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In recent experiments, clear transitions in velocity and trail width of an arc spot initiated on

nanostructured tungsten were observed on the boundary of the thick and thin nanostructured layer

regions. The velocity of arc spot was significantly decreased on the thick nanostructured region. It

was suggested that the grouping decreased the velocity of arc spot. In this study, we try to explain the

phenomena using a simple random walk model that has properties of directionality and self-

avoidance. And grouping feature was added by installing an attractive force between spot cells with

dealing with multi-spots. It was revealed that an entanglement of arc spot cells decreased the spot ve-

locity, and spot cells tend to stamp at the same location many times. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4904917]

I. INTRODUCTION

Arcing phenomena are deeply related with various fields

of research including high-power circuit interrupter,1 mate-

rial deposition of protective coatings and thin films,2 switch-

ing devices to control electric current flow,3 breakdown

phenomena in high-energy accelerators,4 and plasma wall

interaction in nuclear fusion devices.5 Despite of its long his-

tory of investigation,6,7 there still exist not well-known fea-

tures in arc spots, e.g., motion of arc spots in magnetic

field8,9 and grouping of arc spot cells.10–12

Recently, with a usage of nanostructured metal (tung-

sten), several new features of arcing have been revealed. For

example, an unipolar arcing was initiated in a controlled way

in laboratory plasma devices,13–15 magnetic field dependence

of self-affine fractality has been clearly identified,16 and

grouping feature of arcing was observed on the arc trail.17

The advantage of the usage of the nanostructured medium is

likely to be in the changes in some physical properties. An

increase of the field electron emission current and a decrease

of the thermal conductivity18 make it easier to initiate arcing,

and by a significant change in the optical reflectance, trail

can be clearly recorded on the surface containing a clear

footprint of arc spot.

In recent experiments, clear transitions in velocity and

trail width were observed on the boundary of the thick and

thin nanostructure layer.19 The velocity of arc spot was signif-

icantly decreased on the thick nanostructured region, suggest-

ing that the formation of grouping decreased the velocity of

arc spot. The experimental results exhibited interesting and

essential characteristics in grouping feature of arc spot cells.

Earlier, we attempted to interpret the experimental results by

considering the processes occurring during the operation of an

individual cell of the cathode spot of a vacuum arc19,20 in the

context of the explosive-emission center (ecton) model of a

cathode spot.21 It has been shown that as a spot cell moves to

a thick nanostructured layer, the size of the crater it leaves

increases and its velocity decreases. However, these parame-

ters also depend on the unknown current carried by the cell.

Also, the model used gives no way to consider possible group-

ing of cells in an individual cathode spot and the complicated

trajectory of motion of the spot observed in experiments.

Grouping of spot cells is possible due to favorable conditions

of their operation in the immediate vicinity to each other.12

As the cell current and the exact number of cells in a spot are

unknown, we here consider the motion of such “grouped”

cathode spots.

In this study, we try to explain the phenomena using a

random walk model. Previously, the motion of arc spots on

the nanostructured tungsten was modeled with a random

walk model that has directionality, self-avoidance, and bifur-

cation features.16 In this study, by expanding the model,

grouping feature is installed. It will be shown from the simu-

lation that an entanglement of spot cells alters the global

motion of arc spots significantly and provides possible expla-

nation for the experimental observation. In Sec. II, after a

brief summary of the experiments using special configuration

with a sample having two different nanostructured thickness

regions, the random walk model used in this study is

described. In Sec. III, results and discussion are provided,

and conclusions are given in Sec. IV.

II. PREPARATIONS

A. Essence of experiments

Here, a brief review of the previous experiment and

detailed scanning electron microscope (SEM) analysis of the

samples are given. Arcing experiments were conducted in

the linear plasma device NAGDIS-II. Figure 1(a) shows a

schematic of the experimental setup. A stationary plasma

was produced using a discharge gas of helium at the pressure

of several mTorr by dc arc discharge. An LaB6 disk heateda)Electronic mail: kajita.shin@nagoya-u.jp
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from the backside with a carbon filament is used for cathode,

and a DC arc discharge produces plasmas in steady state.

Along with the magnetic field line with the strength of

0.05 T formed by solenoidal coils, the helium plasma pro-

duced in the source region was diffused to the downstream.

The plasma production region was approximately 1.5 m

away from the position where an arcing electrode was in-

stalled. The typical electron density and temperature of the

stationary plasma are 1019 m�3 and 5 eV, respectively, in the

downstream region. The arcing is initiated on the tungsten

electrode positioned in the downstream region. From recent

spectroscopic measurement results, the density and tempera-

ture of unipolar arc spot initiated on tungsten are likely to be

approximately 1020 and 0.5–0.7 eV, respectively.22 To trig-

ger the arcing, a pulsed laser irradiated the sample, while the

sample was negatively biased by an electric power supply.

Although it is possible to trigger arcing even when the target

is at the floating potential (the case corresponds to unipolar

arcing), the target was negatively biased from external to

make it easier to trigger arcing in this study. An arc spot was

produced from the laser irradiated position, and it freely runs

on the surface in the retrograde, i.e., �j � B, direction. It is

interesting to note that the electrode is surrounded by the sta-

tionary plasma when the arcing is initiated, and a current

loop is formed through the plasma. In the present study, the

arc current was limited by the power supply and was �4 A.

Another unique point addressed about the experiments

is the morphology of the electrode. Figure 1(b) shows a cross

sectional SEM micrograph of the electrode. When tungsten

is exposed to the helium plasma, nanostructures were formed

on the surface.23 The helium plasma irradiation leads to the

formation of nanosized helium bubbles near the surface, and

the growth of the helium bubbles leads to the formation of

nanostructures. The width of the fiberform structure is

approximately 20–30 nm. The thickness of the nanostruc-

tured layer can be controlled by the helium fluence to the

surface. The formation of the nanostructures makes it easier

to initiate arcing in response to pulsed heat loads, probably

because of an increase in the field emission current density

and a decrease in the thermal conductivity. To observe the

influence of the layer thickness on the arcing behavior, we

covered half of the sample when the sample was exposed to

the helium plasma. The sample used in the experiments had

two regions with different helium fluences. The initiated arc

spots were observed with a fast framing camera and the arc

trail was observed by SEM after the experiment.

Figure 2(a) shows the SEM micrograph of the arc trail

around the boundary between thick and thin nanostructured

layer parts. The thickness of the nanostructured layer was

approximately 4 lm at the thick nanostructure layer region

and 1 lm at the thin nanostructure layer region. Hereafter,

the two regions are called thick and thin regions, respec-

tively. It is seen that the width of the trail on the thick region

was significantly wider than that on the thin region.

Figure 2(b) shows the distributions of the trail width in

the thick and thin regions. On the thin region, the width is

typically several tens of micrometer, while it has a broad dis-

tribution from 200 to 600 lm in the thick region. Trail width

was deduced from the widest part of the trail, i.e., maximum

consecutive black pixels in vertical direction in Fig. 2(a).

Figures 2(c) and 2(d) show the average trail width and veloc-

ity, respectively, on the thin and thick regions. The velocity

was deduced from the fast framing camera observation of

the arc spots. The trail width became wider on the thick

region by a factor of 8, and the spot velocity decreased by a

factor of 7.

Figures 3(a) and 3(b) show the SEM micrographs of the

arc trail on the thin region. Trail basically moves in a form

of a single spot. On the arc trail, since the amount of the

electron emission decreased, the brightness of the SEM

images decreased. On the arc trail, there are many black dots

representing pinholes on the surface even after the arc spot

destroyed the fine structures. Figures 4(a) and 4(b) show the

SEM micrographs of the arc trail on the thick region. The

inside structure can be observed from the SEM micrographs.

On the thick region, the trail was formed by a congregation

of smaller spot traces; it shows the grouping feature of the

spot same as the trail shown in Ref. 17. The wider trail is

composed of smaller arc trails with the width of �10 lm.

Moreover, as seen in Fig. 4(a), difference in the contrast can

FIG. 1. (a) A schematic of the experimental setup and (b) an SEM micro-

graph of He irradiated W sample.
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be identified even inside the trail, indicating that the surface

morphology is different by location. In some parts, the sur-

face totally melted, while other part has droplets on fine

structures. Since the melted part would have lower electron

emission, the SEM image became darker. On the location

where melting is significant, pinholes cannot be identified on

the surface.

B. Model

Since arc spot motion is essentially viewed as a random

walk, a Monte Carlo simulation has been used to explain the

motion. Previously, to explain the motion of spot cell on

nanostructured tungsten, a random walk model that includes

FIG. 2. (a) Arc trail recorded on the nanostructured W, (b) distributions of

the trail width, (c) the averaged trail width, and (d) the averaged spot veloc-

ity on the thick and thin nanostructured layer.

FIG. 3. SEM micrographs of the arc trail on the thin region.

FIG. 4. SEM micrographs of the arc trail on the thick region.
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directionality, self-avoiding effect, and bifurcation was

developed.16 Figure 5(a) shows a schematic illustrating a

two dimensional random walk model. The location of the

spot cell is represented as a black colored cell. The cell can

move in adjacent four cells, namely, þx, �x, þy, and �y
directions. In a normal random walk model, the spot cell

moves in the four directions at same probability. Here, to

quantitatively discuss the probability, relative probabilities

to move the four directions are introduced as Rþx; R�x; Rþy,

and R�y, respectively. The actual probability to þx direction,

for example, is written as

Pþx ¼
Rþx

Rþx þ R�x þ Rþy þ R�y
: (1)

When the cell has directionality, the probability to the direc-

tion was increased.

Figure 5(b) illustrates 3� 3 cells with the number of

stamping, Nst. In the left figure, the spot cell is in the left in

the center cell, and the number of stamping in all the other

cell is zero. When it moves to the center cell, the number of

stamping in the center cell becomes one. Because the

nanostructures are destroyed by arcing and it makes it diffi-

cult to initiate arcing at the same location, self-avoiding

effect is taken into account. For a complete self-avoiding

random walk model, spot cell cannot move to the location

where Nst > 0. In reality, however, since it is likely that arc-

ing can reignite also on the location where nanostructures

were destroyed, we decreased the relative probability to

move the location, rather than to use a complete self-

avoiding model. Also, split of cell has been observed in

experiments, and in the previous model, to introduce the phe-

nomena to the random walk model, probabilities of bifurca-

tion and extinction of a cell were defined.

In this study, to introduce grouping feature, multi-spot

model with attractive force between spot cells is introduced

without extinction and bifurcation of cells. Directionality

was introduced by increasing the probability to move þx
direction. The relation between the field strength and the

increase in the probability for directionality was discussed in

Ref. 24; the increase in the probability was �7.5% when the

magnetic field strength was 0.05 T. Considering the fact that

the probability can be varied by the influence of the bifurca-

tion, etc., we simply increase Rþx by 10%.

Usually, if there are wires with the electric current in the

same direction, they attract each other. However, for arc

spots, it is not so simple to explain the attractive force. For

example, an arc spot moves retrograde (�j�B) direction.

Various mechanisms are proposed to explain the phenomena.

At the moment, it is likely that magnetic pressure formed

with the combination of the arc spot current and external

field may play a role to move that direction.25 In that sense,

the spot cells do not attract each other, in the same manner

as their retrograde motion. It is likely that a decrease in the

magnetic pressure between arc spot cells takes place, and it

acts as a repulsive force, not an attractive force. We can

specify a repulsion force that is proportional to 1/r, where r
is the distance between the two cells, since the retrograde ve-

locity vretr is proportional to the external magnetic field

strength B,26 and B decreases with r as B / I=r, where I is

the cell current.

On the other hand, from the observation of arc spot and

trails, apparent attraction takes place between spot cells as

well, if we take into account that the motion of spot is essen-

tially not the motion of the spot as a whole but ignition and

death of its cells. The ignition probability is increased by the

overlap of the plasmas, the density of which decreases with

the distance from the spot center. Roughly, it can be assumed

that the probability increases with the density, ne and

ne / 1=r2. The choice of this relation was dictated by that

the probability of initiation of a new ecton during the interac-

tion of the cathode plasma with the cathode surface is sub-

stantially determined by the plasma density27–29 and that the

plasma expansion from the cathode spot region is nearly

spherically symmetric.30 Here, we assume that the new cath-

ode spot cell is initiated by the interaction of the erosion

plasma with the surface of the electrode in contrast to Refs.

31 and 32, where the possibility of thermal instability of the

metallic surface at the interaction with the ambient plasma

was examined. Erosive plasma density is much higher,

which leads to an increase in emission current31 and

FIG. 5. Schematics for explaining the model of spot motion. (a)–(c) are for

explaining the probability of the motion of a spot cell, attractive force

between spots, and the number of stamp times, respectively.
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transition to explosive electron emission. Assuming that two

spots have the same plasma density, the attractive force satis-

fies the following relation:

Fatt /
1

r2
: (2)

When the number of the spot cell, Nsp, is more than two, the

attractive force for the ith arc cell can be written as

Fi
att / �

X

j 6¼i

1

jrijj2
rij

jrijj
; (3)

where rij is the vector of which the direction is from the ith
to jth cell with the magnitude of the distance between the

two spot cells. To include this force in the model, the proba-

bility to move the direction should be increased in proportion

to the force presented in Eq. (3). For that purpose, a coeffi-

cient G is installed to connect the force in Eq. (3) and an

increase in the probability.

Figure 5(c) shows a schematic illustrating the attractive

force between cells. When the attractive force is introduced,

the relative probability toward a cell is increased by

�
X

j6¼i

G

jrijj2
rij

jrijj
; (4)

where G is the attractive force coefficient and the number of

cell is used instead of using the real distance. An increase in

G results in the increase of the probability of the initiation of

cells closed to each other and consequently the increase the

spot cell density. Therefore, conceptually, the parameter G
represents the level of grouping properties of cathode spot.

Concerning self-avoiding effect, it was introduced by

decreasing probability to move to the location where Nst> 0

by a factor of 10. In the model, collisions between the spot

cells were avoided. When another spot cell exists at the adja-

cent cell, the movement to the direction is prohibited. When

the spot cell number increased, the movable direction of a

spot cell could be decreased if other cells surrounded it.

FIG. 6. Calculated trails of random spots. The attractive force coefficient was (a) G¼ 30, (b) G¼ 100, and (c) G¼ 200. The spot number is five and the number

of steps was 200 000 for each spot.
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III. RESULTS AND DISCUSSION

Figure 6 shows some typical calculated trails for the

number of spot cells, Nsp, of five with the number of step of

200 000. The attractive force coefficient G in Figs. 6(a)–6(c)

was 30, 100, and 200, respectively. When G¼ 30, spot

moves almost randomly without any strong interaction

between spot cells. When G¼ 100, the trail length decreased

to less than half that at G¼ 30, though the spot cells seem to

move randomly. When G¼ 200, all the five spot cells were

entangled together, and a darker line with Nst was formed.

Enlarged trail for G¼ 200 is shown in Fig. 6(d), in which the

maximum contrast corresponds to one order higher Nst of

100. On the trail, Nst is basically less than ten; it is greater

than 100 in some places.

It is identified that spots cells entangled with each other

and form grouping when increasing the attractive force

between spot cells. In the following part, the features of the

trail are investigated with changing the attractive force and

the number of spot cells from the perspective of the velocity

and width of the grouped arc spots and Nst, and discussion is

given with a comparison to the experimental results.

A. Velocity and width

Figure 7(a) shows the trail length in x direction as a

function of G for different Nsp, i.e., 3, 5, and 10, after the run

of 200 000 steps. The trail length significantly decreased

with increasing G. It seems that there is a threshold in G to

form grouping, and the threshold increases with Nsp. When

Nsp ¼ 3, the length started to decrease from G¼ 10, while

the length did not change until G¼ 100 for Nsp ¼ 10. In the

random walk simulation, assuming that the time of a step,

i.e., re-ignition time, is not altered even when Nsp increases,

the decrease in the length corresponds to the decrease in the

velocity. Thus, the result exhibits that an entanglement of

spot cells occurs and decreases the global velocity of the

spot when the attractive force exceeds some level, which

increases with the number of spot cells. In experiments, the

trail velocity was decreased by a factor of 8. In Fig. 7, the

length shortened roughly by an order of magnitude when G
was sufficiently greater for all Nsp.

Figure 7(b) shows the trail width as a function of G.

Trail width was deduced from the widest part of the trail and

averaged over the whole trail, the same as in Fig. 2(b). When

Nsp ¼ 1, the average width was �9, as indicated with a dot-

ted line in Fig. 7(b). Although the trail width increased with

increasing Nsp, it did not have a clear dependence on G. In

other words, in the present model, the width of the trail does

not change even when spot cells entangle and form a group,

though it can be increased when Nsp is increased. For Nsp ¼
5 and 10, the averaged width was increased to 20–25 and

25–32, respectively; the width increased up to a factor of

3.5. The reasons to cause the discrepancy between the

experiments and simulation will be discussed later.

B. Increase in the number of stamping

Figure 8 shows the number of cells where arc spots are

formed as a function of Nst for G¼ 30, 100, and 200 for

Nsp ¼ 5. From Fig. 7(a), transition occurred from G¼ 30 to

200, and the trail length decreased from 6500 to less than

1000. Spot cells did not entangle at all at G¼ 30, while they

completely grouped at G¼ 200. The profiles of the number

of spot cells significantly altered before and after the forma-

tion of grouping. Without grouping, it has a steep profile

with a short tail. On the other hand, the distribution became

flatter with a tail at greater Nst with increasing G.

Figure 9 shows the averaged Nst as a function of G for

Nsp ¼ 3, 5, and 10. Without grouping, the averaged Nst was
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less than two. However, it significantly increased when the

grouping was formed. When Nsp ¼ 5, the averaged Nst satu-

rated at �30, while it continuously increased with G when

Nsp ¼ 3 and 10 and is greater than 100.

When G is small, i.e., here G¼ 30, and the attractive

force is not large enough to change the motion of spot cells

around, spot cells hardly move to locations where Nst> 0,

meaning that they behave in a self-avoiding manner. On the

other hand, when the attractive force becomes large enough

to change the motion of the spot cells around, the attractive

force dominates the self-avoiding effect and spot cells can

move to locations where Nsp > 0.

C. Discussion

By the introduction of the attractive force, an entangle-

ment of spot cells was realized. It was shown that the entan-

glement can decrease the spot velocity and increase Nst.

Physically, this is because the entanglement of spot cells

decreases the influence of directionality and self-avoiding

effect. In other words, the grouping can increase the number

of re-stamping at a place and decrease the velocity. In

experiments, at the trail of grouped spots, nanostructured

layer was totally eliminated, though single spot can remain

some of the nanostructured part. This may be caused by the

increase in the number of stamping. Also, from the simula-

tion, it was shown that the increase in Nsp increases the width

of the trail. Here, a comparison is made between the simula-

tion results and experimental observation.

Considering the fact that the velocity decreased by a fac-

tor of 7 in experiments, the corresponding G in the simula-

tion is �100 for Nspot ¼ 3, >200 for Nspot ¼ 5, and �500 for

Nspot ¼ 10, from Fig. 6(a). That is, when attractive force is

large enough and entanglement occurs, the reduction ratio of

the global spot velocity in the simulation is consistent with

that observed in the experiments. With increasing Nsp,

greater attractive force is required to form the entanglement.

This is partly because the attractive force from various direc-

tions can cancel out each other and some spots can be

released from the entanglement. At the corresponding G

values, i.e., G � 100 for Nspot ¼ 3, G> 200 for Nspot ¼ 5,

and G � 500 for Nspot ¼ 10, the averaged Nst is almost the

same at 30–50 even when the number of spots is different.

This indicates that the number of stamping can be an order

of magnitude greater when spot entanglement takes place

under the present experimental condition. In the experi-

ments, the thick nanostructures were fully destroyed and the

layer was eliminated totally. The thickness of the eroded

layer can be an order of magnitude greater on the thick

region. It may be caused by the fact that the re-ignition of

spot cells occurs at the same locations more than ten times

due to the formation of the spot entanglement.

Our calculations have suggested that the principal cause

of the decrease in velocity of a cathode spot as it arrives at a

thick nanostructured layer is an increase in parameter G. As

noted above, increasing the parameter G increases the cell

density in the cathode spot. When the cells become closer to

each other, the spot trajectory becomes more intricate and

the velocity of its directional motion as a whole decreases.

The reason for this is that as a cell is lost, a new one can arise

only in a place free from other cells, which can occur most

probably either at the edge of the spot or in the region where

the spot cells were already operated. This is due to that the

operation of a cell several times in one place of a nanostruc-

tured layer destroys the layer incompletely, as distinct from

the thin region. The proposed model is supported by experi-

mental data on the motion of a cathode spot on a thin-film

cathode with variable film thickness in an external magnetic

field, as seen in Ref. 35. In Ref. 35, a single cathode spot

consisting of several cells operated in the region with a

larger film thickness (high G, see Fig. 6(c)), while it disinte-

grated into a number of independent spots when the spot

came in the region with a smaller film thickness (low G, see

Fig. 6).

On the arc trail in the thick region, nanostructures were

totally disappeared and molten traces remained on the sur-

face, as seen in Fig. 4. The melting and vaporization of the

nanostructured layer were caused by the processes that the

spot operated several times on one place in the thick region.

This led to intense surface heating of the bulk cathode and

formation of a molten-metal pool, promoting for re-ignition

of the spot cells.33,34 In Fig. 4, we can see overlapping of

spot trails, which is characteristic of second-type spots oper-

ating on clean metal surfaces.7,34 When an arc operates on a

nanostructured surface, the probability of initiation of new

cathode spots depends not only on the cathode plasma den-

sity but also on the geometry of individual nanofibers. In this

case, the operation of the arc is similar in many respects to

that of an arc with first-type cathode spots spaced some dis-

tance from each other, moving, however, randomly and

directionally (in the tangential magnetic field), with substan-

tially higher velocities. In this connection, the increase in pa-

rameter G on arrival of cathode spots at a thick

nanostructured layer can be accounted for by that they start

behaving like second-type spots, when nanostructured layer

is totally destroyed.

Concerning the width, Fig. 7(b) indicated that the

greater number of spot cells is necessary to explain the

enhancement of the width by a factor of 8. The width of the

1

2

4

6
8

10

2

4

6
8

100

2

4

6
8

1000
A

ve
ra

ge
 n

um
be

r o
f s

ta
m

pi
ng

3 4 5 6
10

2 3 4 5 6
100

2 3 4 5 6
1000

2 3

G

 Nspot=10
 Nspot=5
 Nspot=3

FIG. 9. The averaged Nst as a function of G for Nsp ¼ 3, 5, and 10.

233302-7 Kajita et al. J. Appl. Phys. 116, 233302 (2014)



trail of a cathode spot can also depend on the spot cell size.

In the foregoing, we supposed that the spot cell size is the

same for thick and thin regions. Also, the discrepancy might

be caused by the fact that the present model does not well

simulate the actual spot motion in some parts. One possibil-

ity is in the widening of the trail by a spot split, which was

not included in this study. In the previous study, the bifurca-

tion increases the fractal dimension of the trail,16 suggesting

that it can also increase the width. Also, in the present study,

extinction of the spot was not included. Bifurcation and

extinction, which should occur in the actual situation, change

the Nst and width. Other possibility is in the modeling of

self-avoiding effects. Although the re-ignition probability

was decreased by a factor of 10 when Nst > 0 in the calcula-

tion, it might decrease with Nst in actual situation and the

reduction in the re-ignition probability could be much greater

than ten if Nst is higher. In this study, even if the spot cell

was surrounded by the cells where Nst � 10, it should move

somewhere; in the actual situation, the spot could extinct,

and another new spot might appear by bifurcation at the

point where Nst ¼ 0. If those effects could be introduced to

the model, the width of the trail could be increased several

times and be closer to experimental results. It is expected

that those detailed investigations will be conducted in future

with further experimental evidences.

IV. CONCLUSIONS

In this study, a grouping feature of arc spots, which can

significantly alter the spot velocity and erosion rate of elec-

trode materials, was modeled with using a random walk sim-

ulation. This study provided an insight of spot grouping

phenomena assuming that an attractive force acts between

spot cells. This investigation was initiated from the experi-

mental observation recently reported,19 in which arc spot

motions were investigated on a tungsten sample with nano-

structures formed by helium plasma irradiation. The sample

had two regions: one part had 1 lm thick nanostructure layer

(thick region), while the other part had 4 lm thick nanostruc-

ture layer (thin region). The spot cells form grouping on the

thick region, while single spot cell moves randomly on the

thin region. From the first framing camera observation, the

spot velocity decreased on the thick region by a factor of 7.

And the trail width recorded on the sample increased on the

thick region by a factor of 8. From the SEM observation, the

nanostructures were totally destructed on the thick region.

On the other hand, on the thin region, some fine structures

still remained even after the arc spot destroyed the

structures.

To model the grouping feature of arc spot cells, an

attractive force was introduced to a random walk model

based on Monte Carlo method, assuming that the density

profile, i.e., ignition probability, had a profile with 1/r2 de-

pendence, where r is the distance between two spot cells. It

is demonstrated that an entanglement of spot cells occurs

and spot cells moves together with forming a group when the

attractive force between spot cells is sufficiently strong.

When the entanglement takes place, the spot velocity signifi-

cantly decreased and the number of stamping times

significantly increased. Without entanglement, the self-

avoiding effects, i.e., spot cells does not move to the

locations where cathode spot was initiated before, and direc-

tionality, i.e., spot cells tend to move in some direction, well

appeared in the simulation results. However, when spot cells

entangle each other, the attractive force between spot cells

dominates the self-avoiding effects and directionality.

Consequently, the spot velocity decreases and the spot can

move to locations where arc spot had been initiated. When

the velocity decreased by a factor of 7, the number of stamp-

ing times can be roughly 30–50 times. The increase in the

number of stamping times can be one of the reasons to

enhance the erosion and significant destruction of nanostruc-

tures on the thick region. The width of the trail can increase

with the size and the number of the spots.

The experimental and simulation results would provide

important perspective for grouping phenomena. In nuclear

fusion devices, the database about the erosion rate of mate-

rial by arcing would be necessary to predict the material life-

time, and the grouping feature significantly changes the

erosion rate. Because the nanostructures are possibly formed

on the material surface on the plasma facing components,

the present experiments directly correspond to the situation.

For the future study, it will be of importance to observe the

level of grouping under various conditions and material

experimentally and investigate the physics behind the attrac-

tive force with the help of theoretical and simulation studies.
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