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Abstract:
This paper assesses the impact of arcing in fusion devices based on the observations in JT-
60U, LHD, and the linear divertor simulator NAGDIS-II. In NAGDIS-II, the demonstration
experiments of arcing/unipolar arcing have been conducted by simulating the transient heat
load using a pulsed laser; it was found that the arcing can be easily initiated on the helium
irradiated nanostructured tungsten. By measuring the field emission current property from
the helium irradiated tungsten surface, the initiation conditions are discussed. From the
detailed analysis of JT-60U tiles, it is found that arcing phenomena occurred on carbon
baffle plates. From the observation of the arc trails recorded on the baffle plate, the amount
of the eroded materials is discussed. The arcing seemed to occur frequently on inner baffles
rather than the outer baffles. From LHD, it is shown that the arcing can be initiated on
nanostructured tungsten even without transient events. The erosion of tungsten by arcing
will become an important issue in a fusion reactor, where helium fluence is significantly
increased.

1 Introduction

Arcing in fusion devices had been extensively investigated from 1970’s [1, 2]. Since arcing
can be an impurity sources, there is a concern that the core performance could be dete-
riorated if arcing would occur frequently. Federici et al. pointed out that arcing may be
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important in the divertor, but the insufficient data from current tokamaks exist to reli-
ably extrapolate to an ITER class device [3]. Recently, the arcing issue has been brought
about from new points[4, 5]: one is the transients accompanied with edge localized modes
(ELMs) and the other is the surface morphology change, especially nanostructurization,
by plasma irradiation. That is the perturbations in plasmas and surface smoothness can
enhance the initiation of arcing. Indeed, arcing has been recently reported from ASDEX
Upgrade [6, 7], where arcings were initiated on tungsten, probably in response to ELMs.
The arcing has been observed

To understand the impact of arcing in fusion devices, it is necessary to assess the
erosion of material by arcing, since the estimation is difficult at present because of the
lack of experimental data [3]. Thus, it is of important to collect the information of arcing
in the present tokamak devices. Moreover, it is necessary to understand the initiation
conditions of arcing from the plasma side and material side. In this paper, the impact of
arcing in fusion devices is discussed based on the experimental observations in a linear
device, JT-60U, and LHD.

2 Initiation of Arcing
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FIG. 1: Field electron emission current as a function of the applied electric field strength
from a nanostructured tungsten and polished bulk tungsten. Inset shows the FN plot.

The initiation condition and behavior of arc spot was demonstrated in detail in the
linear divertor simulator NAGDIS-II [8, 9]. In future fusion devices including ITER,
materials are exposed to helium ions. Thus, in NAGDIS-II, the nanostructure tungsten
exposed to helium plasma was used for the experiments. A pulsed laser (λ=694.7 nm)
was used to mimic the transient heat load while the sample was exposed to the helium
plasma. The pulse width was ∼0.5 ms, which was similar to the Type-I ELMs. From
the experiments in NAGDIS-II, the necessary averaged laser pulse energy to ignite arcing
was approximately 0.01 MJm−2 [8] when the nanostructure was formed on the surface by
the helium plasma irradiation. Even taking into account the spikes of the laser pulse, the
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necessary energy to ignite arcing seemed more than one order of magnitude lower than
the mitigated type-I ELMs in ITER such as 0.5 MJm−2. Thus, it raises a concern that the
arcing is also triggered by small plasma heat load due to the type-II or type-III ELMs in
ITER if the nanostructures are formed on the surface. Moreover, after the nanostructure
was formed on the surface, the arcing was initiated even when the electron density was
lower than 1017 m−3.

An electron emission process is thought to be important on the initiation of arcing.
The emission process is thermo-field emission in which thermionic emission was corrected
by including the Schottky effect. To investigate the properties of the electron emission
process, field emission from the nanostructured tungsten was measured. Figure 1 shows
the electron current as a function of the applied electric field strength from a nanostruc-
tured tungsten and polished bulk tungsten. The experiments were conducted in vacuum
with the background pressure of ∼10−4 Pa. The nanostructured tungsten was formed in
the linear plasma device NAGDIS-II. The irradiation was conducted with the ion energy
of ∼ 60 eV, the surface temperature of 1500 K, and the helium fluence of 2.2 ×1025 m−2.
The nanostructure was fully developed on the surface. For the nanostructured tungsten,
the current increased significantly around the field strength of 20 V/µm. The turn on
voltage was ∼ 15 V/µm. It is seen that the field emission current from the nanostruc-
tured tungsten is significantly greater than that from a polished bulk tungsten surface.
The Fowler-Nordheim (FN) plot of the relation between the current and field strength
is shown in the inset of Fig. 1. The field enhancement factor can be obtained from the
slope of the plot [10]. The field enhancement factor was estimated to be ∼200 for the
nanostructured tungsten. The value is not so high compared with the bulk materials,
which is usually 50–100 [11]. Thus, the increase in the current indicated the increase in
the effective emission area.

Thermo-field emission current was theoretically investigated in [12], and the current
density can be calculated with the field strength, surface temperature, and work function.
The calculation included a slightly complicated integral process and simplified approxi-
mation have been proposed [13]; in this paper, the field strength is calculated from the
original equation in [12]. The field strength in front of the surface is determined by the
sheath. The field strength is calculated by using the Poisson equation with the input pa-
rameters of current density and the temperature of the plasma. In Fig. 2(a) and (b), the
thermo-field emission current is plotted as a function of the plasma density and surface
temperature. The work function was assumed to be that of the bulk tungsten of 4.5 eV.
The electron temperature and ion temperature are assumed to be the same and 1 eV in
(a) and 30 eV in (b). The field enhancement factor was assumed to be 200; the current
density is the local current density where field emission can easily occur. When the tem-
perature is 30 eV, the current density becomes 107 A/m2 at the density of 1020 m−3 even
when the surface temperature is lower than 1000 K. The current density is comparable
to the thermo electron emission around the melting point. When the density is 1021 at
the temperature of 30 eV, the current density exceeds 1013 which is six order greater than
that at the density of 1020 m−3.

When the material is subjected to the plasma accompanied with ELMs, it is specu-
lated that the density can exceed 1021 m−3 and the temperature is not so low, say higher
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FIG. 2: The thermo-field emission current is plotted as a function of the plasma density
and surface temperature. The work function was assumed to be that of the bulk tungsten
of 4.5 eV. The electron temperature and ion temperature are assumed to be (a) 1 eV and
(b) 30 eV. The field enhancement factor was assumed to be 200.

than 10 eV. Moreover, when the material is subjected to the transient heat load, the
surface temperature can rise correspondingly. When the nanostructure is formed on the
surface, an abnormal surface temperature rise can occur [14], because the surface diffusiv-
ity near the surface decrease significantly. The increase in the surface temperature may
also contribute to the increase in the thermo-field electron emission. Such a great current
can lead to explosive electron emission process and trigger arcing [15].

3 Observation of arc trails in JT-60U

Figure 3(b) and (c) optical microscope micrographs of the inner baffle tiles located at the
positions shown in a schematic of Fig. 3(a). It was found that there are many trails that
always run vertical direction, which is perpendicular to the magnetic field. The width of
the trails is different from place to place, and the width seems greater than 1 mm in some
part.

Figure 4(a) and (b) shows a laser scanning microscope micrograph of the baffle tile
of JT-60U. (a) is the image and (b) is the depth profile at the same position. It is seen
that the roughness is enhanced on the arc trail and the depth becomes deep, say several
tens of micrometer, in some positions. In Fig. 4(c) and (d), the depth profile indicated
as lines in Fig. 4, are presented. From the depth profile shown in Fig. 4(c), it is found
that eroded depth is several tens of micrometers in some parts, where the deposited layer
seemed to be peeled off. On the other hand, without peeling off, the erosion did not seem
significant, though the surface roughness was enhanced by the arcing, as seen in Fig. 4(d).

All the baffle tiles of one toroidal section (∼ 20◦) was observed visually and investigated
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whether arcing was initiated on the surface. Since the surface was only checked visually,
only clear arc trails were identified. It is found that arcing was initiated more frequently
on the inner baffles rather than the outer baffles. Moreover, on the outer baffles, the
arcing was observed only in a distant position from the plasma. The fact that the arcing
was initiated more frequently on the inner baffles compared with outer baffles may be
attributed to deposition layer. Since depositions tend to occur on inner baffles compared
to the fact that the erosion occurs on outer baffles [16], arcing was initiated more frequently
compared with on the outer baffle. It is generally accepted that arcing occurred frequently
on deposition dominant region. However, it is still strange that the arc trails were observed
in a distant region on the outer baffles. The region is so distance from the plasma; it would
be very rare that the baffles at those positions are exposed to high density plasmas.

2 mm

(a)

(b) (c)

FIG. 3: (b) and (c) are the optical microscope micrographs of the inner baffle tiles located
at the positions shown in a schematic of Fig. 3(a).

Assuming that the dust was composed of carbon and the arc trail was formed in half
the tile length, the size and the mass were roughly estimated to be 0.5 × 100 × 0.015 mm
and 0.7 mg, respectively. By sputtering, on the other hand, since the total ion flux to the
inner and outer divertor plates is in the range from 2 × 1022 to 2 × 1023s−1 for W-shape
divertor configuration in JT-60U [18], assuming that the sputtering yield was 5 % and the
prompt deposition rate is approximately 70 %[19], the erosion rate is assessed to be 6-60
mg/s. Assuming that that the flux to the outer divertor tiles is half of the total flux, the
erosion rate from the outer divertor tiles is obtained as 3-30 mg/s. From the measurement
of the erosion profiles of carbon tiles used in the W-shaped divertor of JT-60U, it was
roughly assessed that the averaged erosion rate was 10 mg/s from the outer divertor tiles
[16]; the value is not contradict with the one assessed from the sputtering, i.e. 3-30 mg/s.
Thus, it seemed that the arcing cannot surpass the sputtering for carbon based material
unless arcing is initiated very frequently, say higher than 10 Hz. Although quantitative
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investigation is difficult at present, from the visual observation of the arc trails on the
baffles, it is unlikely that the arcing was initiated so frequently in JT-60U.
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FIG. 4: (a) A laser scanning microscope micrograph of carbon baffle plate of JT-60U. (b)
The depth profile of the surface measured by the laser scanning microscope.

4 Initiation of arcing in LHD

The nanostructured tungsten, which was fabricated in NAGDIS, was exposed to the LHD
divertor plasma for 2 s. After the exposure to the LHD plasma, interestingly, the arcing
was initiated even without any transient events, supporting the view that the arcing is
easily initiated on the nanostructured tungsten surface. In Fig 5(a), the white area in
the picture of the sample after the experiment indicates the area where arc spots run
on the surface. Because the magnetic field direction was special and almost normal to
the surface, the spot moves freely without feeling the magnetic field effect; the fractality
measured using a box-counting method was almost two, indicating that the motion was
similar to the Brownian motion. From the number of white area in Fig. 5(a), roughly, 25

Figure 5(b) shows the depth profile measured with a laser scanning microscope. It is
seen that the eroded depth is approximately 1 µm, and the width of the trail is slightly less
than 10 µ. From a mass loss measurement by Nishijima et al. [20], it was estimated that
the porosity was approximately 0.9 when the thickness of the nanostructured layer is 1 µm.
In addition, from the arc trail analysis using transmission electron microscopy (TEM),
it was found that roughly half the nanostructured tungsten layer was still remained on
the surface for single spot arc trail [8]. Summarizing these, it is estimated that 150 µg of
tungsten was roughly released by arcing from the nanostructured layer. Compared with
the erosion of carbon based material in JT-60U, the eroded amount is less; however, the
impact should be greater considering the fact that the permissible amount of tungsten in
the core is much less than that of carbon. In the present situation, the arc spot moves
randomly free of influence from the magnetic field. The arc spot will move linearly and
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be terminated at the edge of the plate when the plate is not normal to the magnetic field.
For future work, it is of interest to conduct arc experiments in the similar situation but
the magnetic field line is obliquely hit the plate.
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FIG. 5: (a) A optical microscope image exposed to the LHD plasma. (b) A depth profile
of arc trail measured with a laser scanning microscope.

5 Conclusions

In this study, the arcing issue in nuclear fusion devices is presented from the linear plasma
device NAGDIS-II, JT-60U, and LHD. From NAGDIS-II, the initiation process was inves-
tigated in terms of the electron field emission. It was found that the electron field emission
increases as changing the morphology by a helium plasma irradiation. Even though the
field enhancement factor is not much increased, the increase in the field emission current
should increase the probability to initiate arcing.

From the laser scanning microscope observation of the arc trails recorded on JT-60U
tiles, the amount of the erosion by arcing was estimated and compared with the erosion
by sputtering. Since the erosion occurred from the deposited layer, which is composed
of primarily carbon, it is thought that the arcing cannot be surpass the sputtering if the
arcing occurs frequently, say like 10 Hz. Thus, it is said that, in JT-60U, erosion by arcing
had a minor effects.

From LHD, the arcing was initiated on nanostructured tungsten even without transient
events. It is estimated that 150 µg of tungsten was roughly released by arcing from the
nanostructured layer. In future fusion reactors, since the helium fluence to tungsten is
significantly increased, the nanostructures can be formed on the surface. As we pointed
out in this work, arcing can be initiated frequently without large transient events on the
nanostructured surface; the erosion of tungsten by arcing becomes an important issue.
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