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Abstract 
 

The paper introduce the experimental dates of nonambipolar plasma flow, due to arcs and sparks, as mechanism of power 
exhaust, leading to a very high heat load. The ecton mechanism of electron emission results in the pulsed-periodic ignition of the 
explosive electron emission (EEE) events providing high enough electron current from the metal surface. Unlike standard 
thermionic emission, such mechanism can dramatically increase electron emission and, as a result, sparks and arcs activity, leads 
to a surface overheating and melting. Such phenomenon have been observed in experiments on the T-10 tokamak with ITER-grade 
tungsten (W) poloidal limiter under a powerful plasma electron cyclotron resonance heating (ECRH) and plasma ring shifted inside. 
The interior W tiles were heated up to temperature exceeded 2000 0C, estimated local thermal load were 40 MW/m2, leading to 
surface melting. Analysis shows, that the W surface overheating can explained by nonambipolar flow due to the arcs and especially 
sparks effects only. The reason of such phenomenon can be plasma-turbulence-driven fluctuations of particle and energy flux to 
the plasma-modified surface. The report analyzes consequences for ITER the EEE appearance on the divertor W surface - the 
sharpening of SOL power width distribution, parallel to the magnetic field – q; the melting of the W leading edges of divertor 
targets and the recrystallization of the W surface as a result of the superheated liquid metal droplets appearance. Melt tungsten can 
be subject to J × B force. EEE can lead to the erosion enhancement of the divertor plates. Micro-explosions lead to droplets, which, 
like dust particles, can effectively deliver impurities to the central region of the plasma. 

 
 
 

The paper, on the basis of experimental data, demonstrate that taking into account the nonambipolarity of 
the particles flow onto the ITER divertor plates can lead to a significant increase in the calculated heat flux to these 
plates. 

As examples, experiments [1] and simulation of ITER divertor plate erosion [2] shows that repetitive ELM 
events increase the probability of arcing ignition with the injection tungsten impurity (neutral vapor, molten and 
solid droplets). Moreover, arcs can grow and eventually create hot spot. These have dominant thermal or burst-type 
electron emission with substantial amount of tungsten impurities into the plasma.  

When modeling the energy and particles balance in ITER, an ambipolar plasma flow usually used on the 
divertor plates and the first wall [3]. In fact, the parameters of plasma-wall interaction, laid into the models, are not 
obvious, and the calculated heat flux to divertor plates surfaces is minimal. Taking into account the nonambipolarity 
of plasma flow will lead to an increase in the heat flux to the divertor plates. The nonambipolar nature of the particle 
flux in tokamaks occurs at large  electric fields cross the SOL, in regimes with the accelerated electrons in SOL, in 
thermal emission of electrons, as well as in the ignition of arcs. As shown by experiments [4], arcs formation can 
drastically change the conditions of heat flowing in tokamak.  
 
Experimental conditions 
 

Strong heating of the inner part of the poloidal graphite limiter was discovered back in 2000 on the T-10 
tokamak in discharges with powerful ECR heating and shifting inside the plasma column. This regime led to 
improved plasma confinement [5]. In this regimes, the inner part of the circular graphite limiter was heated to 
temperatures exceeding 2000 0C. Estimation of heat flux to the inner part gives value near 50 MW / m2. A feature of 
this mode was a strong arc erosion of the end surface of the limiter and the formation of deep cracks on the lateral 
surface. 

A similar phenomenon was discovered on T-10 many years later, in 2016, after the replacement of the 
graphite limiter by tungsten limiter [4]. Russian tungsten supplied for ITER used, Again, as then, with the shift of 
the plasma column inside and the powerful ECRH, big part of energy with conduction and convection flowed to 
inner part of limiter. The heating of the tiles initially took place slowly, and then the temperature increased rapidly, 
even “explosively”. Tungsten tiles on the inner part of the circular limiter were heated to a temperature much higher 
than 2000 0C (Fig. 1). Estimates of the energy flux to this tiles by different methods gave a value no less than 20 - 40 
MW/m2. As shown by post-mortem analysis, this resulted in melting of the limiter tiles edge. 
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Cracking, arcing, sparking, melting and recrystallization 
 

After the first series of experiments (near 50 plasma shots), a characteristic metallic luster of the melted 
surface on the tile edge and many deep cracks on the ion and electron side of tiles were found (Fig. 2a). The feature 
was that the cracks extended to the opposite end of the tiles, on distance much longer than the characteristic length 
of the energy drop λq. It was also found that the edges of the cracks were melted on electron side of tile, and this was 
especially developed near the end face. (Fig 2b). After the following T-10 campaigns, a network of cracks formed 
and the cracks widened and deepened more and more (Fig. 2b). The width and depth of the cracks reached 200 μm 
and 500 μm, respectively. 

At one time it was found that the area of crack formation was covered with arcs craters. In this case, tracks 
as “herringbone”-type of unipolar arcs, traditionally arise on the walls of a tokamak vacuum chamber, were not 
observed. A careful analysis of the craters has shown that they can be divided into two types - deep, cylindrical type 
- with sizes from 10 to 100 microns (from powerful arcs) (Fig. 3) and saucer-shaped craters with dimensions of 0.5-
20 μm (from sparking) (Fig. 4). This two types of arcs differed in the distribution over the tile surface. The saucer-
shaped craters covered the full surface on both sides of the limiter, the deep ones - mostly the ion side and were 
located along the cracks (Fig. 3c). The saucer-shaped craters formed a large group of closely spaced craters, on the 
contrary the deep craters were spaced apart at a marked distance.  

The ion and electron sides of the tiles were flooded with recrystallized tungsten, covered with cracks and 
craters. On the contrary, on the end face of the tiles facing the plasma, there were practically no deep craters, no 
deep cracks. Only recrystallized tungsten with a pronounced domain structure. Some area of the recrystallized 
surface near the edge of the tiles and located between the cracks, flaked (Fig. 5). The characteristic size of such 
flakes is 100 μm. The depth of the recrystallized layer is up to 200 μm. The end edges of the tiles were melted and 
motion of melted droplets along the surface was detected (Fig. 6). 

 
Discussions 
 

As noted previously, the nonambipolarity of the plasma flow to the limiter surface can lead to a significant 
increase in the heat flux, compared to the ambipolar plasma flow regime. 

The main parameter of energy and particle flow is the Debye potential U. The heat flux in simplified form 
is usually written in the form Q = γIiTe, where Ii is ion flux, Te is the electron temperature, γ is the so-called sheath 
transmission factor. It can be found from the kinetic description of sheath and pre-sheath and the interaction of the 
particles with the Debye potential, which forms at any contact between a solid wall and plasma: 

γ  2  

The value of γ equals – 6.8 for classical ambipolar particles flow; ~ 10 for slightly nonambipolar flow in 
tokamaks: < 23 for termoionic emission and > 25 up to 400 for arcing, slide away electron in SOL, or Debye 
potential decreasing. 

The quasineutrality effect of the plasma flow on the limiter surface result in the fact, that the cold electrons, 
emitted from the surface, are replaced by hot electrons leading to the surface heating. That, in its turn, increases the 
thermionic flux and, accordingly, even more heats the surface. Effect with positive feedback. When arcing appears, 
there can be a "self-heating" of the surface to very high temperatures. Since in SOL power is collected from the total 
surface of the plasma column and with electron thermal conductivity is applied to the small area of limiter. The arc 
itself can not warm up the full area of the tile. It can make the flux of electrons from the SOL plasma to the limiter 
surface, which compensates the arc current, as its area exceeds by an order of magnitude the arc spot area. 
Additionally the temperature of electrons flowing from the plasma is more than an order of magnitude higher than 
the temperature of the arc electrons. 

The heating of the surface can especially occur under the explosive electron emission (EEE) during 
sparking, which provides so-called "Ecton” mechanism of electron emission. It ensure a large emission flux of 
electrons from cathod spot on metal surfaces [6].  Cathode spot consists of individual cells—explosive emission 
centres—that emit electrons by individual portions named ectons. The electron current in an ecton starts flowing as a 
result of overheating of the metal surface. An ecton consists of individual portions of electrons (1011– 1012 particles). 
The formation time is of the order of nanoseconds. 

The appearance of ecton emission leads to erosion of the surface, which is expressed in the formation of the 
crater, also leads to the appearance of an overheated liquid metal in the form of a jet and microdroplets and the 
appearance of a plasma jet [7]. Such a mechanism, in comparison with the standard thermionic emission, can 
significantly increase the electron emission and, as a result, arcs and sparks formation, which will lead to 
overheating of the surface and its melting. 

The main reason for the occurrence of such sparking can be plasma turbulent oscillations of the particle and 
energy flux onto a plasma-modified surface. The arcing craters observed on the surface are from ~ 1 μm to ~ 100 
μm in a diameter. For craters of about ~ 10 μm in a diameter, thermal diffusion time is estimated as t ~ r2 /  ~ 1 μs 
supposing thermal diffusivity  ~ 1 cm2/s. This time of t ~ 1 μs is essentially less than the typical temporal scales of 
the large-scale plasma density and the electric field of turbulence which is of 10  100 μs [8]. Such conditions are 
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favorable for the explosive pulses ignition [7]. The mechanism of explosive electron emission can cause the energy 
input and heating of the limiter to a large depth inside the SOL, in comparison with the λq. And be responsible for 
the appearance of deep cracks on the tile surface. 

The time dependence of radiation from the surface of the tiles, with the ECRH switching-on, may indicate 
start of heating since the appearance of the arcs. Estimations by different methods of heat flow to the tiles surface 
yield a value of 20-40 MW/m2. Melting (Tmelt = 3695 0K), and subsequent recrystallization of tungsten, leads to the 
formation of cracks in this layer, which can cause further cracking of the bulk tungsten. Sparking leads to a "rain" of 
melted micro-droplets of tungsten on the surface and the formation of a thin layer of superheated melted layer. It is 
known, that in such conditions, arcs and sparks appear easier. The large tungsten droplets formed at the edge of the 
tiles move under the J × B forces, as well as in [9]. Explosive electron emission intensifies the erosion of limiter and 
divertor plates. 

 
Such a heating mechanism in the ITER divertor is especially dangerous for the "leading edge" of tungsten 

plates, where a parallel heat flux reaches up to 200 MW/m2. 
 
Therefore, it is important to study this mechanism experimentally and to simulate the results of the 

nonambipolar plasma flow in calculations of energy balance to ITER. 
 
 
  

  
 
 
 
 
 

       a)                               b)                      c) 
 
Fig. 1. Cross-section of T-10 plasma column: schematic view (a), limiter contour (b), heating of inner tiles (c). 
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(a)     (b) 
Fig. 2. T-10 tungsten tiles after near 100 plasma shots: – ion side (visible view) (а)  electron side (SEM) (b). 
 

  
(a)                  (b) 

Fig. 3. Arcing in ion-side of tungsten tile, SEM view: ignition on the cracks (a) and chain of craters (b). 
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  (a)                (b)                                       (c) 
Fig. 4. Sparking on electron-side of tungsten tile (a), saucer-shaped craters (b), craters on recrystallized  tungsten (c).  
 

 
 
 
 
 
 

Fig.5. Cracks on recrystallized tungsten 
 

 
 
 
 
 
 
 
 

a)                                                            b) 
Fig. 6. Melt motion from ion-side (a) and electron side (b) of tungsten tile. 
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