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AbstrAct.
The ITER-Like Wall recently installed in JET comprises solid beryllium limiters and a combination 
of bulk tungsten and tungsten-coated carbon fibre composite divertor tiles without active cooling. 
During a beryllium power handling qualification experiment performed in limiter configuration 
with 5MW NBI input power, accidental beryllium melt events, melt layer motion and splashing 
were observed locally on few beryllium limiters at the plasma contact areas. The Lorentz force is 
responsible for the observed melt layer movement. To move liquid beryllium against the gravity 
force, the current flowing from the plasma perpendicularly to the limiter surface must be higher 
than 6kA/m2. The thermo-emission current at the melting point of beryllium is much lower. The 
upward motion of the liquid beryllium against gravity can be due to a combination of the Lorentz 
force from the secondary electron emission and plasma pressure force. 

1. IntroductIon
Beryllium, a low Z metal, is selected as a plasma-facing material for the first wall armour in ITER 
[1]. In spite of good thermo-mechanical properties giving the capability to handle a few MW/m2, 
beryllium has a low melting point of 1285°C and a high vapour pressure of 5Pa at the melting point. 
Under melt events, which were observed early in the ISX-B tokamak − one of the first experiments 
with beryllium limiters [2] − liquid beryllium can be moved by gravity, surface tension, plasma 
pressure and Lorentz forces acting conjointly. The liquid metal motion causes an enhanced erosion 
of the wall component and can reduce the power handling capability because shape alteration 
leads to hot spot formation. Melting events were also observed on JET in earlier experiments with 
beryllium tiles [3]. The ITER-Like Wall (ILW) recently installed in JET comprises solid beryllium 
limiters with a power handling of 4 – 6MW/m2 and a combination of bulk tungsten and tungsten-
coated carbon fibre composite divertor tiles without active cooling [4]. JET ILW provides a unique 
opportunity to study beryllium power handling at its limit to gain an experience with beryllium 
melt events, which is necessary for controllable operation of future fusion devices.

2. ExpErImEntAl 
A beryllium power handling experiment [5] performed in limiter configuration with 5MW NBI 
input power over 10s was carried in JET in order to verify the design values of the poloidal limiters 
[6,7]. The beryllium poloidal limiters with inertial cooling should be capable of withstanding the 
power flux of 6MW/m2 during 10s without melting for a starting base temperature below 400°C 
[7]. The plasma configurations with plasma limited either by 10 inner guard wall limiters (IGWL) 
or by 8 wide outer poloidal limiters (WOPL). Power fluxes to the 8Z beryllium limiter (one of 
the IGWL located in octant 8 of the JET torus) were measured with help of the near infrared
(l = 3.99 mm) camera [8]. To increase power flux onto the IGWL, the plasma in the Pulse No: 83620 
(the evolution of plasma parameters of the discharge shown in figure 1) was positioned slightly 
above the mid-plane as shown in figure 2 that reduced a plasma contact area due to a poloidal 
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shape of the IGWL. The maximum surface temperature and power flux to the 8Z limiter reached 
respectively ≈980°C and ≈3MW/m2. Unexpectedly, at about 12.3s, the plasma radiation power 
started to increase periodically. The plasma radiation bursts correlated with sawtooth oscillations 
and was accompanied by a periodical increase of the beryllium (mainly Be II (467nm) line) emission 
on the top of 8Z and adjacent 8X beryllium limiters measured by means of the wide view CCD 
colour camera (the blue frame was only used) as seen in figure 1. Zeff was also slightly increased 
from 1.7 to 2 during these events, which points out almost 50% increase of the beryllium density in 
the plasma. The wide view near infrared (l= 1 mm)  CCD camera used for the wall protection [9] 
detected a hot spot at the plasma contact area on the 8X limiter with a temperature above 1150°C. 
Images of the near infrared CCD camera showed the appearance of the local volumetric emission 
near 8X limiter during spikes of Be II line emission. These events lasted about 1s until a plasma 
disruption occurred at 13.5 s, which was caused by mode-locking. Visual inspection with the help 
of an in-vessel video inspection system performed after this experiment showed significant local 
melting on the apex of several beryllium limiters, both IGWL and WOPL. High resolution images 
of all limiters were taken at the start of the shutdown for JET maintenance. The melting areas of 
4X and 8X IGWL beryllium limiters are shown in figure 3. The melting areas of upper part 6D 
and mid part 7B WOPL beryllium limiters are shown in figure 4. The major melting areas are on 
the tangential limiter surfaces where the magnetic last closed flux surface (LCFS) touches the 
limiter apex. The traces of the beryllium jets originated from major melt regions are well seen on 
these high resolution images. Molten beryllium moved upwards on IGWL and moved downwards 
on WOPL. The liquid beryllium travelled over significant distances on IGWL passing across the 
0.35mm castellation and 2 – 3mm tile gaps, sometimes jumping over a distance of about 2 cm. The 
jet propagation angles were 7.5°, 10.5°–17° and 14°, 21.5°, 23.7° with respect to the IWGL and 
WOPL beam vertical axis respectively. To summarise, the melting certainly occurred in the Pulse 
No: 83620 for displayed IGWL and this melting was accompanied with periodical fast melt layer 
motion and beryllium droplet injections into the plasma. The melting of the WOPL presumably 
happened, during discharge #83610 with the plasma limited on the low field side when the highest 
temperature on the 7D limiter was reached around 1100°C and the discharge was stopped by the 
wall protection system indicating too much power hitting the wall element. No evidence of melting 
on Zeff or plasma radiation was observed in this plasma discharge, therefore, there is probably 
no beryllium droplet injection into the plasma in this discharge. Unfortunately, there is no direct 
observation of the WOPL 6D limiter. 

3. dIscussIon
The upwards motion of liquid beryllium on the high field side limiters and downwards motion on 
the low field side limiters confirms the action of the Lorenz force and that the electrical currents 
flow from the plasma to the beryllium surface. One can estimate the required minimum value of 
this current so that the gravity force is compensated by the Lorentz force. Taking into account 
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that the local toroidal magnetic field was Bt
 = 2.73T and the density of beryllium at the melting 

point temperature is r = 1690kg/m3 [10], we get j⊥
 > r g/Bt

 = 6kA/m2. To define this current more 
accurately the traces of liquid beryllium jets on the limiter shown in figures 3 and 4 should be taken 
into account. The direction of liquid beryllium motion is defined by the direction of the net force 
due to the combined action of gravity force, Lorentz force and force induced by the plasma pressure. 
The force diagram is shown on figure 3 for the high field side and on figure 4 for the low field side. 
Taking into account that the angle between magnetic field lines and limiter surface is about of 5°, 
the propagation angle of a melt layer with thickness 1mm was calculated as a function of current 
density normal to the limiter surface and plasma pressure. The result of these calculations for IGWL 
and WOPL is shown in figure 5. The maximum power density at the melt areas of IGWL reached 
5MW/m2 probably due to small toroidal misalignment of the limiters or tile-to-tile misalignment. 
Taking into account that the plasma pressure estimated from the maximum heat flux density was 
about of 150–200Pa and the range of observed propagation angles of beryllium jets, one can 
find that the maximum possible current density normal to the melt layer surface should be below 
70kA/m2. The estimated current range of 6–70 kA/m2 is comparable with the ion saturation current 
to the surface. In the case of molten tungsten this current is the result of thermo-electron emission 
[11], which is strong enough (about 1MA/m2) to move liquid tungsten against gravity forces in 
the edge plasma when the magnetic field is higher than 0.15 T. The beryllium melts at much lower 
temperature and the thermo-electron emission current is very small at the melting point of beryllium. 
The Lorentz force exceeds the gravity force only at temperatures about 100K below the boiling 
point of beryllium, as seen on figure 6. The beryllium oxide has a higher thermo-electron emission 
but it is unlikely to be present on the beryllium surface exposed to the high deuterium plasma flux. 
In addition, the thermo-electron current from BeO would still be too small at the melting point of 
beryllium. Therefore, one can conclude that thermo-electron emission is not sufficient to explain 
the observed motion of the liquid beryllium. The limiter surfaces close to the LCFS collect plasma 
electrons and the total current should be directed from the surface to the plasma. Thus, the plasma 
halo currents cannot be responsible for this motion either. The observed liquid beryllium motion 
can be caused by currents due to the secondary electron emission. Similar liquid metal (stainless-
steel) motion was observed in [12] and also can be explained by the secondary emission currents. 
The effective secondary electron coefficient of plasma face materials close or above 1 was often 
observed in the scrape-off layer plasma of tokamaks [13, 14]. The secondary electron emission 
depends on the electron plasma temperature, magnetic field line inclination angle to the surface and 
sheath potential. In the case of the magnetic field line normal to the surface, effective secondary 
emission from beryllium exceeds 1 if the electron temperatures lie above 40eV [15]. The effective 
secondary electron emission coefficient reduces with angle between magnetic field and surface 
because the emitted secondary electrons promptly return to the surface due to their gyro-motions. 
The increase of the sheath potential also increases the probability to escape from the surface for 
the low energy secondary electrons due to the acceleration and drift in the sheath. As a result the 
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effective secondary emission at electron temperature Te=100 eV varies in the range 0.07 – 0.7 when 
sheath potential changes from 0 to –2.84 Te [16]. For the upper values of the sheath potential, the 
secondary emission current is comparable to the ion saturation current and strong enough to move 
the liquid beryllium against gravity. The electron temperatures increases during sawteeth crashes and, 
as a consequence, the secondary emission current will increase too, an effect which can explain the 
observed fast periodical motion of the molten beryllium. In addition, the presence of the impurities 
with high secondary emission coefficient such as beryllium oxide or nickel beryllide on beryllium 
surfaces could essentially increase the effective secondary emission coefficient. The observed liquid 
beryllium jet jumping (on the IWGL 4X seen on the figure 3) over large distances can be explained 
by the appearance of the current along the jet when the jet tip loses the electrical contact with a 
conducting surface. The secondary emission current collected by the jet tip will flow along the jet 
towards the good electrical contact point to the surface. The Lorentz force due to this longitudinal 
current pushes the melt jet back to the surface. The larger the detached part of the jet, the higher 
the longitudinal current and the quicker the jet will reattach back to the surface.

conclusIons
The thermo-electron emission current from pure beryllium at the melting point is not sufficient 
to explain the observed motion of liquid beryllium. The plasma halo current cannot explain this 
motion either because it has the opposite direction. The liquid beryllium motion can be caused by 
the current due to the secondary electron emission, which is high enough for electron temperature 
above 40 eV. The current along the liquid metal jet moving on the conducting surface prevents the 
detachment of the jet from the surface. After the melt damage, beryllium limiters could operate in 
divertor configuration without degradation of the plasma performance.
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Figure 1: Time evolution of plasma current Ip, line averaged electron density <ne>, effective plasma charge Zeff, 
radiated power Prad and beryllium (mainly Be II (467nm)) line intensity for the Pulse No: 83620.
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Figure 3: Molten 4X and 8X IWGL (inner wall guard 
limiters).

Figure 4: Molten 6D and 7B WOPL (wide outer poloidal 
limiters).
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Figure 2: Magnetic fields configuration, Pulse No: 83620 t = 13.3s.
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Figure 5: Calculated propagation angle of 1mm thick melt layer as a function of the current density to the surface and 
of the plasma pressure.

Figure 6: Calculated thermo-electron current for Be and BeO as a function of surface temperature.
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