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Abstract

The anode ablation rate is investigated as a function of anode diameter

for a carbon nanotube arc plasma. It is found that anomalously high

ablation occurs for small anode diameters. This result is explained by the

formation of a positive anode sheath. The increased ablation rate due to

this positive anode sheath could imply greater production rate for carbon

nanotubes.

1 Introduction

The discovery of single-walled carbon nanotubes in 1993 [1, 2, 3, 4] sparked sig-
nificant interest in the scientific community because of the diverse properties of
this new material. Nanotubes have been considered for hydrogen storage, capac-
itor construction, flat-panel displays, material strengthening, micromotors, and
many other applications [5]. Nanotubes can be produced in many ways [6], but
the atmospheric pressure helium arc discharge remains one of the simplest meth-
ods for producing large quantities of single-walled carbon nanotubes (CNTs) [7].
This method continues to see innovation in both production volume and quality
of nanotube output [8, 9, 10]. In such arc discharges, anode phenomena play an
important role in nanotube formation. Anode ablation produces carbon atoms
that are ionized to form the plasma, which will eventually condense into CNTs.

A number of previous studies focused on anode phenomena due to spot
formation in either vacuum arcs and furnaces, or in high current regimes (> 1000
A) [11, 12]. The anode process has also been studied theoretically in lower
pressure regimes with longer arcs [13]. Surprisingly, the anode process of arc
discharges for nanotube applications has received little attention. Keidar et
al [14, 15] have developed a rigorous description of this ablation process in
the appropriate regime, as long as discharge parameters are known. In this
model, the near-anode sheath is assumed to be electron repelling (a so-called
“negative anode sheath” or “negative anode fall”). In a negative anode sheath,
the plasma potential at the boundary of the anode sheath is higher than the
anode potential [16, 17].
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Figure 1: A diagram of the setup used for this experiment.

Negative and positive anode sheath regimes, and their dependence on dis-
charge parameters, electrode geometry, and configuration are known for different
types of gas discharges (e.g. glow discharges, low pressure arcs, etc) [16, 17, 18],
but not for short length carbon arcs used in nanotube production. In the Keidar
et al model [14, 15], the negative anode sheath governs the anode ablation and,
consequently, defines the carbon source in CNT production. A consequence of
the negative anode sheath is that power deposition to the anode will be depen-
dent primarily on the plasma temperature, density, and surface area. Because
of this, one expects ablation to be maximized for an anode diameter equal to the
arc diameter, which maximizes power deposition (surface area), and minimizes
cooling along the anode. In the present work, we show experimentally that by
decreasing the anode diameter below a certain threshold diameter, the ablation
rate can be increased. We explain this behavior by the transition of the an-
ode sheath from negative to positive (electron attractive), leading to enhanced
power deposition on the anode.

2 Experimental Setup

The experimental setup (Fig. 1) consists of a rod shaped graphite anode, and a
disk shaped copper cathode. To test the predicted scaling of the ablation rate,
we used graphite anodes that varied in diameter from 0.4 cm to 1.25 cm, and
in length from 5 cm to to 15 cm. The copper cathode has a substantially larger
diameter (5 cm) than the anode, so that it is expected to make contact with the
entire arc. The experiment was carried out in a helium atmosphere at 600 torr,
in a 10 inch four-way cross. The chamber was pumped down to ten millitorr
before a helium gas was introduced to the chamber.

The graphite anode was mounted on a motorized linear positioner that was
computer controlled. A linear potentiometer attached to the positioner was used
to monitor the anode position with respect to the cathode. The arc voltage and
current, as well as the potentiomter output voltage, were recorded by a PC-based
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Figure 2: Ablation data and predicted curves. Blue line is theory for 70 A, red
line for 50 A. Blue circles are data for 70 A, and red squares are data for 50 A.

data aquisition and control system. A computerized negative feedback between
the arc voltage and the interelectrode gap was used to maintain constant voltage,
and thus a constant gap between the anode and the cathode of about 0.2 cm.
To initiate the arc discharge, the graphite anode was brought into contact with
the copper cathode. Once the arc is struck, the interelectrode gap is increased
at a moderate speed (slow enough that the arc is approximately steady state,
but fast enough that the ablation is not significant).

The ablation rate was determined by running the arc in a steady state at
constant voltage and current. After running for an allotted time (12 seconds
to 8 minutes) the anode was removed, measured and weighed. This process
was repeated at least three times for each ande, and also two to three times for
different anode samples of the same diameter. The error bars for the ablation
rate were estimated using the standard deviation of multiple measurements,
weighted by the amount of time the arc was running for that measurement.

3 Results and discussion

Figure 2 compares experimental and theoretical ablation rates. The theoretical
values were obtained using the zero-order model presented in Section 4.

One finds that for anode diameters larger than about 8 mm, the ablation
remains small but constant. We suspect that a colder plasma is formed, with
larger sheath regions without local thermodynamic equilibrium. This would
decrease the ability of the anode to cool the plasma, and allow stable operation
of the arc. This is supported by the measurements of Ostrogorsky et al, who
found a decreasing plasma temperature with increasing anode size [19]

The most notable feature of the results is that at low anode diameter (below
6 mm), ablation is significantly larger than the predicted values. We suggest
that this phenomenon is due to a change in the behavior of the anode sheath.
At large diameters, the anode sheath voltage is negative, as would be predicted.
Because the thermal electron flux is greater than the current flux, the electrons
are repelled from the anode surface by a negative voltage. When the anode
diameter becomes small, though, the opposite effect occurs. The lines of current
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which are spread uniformally across the arc must converge to reach the anode.
This requires a positive anode sheath voltage.

It is possible to estimate this anode sheath voltage by making some assump-
tions about the plasma. The resistance across the plasma may be written as
πr2

0ℓη̄, where η̄ is the average resistivity in the plasma. Then the change in the
resistance of the plasma per change in plasma length (d/dℓ) is:

dR

dℓ
= πr2

0
η̄

(

1 +
2ℓ

r0

dr0

dℓ
+

ℓ

η̄

dη̄

dℓ

)

(1)

If we suppose that the radius and resistivity do not change significantly for
small changes in the arc length, then we can calculate the plasma resistance
knowing the arc length and change in resistance per change in length. By using
the voltage and current data aquired for the calibration, we can produce a
measure of the resistance of the arc as a function of the arc length.

Combining the measurement of the plasma voltage (arc resistance times cur-
rent) with the total measured voltage, we can find the voltage in the combined
electrode sheaths. The voltage in the cathodic sheath is essentially constant for
a given cathode material, current, and incoming ion species [20], so that this
is, up to a constant, indicitive of the anode sheath voltage. The results of this
calculation are shown in Figure 3.

Several features of these graphs are interesting. The electrode voltage (Fig-
ure 3d-f) seems to reach a minimum at an anode diameter near 10 mm. How-
ever, for the large diameter anodes the error bars grow to be large. In this
case, the arc diameter is probably smaller than the anode diameter, and the
location of the arc attachment may be varying across experiments, effecting the
measurement of the plasma voltage. The arc diameter and attachement may
vary due to an uneven anode surface caused by ablation, or by spot formation
processes similar to those recently studied in thermionic cathodes [21]. There
is also strange behavior of the 6.25 mm diameter arc at 50 A. This behavior
is repeatable for the single case, but since the effect does not occur over other
diameters or currents, the data offers no clear explanation. One trend in Figure
3d-f that does seem clear is that the electrode voltage increases as the anode
diameter is decreased from 10 mm (with the exception of the 6.25 mm diameter
anode at 50 A). This is especially the most interesting trend combined with our
observation of high ablation for these low diameter anodes.

We will focus on this rise in the electrode potential with decreasing anode
diameter. Because the cathode sheath potential is nearly constant, as mentioned
earlier, we may assume that this potential rise is increasing in the anode sheath.
It can be seen that this is necessary to explain the data. Results from the model
(which excludes an anode sheath potential) suggest that the 6 mm diameter
anode being driven with 70 Amperes has Te = 0.6 eV and ne = 1014cm−3. The
thermal flux J = 1

4
nevTe gives a current of only 36 Amperes, insufficient for the

required 70 Amperes of current.
The increased voltage can increase the current in two ways. One way is

by increasing the ionization of carbon atoms inside the sheath, leading to a an
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a) d)

b) e)

c) f)

Figure 3: The total measured voltage (a-c) and the combined voltage of the
electrodes (d-f), as calculated by removing the estimated plasma voltage. The
results are shown for an anode-cathode distance (ACD) of 1 mm, 2 mm, and 4
mm.
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increased flow of positive ions away from the electrode. The other mechanism
is to reshape the plasma in the near-anode region into a cone converging on the
anode. This effectively increases the area of the anode so that it can capture a
larger amount of electron flux. It is difficult to determine which of these plays
a more important role. Theory on the anode sheath voltage due to convergence
is especially complicated due to the short length of our arc, as well as its free
burning, high-pressure nature [22].

4 Anode energy balance

In order to demonstrate how the experimental results differ from the expected
scaling, we will calculate numerical estimates for the ablation using a simple
anode energy balance. Energy comes to the anode by the electron heat flux
from the plasma (Qe) and by thermal conduction from the plasma (QHe). It
leaves the anode through carbon ablation (QC) and thermal conduction along
the anode (Qa) [15]:

Qe + QHe = QC + Qa. (2)

Electron power The power deposited by the electrons is given by:

Qe = (I/e) (2Te + φe) , (3)

where I is the total arc current, e is the electron charge, Te is the plasma electron
temperature, and φe is the electron work function.

Heat conduction The heat conduction from the arc is:

QHe =
Aa

La

∫ THe

Ta

K dT, (4)

where A⋆
a is the anode surface area exposed to the plasma, THe is the plasma

helium temperature, and Ta is the anode temperature. If the arc plasma area is
Ap, then A⋆

a is the minimum of Aa and Ap. La is the anode sheath scale length,
taken to be twice the Helium mean free path [23]. K is the thermal conductiv-
ity of Helium (considered the primary heat conductor). An expression for the
thermal conductivity may be found by treating Helium as an ideal gas [24]:

K (T ) =
1

2

√

T/mHe

πr2

He

, (5)

where rHe is the radius of a helium atom and mHe is the Helium atomic mass.
We take the scale of the anode sheath to be two Helium mean free paths, La =
2vTHe/νHe [23].
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Carbon ablation Carbon ablation leads to the cooling:

QC = (φC + CpTa)
ṁa

mC
. (6)

φC is the heat of evaporation of carbon, and Cp is the heat capacity of graphite.
ṁa is the rate of change of the anode mass, and mC is the mass of a carbon
atom.

Anode cooling The anode is a long conductive rod that is cooled by its
contact with the helium background gas. If we take the background gas thermal
conductivity given in Eq (5) and constant graphite thermal conductivity kC =
85W/m · K, we find the cooling by the helium per unit length to be:

dW

dx
= πr2

akC
d2T

dx2
= 2π

∫ T

0

K dT, (7)

where ra is the anode radius. Solving this at the surface, for T = Ta:

Qa = kCAa

(

8

15
√

mHer2

HekcAa

)1/2

T 5/4

a , (8)

and here Aa is the total anode area.

Remaining variables We are now able to solve for the ablation rate, ṁa,
using the anode area Aa, the cross-sectional area of the arc Ap, the anode
temperature Ta, and arc Helium temperature THe. The arc radius is estimated
to be near 3 mm [25], the anode temperature is measured to be near 3000
K [19]. For a current of 50 A, we use a Helium temperature of 6000 K from
Ostrogorsky et al, whose experiment ran at 42 A. For theory at a current of 70
A, an approximate Helium temperature of 7000 K was used from Marcovic et
al, whose experiments ran at 100 A [26].

The results appear in figure 2. Below 6 mm, there is a quadratic rise in the
ablation rate, due to the increasing anode surface area exposed to the plasma
(∝ πr2

a). One sees the expected linear dropoff in ablation rate above 6 mm, due
to the increase in the anode surface area available to cooling (∝ 2πra).

5 Conclusion

Arc discharge experiments were conducted with graphite anodes of different
diameters, with a focus on the effect on the carbon mass ablation rate. The
expected result of a peak ablation rate where the anode diameter equals the
plasma diameter was not found. Instead, the ablation rate increased significantly
for small anode sizes. We have shown that this is likely due to the formation of
a positive anode sheath.

Because the anode provides the plasma ions, and eventually the raw material
for carbon nanotube production, understanding of the anode ablation is critical
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to understanding the arc operation as a whole. As the Helium electric arc
technique for producing SWCNTs continues to be developed, further analysis of
the anode region and anode phenomena are necessary to predict and explain arc
behavior. This paper shows that there is much left to be known about anode
behavior in this particular arc.
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