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Emission Processes at the deposit in the Carbon Arc Discharge for nanotube synthesis

J. Ng and Y. Raitses
Princeton Plasma Physics Laboratory, Princeton, NJ 08540

(Dated: October 29, 2013)

The atmospheric pressure carbon arc in helium is an important method for nanotube production.
Typical arcs operate in a dc mode between a graphite anode, which is consumed, and a cathode
which may be a lower melting point material. It is accepted that electrons from the cathode are
emitted by thermionic field emission, requiring the cathode to be above the melting temperature
of its material. However, the cathode usually remains undamaged by the arc, raising the question
about how the electron current in the arc is supported. Our experiments with copper and graphite
cathodes have demonstrated that a sufficiently large area of the cathode is hot enough for thermionic
emission to be the source of most of the arc current, but emission is from the carbon deposit formed
on the cathode during arc operation. Due to its low heat conductivity, the cathode does not reach
its melting point and remains undamaged.

I. INTRODUCTION

Since their discovery in the early 19th century [1], car-
bon arcs have been used as radiation standards [2], in im-
age furnaces [3] and in carbon arc welding among other
things. More recently, they have been used as an ef-
ficient method for the production of high purity carbon
nanotubes [4–6], in which the graphite anode ablates and
nanotubes and other fullerines are formed in a deposit on
the cathode surface [5, 7]. Due to their unique electrical
and mechanical properties [8–10], nanotubes could po-
tentially be used for hydrogen storage, nanoelectronics,
chemical sensors and many other applications [8, 9].

Although the initial discovery used graphite for both
cathode and anode [4], and this setup is commonly used
[5, 11, 12], Colbert et. al. [7] found that using a water
cooled copper cathode reduced sintering in the nanotubes
formed in the deposit, while other workers have used
cathodes of material such as copper and stainless steel
[13–15].

The use of low melting point cathodes (copper melts
at 1085 ◦C compared to graphite which sublimes at 3642
◦C) raises a basic question about the operation of the
arc, namely how electrons are emitted from the cathode.
While this has been studied in detail for cathodic arcs
[16–20], the arc used in nanosynthesis is an anodic arc
and operates in a different regime. The model in Ref. [21]
shows that temperatures over 3000 ◦C are required at the
cathode, while experimentally, cathodes remain undam-
aged during the process.

To explain this discrepancy, the current density at the
cathode could be reduced by having the current flow to
the entire cathode surface, reducing the temperature re-
quired for thermionic emission to support the current,
which has been observed in simulations [11]. Alterna-
tively, it has been proposed that the deposit formed dur-
ing the arc is the source of emission based on its struc-
ture after arc operation [22]. This is supported by obser-
vations that carbon-copper arcs became carbon-carbon
arcs after deposit formation on the copper electrode [23].

In order to determine the source of electrons in the
arc and the current distribution at the cathode, we op-

erate the carbon arc using different cathode geometries,
together with in-situ and infrared temperature measure-
ments. Our results show that during the steady state
operation of the arc, most of the current flows within the
area directly across from and of similar size to the an-
ode, and that the formation of the deposit plays an im-
portant role in electron emission. The deposit 1) reaches
the high temperatures necessary for thermionic emission
to provide the electron current, 2) reduces heat flux to
the copper cathode and 3) changes the arc from graphite-
copper or graphite-graphite to graphite-deposit.

II. EXPERIMENTAL SETUP

The arc experiments were performed in a helium atmo-
sphere within a 10 inch 6-way cross using the setup shown
in Figure 1, which is similar to that used in Refs. [13, 24].
The helium pressure was maintained at 500 Torr us-
ing a computer-controlled solenoidal valve. Cylindrical
graphite anodes and cathodes of diameter 6 mm and 12
mm were used, where 6 mm is the typical anode diameter
in synthesis experiments [5, 7, 25]. The copper cathodes
had diameters 38 mm and 50 mm.

The position of the anode was controlled by a stepper
motor and a potentiometer used to measure the arc volt-
age, both connected to a data acquisition system. In all
the experiments performed, the electrode separation was
controlled by maintaining the discharge voltage between
20 and 25 V as the anode ablated. Discharge current
was kept between 50 and 80 A. Arcing was initiated by
bringing the anode into contact with the cathode, after
which the control system would increase the electrode
separation until the specified arc voltage was reached.

To measure the cathode temperature, a K-type ther-
mocouple was placed 2 mm below the surface of a cop-
per cathode directly opposite the anode. Experiments
to measure the deposit temperature used an electrode in
which existing cathode deposits to be mounted (Fig. 2),
and a C-type thermocouple was placed just below the
surface of the deposit. Additionally, a FLIR Tau 640
1.7 infrared camera together with a 3.2% transmittance
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FIG. 1. Setup used in carbon arc experiments, similar to
Ref. [13].
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FIG. 2. Cathodes used in the experiment. From left to right,
copper cathode with mounted deposit, segmented cathode,
shielded cathode.

neutral density filter was used for temperature measure-
ments. Absolute calibration of the camera was performed
using arcs between graphite electrodes in conjunction
with thermocouple measurements.

For the experiments used to determine the current dis-
tribution in the arc, shielded and segmented cathodes
were used with 6 mm graphite anodes. The shielded cop-
per cathode was covered by an insulating layer of boron-
nitride except for a 6 mm diameter opening, while the
segmented cathode consisted of an inner region of 6 mm
diameter insulated from an outer ring of diameter 50 mm
by a 2 mm layer of insulation.

III. ELECTRON EMISSION

We now analyse possible mechanisms of electron emis-
sion which could supply the electrons necessary to main-
tain the current observed in arcs. To do so, we first
estimate the electron current fraction by measuring the
ablation rates for 65 A arcs, and show that the current
cannot be supported by emission from the copper surface.
Under the conditions described in the previous section,
the arcs operated in the anodic mode with deposit for-
mation on the cathode [13, 25]. The results are shown in
Table I and are consistent with measurements by Fetter-

man et. al. No appreciable difference between the rates
for copper and carbon cathodes was observed [13]. The
deposits grown were roughly circular with diameter 6-7
mm. With the 6 mm diameter anodes, deposits would
grow until the extinguishing of the arc (in this set of ex-
periments the longest was 17 mm), while with the 12 mm
diameter anodes deposits were 1 mm thick.

The maximum ion current is estimated by assuming
that all the ablated material is singly ionised and delivers
current to the cathode. To account for current due to
evaporation from the cathode and redeposition [26, 27],
we assume that the evaporation rate at the cathode is
less than that at the anode. If all of the evaporated
atoms at the cathode were ionised and redeposited, the
total ion current would be twice that due to ions from
the anode. The resulting current is shown in the final
column of Table I. For the 12 mm anode, an electron
current of larger than 60 A would be required to support
the arc. For the 6 mm anode, the observed ablation could
support the arc current; however, in a typical carbon arc,
the ionisation degree is 10−3 to 10−4, much less than the
100% assumed here [28]. The ion current would then be
reduced to less than 0.12 A, so we would also expect a
large electron current for the 6 mm anode.

Cathode Anode diam-
eter (mm)

Ablation (mg/s) Max ion current (A)

Carbon 12 mm 0.33 ± 0.12 5.2 ± 1.9

Carbon 6 mm 8 ± 2 128 ± 32

Copper 12 mm 0.33 ± 0.08 5.2 ± 1.2

Copper 6 mm 10 ± 2 160 ± 32

TABLE I. Ablation rates and estimated ion current for a 65
A arc with different cathode materials and anode diameters.

Supplying this electron current requires electron emis-
sion from the cathode, which can take the form of
thermo-field emission, secondary emission or photoemis-
sion [1, 16, 29]. In particular, Ref. [29] shows that field
emission and various ionisation mechanisms cannot ac-
count for the electron current observed in an argon arc
with a non-thermionic cathode, and we perform a similar
analysis for the carbon arc in helium.

A. Thermo-field emission

Heating a solid to high temperatures increases the
number of electrons with the energy needed to overcome
the work function, while strong electric fields at the sur-
face modify the shape of the potential well. Electron
emission due to the combination of these effects is known
as thermo-field emission [16, 30, 31]. A parameterisation
of the thermo-field current in units of A/cm2 is given by
Hantzsche [30]

jTF = k(AT 2 +BE9/8) exp

[
−
(
T 2

C
+
E2

D

)−1/2
]

(1)



3

where k = 1.45, A = 120, B = 406 E0.1(φ−4.5)

exp(−2.22(φ − 4.5)), C = 2.727 × 109(φ/4.5)2 and D =
4.252 × 1017(φ/4.5)2. T is the temperature in K, E the
electric field in V/cm and φ the work function in eV.

With respect to our experiments, the current density
was estimated as at least ∼ 230 A/cm2 for a 65 A arc with
an electron current fraction of greater than 0.9, which
would require temperatures of above 3200◦C – above the
melting point of copper – or electric fields of greater than
107 V/cm. If these conditions were to hold, there would
be visible damage to the cathode due to melting and/or
ablation, which we do not observe, or an unrealistic po-
tential drop of the entire discharge voltage over 20 nm or
less, which is much smaller than the Debye length of more
than 180 nm, assuming a plasma density of < 1021 m−3

and an estimated electron temperature of 0.6 eV close
to the cathode [29, 32]. As such, thermo-field emission
from the copper cathode cannot account for the observed
electron emission during the steady state operation of the
arc. Note that during the initial phase of the arc, it op-
erates in the cathodic mode before a transition to the
anodic mode which is studied here [28].

B. Secondary emission

Electrons are also emitted due to the bombardment
of the surface by ions and excited atoms. In the car-
bon arc, only carbon ions are considered due to helium’s
high ionisation potential [11], though metastable helium
atoms are present and can cause Auger emission[28, 33].
At low energies, the secondary electron yield γi from ion
bombardment depends only on the ionisation energy I
and work function φ and can be estimated by the empir-
ical formula γi = 0.016(I − 2eφ) [1, 34]. For carbon ions
impacting a copper surface, this is approximately 0.04.
Given the ion current fraction of less than 0.1 in our ex-
periment with the 12 mm anode, secondary emission due
to ions provides at most 0.2 A for a 65 A arc and cannot
be the source of the electrons in the arc.

In Ref. [29], Auger emission due to metastable excited
argon atoms the main source of electron current [29]. For
helium atoms and copper surfaces, the electron yield is
about 1 electron per incident atom [35]. However, due
to the higher excitation energies of helium and low arc
voltage, the metastable density is too low to provide the
required current. The density is found by balancing pro-
duction by electron excitation against cumulative ionisa-
tion [33], given by

nNneC
0
M = nMneC

+
M . (2)

Here nN is the neutral density, ne the electron density
and nM is the metastable density. The C’s are rate coef-
ficients which are found by integrating the cross sections
for excitation and ionisation with the electron distribu-
tion, assumed to be Maxwellian [33]. At an electron tem-
perature of 0.6 eV, the estimated metastable helium den-
sity is on the order of 1011 m−3, which gives a current of

13nA assuming thermal flux to the cathode. Auger emis-
sion due to carbon are not considered as the metastable
1D and 1S states have energies 1.3 eV and 2.7 eV, below
the work functions of copper and graphite [36, 37].

C. Photoemission

To estimate the maximum photoemission from the sur-
face, we assume that at most half of the radiation from
the arc reaches the cathode, and a photon energy of 5 eV,
the lowest wavelength line of carbon, which gives a yield
of 10−2 electrons per photon at a copper surface [38, 39].
If all of the arc’s power were radiated, 825 W of radiation
would be available for photoemission, which would give
a maximum current of approximately 1.7 A. The yield
for graphite is approximately 10−6, which would provide
1.7 × 10−4 A [40].

We have thus shown that the above emission mecha-
nisms cannot account for the electron current from a low
melting point cathode during an anodic arc. Instead,
temperature measurements will reveal that it is the for-
mation of the carbon deposit on the cathode which allows
the high temperatures necessary for electron emission to
be reached.

IV. CURRENT DISTRIBUTION AND
CATHODE TEMPERATURE

To determine if the arc current flows through the entire
cathode or just a small region, experiments with shielded
and segmented cathodes were performed. In the experi-
ment with the shielded cathode, a carbon deposit formed
over the unshielded area, after which the arc continued
to operate with the entire current flowing through the
cathode deposit. With the segmented cathode, at most
4 A flowed through the outer segment during a 65 A
arc. At lower currents, no current in the outer segment
was observed. This shows that most of the current flows
through the small central region directly opposite the an-
ode. As such, the observed current density is over 230
A/cm2. The observation that the arc operates between
the deposit and anode is also consistent with Upson’s
[23] observations that the copper-carbon arc becomes the
carbon-carbon arc after deposit formation.

The variation of copper cathode temperature with time
for arcs with 12 mm and 6mm diameter anodes respec-
tively is shown in Fig. 3. The highest temperature mea-
sured in the copper electrode was 1000±20◦C during the
experiment with the larger anode, which is still below the
melting point of copper of 1085◦C. This was due to the
cathode deposit being thinner, so that the thermocou-
ple was in closer proximity to the actual cathode surface.
Also of note in Fig. 3(b) is the extinguishing of the arc
around t = 100 s and re-ignition at t = 120 s, caused
by the deposit becoming detached from the cathode and
falling off. Immediately after re-ignition, the rate of in-
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crease of temperature was larger than just before t = 100
s, showing that the presence of the deposit reduces heat
flux to the cathode. These observations show that the
deposit is a critical element in the operation of the arc.
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FIG. 3. Cathode temperature and discharge current during
the operation of arcs with (a) 12 mm and (b) 6 mm anodes.
The thermocouple was placed 2 mm below the cathode surface
exposed to the arc.

Figure 4 shows infrared images of the electrodes dur-
ing an arcs between 12 mm diameter anodes and graphite
and copper cathodes. During both arcs, small deposits
formed on the cathode, and the highest surface temper-
ature was (3500 ± 200) K, with a larger region where
temperatures were over 3100 K. The uncertainties in the
temperature measurements are due to the extrapolation
of the calibration curve. Thermocouple readings within
the deposit were consistent with the infrared measure-
ments and exceeded 2593 K, the maximum temperature
which can be measured by C-type thermocouples. Data
for 6 mm diameter anodes are not available due to the
growth of the “collar” around the deposit preventing a
clear view of its surface from being obtained. These re-
sults show that the deposit reaches the high temperatures
necessary for thermionic emission to provide the electron
current in the arc, in agreement with observations of the
deposit structure after the arc [22]. Within the observed
surface temperature range, the thermo-field emission cur-
rent is between 60 and 500 A/cm2, with most of the con-
tribution being thermionic. This would supply at least a
quarter to all of the current in the arc.

The deposit is thus the source of electron emission and
is effectively the cathode, meaning that the arc should
not be considered graphite-copper, but graphite-deposit
[22, 23]. This also explains why the cathode remains un-
damaged, as the deposit reduces heat flux to the copper
surface, as seen earlier in Fig. 3(b). It is known from
Raman spectroscopy that its structure is different from
graphite [24], and while data are not available for the de-

posit’s thermal conductivity, the upper image in Fig. 4
shows that it is lower than that of graphite. Addition-
ally, the known conductivity value for graphite is approx-
imately 13 W/m/K above 2500 ◦C [41], which is already
lower than that of copper, which is over 300 W/m/K
above 1000 ◦C [42]. As such, the lower conductivity of
the deposit allows a large temperature gradient exists
across the deposit, which lets the metal cathode to re-
main below its melting temperature while the deposit
emits electrons.

FIG. 4. Top: Infrared camera image of electrodes during an
arc discharge between two 12 mm graphite electrodes. Bot-
tom: Electrodes during arc between 12 mm graphite anode
and copper cathode.

The results of our experiments reveal that the arc cur-
rent flows through a small region opposite the anode
and that thermionic emission is the source of electron
emission during the anodic arc and explain how the high
temperatures required for this process are reached with-
out damaging the low-melting point cathode material.
Due to the estimated low heat conductivity of the de-
posit, the high temperatures at the surface exposed to
the arc required to support emission can exist without
the cathode reaching its melting temperature. It should
also be emphasized that the deposit also forms in ex-
periments with graphite cathodes, meaning that the role
of the deposit in the arc described here is more general
and not exclusive to arcs with low melting point cath-
odes. Thus, after the formation of the deposit, the arc
is not between the graphite anode and the cathode ma-
terial, but is a graphite-cathode deposit arc. With re-
spect to nanosynthesis, the growth of single-walled nan-
otubes mainly takes place on the periphery of the deposit
[5, 11, 12], away from the region where the current flows,
implying that the cathode material not covered by the
deposit (in our case copper) is important in their forma-
tion [7].
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V. CONCLUSION

To summarise, anodic arc experiments were conducted
between graphite anodes and graphite and copper cath-
odes. For currents below 65 A, all of the current was
found to flow within a 6 mm diameter region of the cath-
ode directly opposite the anode, and is largely due to
electrons. The formation of the cathode deposit is es-
sential in the sustaining of the arc during steady state
operation as it allows the high temperatures necessary
for thermionic emission to provide the electron current
in the arc to exist without damaging the cathode [22].

In addition, it changes the arc from a graphite-cathode
to a graphite-deposit arc [23]. The formation of the de-
posit is not included in current models of the anodic arc
for nanosynthesis [11, 21] and should be taken into con-
sideration for a self-consistent model of the arc to be
developed.
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