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Abstract

®

CrossMark

In the atmospheric pressure anodic carbon arc, ablation of the anode serves as a feedstock of
carbon for production of nanomaterials. It is known that the ablation of the graphite anode in
this arc can have two distinctive modes with low and high ablation rates. The transition between
these modes is governed by the power deposition at the arc attachment to the anode and depends
on the gap between the anode and the cathode electrodes. Probe measurements combined with
optical emission spectroscopy are used to analyze the voltage drop between the arc electrodes.
These measurements corroborated previous predictions of a positive anode sheath (i.e. electron
attracting sheath) in this arc, which appears in both low and high ablation modes. However, the
positive anode sheath was determined to be ~3-8 V, significantly larger than ~0.5 V predicted
by previous models. Thus, there are apparently other physical mechanisms not considered by
these models that force the anode sheath to be electron attracting in both ablation regimes.
Another key result is a relatively low electron temperature (~0.6 eV) obtained from OES using
a collisional radiative model. This result partially explains a higher arc voltage (~20 V) required
to sustain the arc current of 50-70 A than predicted by existing simulations of this discharge.

Keywords: plasma, synthesis, nanomaterials, carbon nanotubes, arc discharge, sheath, ablation

(Some figures may appear in colour only in the online journal)

1. Introduction

Carbon nanomaterials are promising candidate materials for
numerous chemical conversion and chemical storage applic-
ations. For instance, various forms of carbon nanotubes are
desirable for storage of hydrogen for fuel cells or as cata-
lysts for biorelated reactions [1-3]. The anodic carbon arc is
a promising method for low-cost, high-volume synthesis of
carbon nanomaterials, including graphene flakes, fullerenes,
and single- and multi-walled carbon nanotubes [4—7]. Previous
works have reported the formation of carbon nanomaterials
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in the arc periphery, on the chamber walls, and deposited
on the cathode [8—11]. Such arcs are usually run in a back-
ground of atmospheric pressure helium gas. During the arc
operation, carbon material is introduced into the arc plasma
by the ablation of the graphite anode [5, 7-9]. The anode
ablation depends on the power balance at the anode, which
among different factors, should be influenced by whether the
anode sheath is electron-repelling (negative anode sheath) or
electron-attracting (positive anode sheath) [7, 12—16]. Another
important feature of the carbon arc is the transition between so-
called low and high ablation regimes which occurs at a certain
arc current threshold. This current threshold can be affected
by the anode diameter, gas pressure, and the gap between the

© 2021 IOP Publishing Ltd


https://doi.org/10.1088/1361-6463/ac3bf2
https://orcid.org/0000-0003-4407-7395
https://orcid.org/0000-0002-9382-9963
https://orcid.org/0000-0001-8716-8487
mailto:nschopra@pppl.gov
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6463/ac3bf2&domain=pdf&date_stamp=2021-12-7

J. Phys. D: Appl. Phys. 55 (2022) 114001

N S Chopra et al

anode and the cathode [7, 15, 17]. For low ablation, the arc
current is below the current threshold. The anode ablation rate
changes insignificantly with respect to arc current in this mode.
Above the current threshold, the ablation rate of the anode
grows rapidly and nonlinearly with the arc current [7, 14, 17].

Recent theoretical studies have modeled the carbon arc
plasma parameters and have predicted that the transition from
low to high ablation mode could be explained by the presence
of the background working gas (e.g. helium) impeding ablated
carbon flow [15, 16]. Models predict that this transition is also
influenced by the sheath between the plasma and the anode
(anode sheath) [15]. However, there is an unresolved discrep-
ancy between these models and experiments. While experi-
mentally determined discharge voltages are typically observed
to be ~15-20 V, models of the arc underpredict the discharge
voltage by ~50% [16]. It remains unclear whether this dis-
crepancy in discharge voltage is due to a discrepancy in mod-
eling of the anode sheath or to other energy loss mechanisms
in the arc [16]. In this work, this discrepancy is addressed
through careful measurements and detailed analysis of the
plasma properties of the arc, including plasma potential and
electron temperature using probes and optical emission spec-
troscopy (OES), respectively.

Previous studies have determined floating and plasma
potential in carbon arc discharges but did not account for ion
collisions with background gas atoms [18, 19]. Other stud-
ies have modeled the effects of collisions on the interpret-
ation of probe data. Several of these provide models relat-
ing the potential of a floating surface to the plasma poten-
tial [20-22]. The effect of collisions on the interpretation of
current—voltage characteristics of a biased probe for determ-
ining the electron energy distribution function has also been
investigated [23]. With knowledge of basic plasma paramet-
ers (electron density and electron temperature) and ordering
of relevant length scales (mean free path of ions and electrons,
electron Debye length, and probe radius), the plasma potential
can be deduced from measurements of the floating potential of
the probe. In this work, this approach is used to determine the
plasma potential with respect to the anode and thereby, charac-
terize the anode sheath. The electron temperature and plasma
density are determined by OES, in a similar fashion to [14],
but with a more accurate collision radiative model. The effect
of arc motion on the measured probe potential is considered
by correlating the measured probe potential with fast-frame
images. The effect of ion-neutral collisions on the probe float-
ing potential is considered in the determination of the plasma
potential. Measured results indicate the existence of a posit-
ive anode sheath in both low and high ablation modes of the
carbon arc.

The paper is organized as follows: the experimental setup of
the arc, probe, and optical diagnostics is described in section 2.
The experimental procedure is described in section 3. The
measurements of the arc properties are described in section 4.
Section 5 discusses the determination of the anode sheath and
implications of the measured anode sheath for anode abla-
tion. In this section, an explanation is provided for part of
the discrepancy between experimentally determined discharge
voltage and the discharge voltage found in recent models

of the carbon arc [16]. The conclusions are summarized in
section 6.

2. Experimental setup

The arc setup used for these experiments is shown in figure 1
and described elsewhere [14]. The arc electrodes are placed
vertically in the arc reactor chamber, which is equipped with a
mechanical vacuum pump to evacuate the air before the exper-
iment and maintain the buffer gas at sub-atmospheric pressure
during the arc operation. The arc discharge is sustained with
a Sorenson SGA100X100C-1AAA 100 V/100 A power sup-
ply, operated in a current regulated mode. The anode and cath-
ode electrodes are made from graphite and have diameters of
6.5 mm and 9.5 mm, respectively. As in previous studies repor-
ted in [7, 14, 17], the anode is placed on a positioning stage to
enable the arc initiation and maintain a constant interelectrode
gap during the arc operation.

In the described experiments, the arc was operated with
a background buffer gas of 500 Torr He/H, gas mixture
(95% He, 5% H, by concentration). The hydrogen was added
to allow detection of the arc core via fast frame imaging of
the hydrogen Balmer series H,, line. In addition, OES of the
hydrogen Balmer series H,, Hg, H-, and Hs lines was applied
to determine the electron density, n, and the electron temper-
ature, 7.

Although a diagnostic-targeted addition of the hydrogen
to the helium is relatively small, it may not be small with
respect to the carbon atoms and molecules generated by the
ablation of the graphite anode. Hydrogen molecules and atoms
may be ionized in the carbon arc discharge and can con-
tribute to the arc plasma. For example, assuming conservat-
ive arc core parameters (from this work, n; ~n,, n, ~5 %
10> m~3, T, ~ 0.6 eV) and that hydrogen is in thermal equi-
librium with the plasma, the density of hydrogen neutrals in
the arc core is comparable to the carbon ion density. Therefore,
dissociation and ionization of H,, ionization of H atoms, and
formation of C—H bonds may affect the governing arc physics.
Future work comparing experimental and modeling results of
arc physics may need to consider the effect of the addition of
H; to the arc buffer gas. The effect of the hydrogen on arc
physics is beyond the scope of this work and is left to future
efforts.

An electrostatic probe diagnostic was implemented to
determine the plasma potential, electron temperature, and
plasma density in the arc. The probe was a 0.2 mm dia-
meter W wire with 1.4 mm length of probe tip exposed to
the plasma. The probe wire was housed in a 1.6 mm outer
diameter Alumina ceramic tube, held together by Sauereisen
brand 2 Aluseal adhesive cement paste. To prevent the probe
tip from melting, the probe was mounted on a rotary feed-
through connected to an AX-18A servo motor. This swung the
probe through the plasma in a plane perpendicular to the elec-
trode axis (figure 2), with a residence time in the plasma of
~50 ms. A post arc inspection of the probe revealed no dam-
age to the probe wire suggesting that its temperature did not
exceed melting temperature of the tungsten (3695 K). At such
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Figure 1. Diagram of the experimental setup.

Figure 2. Fast frame image of the swinging probe in the core of the
arc, with H,, filter employed to image arc core. Here the probe is
imaged to be in the arc core, and the interelectrode gap is 4.5 mm.

temperatures, the thermionic electron emission takes place.
However, even in the hot arc core with the expected plasma
density of 10%! and 10?2 m—3, the maximum flux of thermion-
ically emitted electrons from the wire at 3695 K should still be
much smaller than the flux of the electrons from the plasma to
the probe [14]. Under such conditions, the electron emission
has a negligible effect on the floating potential of the probe
[24].

Fast frame images of the arc are acquired with a Phantom
v7.3 fast frame camera triggered on the same time base as the
probe. The fast frame imaging optics consisted of a zoom lens

and a 660 £ 10 nm bandpass filter, which enabled imaging of
656 nm H,, emission indicative of the position of the arc core.

OES was performed with a Horiba iHR-550 imaging spec-
trograph. A PI-MAX 3 Model 10241 iCCD camera was
installed on the imaging spectrograph to collect the spectral
images. The iCCD detector was set to a gate width of 500 ns,
with 10000 accumulations per exposure, triggered at a rate
of 1 MHz leading to a total exposure time of 5 ms. The OES
setup included a demagnifying lens and a dove prism to shrink
and rotate the image of the arc by 90° respectively, enabling
acquisition of radial profiles of the carbon arc. Acquiring radial
OES profiles of the arc ensured the acquisition of the plasma
parameters in the arc core.

3. Procedure

3.1. Arc operation

The arc and probe circuitry are depicted in figure 3. The
arc was initiated by touching and then separating the biased
electrodes. The arc current was determined by measuring the
voltage drop across a 2 mS2 shunt resistor connected in series
with the arc, denoted Ry 4. In the described experiments, the
arc current was varied from 50 to 65 A. This current range
covered both low and high ablation modes. The transition
between low and high ablation mode was roughly at 55 A. The
continuous ablation of the anode and deposition onto the cath-
ode during arc operation required active control of the elec-
trode positioning to maintain a constant interelectrode gap.
The anode was stationary, while the cathode axial position
was continuously adjusted by a Velmex motor controller. The
interelectrode gap distance was monitored during discharge
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Figure 3. Electrical circuitry schematic of carbon arc experiment, with (a) floating probe and (b) swept Langmuir probe circuitry included.

with the fast frame camera and confirmed post discharge using
calipers.

3.2. Determination of arc V-I, anode ablation rate, and
cathode deposition rate

The discharge voltage V4, defined as the difference between
the anode surface potential V, and cathode surface potential
V., was determined in a manner similar to [7] and [14]. An
oscilloscope measures the voltage of the anode body several
inches from the surface of the anode V7, referenced to the
grounded chamber; because of anode ablation, it is difficult
to measure the potential of the anode surface directly dur-
ing arc operation. Moreover, as the current flows through the
electrodes, a voltage drop establishes over the finite resistance
anode and cathode, denoted R, and R, respectively. For a given
discharge current /4, the voltage drop across the anode and
cathode electrodes is determined post-discharge by shorting
the electrodes and measuring the resulting voltage drop; this
shorted voltage is denoted as Vo, and was found to be 1—
3 V. Since the electrical conductivity of graphite has a tem-
perature dependence, Vo 1S measured within seconds after
terminating the discharge. This ensures the shorted voltage is
measured while the electrodes are hot and are near their nom-
inal operating temperature during discharge. Because Vo is
measured in nearly identical conditions as during discharge,
the shorted voltage is representative of the voltage drop over
the graphite electrode bodies during the discharge. The resid-
ual voltage drop from the cathode to ground, V, is determined
by attaching a wire to the cathode. The discharge voltage is
then determined by subtracting the shorted electrode voltage
from the measured anode body potential and adding the cath-
ode voltage drop to ground, V4 = V; — Vgpore + V.

The average anode ablation rate and average cathode depos-
ition rate were determined in a similar fashion to [7, 14], by

weighing the electrodes pre- and post-discharge. The elec-
trode was first weighed before running a discharge. Then the
electrode was installed in the chamber and the arc was run
for a given interelectrode gap and discharge current for 60 s.
Finally, the electrode was weighed again. The difference in
mass of the electrode pre- and post-discharge divided by the
duration of the arc run gives the time averaged rate of mass
change of the electrode. To obtain statistically significant res-
ults, this procedure was repeated three times for each interelec-
trode gap and discharge current.

3.3. Probe diagnostic

During experimental runs with the probe, the interelectrode
gap was chosen to be 4.5 4= 0.3 mm, a significant increase from
the interelectrode gap used and modeled in previous works
in which interelectrode gaps were kept to the 1-3 mm range
[14, 16]. A gap of 4.5 mm was the minimal interelectrode
spacing at which the probe motion was reproducible without
the probe tip colliding with the arc electrodes. This gap also
reduced the probe-induced disturbance of the arc operation.
The probe induced disturbance was characterized by measur-
ing and confirming that the arc current and discharge voltage
did not deviate by more than 5% from its nominal value upon
probe insertion into the plasma (figure 4). Moreover, the devi-
ation of the arc discharge voltage by at maximum ~2 V from
its nominal value does not change the main results of this
paper, namely that the anode sheath is positive in both low
and high ablation modes of the arc.

The probe was electrically configured in two ways
(figure 3). The 1st configuration was a floating probe, where
the potential of the floating probe V,,; was determined using
a Teledyne Lecroy AP031 differential probe referenced to the
grounded chamber. To test reproducibility, V,, was measured
in the arc core at midplane for three independent trials at each
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Figure 4. Discharge current (left) and discharge voltage (right) vs probe position relative to electrode axis of arc (50 A, 4.5 mm gap).

discharge current measured. The core plasma potential at the
probe Vi, was then determined from the acquired floating
potential at the arc core, also using the electron temperature
determined via OES of the arc. As in figure 1, let » denote
the radial coordinate relative to the center of the arc, with
r=0 mm as the center of the carbon arc plasma core. The
floating potential of the probe at r = 0 was determined by cor-
relating the probe signal to instants in time when the probe
tip was imaged to be in the center of the arc core, determ-
ined by fast frame imaging of the arc through an H,, filter. The
core position was taken to be the radial position of maximum
intensity in the radial direction. The anode sheath voltage V, ¢,
is determined as:

Va,sh = Va - Vpl,aa (l)

where V, is the potential of the anode surface and V, is the
plasma potential next to the anode. The plasma potential next
to the anode is related to the plasma potential at the probe
measurement location Vp p, via:

Vpl,a = Vpl,pr + Veal, 2

where V) is the voltage drop over the plasma column to the
probe measurement location (appendix C). The plasma poten-
tial at the probe is in turn related to the measured probe poten-
tial Vi, by:

Vpl,pr = Vpr + Vi, (3

where Vj is the voltage drop over the floating probe sheath and
presheath:

Vi=Van+ Vpre- (€]

For typical plasma parameters in the hot core of the carbon
(0.5—1.0 eV, 10*! — 10?2 m~3), the Debye length is \p, ~
0.1pm, which is much smaller than the ion-neutral mean-free-
path \i;, ~ 1um. Therefore, the sheath between the plasma and
the probe can be assumed to be collisionless and has a sheath

voltage drop of:
1 kT, M;
Vo= m( ) )
2 e

2mm,

where m, and M; are electron and ion masses and e is the
charge of the electron [25]. For carbon ions, equation (5) gives
Vsh = 4.08T,. For a collisionless presheath where ion energy
is conserved, the presheath potential drop is Ve = %k% How-
ever, for a collisional presheath, where ions can exchange
momentum with background neutrals, [22] showed that the
presheath drop can be much larger, Ve = a"%, where o >
0.5 is a factor that accounts for the extra voltage needed to
compensate for the momentum transfer between ions and neut-
rals as ions are accelerated by the presheath to the Bohm velo-
city. In this work, a ~ 4 (appendix A.I). Finally, an expression
for the anode sheath as a function of experimentally determ-

ined parameters Va, Veol, Vpr, Ain, and T is:
Vu,sh - Va - Vcol - Vpr - Vsh (Te) - Vpre ()\in; Te) 5 (6)

where each term in equation (6) can be visualized as depicted
in figure 5.

The second probe configuration was a sweeping Langmuir
probe, where the probe was biased with a 10 kHz sinewave
output by a Kepco BOP 36-6M bipolar operational power sup-
ply (BOP). The input waveform that was amplified by the
BOP was generated by a Rigol DG 2041A waveform gen-
erator. The probe collected IV traces at different radial pos-
itions in the plasma relative to the arc core center position.
The current drawn by the probe I, was determined by meas-
uring the voltage across a shunt resistor Ry, pr placed between
the probe and the BOP. The resulting probe voltage was V,; =
VBop + IpeRsh pr- The shunt resistor was chosen to be small rel-
ative to the anticipated sheath impedance [26]. A 2 () shunt
was used when measuring ion saturation current, and a 18.22
shunt was used when measuring electron saturation current.

3.4. OES methods

Balmer series spectral line intensities for then =3 — 2 (H,,),
4—2 (Hg),5—2 (Hy),and 6 — 2 (Hs) principle quantum
number transitions of the hydrogen atom were collected. The
Balmer series data was used to determine the electron tem-
perature in two different ways. The first method assumed
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Figure 5. Electric potential spatial variation in carbon arc interelectrode space (top). Electric potential spatial variation from plasma to

probe, based on model of collisional presheath given in [22] (bottom).

the hydrogen states for n > 2 were in partial local thermo-
dynamic equilibrium (pLTE), as supported by Griem’s cri-
terion [27], and the standard Boltzmann diagram method was
used to determine T.. The second method relaxed the pLTE
assumption and allowed radiation, electron impact ionization,
and three-body recombination to play a role in populating
the excited states of hydrogen. In this method a collisional

radiative model (CRM) was used to determine the relative
emissivities of the H,, Hg, and H, lines. The determined 7T
of the arc core converged within error between the pLTE and
CRM methods, supporting the hypothesis that the arc plasma
is at a high enough density to assume pLTE for the Balmer
series. Finally, the core plasma density n, was determined via
OES in a method similar to [28], by performing a Voigt profile
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fit to the H, line and extracting the Stark broadening contri-
bution to the profile FWHM. These methods are detailed in
appendix B.

Plasma opacity effects to each of the Balmer series lines
were estimated to be negligible for the range of parameters
considered in the carbon arc [14, 28]. Time resolved meas-
urements, taken with total exposure time of only 0.1 ms, were
also obtained, but only for H,, and Hg lines due to fundamental
detector limits. The time averaged data that excluded the H,
and H; lines was compared to time resolved data and found
similar results 7. that agreed within 0.05 eV. Therefore, it was
concluded that the effects of time averaging on the prediction
of T, were negligible.

4. Results

4.1. Arc V-l and ablation rate

Ablation and deposition rate data was collected for 2.0 mm
and 4.5 mm interelectrode gaps, shown in figure 6. The abla-
tion and deposition rates for the 2.0 mm gap case were found
to agree well with previous work [14]. The anode ablation rate
and cathode deposition rates showed dependence on gap dis-
tance. A possible explanation of the diminished anode abla-
tion rate in the larger 4.5 mm gap case is provided by [15]; as
the gap increases, less of the thermal radiation emitted from
the cathode surface reaches the anode surface, resulting in a
lower anode surface temperature and hence lower anode abla-
tion rate. The lower cathode deposition rates in the 4.5 mm gap
case are attributed to increased radial losses of ablated mater-
ial. As the interelectrode gap increases, more of the ablated
anode material can diffuse radially outward and escape depos-
iting on the cathode surface. Still, there was a clear increase in
ablation rate between low discharge current (50 A) and high
discharge current (65 A) regimes, consistent with a transition
from low to high ablation mode.

The arc V-I was determined for 1.0, 2.0, 3.0, and 4.5 mm
gaps, shown in figure 7. The arc discharge voltage was found
to be ~22 V for a 4.5 mm interelectrode gap. A notable fea-
ture was that the arc V-I showed a strong dependence on gap
distance in the low ablation regime, but lost this dependence in
the high ablation regime. This may be explained by two com-
peting effects. For a fixed discharge current, elongation of the
interelectrode gap increases the length of the plasma column,
which increases the voltage drop over the plasma column due
to a larger resistance of the plasma column. However, as con-
firmed by the OES and probe measurements described in the
following sections, in the high ablation mode the plasma dens-
ity is higher, meaning the column resistivity decreases. This
has the effect of reducing the contribution of column elonga-
tion to the discharge voltage.

4.2. OES measurements

Measurements of the hydrogen Balmer series yields arc core
electron temperature (table 1 and figure 8) and core plasma
density (table 2 and figure 9). Values of T, determined by
OES agree within error with the 7. determined by Langmuir

5
B anode ablation rate, gap = 4.5 mm

T O  cathode deposition rate, gap = 4.5 mm E
‘gj 4] @ anode ablation rate, gap ~ 2.0 mm
E, O cathode deposition rate, gap = 2.0 mm

2
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Q
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Figure 6. Anode ablation and cathode deposition rates for 4.5 mm
gap carbon arc.
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Figure 7. Discharge voltage versus discharge current.

Table 1. Results of core electron temperature as measured by OES,
in units of eV.

T. (eV) I4=50A I4=55A Is=65A
Gap = 2.0 mm 0.57£0.06
Gap = 4.5 mm 0.58 £0.06 0.65+0.06

probe data. A typical acquisition of the H,, line can be found
in appendix B.II. Importantly, when running the arc in the
2.0 mm gap, 55 A case, the electron temperature was found to
be T. = 0.57 £ 0.06 eV, roughly 0.2 eV smaller than T, repor-
ted in [14] for an identical gap and discharge current. This has
important implications in modeling of the arc, and is addressed
further in the section 5 of the paper.

Saha ionization equilibrium is described by the following

equation:
E;
— 7
w(E). o
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Figure 8. Core electron temperature determined by Boltzmann
diagram method assuming pLTE and CRM method of time averaged
OES Balmer series lines in the midplane of the carbon arc. Also
plotted is core electron temperature as determined by Langmuir
probe.

Table 2. Results of core plasma density measured by OES, in units
of m™3.

ne (m™?) I4=50 A I4=55A I4=165A
Gap = 2.0 mm (741) x 10*!
Gap=4.5mm (5%1) x 10* (1.540.3) x 10%
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Figure 9. Experimentally determined electron density at different
gaps (labeled ‘exp’), compared to calculation of plasma density
determined by Saha equation (labeled ‘Saha’).

where n, is the density of neutral carbon gas atoms, gy =
9 x 2 =18 is the degeneracy of the carbon ground state, g; =
6 x 2 =12 is the degeneracy of the ground state of a singly

ionized carbon atom, A\gg; = (h2 /2mmekg Te)o'5 is the thermal
de Broglie wavelength, and E; is the first ionization energy of
the carbon atom. Experimentally determined plasma density
was found to agree within error with values of n, calculated

—— Saha
M 4.5 mmgap, 50A
@ 4.5mmgap, 65A
& 2.0mm gap, S5 A : I :
22 I
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! I |
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Figure 10. Plasma density as predicted by the Saha equation
(equation (7)). Also plotted is experimentally determined electron
temperature (using pLTE assumption) and plasma density.
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Figure 11. Floating potential of the probe when located in the arc
core, measured at midplane, in low and high ablation regimes,
gap = 4.5 mm.

by equation (7) (figure 10). This provides supporting evidence
that the arc is in Saha equilibrium.

4.3. Probe measurements

The floating potential of the probe in the arc core at midplane
did not vary significantly between low and high ablation cases
and was found to be ~13 V (figure 11).

Ion saturation current at several radial locations was
determined as in [29] by determining a linear fit to the ion
saturation regime of the Langmuir probe /-V trace and extra-
polating this fit to the plasma potential. The ion saturation
region was determined as the region of the probe /-V to the
left of the /-V inflection point (figure 12). This inflection
point is indicative of the transition from the probe collecting
only ion saturation current to collecting Boltzmann electrons
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Figure 12. Typical ion saturation (left) and electron saturation (right) traces collected at various locations relative to the arc core. Also
plotted are linear fits to the saturation regions (solid lines) and location of IV ‘knee’ (dashed lines) (50 A).
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Figure 13. Plasma potential as determined by the swept Langmuir
probe data, measured at midplane (50 A, 4.5 mm gap).

in addition to ion saturation current. Electron temperature at
r = 0 mm was also calculated from the negatively biased probe
I-V (figure 8). Here, it was assumed that in the Boltzmann
electron transition region of the probe /-V the electron cur-
rent increases exponentially with the probe bias voltage,
(Iprobe (VB) - Ii,sat) X €xXp (%)
tial was also calculated from analyzing a positively biased
probe that collected mainly electron current. Plasma potential
was calculated as the probe bias voltage for which the pos-
itively biased probe /-V had an inflection point (figure 13).
This is not to be confused with the determination of plasma
potential using the floating probe and electron temperature
measurements, results of which are described in the following
section.

Plasma density at the arc core as determined by probe and
OES methods in this work were found to be n, = (5+ 1) x
10! m~3, which was slightly lower than reported in previ-
ously experimentally determined core plasma density of n, =
8 x 10> m~3 in the 2 mm interelectrode gap carbon arc in

. Finally, the plasma poten-
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Figure 14. Radial plasma density profile for a 50 A arc as
determined by OES in this work and in [14]. Also plotted is the
plasma density profile predicted by [16].

[14] (figure 14). This slight discrepancy is attributed to the
larger interelectrode gap in this work leading to larger radial
plasma losses from the arc core. Both this work and [14]
reported significantly lower core plasma density than modeled
in [16], which simulated the core plasma density to be n. =
2% 102 m=3.

The density obtained via Stark broadening of the H,, line
was also corroborated by performing a similar analysis on the
H g line. The resulting value of n. from analyzing the Hg line
agreed with the results of the H,, line analysis within error. The
analysis of the determination of n. from Stark broadening of
the Hg line is detailed in appendix II.

4.4. Determination of plasma potential and anode sheath
potential

Using the experimentally determined values for 7. and probe
floating potential and assuming a collisional probe presheath,
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Figure 15. Plasma potential in the arc core, measured at midplane,
as determined by the floating probe (FP) measurement with a
collisional presheath and the knee of the Langmuir probe (LP) IV
characteristic.
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Figure 16. The voltage drop across the anode sheath-presheath as
determined by collisional presheath models (4.5 mm gap).

the plasma potential at the arc core at midplane is found to be
Voi=179+12Vatly=50A andis V;; =18.1£1.0V at
14 = 65 A. Thus, the measured plasma potential in the arc core
at midplane does not vary much between low and high ablation
mode (figure 15).

Using the measured anode potential and estimated plasma
column drop, the anode sheath is calculated using equation (6)
tobe V,qh=33£1.6Vatly=50Aand Vo, =72+1.6V
at Iy = 65 A for the collisional probe presheath model. Note
that despite the measured plasma potential being constant
within error between the low and high ablation cases, the
anode sheath potential significantly increases from low to high
ablation mode. This occurs because the arc voltage increases
from low to high ablation modes. The anode sheath drop is
measured to be positive in both low and high ablation regimes
(figure 16).

5. Discussion

5.1. Positive anode sheath and implications for anode
ablation

As shown in figure 16, the anode sheath is positive in both low
and high ablation modes and significantly increases by several
volts from a low to high ablation regime. This more direct
measurement of the voltage drop across the anode sheath is
consistent with previous indirect measurements of the posit-
ive anode sheath [7, 14]. However, these values of the anode
sheath are several volts higher than used in recent modeling
studies of a similar carbon arc [15, 16]. The positive anode
sheath can play an important role in delivering heat to the
anode surface by accelerating electrons towards the anode sur-
face [7, 13, 15].

A possible explanation for why the anode sheath is posit-
ive is as follows. When operated in current regulated mode,
the arc power supply will supply a set current to the dis-
charge. Electrons are attracted to the anode and are the dom-
inant charge carriers in the near anode region. Any process
that tends towards reducing the net flow of electrons to the
anode will be balanced by an increasing anode sheath, to sat-
isfy the constant current supplied to the anode. Such processes
include thermionic emission of electrons from the anode sur-
face and electron momentum-loss upon colliding with carbon
material liberated from the anode surface [15]. This also may
explain why the anode sheath is more positive in the high abla-
tion mode than in the low ablation mode. A larger portion of
the electron energy may be lost to ablated anode material in
the high ablation mode, necessitating a larger anode sheath to
maintain the same discharge current.

The anode sheath and ablation rate data determined in this
work were compared to a recently developed model of the
anode ablation rate [15]. In the model, the anode ablation
rate is determined by the power balance at the anode surface
(equation (8)). This power balance assumes the cooling of
the anode surface is due to ablation, heat conduction through
the anode body, and blackbody radiation from the anode sur-
face, and that these processes are balanced by the heating of
the anode surface due to electrons gaining energy over the
anode sheath next to the anode surface and work function
voltage drop at the anode surface, thermal flux of electrons,
and cathode radiation impinging on the anode surface. This is
expressed as [15]:

mragant (Ta) L+ C\T371,° + Cora Ty = Veggl + Cary
Veff = max(Va,smO) + VW + 25%

Cl =T
C, =moe,0n

C3 =0caeFeya T}

oy = Fyye (1 —€c) FeoyaEa-

%aea)\a

®)

Here r, and r, are the anode and cathode radii, g,y is the anode
ablation rate per unit area of anode surface, T, and T are the
anode and cathode surface temperatures, 7., is the electron
temperature at the anode surface, ¢, and ¢, are the emissivities
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Figure 17. Theoretical and experimental ablation rate versus anode
sheath potential in a high ablation (/g = 65 A) carbon arc, for

4.5 mm gap. Shown are the predicted ablation rate dependence on
anode sheath assuming v = 1 (solid line) and v = 0.75 (dashed
line). Also plotted is experimentally determined ablation rate and
anode sheath data for 65 A (square data point).

of the anode and cathode surfaces, ), is the thermal conduct-
ivity of the graphite anode, and F,_,. is a geometrical view
factor between the cathode and anode front surfaces. All phys-
ical constants used in this model are identical to the values
described in [15].

The effective voltage V. contributing to anode heating
consists of the work function of graphite Vy, the thermal
energy of electrons impinging on the anode 2.5kT,,/e, and
the anode sheath voltage V, . Here, Te, is the bulk electron
temperature 7. as determined from OES. Note that the total
ablation flux is given as Gy, = mﬁgab]. To solve equation (8)
the anode surface temperature 7', can be determined by assum-
ing the ablated carbon pressure is determined by the Clausius—
Clapeyron relation and is limited by the background helium

gas [15]:
n(gabl —l—{l—exp (—gabl) ]) .
p 8o

€))

Solving equations (8) and (9), an expression for the total abla-
tion flux as a function of the anode sheath G, (V) can be
obtained. The theoretical dependence of Gap on Vg for a
65 A arc is plotted in figure 17. Here, the experimental abla-
tion rate and anode sheath determined in this work are also
shown. Apparently, the theory of [15] with the input of the
anode sheath from these experiments overpredicts the ablation
rate for the experimentally determined V, .

Suppose, instead, that only a fraction «y of the power dissip-
ated by the anode sheath serves to heat the anode surface, such
that a ‘power loss’ (1 — 7) IV, 4, is spent on other external pro-
cesses. This power loss could be characterized as power inves-
ted in heating, dissociating, or ionizing already ablated car-
bon atoms and molecules or plasma losses on particles spalled
from the anode [10, 13, 30]. Because of this power loss, the

1 1
Tsat

k
me

27TkTsa[

mc

anode receives only vIV, ¢, of ohmic power, and Vg is modi-
fied to be:

kT,
Vett = Vw + 2.5—=2
e

=+ max (7Vasn,0) - (10)
As a result, for a given ablation rate, a larger V, o, is needed
to provide adequate heat to the anode surface. The ablation
rate Gyp) (Vo) for v =0.75 is also shown in figure 17, and
is shown to agree well with the experimentally determined
Gabl (Vasn)- This suggests that only a fraction of the electron
energy gained in the positive anode sheath is expended on
heating the anode surface in the high ablation mode.

Possible electron energy losses in the near anode region
may include dissociation of carbon molecules evaporated from
the anode and heating/evaporation of nanoparticles spalled
from the anode [10, 14]. Previous studies have shown that the
vapor evolved from the sublimation of graphite is composed
of both monoatomic carbon atoms (C) and polyatomic carbon
molecules (C,, Cs) [31, 32]. Furthermore, spectroscopic ima-
ging of the arc conducted in [14] revealed that a ‘bubble’ of C,
forms in the interelectrode space during arc operation. There
is a presence of C, near the anode surface, but not in the arc
core midplane, indicating that C, spalled from the anode sur-
face by anode ablation is dissociated into monoatomic carbon
before reaching the arc core. The bond dissociation energy of
a single carbon-carbon bond is 6.3 eV, which is on the order
of the several volt anode sheath [33]. Therefore, the positive
anode sheath may support the dissociation of C; in the near-
anode region.

5.2. Power dissipation in the anode and cathode sheaths

The arc current is an easily and conveniently measured para-
meter, but the anode ablation is governed by the power depos-
ited to the anode surface. As evident in equation (8), the anode
ablation is a function of both the arc current and the anode
sheath. As a result, the threshold for the transition from low
to high ablation mode is more appropriately characterized by
a transition over a threshold value of power deposition at the
anode (figure 18).

The total ohmic power dissipated in the arc Py = I3V is
comprised of the power dissipated in the anode sheath P, g,
plasma column P, and cathode sheath P g,. This relation is
expressed as:

Pd = Pa,sh + Pcol + Pc,sh = IdVa,sh +Ichol +Ich,sh7 (1 1)
where /4 is the discharge current, V4 is the discharge voltage,
Vash 18 the anode sheath, V; is the column voltage drop, and
V.sh is the cathode sheath. The quantities V4, Vo1, and Vg
are all experimentally determined in this work in both low and
high ablation regimes, at 50 A and 65 A. Therefore, the change
in cathode sheath power deposition as the arc transitions from
low to high ablation mode, AP 4, can be calculated from the
equation:

APd - APa,sh + AP(:ol + APc,sh' (12)
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Figure 18. Anode ablation rate vs arc power.

Table 3. Change in power deposition throughout the arc between
50 A and 65 A discharge current cases. Units are in Watts (4.5 mm

gap).
APg (W)

APy (W) AP (W) AP (W)

402 +20 304 + 134 —215+88 314+ 162

Referring to table 3, the power deposition in the anode and
cathode sheaths both increase and are of similar order. This is
accompanied by the increased conductivity of the arc column
in high ablation mode, indicated by the negative change in
power deposition along the arc column.

5.3. Discharge voltage discrepancy between model and
experiment

Recent models of the carbon arc show a discrepancy with
experiment in determining arc voltage, underpredicting the
discharge voltage by ~10 V [14, 16]. This is in spite of a
good agreement between experiments and models regarding
T. which was found to be 7. = 0.8 0.1 eV for the low
ablation regime [14, 16]. However, the results of this paper
find a significantly lower electron temperature, 7, = 0.58 &
0.06 eV. Both this work and [14] used OES line ratio methods
to determine electron temperature. The analysis in [14] also
included a collisional radiative correction factor in the expres-
sion for line ratios used in Boltzmann diagram method. The
use of this CRM factor is not necessary and, in fact, can over-
predict 7. This implies that the electron temperature used in
recent models such as in [16] are larger than the actual exper-
imentally observed value for T, reported in this work. The
lower T, may explain part of the discharge voltage discrepancy
previously seen between model and experiment, i.e. between
[16] and [14]. This discrepancy may occur because the plasma
conductivity reduces as T, and . reduce.
The expression for plasma conductivity in the arc column
o used in [16] is given by:
nee2

Mme (Ve,a (Te) + Vej (nea Te)) ,

o= (13)

4

3

Skaj

Ty

where vy ; CijQxjn; as in [34], is the effective binary

(miTi+mTe)
my+m;
is the corresponding binary temperature, ny; = m’:i";n/ is the
binary mass, and Qy; is the binary collision cross section. The
term Cy, is the kinetic coefficient of binary collisions between
species k and j, which is typically of order unity. Detailed cal-
culations of Cy; are discussed in [35, 36]. Here it is assumed
that the heavy species are in equilibrium, and the temperature
of the carbon neutrals and ions is taken to be T = 6000 K as
modeled in [16] for a 1.5 mm interelectrode gap.
Considering cases from computer simulation and experi-
ment at the same discharge current /3, Ohm’s law is written
as:

collision frequency between species k and j, Ty =

Vcol, mod Vcol,exp
Id = =

; (14)

Rcol,mod Rcol,exp

where V. is the voltage drop across the plasma column, R is
the plasma column resistance, and the subscripts mod and exp
refer to parameters from the model used in [16] and the experi-
ment of this work, respectively. Rearranging this equation into
a ratio of resistances, one can eliminate the geometrical con-
tributions to the plasma column resistance (R = /%, where A
is the area through which current is conducted and L is the
length of the column. That is, assuming A and L have weak

dependence on T,

Vcol,mod o Rcol,mod _ Ocolexp (ne,expa Te,exp)

=19 (ne,expa Te,exp) .

5)

Vcol,exp Rcol,exp O col,mod (ne,mod» Te,mod)

Because the theoretical discrepancy in the column voltage
is AVeol = Veolexp — Veolmod, the quantity AV, can be
expressed in terms of 4,

1—6(ne,Te)

A‘/Col (n67 TC) = < 6(}’[ T)

> Vco],m0d~ (16)
The total discharge voltage can be written as Vyq = Vo +
Veol + Vesn, Where V, ¢, and Vg, are the anode and cath-
ode sheath voltage drops, respectively, and V. is the column
voltage drop.

The Iy =55 A, 1.5 mm gap case in [16] is compared with
the Iy = 55 A, 2.0 mm gap case in this work. Specifically, the
quantity Veor.mod + AVeor is calculated for this case and com-
pared to the independently measured column drop in this work
Veolexp (table 4). The theoretical discrepancy due to column
conductivity decrease, AV, is calculated assuming values
for T acquired using the pLTE OES method and n. from
Stark broadening method. In this case, the experimental dis-
charge voltage is found to be 18.440.3 V while Vgmod =
10.5V, giving a discrepancy of 7.9 V (figure 19). Apparently,
AV = 1.7+ 0.8 V, accounting for 20% of the discrepancy
in discharge voltage between [16] and the discharge voltage
observed in this work. This indicates that a portion of the dis-
charge voltage underprediction may be accounted for by the
model overprediction of T, and n.. The remaining 6.2+ 0.9 V
discrepancy may be accounted for by an underprediction in the
anode and cathode sheaths found in [16] and this work.
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Table 4. Arc column drops from [16] and as measured in this paper,
as well as the theoretical increase in column drop due to ne and 7.
underprediction, AVc.

Vcol,mod (V) AVcol (V) ‘i;o],exp (V) Vcnl,mod + AVcol (V)
2.9 1.7+£0.8 4.6+0.3 4.6+£0.8
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Figure 19. IV of carbon arc from this work and in [16] as well as
the predicted voltage discrepancy between the model in [16] and this
paper’s results due to difference in modeled vs measured 7. and n..

6. Conclusions

The results of this paper are relevant to the design and imple-
mentation of future ablative nanosynthesis reactors. The anode
sheath in an anodic carbon arc for synthesis of nanomaterials
was investigated using electrostatic probe and spectroscopic
techniques. The ablation of the anode serves as a feedstock of
carbon for production of nanomaterials in the arc. The rate at
which the anode ablates depends on the thermal flux of elec-
trons to the anode surface, which can be modulated by the
anode sheath. In this work, the anode sheath was determined to
be positive in both low and high ablation regimes. Moreover,
the positive anode sheath increases from low to high ablation
rate regimes. The measured anode sheath and ablation rate in
the high ablation mode is compared to a recently developed
model of the anode ablation rate [15]. The ablation model
agrees with the anode ablation rate if only a fraction of the
anode sheath energy delivered to electrons is spent on heat-
ing the anode surface directly. This suggests that a fraction of
the power delivered by the anode sheath may be lost to colli-
sional interactions with particles injected from the anode, such
as dissociation of carbon molecules liberated from the anode
surface and heating/evaporation of nanoparticles spalled from
the anode. Both carbon molecules near the anode and spalled
nanoparticles were observed in previous experiments with a
similar arc discharge [10, 14]. Previous work has modeled the
distribution of molecular carbon species in the carbon arc but
was unable to replicate the depletion of C, observed experi-
mentally in the arc core [14, 37]. It may be pertinent for future
modeling and experimental work to consider how the anode

sheath affects dissociation of molecular carbon species in the
arc. Additionally, future models and experiments may need to
consider the effects of the addition of small amounts of hydro-
gen on arc physics, as the hydrogen density in the arc in this
work and [14] is comparable to the carbon ion density in the
arc core. Including the effects of dissociation and ionization of
hydrogenic species and formation of hydrocarbon bonds may
be necessary.

The electron temperature was found to be significantly
smaller than in [14], likely due to the usage of a differ-
ent CRM in determining 7. via OES. In this work, calcu-
lations of T, were compared between the pLTE assumption
and a CRM, both of which converge to the same values of
the electron temperature within experimental error. The elec-
tron temperature and electron density determined in this work
have uncovered a plausible cause for the discrepancy of dis-
charge voltage in recent models with experimentally observed
discharge voltage. Because the 7. used as a fitting para-
meter in [16] was larger than experiment, the plasma column
conductivity was higher and hence the modeled discharge
voltage underpredicted the experimentally observed discharge
voltage. The modeled column voltage matches experiment
within error when using the T, and n found in this work to
determine plasma column conductivity.
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Appendix

A. Probe models

I. Presheath models.
determined as:

Recall the arc anode sheath Vg, is

Va,sh = Vd - Vpl,a
Vpl,a = Vpr + Vin + vpre + Veol.

In this work, different models of the presheath are considered,
all of which can be written as a factor multiple of the electron
temperature:

kT,

Vore = 00—
P e
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For the collisionless presheath, o = % By adding the effects
of collisions into the presheath, it will be found that o > 1/2,
increasing the difference between the probe potential and the
plasma potential. The equation for the anode sheath is then

rewritten as:
(5rm)+)
+a|Te.
27 me

For a fixed anode voltage and for a measured probe float-
ing potential, an increased presheath contribution makes the
anode sheath prediction smaller. Therefore, adding collisions
will make a more conservative (more negative) calculation of
the anode sheath drop. It will be shown that despite this, the
anode sheath drop is positive in both low and high ablation
regimes.

Following the model in [22] for a presheath within which
ions perform many collisions with background neutrals, a spa-
tial variation of the potential away near a wall can be determ-
ined by solving the transcendental equation:

1
ETe In

Va,sh = Va - Vﬂ - (

1
x:i(l—e_zx—Zx)
_eU(z)
kT,
F4
x==
L

L= >\i, MFP,mom. (17)
where z is the distance from the wall, Ai, Mrp mom. is the ion
momentum transfer mean free path, and U(z) is the potential
at z relative to the potential at the sheath-presheath boundary.
Since a thin sheath is assumed, the sheath-presheath boundary
is assumed to be at z = 0.

After many L away from the probe, the presheath drop
will be infinite. However, the maximum presheath drop can
be estimated to be one interelectrode spacing away from the
probe, since that is the largest length scale in the arc sys-
tem. The presheath predicted by case (b) in Riemann (1991)
increases in magnitude monotonically with distance from the
probe wall. The maximum presheath drop would be 4.5 mm
from the probe wall, because the probe measurements in this
work are performed in a 4.5 mm interelectrode gap. Therefore,
amaximum presheath drop calculated using z = 4.5 mm yields
a minimum estimate of the positive anode sheath.

As an example, performing the calculation for n, and 7T,
observed for the 50 A arc, the presheath drop is determined to
be Vpre = U(z=4.5 mm) = 4.217, (figure 20). With a colli-
sionless sheath, the full drop from a carbon plasma to probe
wall is then Vg = Vi + Vpre = 82942,

1l. Models of ion saturation current for determining plasma
density. The ion saturation current collected from probe
measurements of the arc are used to determine a radial pro-
file of the plasma density in the arc. The plasma density was
deduced from the measured ion current using a model of the
ion saturation current to a spherical probe in collisional plas-
mas such as the carbon arc plasma [38]. Despite the probe in

normalized distance 4.5mm away from probe, Xmax = -2250.9

—— presheath drop 4.5mm away from probe, Xpre = -4.21
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X =Z/Ai mep
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Figure 20. Plot of normalized presheath potential drop vs.
normalized distance from probe wall, using . and 7, found from
OES for a 4.5 mm gap, 50 A arc. The solution 4.5 mm from the
probe wall is designated by the blue and red lines.

this work being cylindrical, the usage of a spherical probe the-
ory for modeling the ion current in the probe presheath may be
still applicable under the assumption that the probe presheath
thickness is much larger than the probe radius. In this model,
ions diffuse through the background neutral carbon atoms in
the arc to the probe surface, and all species (electrons, ions,
and neutrals) are locally thermally equilibrated to a temperat-
ure T with a total pressure p. In addition, the contribution of
ionization in the probe presheath to the ion saturation current
is considered. For carbon ions diffusing through neutral car-
bon atoms, the ion saturation current / to the probe is given

as:
0.77
Dn, L; e
= A% (0.71+1.3 (’) 10.44 (”> ) (18)
Liz p ng

where A is the probe surface area, D = 2T/ [(M/2) Siav (p/T)]
is the ambipolar ion diffusion coefficient, M is the mass of
a carbon atom, Sj, is the carbon ion-atom collision cross
section, vy, is the thermal velocity of carbon ions and atoms,
L, =+/D/(n?) is the characteristic ionization length for
carbon, (3 is the volumetric recombination coefficient for car-
bon, 7, is the probe radius, n, is the bulk electron density, and
ng is the bulk carbon neutral density. The value used for 3 here
was taken from [39]. For a measured ion saturation current,
equation (18) is then solved numerically for n,.

The model of [38] applied to the measured ion satura-
tion current data at the arc core shows good agreement with
n, as determined by OES (figure 21). This suggests that the
effects modelled by [38] are important considerations for
future experimentation using negatively biased probes in the
carbon arc. These are, namely, that the diffusion of ions against
background neutrals and the production of ions in the probe
presheath can significantly contribute to the ion saturation cur-
rent, affecting the prediction of the bulk plasma density from
ion saturation current. Comparing the determination of n, from
the model in [38] to that of the classical Bohm ion saturation
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Figure 21. Radial plasma density profile for a 50 A arc as
determined by OES and ion saturation current measurements. Also
shown is the radial plasma density profile determined by OES in
[14], as well as the plasma density profile predicted by [16].

current fi sa;, Bohm = 0.61n,+/kT, /m;A, the model in [38] of
ion saturation current provides a better agreement to the Stark
broadening method performed with OES in this and previous
works [14]. This suggests that the effects of ionization and
ion collisions with neutrals in the probe presheath are import-
ant for probe diagnostics in the atmospheric pressure carbon
arc.

B. Spectroscopic considerations

I. Plasma opacity. An important effect to consider in evalu-
ating the light emitted from such a dense plasma is the effect of
plasma particles reabsorbing photons emitted from the Balmer
series transitions of interest. If this reabsorption is signific-
ant, it will lead to an underprediction of the lowest energy
transition (H,, in this case), confounding the prediction of T,
when using line ratio methods. The optical depth of the spec-
troscopic line )\ is [27]:

Mc?

Ao) = mreAofunid .
™ (Ro) = mredafun 2mkpT,

19)

where r, is the classical electron radius, fj is the absorp-
tion oscillator strength, M is the absorber (hydrogen) mass,
c is the speed of light, and d = 2.0 mm is the largest length
of the absorbing slab of plasma (taken to be the arc radius)
along the optical line of sight. The number density of atoms
in the lower level of the transition (in the case of the Balmer
series, hydrogen atoms in the n = 2 excited state) is given by a
Boltzmann distribution n; = n,exp (—E;/kgT,). Here n, is the
number density of absorbers (hydrogen neutrals) calculated as
a percentage in concentration of the total gas mixture (500 Torr
total background gas pressure, 95% He, 5% H, by concentra-
tion). The absorber temperature T, is assumed to be the same
as the gas temperature. Calculating the opacity to the Balmer
series lines, it is found that 7 < 1 in the range of T, applicable

— Ha
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1072 -+
1073 4
[
107 4
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10-8 . / : : ' ,
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Figure 22. Plot of the optical depth 7 vs the electron temperature 7,
for the 1st four Balmer series lines.

to the carbon arc, meaning the effects of reabsorption on emit-
ted Balmer series photons is negligible (figure 22).

Il. OES data analysis methods

Boltzmann diagram method. The first method to determ-
ine electron temperature was the Boltzmann diagram method
assuming pLTE. Typical raw OES data acquisitions and
extracted line profiles for the H,, and Hg lines in the arc core
(radial coordinate » = 0 mm) are shown in figures 23 and 24.
T, is determined by performing a linear fit to the corrected
line intensities corresponding to transition from upper state p
to lower state g as shown by the following equation:

1n<1(P—>61)A(p—>q)kBB(p—>Q)>

Alp—q)g(p)

An example Boltzmann diagram is shown in figure 25. Here
I(p — q) is the measured intensity for the p — ¢ transition,
A (p — q) is the corresponding wavelength, kgg (p — ¢) is the
blackbody correction factor, A (p — ¢) is the Einstein coeffi-
cient for spontaneous emission, g (p) is the degeneracy of the
p state, E(p — 1) is the energy of the p state referenced to the
ground state, and C is a constant offset.

T, determined by Boltzmann diagram method was thus
found to be roughly constant between low and high ablation
regimes, T, = 0.58 0.06 eV in the low ablation regime and
T, =0.65+0.07 eV in the high ablation regime. 7, was then
used to determine the various broadening contributions to the
H,, line. To determine the validity of the Boltzmann diagram
method in determining 7,, the following criterion (Kunze)
should be considered:

( ) 1/2

The lowest energy level state considered in the analysis is the
n =2 state, therefore ny, = 2. Using these parameters, the n >
2 states are in pLTE if n, > 3 X 102! m—3,

_Epp—1)

C.
BT, |

(20)

(z+1)°

17,2
My

kgT,
eV

Ne

;> L1x10%
po—

2y
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Figure 23. Typical acquisition of the H, line via OES (50 A, 4.5 mm gap) (left). Typical H, line (red) and Voigt fit (black) at radial
coordinate r = 0 mm, with the H, line FWHM = 195 pm (right). Broadening contributions in this case are: instrumental broadening
FWHM = 25 pm, Doppler broadening FWHM = 40 pm, van der Waals broadening FWHM = 36 pm.
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Figure 24. Typical acquisition of the Hg line via OES (50 A, 4.5 mm gap) (left). Typical Hg line line (red) and Voigt fit (black) at radial
coordinate r = 0 mm, with the Hg line FWHM = 500 pm (right). Broadening contributions in this case are: instrumental broadening
FWHM = 25 pm, Doppler broadening FWHM = 29 pm, van der Waals broadening FWHM = 24 pm.

CRM. To more accurately model the Balmer series emis- The rate equation for each of the excited populations of the
sion, the role of general populating/de-population collisional nl-level of an H atom is written in the form:
mechanisms using a CRM is investigated. In this model,

a set of N total nl-atomic levels with radiative and colli- dny Z A gt ]-n
sional couplings is employed. These collisional interactions dt = ml! sl 7 TeGmt!—ni | Tt
include: e

e E e
— § Nedyy + [Anlﬁml’ + neqn[*)m]/] *Npp
ml’#nl

radiative decay/absorption: [Au' i /Ani—smi’ ]
electron-impact excitation/deexcitation: (¢, ., /G5 —smi’ ) ot {a(r) T a(S)} 22)
electron-impact ionization: [S¢,] HoTen [Tl el ]

radiative recombination: [afj)} N )
where n, and nj; are the electron and hydrogen-ion dens-

three-body recombination: {a,(ll)} . ities, A,y/_y and A, _,, are the Einstein coefficients for
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Figure 25. Example Boltzmann diagram (50 A, 4.5 mm gap).

spontaneous emission and absorption, S, is the electron-
impact ionization volumetric rate coefficient, ¢, ,_,,, and
qt_n are the electron-impact deexcitation and excitation
volumetric rate coefficients, and 0‘;(1;) and 04,(5) are the radiative
and three-body recombination volumetric rate coefficients.
The couplings between the atomic states are succinctly

written in terms of the collisional radiative matrix in the form:

dnnl o
dr

Z (Cnl,ml/ : nml/) + Cnl,nl * Ny + }’l; ‘N - 217
ml’ #nl
(23)

where the non-diagonal terms that include the populating mat-
rix elements of the nl-th level are defined as

Cnl,ml’ = A=+ neql(;ll/—)l’ll 24
and the diagonal (depopulating) elements as:
Cnl,nl = — 4 Ne f,['i' Z [Anl—)ml’ +neCIf,z_>m1/] (25)

ml’#nl

The matrix diagonal is offset by the recombinative element:

¢ — {a(” (26)

3
nl +nea£ll):| :
Assuming that the atomic relaxation times are small due to
high electron densities found in the arc discharge, the quasi-
static equilibrium assumption is made (dn,;/df = 0) and the
solution is written in the form:

N—1 1
(r) -
Mt = =14 - Z (Cnl,ml’) ’ le/-HJll

ml’=1

N—1

Z (Cl(;,)ml 4

ml’=1

+
_nH.ne.

1
) Ry, Q7

where C,(J)m,, is the reduced collisional radiative matrix as
described in [40] and ny is the total hydrogen neutral dens-

ity. The rate equation for the neutral hydrogen density is given
by:

dniy
dr

—n,8% -nyg +n.R° - n;; (28)

By normalizing the ionization balance using ny +nj; = 1, the
solution to equation (28) is:

n (1) (Re 4§t/ ) , (29)

T RS

where the ionization balance relaxation time is given as 7;
[ (R*+5°)]"". Since the measured n, in the carbon arc is
large n, > 102! m—3, the ionization balance relaxation time is
small, justifying the assumption d(’l’—tH ~ 0. Therefore, the nor-
malized ionization balance solutions for neutrals and ions are
given by:

ng = s
HﬁRe_*_Se
se
+ _
ny = Rrs 30)

These normalized solutions are substituted into equation (27)
to obtain the quasi-static equilibrium atomic populations. The
CRM normalized photo-emissivities in units of [sflsrfl] are
then calculated using:

Anl%ml’

4r (3D

Enl—ml’ = nl-

The emissivity ratios between different hydrogen lines cal-
culated using the CRM are compared to the ratios calculated
using the pLTE solution given by:

E;

(gi—>j)pLTE X Ai—)jgie_ Me ., (32)
The atomic data employed in this model consists of state-of-
the-art electron-impact excitation data using R-Matrix with
Pseudo-States data [41, 42] and convergent close-coupling for
electron-impact ionization [43]. The model includes up to the
n = 5 shell of hydrogen and the high n-shell contributions are
projected into the n = 1 — 5 by means of the projection matrix
using ADAS atomic subroutines [44].

In order to compare results between emissivity ratios cal-
culated using the CRM to those using the pLTE model, the
emissivities for H,, Hg, and H., lines are calculated using the
CRM, and the ratios between the CRM calculated emissivit-
ies are compared to the emissivity ratios calculated from the
pLTE model over a range of 7, and n, (figure 26). As expected,
for low T, the results rapidly approach the LTE values since
n;,r =~ (0 due to the lack of ionization, and therefore the atomic
populations approach LTE due to pure excitation. However,
as T, increases, ionization increases and hence the contribu-
tions to the populations from both excitation and recombina-
tion enter the collisional-radiative regime. The LTE conditions
are again obtained as n, increases.
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Figure 26. Comparisons between line-ratios calculated using the CRM to those from the LTE model for different temperatures and
densities that are typical of the plasma discharge. Shown are ratios of CRM and pLTE emissivity ratios of H, and Hg lines (left) and H,,

and H,, (right).

Determination of n. via Stark broadening. The plasma dens-
ity is determined by examining the spectral linewidth of the
H, line. The H, line is broadened due to the above calcu-
lated factors: instrumental, Doppler, van der Waals, and Stark
broadening. Line broadening due to instrumental and Doppler
broadening is Gaussian in nature, while van der Waals, and
Stark broadening are Lorentzian forms of broadening. Because
the H, line is broadened by a convolution of Gaussian and
Lorentzian sources, the H, FWHM line width is accordingly
determined using a Voigt profile with FWHM of A\y. Denote
the instrumental broadening FWHM contribution as AX™™
and the Doppler broadening FWHM as AP Similarly, denote
the Stark broadening FWHM as AMNS, van der Waals broad-
ening FWHM as AAVY. Gaussian broadening adds in quad-
rature and the Lorentzian broadening adds linearly, hence the
total Lorentzian and Gaussian FWHM contributions can be
written as:

AN = AXNS + ANV

and

ANG — \/ (ANt ) 4 (AP

Given AN and AXS, an approximation to A\Y accurate
to 0.02% is given by:

AN ~ 0.5346 AN + \/ 0.2166 (AAL)? + (AXG) .

After determining A\, the transcendental equation for A\-
can be solved for in terms of AXS and AAY. The solution,
AN = (ANY) | gives:

_ A)\VdW.

S _ L
AN = (A)\ )sol

Finally, using the diagnostic maps calculated in [45] using
a value of = 0.90 corresponding to hydrogen emitters and
carbon perturbers, for a determined 7, and AMS a value can be
extracted for n,.

Table 5. Summary of FWHM contributions to H,, line broadening.

AXP (nm) AXYY (nm) AN (nm)

0.036-0.044 0.031-0.040 0.025

Contributions to the line width not due to Stark broaden-
ing are summarized in table 5. The instrumental broadening
AN™Y is determined by directly imaging an Hg(Ar) spectral
calibration lamp with the spectrometer and iCCD camera. The
FWHM of the 579.1 nm Hg spectral line was used as the value
of the instrumental broadening FWHM, which was found to be
A)\instr. =25 pm.

Assuming the plasma is in thermal equilibrium, implying
Ty = T, where Ty is the temperature of the hydrogen atoms in
the arc, the Doppler broadening FWHM is given by [46]:

ks T,
AND =304 /81220
mgygc

where \3_,, is the wavelength of the photon emitted by the n =
3 to 2 hydrogen atomic transition, my is the hydrogen atomic
mass, and c is the speed of light. Calculated as such, the Dop-
pler broadening contribution is found to be AAP = 36—44 pm.

van der Waals broadening is calculated using the expression
given in [46], assuming the emitters are hydrogen atoms and
the perturbing atoms are carbon atoms:

2

AN s wro-mhon (G (TR (25)
Ao nm \mds—! w/u m—3
e 1
2= e aq|(R3) — (R3)].

Here n¢ is the carbon neutral density, taken to be nc =
(500 torr) / (kgT), e is the electron charge, ¢ is the dielectric
constant, % is the reduced Planck constant, and the interac-
tion constant Cg_>2 is calculated using the dipole polarizab-
ility oy of a carbon atom described in [46, 47]. The atomic
mean squared radii of the n = 3 and 2 states, (R3), (R3), are
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Figure 27. Electric field in the arc column calculated from /V data
from this work and [7] and [48].

approximated by the expression given in [5]. Found this way,
Cs ~ 107 m%s~!, and hence ANYW =31 — 40 pm.
A similar analysis was performed on the H g line, this

time using the calibration expression FWHM = 4.800 nm x

(W}Nﬁ)o.esns from [45]. For a 50 A, 4.5 mm gap car-

bon arc, the plasma density obtained from Stark broadening
of Hg line was found to be (44 1) x 10*! m~3, as opposed
to (54 1) x 10! m~3 obtained from Stark broadening of
H, calculated from the diagnosis maps assuming p = 0.9.
For a 65 A, 4.5 mm gap arc, the plasma density obtained
from Hg was (1.340.3) x 10 m—3, as opposed to the value
(1.540.3) x 10> m— obtained from H,, line broadening.

The resulting values for n, agreed within error between the
H,, and Hg line broadening analysis, in both low and high abla-
tion modes. This is significant because the Hg FWHM does not
depend on ion dynamics effects or temperature changes [45],
whereas the H, FWHM does. The results presented above
focused on the H,, linewidth mainly to make a direct compar-
ison to the previous spectroscopic investigation of an almost
identical carbon arc in [14].

C. Determination of voltage drop over plasma column

In [48] the IV characteristic of a carbon arc with a hollow
carbon anode composed of C:Ni:Y = 56:4:1 was investig-
ated. The discharge voltage was found to indeed increase with
increasing gap size. This increase is attributed to the increase
in the length of the interelectrode plasma column that has a
relatively spatially homogenous electric field. Therefore, by
obtaining discharge voltage measurements at two different
interelectrode gap sizes at a fixed current, the electric field in
the plasma column can be estimated (figure 27). The plasma
column electric field amplitude E at a given discharge current
1, can be estimated from the discharge currents at two different
gap sizes d; and d, as:

Va(dr) — Va(dy) .

E(I;) = -

Assuming the probe tip measures the arc with an interelec-
trode gap d at the arc midplane d/2, the drop over the column
to the probe tip V. is then given as:

Vm] = E(Id) X
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