emissive surface impurities in a succession of IR images similar to those255

shown in figure 6 and assuming that their speed equals that of pure Sn. Results256

of the average rotation speeds (vrot) and radial velocity (vradial) are shown in257

figure 7a and 7b respectively. An increase in vrot proportional to qref in case of258

rotation speed during phase II is observed. The rotational velocity as function259

of the phase within the oscillation cycle could only be analysed for discharges260

>10 MWm−2 since distinguishable impurities were found absent below this qref .261

Although small, vrot is seen to decrease in time when comparing phase I to262

phase II during discharges at 12.2 and 16.0 MWm−2. No changes in the liquid263

flow velocity were seen at highest qref when comparing between these phases.264

The rotation speed during phase III could only be measured for discharges at265

>16 MWm−2. When comparing phase III to the start of the cycle in the266

discharge at 22.2 MWm−2, a decrease in vrot by 25 % is observed. This effect267

is however not clear at 16.0 MWm−2. Furthermore, a radial component to the268

flow velocity, shown in figure 7b, is absent during phase I and phase II but rises269

however to approximately 2.1 m s−1 during phase III. The origins and magnitude270
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Figure 6: Flow dynamics of surface Sn during shielding cycle. A suc-
cession of IR images of the target surface during one vapour shielding cycle (a)
and the temperature evolution during this cycle (b). Time frames correspond-
ing to the images are indicated by vertical dashed lines and labels. The arrows
indicate the direction of the dominant surface flow while the sizes of the arrows
qualitatively indicate changes in rotation speed.

of competing flow mechanisms as observed are discussed hereafter.271

1.5.1 Azimuthal flow272

Liquid flow in a magnetic field (B) may arise as a result of Lorentz forces due273

to the presence of electric currents in the liquid. Since the flow was observed274

to rotate while B is directed into the plane of the target, a radial current must275

be present in the target. Both thermoelectric currents and externally injected276

current from the plasma column are potential candidates for this.277

Radial currents are naturally occurring in the plasma column of Pilot-PSI as278

a result of its source potential configuration [16, 17]. It is clear from this work279

that there exists a net current carried by electrons in the centre of a floating280

target while the edge receives a net ion current. Such radial currents give rise281

to J×B driven rotation of the liquid [18].282
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Figure 7: Liquid surface flow velocity. The velocity of rotating Sn at the
edge of the target as function of qref for different stages during the oscillation
cycle (a). The rotational flow during phase II is seen to increase with qref . A
small decrease in rotation speed occurs during a single shielding cycle at heat
fluxes of 12.2 and 16 MWm−2. A radial component to the flow velocity, only
observed during phase III, is shown in b. The data points represent the average
of approximately 10 independent measurements at equal phases within different
vapour shielding cycles. The error bars represent the s.d. of these datasets.

Since a radial temperature profile exists along the metallic interface com-283

prised of the W mesh and liquid Sn, also a radial current (from centre to edge)284

in opposite direction of the thermal gradient arises as a result of so-called ther-285

moelectric magneto-hydrodynamic (TEMHD) effect [19]. Following [20], the286

thermoelectric current density JTEMHD can be expressed as:287

JTEMHD =
σP∇T
C + 1

, (4)

where P (=PW − PSn) represents the thermoelectric power of the solid-liquid288

pair and ∇T the thermal gradient along their interface. C denotes a non-289

dimensional thermal impedance ratio between liquid and solid and is calculated290

as C = σSnh/σWtw where σSn and σW represent the electric conductivity of Sn291

and W respectively, h the liquid layer thickness and tw the thickness of the W292

mesh. Given the directions of the aforementioned currents, the residual current293

density in the target J can be expressed as J = Jp − JTEMHD with Jp the294

current density injected by the plasma. The rotation speed (vrot) as measured295

can now be used to calculate the incident current density from the plasma [20]:296

Jp = vrotσB

[
1− 1

cosh(Ha)

]−1

+ JTEMHD (5)

with σ = σSn and Ha the dimensionless Hartmann number describing the ratio297
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of electromagnetic forces to viscous forces in a liquid. The Hartmann number298

is defined as Ha = Bh
√
σ/µ with µ the dynamic viscosity of the liquid.299

Equations 4 and 5 are now evaluated for the case of the 22.0 MWm−2
300

discharge in He with vrot = 140 ± 14 rad s−1. This yields a tangential velocity301

component of 1.4±0.14 m s−1 at r = 10 mm, close to the target edge. A linearly302

decreasing surface temperature from edge to centre is assumed for simplicity.303

All parameters are evaluated at a temperature which equals the average between304

the edge and centre as can be found in figure 3: Tav = (2050+1850)/2 = 1950 K305

and ∇T = (2150 − 1850)/0.01 = 2 × 104 K/m (r=10 mm) with a 10 % error.306

Expressions for the temperature dependent thermoelectric powers of Sn and W307

up to 548 K are given in [21]. PSn above the Sn melting point is close to zero308

while PW linearly rises at much higher values. We therefore estimate the relative309

thermoelectric power of Sn-W by assuming the value for W at 1950 K which is310

59.7µV K−1. Given the large extrapolation, an error of 30 % is assigned to311

the thermoelectric power. Values to the remaining variables in equations 4 and312

5 and the expression for C are assigned as follows: B = 0.8 ± 0.08 T, σSn =313

1.17±0.12×106 Ω−1m−1, σW = 2.1±0.21×106 Ω−1m−1, h = 5±2.5×10−4 m,314

tw = 5±0.1×10−5 m, µ = 6.95±0.7×10−4 Pa s, and, from this, Ha = 16.6±5.2.315

The temperature dependent electrical conductivity of W is calculated from the316

temperature dependent thermal conductivity [22] using the Wiedemann-Franz317

law. The error in liquid layer thickness is assumed to be 25 %.318

Substituting these numbers yield JTEMHD = 20.7 ± 9.7 A cm−2 and Jp =319

158 ± 105.9 A cm−2. We thus conclude that the dominant radial current is in-320

duced by the plasma rather then by thermoelectric effects. This is in agreement321

with the observed azimuthal flow in clockwise direction. The weaker thermo-322

electric current flows in the opposite direction and would have caused counter-323

clockwise rotation if it were dominant.324

1.5.2 Radial flow325

We secondly explore the radial surface transport. Since large temperature gra-326

dients exist across the liquid surface, surface tension driven flows as described327

by the Marangoni effect may be present. The spatial temperature gradient is328

largest in the radial direction which induces a radially outward surface tension329

driven flow. The treatment as provided in [23] can be applied, giving the sur-330

face flow velocity as function of the tangential heat flux gradient with a normal331

incidence B as:332

urad =
dγ

dT

h2

µkSn

∂q

∂r

sinh (Ha)

Ha · cosh (Ha)
(6)

where dγ/dT is -0.14 mN m−1 K−1, obtained from differentiating Eötvös law333

[24]. The liquid thermal conductivity is obtained by extrapolating a dataset334

valid up to 1473 K [25], providing kSn = 6.7 ± 0.7 W m−2 K−1. A linearly335

decreasing heat flux over the target radius is assumed, estimated to be ∂q/∂r ≈336

5 ± 1/0.01 = 500±100 MWm−2 m−1. All parameters are again evaluated at337

Tav=1950 K resulting in urad = 0.23 ± 0.17 m s−1. Note that no radial flow in338

phases I and II could be observed (figure 7). It is however to be mentioned that339

the much faster azimuthal flow may have impeded the observation of outward340

radial movement.341

The ratio of convective to conductive heat transfer upon receiving a heat342
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flux normal to the surface can be estimated as [23]:343

ξ = h2urad
ρCs

kSn
(7)

with ρ the Sn density and Cs the heat capacity equal to 6099 kg m−3 and344

141.1 J kg−1 K−1 respectively [24]. Inserting furthermore the thickness of the345

liquid surface layer, its radial velocity (urad) and length equal to the target346

radius one finds ξ = 0.74.347

Since this ratio is close to 1, both convective and conductive heat trans-348

port are important. The fraction of heat transported by convection is thus not349

found to be dominant owing to its shallow depth and low flow velocity. It is350

furthermore hypothesized that the decrease of vrot over the course of an oscil-351

lation period is caused by a reduction of plasma flux (mostly electrons) in the352

beam centre due to vapour shielding while the edge of the target continuous353

to receive heat flux (mostly ions). This is in agreement with the observation354

that the edge surface temperature rises during a cycle while the central temper-355

ature remains approximately constant. As a result of the effective shielding in356

the target centre, the sheath potential becomes less negative here (see figure 4)357

while the edge sheath remains unaffected. The collapse of rotation and strong358

radial flow overall indicate that the plasma flux reaching the surface is strongly359

reduced during phase III, resulting in cool-down of the target prior to a new360

cycle. Given that the plasma pressure is temporarily decreased as a result of361

detachment, we explain the inward movement in phase III by surface tension362

forces minimizing the surface area after it is distorted by the pressure gradient363

imposed by the plasma. An inwardly spiralling flow in phase III results from364

this, despite the target centre being still hotter than the edge.365

2 Discussion366

The ionization- and recombination rate coefficients for H and He are shown as367

function of Te for ne = 1020 m−3 in figure 8. The data is extracted from ADAS368

[26] while rates for Molecular Assisted Recombination (MAR) processes are369

obtained from [27]. Only a weak dependency on ne is found for these numbers.370

With help of these rate coefficients, we seek to explain the oscillatory vapour371

shielding by the following model. The evaporation of Sn during phases I and II372

of the shielding cycle progresses until a critical Sn density (depending on qref )373

in the near-surface plasma is reached (figure 3). The plasma ions lose their374

energy by interaction with the neutral cloud followed by ion-electron cooling375

[14]. Te reduces to values lower than 0.5-0.8 eV [11], where strong recombina-376

tion of the plasma occurs (figure 8), starting from the target centre where the377

neutral fraction is highest and stretching gradually to the edges during phase378

II. This recombination process affects the plasma in a positive feedback loop:379

recombination produces neutrals that further cool the plasma causing additional380

recombination. The result is a temporary detachment-like state of the plasma381

[29] where qref is significantly reduced, combined with a small floating target po-382

tential relative to the plasma potential (low Te ), and increased ne as described383

in section 1.4. The rotation speed of the liquid film at the target surface is dom-384

inated by J×B induced forces in phases I and II which decreases over the course385

of the shielding cycle as qref reduces. At the same time, the reduction of static386
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Figure 8: Ionization and recombination rate coefficients of H and He.
The coefficients, valid at ne=1020 m−3, are extracted from the ADAS database
[26]. Molecular Assisted Rate (MAR) coefficients were obtained from [27]. The
shaded region on the right highlights Te values of a H and He plasma where
ionization is the dominant process. The grey box on the left indicates a recom-
bination dominated temperature regime.

plasma pressure (Pp = 2nekTe [13]), is highest in the target centre relative to387

the target edge. Hence, with reduced azimuthal inertia of the liquid in phase III,388

the surface tension difference between centre and edge drives the liquid from the389

edge inwards (section 1.5.2). When qref at the end of phase II is reduced due to390

plasma detachment, the surface starts to cool and the evaporation flux of Sn (an391

exponential function of temperature), quickly decreases. The vapour cloud al-392

most completely disappears in phase III and the plasma thus reaches the target393

surface without strong interaction with the vapour (plasma is attached), hence394

the floating potential reaches values similar to that of a solid target. At this395

point, the plasma starts heating the surface again which results in the common396

conduction-type heating curve as observed at the start of phase I. Consequently,397

a new vapour shielding cycle is initiated and the process repeats itself.398

The oscillatory nature of the vapour shielding effect is thus understood to399

be a result of periodical plasma detachment induced by the high neutral Sn400

density in the near-surface plasma, constituting a mutually interacting system401

between qref and Sn evaporation. The oscillation frequency is observed to be402

roughly 10 Hz (figure 1) and likely to be driven by the characteristic thermal403

equilibration timescale which is slow compared to the rapid detachment process.404

The timescale of the latter can be approximated by the ion-electron collision405

time: τie = τei = τemHe/2me ' 0.2µs at Te=0.8 eV and ne=1020 [11]. A406

conservative estimate of the characteristic time for the vapour cloud to disappear407

in phase III can be estimated as τv = dax/
√

(2kBTsurf)/m ≈ 16µs when taking408

the thermal speed equal to the surface temperature at 1950 K. Therefore, on409

short timescales, while the plasma undergoes rapid cooling due to the runaway410
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detachment process, the surface temperature rapidly decreases as conduction to411

the coolant qcond is approximately uniform and still high. This can be expressed412

by Tsurf(t) = (T0−Tcool)e
(−t/τc), yielding τc ' 250µs (figure 3). The subsequent413

heating phase occurs however over a longer period due to the slower equilibration414

time for conduction, particularly at the plasma edge where the heating rate is415

relatively low so that qcond ≈ qref . The mismatch in the characteristic timescales416

(µs versus ms) between thermal material processes and atomic physics taking417

place in the plasma is understood to be the ultimate cause of the oscillatory418

behaviour.419

The rapid increase in surface temperature observed in phase III (spike) is420

discussed now. Firstly, no transient increase in Sn0 emission is observed. Sec-421

ondly, from inverting the 1D heat diffusion equation, an additional heat flux of422

4 MW m−2 would be necessary on top of the existing qref to replicate the typical423

surface temperature increase as observed in figure 3. Given that such a transient424

additional heat flux is highly unlikely and such rapid heating/cooling unphysi-425

cal, we regard the interpretation of a rapid temperature change erroneous. It is426

therefore likely to be a change in emissivity which gives a false reading to the427

IR camera, possibly as a result of surface waves due to relaxation of the surface428

tension forces following the detachment phase (section 1.5.2).429

The scheme which we describe is applicable for a tokamak divertor region,430

where, if the neutral pressure (created by evaporation from a liquid metal and/or431

conventional detachment) is large enough, ion energies up to tens of eV are likely432

to be reduced. Furthermore, J×B driven flow would be directed in the radial433

direction of the machine. Since the magnitude and directionality of plasma-434

induced currents in a divertor could be highly different (and time-dependent)435

from the radial plasma-induced currents as observed in this study, the magni-436

tude of TEMHD effects may become more important in such a geometry. The437

rotational flow as described in this paper is likely to be absent in a tokamak438

divertor due to the different orientation of B. Despite the differences in liquid439

metal flows between a tokamak and linear device, the oscillations are ultimately440

found to be induced by a detachment-like phenomenon of the plasma and dif-441

ferences in timescales between thermal equilibria of the liquid metal and the442

atomic physics taking place. The liquid flow and its time-varying nature af-443

fects the replenishment rate of the liquid surface and are therefore ultimately444

linked to liquid divertor design. A key parameter may be found in the effec-445

tive heat conductivity between the liquid surface and cooled solid substrate, as446

this affects the cooling-rate of the surface during the phase of efficient vapour447

shielding (phase II) and hereby the extent of the variation in surface tempera-448

ture/evaporation during a cycle. Hence, it is implied from these arguments that449

the oscillatory vapour shielding phenomenon as described here is generic and450

not specific to the linear plasma geometry as used in the experiments.451

Oscillations may be an indispensable mechanism for the heat flux dissipation452

by the liquid surface to be self-regulated. It is hypothesized that matching the453

vapour pressure to the plasma pressure [11] is a key requirement to reach this454

regime. For the case of Sn, temperatures >1800 K are required which can be455

reached during Edge-Localized-Modes and disruptions in tokamaks. Steady-456

state operation might be possible using adequate substrate materials and strong457

baffling of the divertor to prevent excessive ingress of Sn to the main chamber,458

along the lines of a vapour box concept as developed for Li [30, 31]. However, the459

same regime could be reached for temperatures around 1000 K when using Li for460
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which, by being low-Z, a much larger impurity fraction can be tolerated in the461

plasma, particularly under high-flux conditions where a high local redeposition462

is expected. The results as shown here using Sn may therefore be regarded as463

a proxy for Li experiments which are technologically more challenging due to464

the protected atmosphere required. Experimental investigations of steady-state465

Li vapour shielding are currently carried out and are expected to be reported466

soon.467

Concluding, the Sn vapour/plasma system is found to oscillate around a468

stability point between plasma heat flux and surface temperature/evaporation,469

indicating the presence of a dynamical equilibrium set by the characteristic470

timescale of thermal processes in the liquid metal. The oscillations emerge from471

periodic changes between an attached plasma phase with strong evaporation of472

neutral Sn and a phase characterized by a detachment-like plasma culminating473

in a loss of the vapour cloud due to reduced evaporation. The oscillatory vapour474

shielding in response to a steady-state divertor plasma would also hold for a475

tokamak environment, given the nature of the processes and should therefore be476

considered in future liquid metal divertor designs. Regardless of the complicated477

oscillation mechanism, the results over the explored parameter range indicate478

oscillatory vapour shielding can have a significant reductive effect on the plasma479

power load received by the PFC [11].480

3 Methods481

3.1 Linear plasma generator Pilot-PSI482

The experiments were performed in the linear plasma device Pilot-PSI, de-483

signed to study plasma-wall-interactions in ITER-like divertor regimes [32] and484

is schematically shown in figure 9a. Although part of the results from this ex-485

perimental campaign has been published before [11], a description of the experi-486

mental setup is repeated here for completeness. Plasma in Pilot-PSI is produced487

by a cascaded arc source [33] operating at a DC current ranging 130-210 A. Both488

H and He gas were flown into the source at 2.5 slm. By switching on an axial489

magnetic field up to 1.2 T, the plasma is confined into a beam hitting the target490

resulting in a typical particle flux of 5x1024 m−2 s−1. The electron temperature491

was 0.4-3.2 eV at densities 1-5x1020 m−3 in the centre of the plasma column.492

These values were obtained from Thomson Scattering (TS) [34] which measures493

the plasma parameters at a position of 11 mm in front of a solid Mo target.494

3.2 Diagnostics495

The emission of Sn neutrals in the vapour cloud was recorded by a fast visible496

camera (Phantom V12) equipped with a 452.5 nm Sn0 filter positioned tangen-497

tially to the target surface. Recordings of the neutral cloud dynamics were made498

at 10 kHz temporal resolution. Spectroscopic information of the emitting cloud499

was obtained using an absolutely calibrated two-channel spectrometer (Avantes500

ULS2048), measuring photon intensities in the range of 360-580 nm. The system501

was aligned at a ∼15 degree angle from the target normal and focused at the502

target centre with a spot size of ∼1 mm. The resulting spectral intensities in W503

m−3 sr−1 nm−1 are multiplied by the path length in the plasma of 0.02 m to yield504
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Figure 9: Schematic drawing of Pilot-PSI and liquid sample design.
The linear plasma generator Pilot-PSI and the applied diagnostics are shown
in a. Plasma is produced by a cascaded arc source. The expanding plasma is
confined into a beam hitting the target by magnetic fields. A schematic drawing
of the Sn CPS sample is shown in b.

the line-averaged spectral radiance in W m−2 sr−1 nm−1. Time frames during a505

phase of (relatively) constant surface temperature were selected. H and He dis-506

charges below 8 MWm−2 are omitted as the continuum emission was found to507

be indistinguishable from the instrument noise. Finally, the surface temperature508

of the target was measured both using an infrared camera (FLIR SC7500MB)509

operated at 4.5 kHz and a multi-wavelength spectropyrometer (FAR associates510

FMPI). The latter provides an emissivity independent temperature measure-511

ment localized with a 1 mm diameter spot at the target centre which is used to512

determine the emissivity of liquid Sn used by the IR camera.513

3.3 Liquid Sn sample technology514

Splashing and ejection of liquid Sn into the plasma was limited by employing the515

so-called Capillary-Porous-System (CPS) in our sample manufacturing process516

[35]. This system for liquid metal containment has been tested on a number of517

tokamaks [36, 37] and employs capillary action to resist gravity. The targets518

used in our experiments consist of a 3 mm deep Mo cup of 22 mm in diameter519

holding the liquid Sn which is immersed in a stack of W meshes with a pore520

size of 0.2 mm. A schematic drawing of the sample, including the direction of521

the plasma and the magnetic field in our setup is shown in figure 9b.522
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3.4 Exposure conditions523

Strong evaporation was required to investigate the effect of the near-surface524

neutral Sn cloud on the power handling capabilities of the liquid target. A 4 mm525

thick Mo ring was placed behind the cup in order to reduce the heat conduction526

path between the target and the cooling structure due to the created interfaces.527

As such, a relative modest plasma power was found sufficient to yield a vapour528

cloud of similar vapour pressure as the plasma pressure [11].529

The particle- (Γpart) and heat flux (q) at the TS position were calculated530

from the radially resolved plasma density (ne) and electron temperature (Te)531

obtained from TS measurements during plasma exposure of the solid Mo target.532

The following equations have been applied [13]:533

Γpart =
1

2
ne

√
k(Te + γTi)/mi (8)

534

q = γshkBTeΓpart. (9)

Ti ≈ Te is assumed where γ = 5/3 (adiabatic flow with isotropic pressure). The535

ion mass (H or He) is represented by mi. The total sheath heat transmission536

coefficient (γsh) in equation 9 is set equal to 7 again assuming Te ≈ Ti [13]. The537

particle- and heat flux profiles are typically Gaussian in Pilot-PSI. Consequently,538

a Gauss fit (FWHM 10.4 mm) is applied to the raw data and its peak value as539

given in table 1 is used for analysis. The fractional errors of ne and Te are <6 %540

and <7 % respectively for radial values ranging from -7 to 7 mm w.r.t. the541

centre of the plasma beam. Propagation of errors results in a fractional error of542

qref below 7 %. Given that qref results from a fit, this error is an upper limit.543

The upstream plasma heat flux (q) should be highly similar for both the solid544

and liquid target case as the penetration of Sn neutrals up to the TS position545

is negligible (see figure 1) and the current and voltage traces of the source are546

found to be independent of the target material. The TS measurements made547

on solid references therefore represent the upstream electron temperature and548

density in both the liquid and solid case, hence, q = qref. Sn and Mo targets549

were also identically mounted ensuring equal conduction cooling properties.550

gas B (T) Te (eV) ne (×1020 m−3) qref (MW m−2)

He 0.4 1.6 3.2 2.5
0.8 2.4, 2.5, 2.7, 3.1 4.1, 5.5, 6.1, 7.0 8.2, 12.2, 16.0, 22.0

H 0.4 0.4 1.4 0.47
0.8 1.2, 0.9, 0.9 0.6, 1.3, 1.5 1.3, 1.9, 8.0

Table 1: Experimental conditions during exposures of Mo and Sn tar-
gets. The heat flux is expressed as the peak values from Gaussian fitted profiles
of TS data. The gas flow was held constant at 2.5 slm while the plasma current
was varied between 130 and 210 A.

3.5 Data availability551

All data that support the findings of this study are available from the corre-552

sponding author upon reasonable request.553

19



References554

[1] Kallenbach, A. et al. Impurity seeding for tokamak power exhaust: from555

present devices via ITER to DEMO. Plasma Phys. Contr. Fus. 55,556

124041-1240 (2013).557

[2] Maisonnier, D. et al. Power plant conceptual studies in Europe. Nucl. Fus.558

47, 1524-1532 (2007).559

[3] Eich, T. et al., Scaling of the tokamak near the scrape-off layer H-mode560

power width and implications for ITER. Nucl. Fus. 53, 093031 (2013).561

[4] Rieth, M. et al. Recent progress in research on tungsten materials for562

nuclear fusion applications in Europe. J. Nucl. Mat. 432, 482-500 (2013).563

[5] Pitts, R.A. et al. A full tungsten divertor for ITER: Physics issues and564

design status. J. Nucl. Mat. 438, S48-S56 (2013).565

[6] van Eden, G.G. et al. The effect of high-flux H plasma exposure with566

simultaneous transient heat loads on tungsten surface damage and power567

handling. Nucl. Fus. 54. 123010 (2014).568

[7] Nagayama, Y. Liquid lithium divertor system for fusion reactor. Fus. Eng.569

Des. 84, 1380-1383 (2009).570

[8] Mattas, R. et al. ALPS-advanced limiter-divertor plasma-facing systems.571

Fus. Eng. Des. 49-50, 127-134 (2000).572

[9] Gilligan, J., Hahn, D., & Mohanti, R. Vapor shielding of surfaces subjected573

to high heat fluxes during a plasma disruption. J. Nucl. Mat 162-164,574

957-963 (1989).575

[10] Sizyuk, T. & Hassanein, A. Scaling mechanisms of vapour/plasma shield-576

ing from laser-produced plasmas to magnetic fusion regimes. Nucl. Fus.577

54, 023004 (2014).578

[11] van Eden, G.G. et al. Self-regulated plasma heat flux mitigation due to579

liquid Sn vapor shielding. Phys. Rev. Lett. 16, 135002 (2016).580

[12] Hutchinson, I.H. Principles of Plasma Diagnostics 2nd edn, (Cambridge581

University Press, 2001).582

[13] Stangeby, P. The Plasma Boundary of Magnetic Fusion Devices 1st edn,583

(IOP Publishing Ltd, 2000).584

[14] Ohno, N. et al. Static and dynamic behaviour of plasma detachment in the585

divertor simulator experiment NAGDIS-II. Nucl. Fus. 41, 1055 (2001).586
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