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1.  Introduction

A carbon arc discharge with a consumable anode (so-
called anodic arc) is widely used for synthesis of carbon 
nanomaterials [1–3]. A typical arc setup consists of a 
graphite anode and a cathode made either from graphite or 
a metal [4, 5]. The heating by the arc causes intense evap-
oration of the anode and a portion of the ablated anode 
material is deposited on the cathode. The arc operates in an 
atmosphere of buffer gas, usually helium, but the plasma 
in the anodic arc with a graphite anode consists mainly 
from the evaporated carbon products. For the synthesis of 
fullerenes, the buffer gas pressure does not exceed 100–
200 torr [6, 7]. The arcs operating at higher pressures of 
about 500–600 torr are used for synthesis of multi-walled 
carbon nanotubes (MWNTs) [1, 2]. With the addition of 
metal catalysts, the atmospheric pressure carbon arcs can 
produce single wall nanotubes (SWNTs) [3]. Moreover, 
with the application of an external magnetic field, the arc 
discharge can produce graphene flakes [7]. For all these 
synthesis applications, the arc is usually operated in a cur
rent limited regime and the arc voltage is controlled by 
maintaining a constant gap of a few millimeters between 
the arc electrodes.

In spite of a wide use of short anodic arcs for synthesis 
applications, the arc operation in the presence of a strong 
anode ablation is not well understood. For example, in recent 
studies [4, 5, 8], we showed that for the arc with a graphite 
anode at a given arc current, there is a critical anode diameter 
larger than which, the ablation rate remains nearly constant 
with the anode diameter. For smaller anode diameters, the 
ablation rate increases much faster than it could be expected 
from the increase of the current density at the anode. A 
majority of the synthesis arc processes are implemented in 
this particular ablation regime. These arcs are known for a 
high yield production of nanotubes in volume, but with a very 
poor selectivity [9]. The characteristics of the produced nano-
tubes (e.g. size, aspect ratio) depend on the plasma parameters 
and on the nanotube residence time in the synthesis region 
[10–13]. In addition, during the arc operation, nanoparticles of 
different dimensions and structures can be produced including 
nanotubes, fullerenes and carbon nanoparticles etc. Hence, the 
arc stability can be important to maintain steady state genera-
tion of the charged and neutral particles and fluxes and heat 
fluxes involved in the synthesis processes, including nuclea-
tion and growth of nanoparticles and nanostructures [9, 12]. 
In this paper, we show that a typical carbon arc with a con-
sumed anode used for synthesis of carbon nanotubes is highly 
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unstable. The observed instability may contribute to mixing of 
nanoparticles causing a poor selectivity of the arc synthesis.

The arc instabilities that involve anode processes have been 
investigated for the low current (<5 A) high pressure arcs used 
in high intensity lighting devices and atmospheric pressure 
plasma torches [14–17]. Experimental studies show current 
and voltage oscillations correlated with the anode arc attach-
ment phenomena such as the displacement of the arc root and 
with the variations in the types of arc anode attachments from 
the diffuse to constricted or multiple attachments. Theoretical 
modeling efforts reveal the importance of including a region of 
the plasma column in the arc unstable behavior. According to 
[18], 3D models lead to unstable behaviors because they take 
into account the significant gradients exist in the arc plasma 
properties, the anode surface properties, and the gas proper-
ties and fluxes [18]. However, the existing 3D models do not 
take into account the high anode ablation or the resulting high 
gas and particle flows from the anode. Additional studies are 

needed for the medium currents (50–100 A) and short gaps 
relevant to the anodic arc used for the synthesis of nanomat
erials. In this paper, we propose a simplified model for the 
observed arc unstable behavior and consider some additional 
specific types of instabilities in the appendix.

2.  Experimental methods

The experiments were conducted using a carbon arc setup 
(figure 1) described elsewhere [4, 5, 8]. This setup consists of 
a graphite anode and a copper cathode. In the described exper-
iments, the cathode diameter was 5 cm and the anode diameter 
was varied from 0.3–1.2 cm. The discharge current was kept 
constant of 65 A. Depending on the anode diameter, the dis-
charge voltage was 20–30 V. This voltage includes the voltage 
drop across the electrodes and the arc discharge. The arc was 
operated with a helium buffer gas at a pressure of 500 torr.

Figure 1.  The diagram of the experimental setup shows the He filled chamber (500 torr), carbon anode—copper and cathode, the camera, 
and the spectrophotometer arrangements.

Figure 2.  A section of the OES spectrum of the arc. The spectrum shows the 563.5 nm A3Πg  −  X′3Πu Δν  =  +1 transitions used to 
determine the vibrational excitation temperature.
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During the arc operation, a cathode deposit is usually 
formed. This deposit serves as the actual cathode [4, 5]. 
The arc is initiated with the electrodes in contact with each 
other and the anode is then moved away from the cathode 
by a stepper motor. In the present experiments, the distance 
between the anode and the cathode deposit is maintained con-
stant by moving the anode relative to the stationary cathode 
as the anode ablates. The position of the anode is controlled 
by maintaining the set voltage between the electrodes using a 
Labview feedback loop. In a separate set of arc experiments 
with cathodes made from copper and graphite, it was con-
firmed that because of the formation of the cathode deposit, 
the arc operation is not sensitive to the cathode material. All 
measurements were taken 20–30 s after the arc ignition at a 

stable inter-electrode distance and all experimental conditions 
were repeated for consistency.

Synchronized electrical and optical emission spectr
oscopy (OES) measurements, and high speed imaging were 
used to investigate the arc operation. The spectra were 
measured using an OceanOptics HR4000 spectrophotom-
eter with 1 ms exposure and 1000 Hz repetition rate. Fast 
imaging was conducted using a Photronix FastCam video 
camera at 10 000–50 000 frames per second. Images were 
taken with a combination of an infrared cut-off and a 
470  ±  10 nm band pass filters. Each fast imaging sequence 
was about 2 s in duration taken approximately 30 s after the 
start of the arc. A mirror was placed behind the arc in such 
a way that the camera recorded the arc and its reflection at 

Figure 3.  Current and voltage oscillograms for an arc with a 6 mm anode (a) and the corresponding FFT results (b) and (c) showing the 
peak frequencies of about 200 Hz. AC coupling was used for these measurements. The arc settings were 27–32 V and 65 A.

J. Phys. D: Appl. Phys. 49 (2016) 345201



S Gershman and Y Raitses﻿

4

the same time (figure 1). Voltage and current measurements 
were taken using a Lecroy digital storage oscilloscope, and 
the current was measured across a 2 mΩ shunt resistor. The 
fast camera and the oscilloscope measurements were syn-
chronized using a National Instruments Data Acquisition 
system.

3.  Experimental results

The OES measurements confirmed that after the ignition 
process is completed, the arc burns primarily in carbon gas, 
as evident from the presence of C and C+ lines and C2 and 
C3 bands and a conspicuous absence of He lines. The elec-
tron excitation temperature was calculated assuming a local 
thermal equilibrium (LTE) and using Boltzmann plots for the 
C2 Swan band intensities (figure 2) [19–22]. The vibrational 
excitation temperature was determined to be 1.0  ±  0.2 eV. 
The gas temperature was estimated by fitting the continuum 
part of the spectra and using the Wien’s Displacement law to 
find the arc temperature. This method gave the temperature in 
the range of 4500–5000 K [23]. These values agree with the 
~4500 K rotational temperature determined by fitting the rota-
tional structure of the 519 nm C2 Swan band [17]. The results 
of OES measurements are used below for energy calculations 
in the arc plasma.

Even after the transient phase of the ignition, the arc 
exhibits unstable behavior that includes both arc current oscil-
lations and the movement of the arc column and the anode 
attachment region. This unstable behavior of a short anodic arc 

with high anode ablation has been characterized and reported 
here for the first time. We found a correlation between dis-
charge current and voltage oscillations and the arc movement. 
In particular, current and voltage measurements revealed 
non-stationary oscillations of 20% of the current amplitude 
and 10% of the voltage amplitude, both at frequencies of 
200–300 Hz as shown in figure  3. The high speed imaging 
revealed that the curved bright arc region is moving together 
with the bright anode region. For example, figure  4 shows 
single frames, 0.5 ms apart, selected from 10 000 frames per 
second imaging of an arc with a 0.6 cm diameter anode. These 
images show the curved arc column and the hot anode region 
moving together around the anode. Comparing the images of 
the anode side facing the anode with the simultaneous images 
of reflected image of the back of the anode, we confirmed the 
movement of the arc and the hot attachment region all the way 
around the anode.

ImageJ particle tracking and edge tracking functions were 
used to analyze the movement of the arc column and the 
anode bright region. These methods generate a plot of the 
position of the arc column and the anode hot region as func-
tions of time revealing oscillations with a frequency of 200–
300 Hz (figure 5) and the speed of the arc column motion 
in the range of 10 m s−1 for the 0.6 cm anode. Thus, the fast 
imaging and the synchronized current measurements reveal 
the same frequency of oscillations (figures 5 and 6). Isolating 
the movement of the anode hot region shows gradual move-
ment in a direction that is somewhat random. The speed of 
the movement of the boundary of the anode hot region deter-
mined by the edge tracking method is also in the range of 

Figure 4.  Snapshots, 0.5 ms apart, from a 10 000 frames per second fast imaging of an arc with a 6 mm anode. The snapshots show the 
curved arc column and the anode hot region moving around the anode.
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10 m s−1 (figure 7). In addition, videos also show the flow 
of material from the anode to the cathode at speeds in the 
range of 1–10 m s−1. This motion has been confirmed in 
repeated experiments in the high ablation mode observed for 
the 0.6 cm anode and 65 A current. Higher frequencies may 
be present with lower ablation for larger anode diameters or 
lower currents.

4.  Discussion

Investigations of arc instabilities have a long history and 
include arcs with currents ranging from milli-amperes to thou-
sands of amperes and pressures from high pressure to vacuum, 
arcs with various carrying gasses, flowing and stationary. The 
instabilities include variations in current and voltage as well as 
the movement of the arc. The mechanisms developed to under-
stand this behavior include the influence of the self-magnetic 
field, the influence of the heat balance in the arc, the interac-
tions of the arc with the cathode and/or the anode [14, 24–28, 
31–33]. In the present experiments, we observed a complex 
arc behavior including periodic and random components and 
involving the arc column and the anode. This behavior was 
not explained in previous studies because short anodic arcs 
were not well investigated and diagnosed in the past. We 
analyzed a number of typical arc instabilities driven by dif-
ferent mechanisms including electromagnetic, convection and 

thermal mechanisms [24–29]. Their brief analysis is given 
in appendix. We propose the negative differential resistance 
combined with a thermal mechanism as responsible for the 
observed unstable behavior of the carbon arc. These consider-
ations are based on the analysis of the electrical signal of the 
arc and on the comparison of the characteristic time scales of 
our experimental observations with time scales of the physical 
processes involved in some of these instabilities.

The process of heating, sublimation, and movement of 
the anode hot region can be divided into two phases. During 
the first phase, the heat supplied to the anode is balanced 
by the heat needed to increase the temperature of the anode 
attachment region to the sublimation temperature. During the 
second phase, the sublimation of the anode material leads to 
the cooling of the arc core and the movement of the arc. The 
speed of this movement is limited by the time it takes to heat a 
region of the anode to sublimation temperature.

4.1.  Physical mechanism of arc unstable behavior

The proposed physical mechanism of the observed motion 
of the arc is shown in figure 8. The plasma current heats the 
anode and leads to the sublimation of the anode material. The 
influx of low energy carbon vapor into the plasma reduces the 
conductivity in this region and hence the current density,
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where T( )σ  is the plasma conductivity as a function of plasma 
temperature, E is the electric field in the plasma column, and 
the second term is the diffusion component of the current. To 
determine the reasons for the decrease in the current density a 
full model of the plasma-electrode system is needed, which is 
beyond the scope of this paper. The reasons may include the 
reduction in the anode potential, the increase is the electron 
and ion collision rates with the influx of neutral particles due 
to the high ablation, and the decrease in the plasma temper
ature [25]. The observed 20% reduction in the plasma cur
rent (figure 3(a)) implies that the arc column moves without 
interruption in the discharge (at the time resolution of this 
experiment). As the current density in the center of the plasma 
decreases, the current density and the heat flux become higher 
in the outside region of the plasma channel and heat the sur-
face of the anode in this region. The peripheral region then 
becomes the new center of the plasma channel due to the 
expansion of the channel. The result is the movement of the 
anode hot region and the arc channel (figure 8). For the motion 
to occur, the time to restore the current in the original location 
should be longer than the time to increase the current in the 
new location. The lower conductivity in the original region 
means that to restore the current, either the voltage needs to 
increase or the gap between the electrodes needs to decrease. 
Recall that in our setup, the voltage is controlled by the stepper 
motor via a negative feedback. This stepper motor is too slow 
to respond to the 200–300 Hz oscillations in voltage (figure 3). 
The fast frame camera recorded no changes in the arc gap 
during the arc oscillations. Hence, the arc voltage and thereby, 

Figure 5.  The positions of the arc channel in each frame from the 
10 000 fps imaging of an arc with a 6 mm anode. (a) Shows the 
positions at various times and (b) shows the fast Fourier transform 
showing the dominant frequency of the arc motion (254 Hz).
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the arc current cannot be restored fast enough in the original 
location. The current continues to flow in the region of the 
arc adjacent to the cooled column and heats the plasma and 
the anode surface. This is certainly a simplified description of 
the arc oscillations, but it may explain the voltage and current 
oscillations measured in the arc discharge. It can be deduced 
from measured traces of figure 3 that in these oscillations arc 
demonstrates a negative differential resistance, dV/dI  <  0 
(~−50 mΩ) before the current reaches its maximum value 
(and presumably, maximum ablation), while the voltage drops 
to the minimum. After that, the arc is recovered restoring both 
the voltage and the current (figure 3(a)). Oscillations of both 
the arc current and the arc voltage have a similar type of the 
spectrum (figures 3(b) and (c)) with a characteristic rise time 
on the order of 0.1 ms.

In addition to the existence of a negative differential resist
ance, the proposed mechanism of the arc movement is sup-
ported by our estimations showing that the time to heat the 
new region of the anode matches the time scale of the arc 

movement observed in our experiments. For these estima-
tions, we adopt the approach used in the estimates of the 
thermal ablation of rocket nozzles as in [29]. If the arc moves 
continually around an anode of a radius, r, at a speed, v, then 
the maximum time each point of the anode is exposed to the 
heat flux from the plasma, is

t
r

v

2
,

π
=� (2)

which for the anode diameter of 0.6 cm and the measured 
speed of 10 m s−1, is about 2 ms. If the proposed model fits the 
experimental observations then this time should be sufficient 
to heat the anode attachment region to the graphite sublima-
tion temperature. To find this time, we calculate the evolution 
of the anode surface temperature at a point inside the arc 
attachment region. The process of heating, sublimation, and 
movement of the anode hot region can be divided into two 
stages. During the first stage, the heat supplied to the anode is 
balanced by the heat needed to increase the temperature of the 

Figure 6.  Positions of the arc channel correlated with the current oscillations. The camera frame rate was 25 000 fps. The positions of the 
arc channel were recorded using the ImageJ software. The current was measured across a 2 mΩ shunt resistor.

Figure 7.  Consecutive images of the anode hot region taken at 25 000 frames per second, 4  ×  10−4 s exposure time. The images are taken 
for a 6 mm anode. The images show the carbonaceous deposit on the cathode. The distance between the deposit and the anode is 2 mm. The 
arc column is dim in these images due to the choice of filters.
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anode attachment region to the sublimation temperature. This 
problem can be formulated as a one dimensional heating of an 
infinite slab if the Fourier number is much smaller than unity. 
The Fourier number is the ratio of heat conduction to storage, 
and a small Fourier number implies that the heated surface 
region is very thin compared to the size of the slab [30, 35]. 
The maximum Fourier number is

F
t

d
,

2

δ
=� (3)

where 1.3 10 cm s2 2 1δ = ⋅ − − , is thermal diffusivity for graphite 
at high temperatures [29] and d 0.2 cm≈ , is the diameter of 
the heated region. These values give F 10 3⩽ −  which means 
that we can consider the anode heating as a 1D heat diffusion 
problem, in z-direction only. The solution gives the temper
ature at a point and time, (z, t), which in turn gives the time for 
the anode at an initial temperature Ta, to reach the sublimation 
temperature, Ts:

t
k T T

q4 ˙
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2

2
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−
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To evaluate this time, we need to estimate the rate of heat flux 
to the surface of the anode. Assuming a Maxwellian electron 
energy distribution, the added energy flux rate to the anode,

q J k T V˙ 2 ,a B e a( )= +� (5)

Where J—is the plasma current, T 1 eVe = , is the electron 
temperature, and Va is the anode potential. Recent simulations 
have shown that the anode potential is positive for the short 
anodic arc with high ablation [11]. According to [11], the volt-
equivalent of the heat flux is V 10.7 Veff≈ , and

q
I V

˙
area

,a
arc eff≈� (6)

where, I 65 Aarc = , from the experiment, and the area is 
assumed to be the anode attachment region. This area was 
estimated from the images of the anode to be about 0.1 cm2 so 
the current density is about 650 A cm−2. Hence, the estimated 
heat flux is q̇ 7 10 W cma

3 2 ≈ × − . The remaining quanti
ties in equation  (4) are the thermal conductivity of graphite 

at high temperature, k  =  40 W mK−1 and the temperature 
change, T Ts a− . The sublimation temperature of graphite is, 
T 3700 Ks≈ , and Ta ~ 3200 K from the previous IR measure-
ments [5, 36]. This gives the heating time t 2 ms  ≈ . This 
time agrees with the estimates (above) based on the observed 
motion of the anode attachment region. Under such condi-
tions, a 0.2 cm diameter arc attachment to the anode passes 
around a 0.6 cm anode at a frequency of about 100–300 Hz. 
The frequencies obtained from the fast imaging results fall 
in this range. This is the slowest of the considered processes 
involved in the interactions of the plasma with the anode and 
as such it is going to dominate the arc motion. Hence, we sug-
gest that the anode heating is a likely the process which gov-
erns the characteristic time of the motion of the arc attachment 
to the anode.

4.2.  Energy balance in the plasma-anode region

The energy balance in the plasma—anode region, the region 
of the arc column that interacts with the anode surface, is as 
follows. The energy added to the plasma-anode region, q̇a, is 
given by equation (5) above, and the energy removed from the 
region is

q H k T E k T T
T

x
˙ 2 2 .r C v B C i B i rad a

4[ ]α α εσ κ= Γ + + + + Φ + +
∆
∆

� (7)

The energy removed includes the energy losses due to the sub-
limation of graphite, the energy lost to radiation emitted by 
the plasma column, the energy lost to radiation emitted by the 
hot anode, and the energy conducted by the anode material. 
Here, CΓ  is the carbon vapor flux due to ablation, H 7.3 eVv  ≈  
is the heat of vaporization (per particle) for graphite at high 
temperature [34, 35, 36], T 4500 5000 KC≈ −  is the gas 
temperature measured using OES, α is the degree of ioniz
ation, E 11.2 eVi =  is Carbon first ionization energy, Ti is the 
ion temperature in the plasma, ε is emissivity of graphite, 
σ is the Stephan–Boltzmann constant, Ta is the temperature 
of the anode, and κ is the thermal conductivity of graphite. 

Figure 8.  The diagram of the mechanism of the arc movement. The diagram shows the side view of the anode-plasma region with high 
intensity heating and ablation in the center, followed by the decrease in the energy flux to the surface in the center region and heating in 
the peripheral region, and resulting in the movement of the arc and anode attachment region. As the conductivity of the original arc column 
decreases, the voltage provided by the outside source remains the same. The figures show a time sequence of the arc movement from left to 
right.
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Numerical estimates of equation  (7) show that the energy 
losses are dominated by the heat of vaporization with some 
contribution from the anode cooling processes. Assuming 
local thermal equilibrium, Saha equation  for T 10 000 Ke≈  
gives the degree of ionization 0.1%α≈ . This low degree of 
ionization makes the contributions of ionization and heating 
of the ionized material insignificant compared to the heat of 
vaporization and heating of the neutral atoms. The energy 
lost to radiation is not significant for Te less than about 2 eV 
and hence can be neglected here. The anode cooling has been 
computed previously and contributes approximately 0.1 of the 
energy lost to evaporation [4, 5]. Hence, the energy removed 
can be simplified to

q H k T˙ 2 ,r C v B C[ ]= Γ + + Φ� (8)

Here Φ includes all contributions that add up to about 0.1 of 
the first term. The ablation rate was measured previously to 
be about 10 mg s−1 [4, 5]. Using the 0.10 cm2 measured anode 
attachment region as the ablating area, gives the particle flux, 

5 10 cm sC
21 2 1Γ ≈ × − − . Then q̇ 6.6 10 W cmr

3 2≈ × − , com-
pared to the above, q̇ 7 10 W cma

3 2≈ × − . This means that 
after the anode surface reaches the sublimation temperature, 
the energy flux is balanced, and the anode hot region is main-
tained at constant temperature during the ablation process, 
provided the energy input doesn’t change. The added energy, 
q̇a, is affected by the current density, plasma temperature, and 
the anode potential. The injection of the ablated material into 
the plasma-anode region decreases the added energy flux by 
affecting the current density and the anode potential. Models 
are currently being developed that describe these processes in 
greater detail.

4.3.  Remarks on the effect of instabilities on the  
nanosynthesis

According to [12], the nucleation and growth of nanotubes 
occur in this peripheral region of the arc discharge. A typical 
time required for nucleation and growth of nanoparticles is 
limited by the residence time of nanoparticles in this plasma 
region. Following [12], the residence time is ~2 ms that is com-
parable with characteristic time of the arc movement observed 
in our experiments. Thus, these arc oscillations perturbing the 
location of the synthesis region can affect the residence time 
of nanoparticles causing the mixing of nanoparticles of dif-
ferent sizes and structures. The implications for the selectivity 
of the nanoparticle production are important for the high abla-
tion regime that is characterized by the arc oscillations in the 
200–300 Hz range.

5.  Conclusions

Fast imaging and electrical current measurements revealed 
unstable behavior of the carbon arc discharge for synthesis 
of nanomaterials. The arc column and the arc attachment 
region to the anode move in a somewhat sporadic way with 
a characteristic time of 2 ms. A physical mechanism is pro-
posed based on the thermal processes in the arc plasma region 

interacting with the ablating anode which leads to the shift of 
the arc to the new anode region. According to the transient 
heat transfer analysis, the time needed to heat the new 
anode region is ~2 ms. For a 0.6 cm diameter anode used in 
our experiments, this time scale yields a frequency of about 
200–300 Hz that is comparable with the measured frequency 
of the arc motion. Our model suggests that the injection of the 
ablating material into the plasma locally reduces the energy 
flux to the surface and leads to the arc shifting to the adjacent 
position. This model is indirectly supported by the measured 
negative differential resistance of the arc discharge during the 
arc oscillations. A more detailed model of the anode processes 
is needed to fill in the details of this process.

Among practical implication of this study the observed 
unstable behavior of the arc discharge may be responsible 
for mixing of nanoparticles flow leading to a poor selectivity, 
which is typical for the arc synthesis method.
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Appendix

Here we discuss the roles of convection and the self-magnetic 
field in the unstable behavior of the anodic arc in the high 
ablation regime. The arched shape and the upward motion 
observed in the peripheral regions of the images prompted 
us to check the role of convection in the motion of the arc. 
Convection speed is of the order, v gLc = , where g is 
gravitational acceleration and L is a characteristic length. 
Assuming, L is on the order of the arc length, ~0.2–0.4 cm, 
the convection speed is expected to be about 10–20 cm s−1. 
Although some convection should be expected for the consid-
ered experimental conditions, it is too slow to fully account for 
the observed unstable behavior of the carbon arc. Moreover, 
a comparison of the arc operation with the electrodes in the 
horizontal and vertical positions showed no differences in arc 
oscillations.

Considerations were given also to the possibility of a ‘kink’ 
instability caused by the self-induced magnetic field of the arc, 
Bself. To evaluate the possibility of this instability we compared 
the magnetic field energy density input into the arc, B

2 o

self
2

µ
, to the 

arc thermal energy density [31]. For our experimental condi-
tions, the current density, J, is approximately 106–107 A m−2.  
Assuming the arc column radius on the order of 0.1 cm, 

10 J mB

2
3

o

self
2

≈
µ

− . This is a few orders of magnitude lower than 

the thermal energy density in the arc (~ 10 J m4 3 − ) [29, 30]. 
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Thus, it is unlikely that the kink instability is responsible 
for the observed motion of the arc. Indeed, this instability is 
more likely to play a major role for large currents, long arcs, 
constricted attachments, or in the presence of outside magn
etic fields [31]. The typical frequency range of the ‘kink’ 
instability is in the kilohertz range. This is much faster than 
the observed frequency of the arc motion. Another pos-
sibility is that due to the arc curvature, J  ×  Bself, causes a 
‘firehose’ type of instability. In this case, the resulting arc 
rotation would be also an order of magnitude faster than the 
observed frequency [28, 31].

Note that [13] suggested that fast anode jets affect the 
behavior of the arc column. According to this modeling 
study, the fast jet (~100 m s−1) forms in the powdered center 
of a graphite anode used for the synthesis of single wall 
nanotubes. However, our fast imaging measurements showed 
no fast jets at the anode. We observed particles of  >50 µm 
moving at speeds of 5–20 m s−1 several times slower than 
100 m s−1. In addition, from imaging measurements, the 
anode attachment has a diffuse form, while the fast anode 
jets are usually formed by a constricted anode spot.
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