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Multi-wall carbon nanotubes were fabricated in cathodic vacuum arc, in which the pure graphite was used 

as a cathode and stainless-steel vacuum chamber was used as an anode. First, the arc with a constant current of 

50 A was ignited for approximately 0.8 s without magnetic field and the cathode spot motion was recorded by 

a video. After the discharge, the crater created by the cathode spot was microscopically observed. ~umerous 

carbon nanotubes were observed at the position where the arc might be extinguished. Then the arc was ignited 

with an external magnetic field parallel to the cathode surface for approximately 1.6 s in order to drive the 

cathode spot to retrograde direction and to specify the extinguished position of the arc. Again numerous 

nanotubes were observed at the extinguished position. The nanotubes were hardly observed at other area. 

These results indicate that two, different processes on the nanotube growth in cathodic vacuum arc can be pos

sibly considered. 
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1. mTRODUCTIO~ 

Since the carbon nanotube was found in the cathode 

deposit in arc discharge [1 ], numerous numbers of re

searches have been concentrated on the low-pressure arc 

with homoelectrode system, namely graphite (C) cath

ode and C anode [2], [3]. However, the formation 

mechanism of carbon nanotube in the carbon arc method 

is still unclear. 

Recently, the authors have utilized the low-pressure 

arc with the heteroelectrode system, and shown that the 

multi-wall carbon nanotubes (MW~T) were synthesized 

by the cathode spot and that anodic phenomena is not 

essential to produce MWNT in carbon arc method [4]. 

Consequently they have employed the cathodic vacuum 

arc, in which the anode is inert, and it has been found 

that the cathodic vacuum arc also produces MWNT at 

the crater that produced by the cathode spot [5], [6]. 

Moreover, potential of the cathodic arc to produce the 

macrodroplets having nanotubes, called nanotube sea 

urchin, and diamond-like carbon (DLC) film embedding 

MW~T were demonstrated [6]. However, in the previ

ous studies, they have not paid attention on the cathode 
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spot movement. 

In the present study, first, the crater produced by the 

cathode spot in a vacuum arc without magnetic field was 

more carefully observed than previously. Then the cath

ode spot crater was created when the magnetic field 

parallel to the cathode surface was applied in order to 

drive the cathode spot and to specify the crater site. 

From these experiments, the position and timing of 

MW~T growth were identified. 

2. EXPERIMENTAL 

Experimental setup is shown in Fig.l. A cathode of 

pure graphite plate (approximately, 10 mm x 15 mm, 1 

mm thick) was placed in the cylindrical vacuum cham

ber (200 mm in diameter, 300 mm in length), which was 

made of stainless steel (SUS304) and used as an anode. 

Two permanent magnet plates sandwiched the cathode 

plate in order to apply the magnetic field parallel to the 

cathode surface. The chamber was once evacuated down 

to 0.01 Pa by a turbomolecular and rotary pump, and 

then helium (He) gas was filled until the pressure be

came 0.5 Pa. The arc was ignited using a mechanical 
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Fig. 1. Schematic diagram of cathodic vac

uum arc with applying magnetic field 

parallel to cathode surface. 

Current 
cathode 

Fig. 2. lllustration of potential hump on 

cathode spot surface and retrograde 

motion of cathode spot. 

triggering system with a molybdenum (Mo) electrode (3 

mm in diameter) and powered by a constant-current DC 

inverter power supply. Arc current was 50 A The arc 

was extinguished after approximately 1 s of ignition by 

turning the power supply off. Applied magnetic flux 

density was approximately 4 mT at the arcing position. 

The cathode spot motion was monitored using a video 

camera (Sony, CCD-TRlOOO) with neutral density fil

ters. 

When the arc is operated at the pressure more than 

approximately 1 kPa (namely, so-called high- and 

low-pressure arc) under applying the parallel magnetic 

field, the cathode spot was moved to the direction fol

lowed by the Laurentzian rule, since the cathode spot 

was dragged by the motion of the pinched dense arc 

column. On the other hand, in cathodiC vacuum arc, the 

cathode spot was moved to retrograde direction under 

Fig. 3. Micrograph of the cathode spot crater 

created by the arc without magnetic field 

and cathode spot motion was overlapped 

(discharge time: 0.8 s, arc voltage: 24 V). 

(a) 

(b) 

Fig. 4. HR-SEM micrograph of the crater 

surface of Fig. 3. Fig. (a) shows an 

enlarged image of the position A in 

Fig. 3, and (b) shows that of other po

sition. 

the magnetic field, since the repetitive creation of new 

cathode spot occurs at the side where ions bombard from 

the potential pump of ion cloud, as shown in Fig. 2 

[7]-[9]. Such arcs, namely the arc driven by the mag

netic field are so-called steered arc or running arc. 

Mter the arc discharge, the cathode surface was 
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Fig. 5. Micrograph of the cathode spot cra

ter created by the arc with 4-mT mag

netic field (discharge time: 1.6 s, arc 

voltage: 28 V). 

(a) 

(b) 

Fig. 6. HR-SEM micrograph of the crater 

surface of Fig. 5. Fig. (a) shows an 

enlarged image of the position B, and 

(b) shows that of other position. 

observed using a digital hi-scope (Hirox Co. Ltd., 

KH-2400), a scanning electron microscope (SEM; Jeol, 

JSM-6300) and a high-resolution scanning electron mi

croscope (HR-SEM; Topcon, ABT-150F). 

3. RESULTS AND DISCUSSION 

3.1 Without magnetic filed (random-walk arc) 

Fig. 3 shows the overall view of the crater that was 

created by the cathode spot of the arc without magnetic 

field, taken by the digital hi-scope. The cathode spot 

motion is roughly overlapped, traced from the video 

recording. The cathode spot moved randomly on the 

surface. Arrow A shows the crater where the arc might 

be extinguished. In this crater, numerous nanotubes were 

observed, as shown in Fig. 4 (a). However, at other posi

tion of the cathode spot crater, only globules with ripples 

on the surface, but no nanotubes, were observed, as 

shown in Fig. 4 (b). 

3.2 With magnetic field (running arc) 

In order to specify the position where the arc was 

extinguished, the magnetic field was applied on the 

cathode surface, as shown in Fig. 1. The overall image 

of the cathode spot crater is shown in Fig. 5. The trace of 

the cathode spot crater was almost straight, and moved 

to reverse direction against the direction expected from 

Laurentzian rule [9]. The arc was extinguished at the 

bottom position, arrowed by B. Numerous nanotubes 

were again observed only here, as shown in Fig. 6 (a). 

The typical image of the surface of other crater is shown 

in Fig. 6 (b). This morphology is just same as the image 

of Fig. 4 (b). 

3.3 Possible nanotube growth process 

From above two experiments, obvious fact is that in 

the cathodic vacuum arc, the nanotubes stay on the sur

face of cathode spot crater where the arc has been ex

tinguished. This fact brings two different processes on 

nanotube growth, which can be considered as follows. 

First model of the process mechanism is that when 

the arc was extinguished, the ions in the potential hump 

region are attracted to the cathode surface and those ions 

form nanotubes, as shown in Fig. 7 (a). Therefore, the 

nanotubes were observed only at the position where the 

arc is extinguished. However, this model is not consis

tent with the fact that the nanotubes can be observed on 

the surface of macrodroplets, which are emitted during 

the arc burning [6]. 

Second model is that the nanotubes are generated 

during the creation of new cathode spot site, as shown in 

Fig 7 (b). When the cathode spot is fully developed, the 

cathode spot destroys the nanotubes by its high tem

perature and/or emits the macrodroplets with nanotubes 
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Fig. 7. Possible nanotube-growth processes. 

Fig. (a) is the model that nanotubes form 

during the arc-quenching period. Fig. (b) 

shows the model that nanotubes form 

during the creation of new cathode spot 

site. 

by its explosive attribute. Thus the nanotubes are mostly 

observed at final site of the arc. However, this model 

involves a difficulty to explain the fact that some nano

tubes can be observed outside the cathode spot crater of 

the final position, but not outside the crater of other 

crater position. 

4. CONCLUSIONS 

In cathodic vacuum arc using graphite cathode, nu

merous carbon nanotubes (multi-walled) were observed 

at the cathode spot crater where the arc was extinguished, 

for both arcs with and without magnetic field, namely, 

random-walk arc and running arc. Two possible process 

models on nanotube growth in cathodic arc were pre

sented. However, both models cannot explain all phe

nomena. Further investigation is definitely required base 

on cathodic physics. 
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