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Abstract

We report on a relaxation method to determine the electron-to-gas
temperature ratio in the near-cathode region of a low-current free-burning
arc operated in argon under atmospheric pressure. We used an intensified
CCD camera to record the relaxation process after a fast power-interruption
of the discharge with a time resolution better than 1 us. For the CCD images
we applied an ABEL inversion procedure yielding 3D information about the
temperature ratio 8 := T/ T, with a spatial resolution of 50 um. We
deduced spatially resolved values of 8 from the relaxation experiment using
independently measured values of T, and n., so we could determine all free

parameters in the partial LTE model.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In previous papers [1-3] we presented results from diagnostics
in the near-cathode region of a low-current free-burning arc
in argon. We found four phenomenologically distinguishable
discharge modes and concentrated our work on two of them,
namely the ‘diffuse mode’ and the ‘blue-core mode’. In
particular, the latter mode showed considerable deviations
from local thermodynamic equilibrium (LTE) in spite of high
temperatures (above 20 000 K) and high electron densities (up
to 2 x 102 m~3). However, we were not able to access the
cathode closer than about 1 mm with laser-based techniques
(Rayleigh and Thomson scattering) due to the large intensity of
stray light. The diagnostic technique applicable in this region
is emission spectroscopy.

Emission spectroscopy employing modern CCD detectors
is a reliable source of data. However, the deviations from
LTE cannot be described in terms of the partial LTE (pLTE)
model traditionally used in cases such as this by applying solely
emission spectroscopy. The reason for this shortcoming is
that there is no easy way to determine the gas temperature
T, spectroscopically. The broadening of the emitted lines is
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dominated by the Stark effect, leaving the Doppler profile (and
hence the kinetic temperature) unaccessible.

In this paper we use a relaxation method to determine the
difference between the electron temperature 7, and the gas
temperature T, in terms of the temperature ratio 8 := 1./ T,
for the diffuse mode. Although, the relaxation method has
been used for this purpose before in the literature, this is (to
our knowledge) the first time it is applied with a fast intensified
CCD camera as a detector. Our setup allows spatially resolved
measurements (similar to the setup for classical emission
spectroscopy) and leads to 3D spatially resolved data via an
Abel inversion. The relaxation method turns out to be a perfect
match for classical emission spectroscopy to complete the
pLTE plasma model using the obtained data.

2. Models for LTE and pLTE plasmas

2.1. LTE model
We describe a LTE plasma with four basic equations [4].

(i) Dalton’s law, which gives the relation between the
pressure p, the temperature 7 and the number densities
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n,,; of atoms and Density 7. of the free electrons:

N N,
p=ksT (ne+ZZna,,->. (1)

a=1 i=0

Here and in the following the index a denotes different
kinds of atoms, whereas the index i denotes different
ionization stages (i = O refers to a neutral atom).

(i) The quasi-neutrality condition, which states that the
number density n, of electrons is equal to the number
density of all ionic charges summed up (with N being
the number of different kinds of atoms and N, being the
number of ionization stages to be taken into account):

N N,
ne=Y_ Y i ng. )

a=1 i=1

(iii) Saha equations, which relate n. with the ionization stage
densities n,; and ng ;41:
Za,i+1 (T, ne)

3
mekBT
Zai(T,ne) \V 27702

EX — AEF
X exXp _T . (3)

Here m. denotes the electron mass, kg is Boltzmann’s
constant, /1 is Planck’s constant divided by 27 and E;"j
is the ionization energy, AEZS is the lowering of the
ionization energy because of the surrounding plasma and
Z4.i(T, ne) is the partition function.

(iv) The Boltzmann-distribution, which describes the densities
of excited states

Nelg i+l
Sa,i = ——

Ng.i

=2

[v) [v)
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Here N,

is the population density of the state |v) of
atoms of the kind a in the ionization stage i, glllvz is the

corresponding statistical weight and E L"Z is the excitation
energy.

The term equilibrium means that all temperatures for the
different processes described by (1), (3) and (4) (kinetics,
ionization and excitation) are equal at any given point in space,
whereas local means that this temperature may vary depending
on the actual place.

In this paper we report on arc discharges operated in a
pure atmosphere of argon, so that only one kind of atomic
species has to be considered (@ = 1). Thus, we omit the index
a from here on and denote the number of ionization stages
with Na;. We calculate the lowering of the ionization energy
AE? according to [5]. We calculate the partition functions
Z; using éebyéev approximations according to [6] and the
coefficients published in [7]. This method includes Rydberg
states by applying a hydrogen approximation for highly excited
states. As a cutoff value we use the ionization energy dimin-
ished by AE?°.

In the case of emission from an optically thin layer a state
density n l“ ! relates to the (spectrally integrated) line emission
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Table 1. Argon line data used in this work.

Y Em A Error Reference

Species  (A) (ecm™) g, (10°Hz) (%) number
Ar1 4510.73 117563 1 1.18 7 [8]

Ar1 452232 116660 3 0.0898 8 [8]

Ar1 6965.43 107496 3 6.39 5 [8]

Ar1 7147.04 107132 3 0.625 8 [8]

Arn 4426.0 157673 6 81.7 5 [9]

Arn 4433.84 194883 8 64.98 10 [10]

Table 2. Relaxation times for processes in the atmospheric argon
plasma of a cascaded arc with @ = 6 mm, p = 1000 hPa,

ne = 1.5- 102 m~3 and 7. = 10000 K. The values are taken
from [45].

Process Symbol  Time (s)
Elastic collisions e~ <> e~ Tee 3 x 10712
PLTE for excited (n > 3) states T 2 x 1071
Equipartition of energy by fei 2 x 1077

elastic collisions e~ <> i
Equipartition of energy by tea 2 x10°°

elastic collisions e~ <> a
Collision-radiation: TCR 3x 1074

ionization and recombination
Thermal conduction T 4 %10~
Ambipolar diffusion Tamb 6x 1074

coefficient (LEC) as ([4])
he
)
Sy = n""A,, 5
7Y A }Vw i ny ( )

with /& being Planck’s constant and ¢ being the speed of
light. Transition wavelengths A, excitation energies E'"
and transition probabilities A used in this paper are given in
table 1.

For a given pressure and a known chemical composition
of the plasma, (1)—(4) leave us one free parameter; for a
calculation usually the temperature T is chosen, but any other
parameter (e.g. ne) will do, too. Our plasma composition
calculation basically follows the mathematical procedure
described in [11].

2.2. pLTE model

To reach the LTE condition, collisional processes have to
dominate the plasma. We follow [13,14] to allow for deviations
from LTE and to develop a model for pLTE. First we consider
the energy supply chain for an arc discharge. The electric
field E, which provides the energy for the discharge, almost
exclusively affects the free electrons, due to their high mobility.
Collisional processes among free electrons are rather fast (see
section 4.1, table 2), so a common kinetic temperature 7, for
all electrons is established comparatively easily. But if the
(elastic) collision rates between electrons and heavy particles
are too low, the kinetic gas temperature 7, will markedly drop
below T.

Moreover, too low (inelastic) collision rates between
electrons and atoms lead to deviations from the Boltzmann
distribution for excited atomic states. All atoms of noble gases
share a common structure in their energy levels. The main
feature, which is also present for hydrogen, is a separation of
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the ground state from all excited states by a relatively large
energy gap (see [17, 18]). All excited levels of Ari have
energies above 70% of the ionization energy.

Low collision rates lead to a deviation between the ground
state and the excited states in the Boltzmann distribution
because the inelastic cross section for collisions with electrons
is markedly lower for the ground state than for the excited
states. In particular this is true for neutral atoms such as Ar1
due to a lack of Coulomb interaction. Thus, the ground level
of Ar1is overpopulated with respect to the excited levels of
Ar1, which remain in partial Saha equilibrium with the ions
and the free electrons. On the other hand, we can likewise
speak of an underpopulation of the excited levels with respect
to the ground state. We choose the latter view for this work.

These considerations lead to the introduction of two
further parameters to describe a plasma in the state of pLTE.

(i) The temperature ratio 8 := T./T, > 1 accounts for the
difference between the electron temperature and the gas
temperature. Thus, we modify Dalton’s law (1):

Nar
p = ks (nTe+Zn,~Tg>. (6)

i=0

(i) An underpopulation factor b < 1 accounts for the
underpopulation of the excited levels of Ar1, so b enters
the Boltzmann distribution (4) to lower all excited state
densities and the Saha-Boltzmann relation, respectively.
This can be basically accomplished by replacing g(‘)‘))
with bg(‘)v> for all excited state densities (v > 0) of Ari;
additionally, all ion densities are underpopulated because
they are in partial Saha equilibrium with the excited states
of Ar1. Mathematically, it is possible to define a modified
partition function ZO including the b factor, which leaves
the rest of the equations unchanged.

The pLTE plasma model is successfully applied in the
literature to describe deviations from LTE in arc discharges
(see, e.g. [19-22]). The assumption of a single b-factor
describing the deviation of all excited levels from LTE is based
on the aforementioned large energy gap between the ground
state and the excited states in noble gases. It is only valid if
the deviations from LTE are not too large. For argon, the next
energy levels beyond the ground state to show deviations from
LTE are the four 4s states between 93 000 and 96 000 cm™".
The authors of [23] have shown that the deviation factors for
the next states beyond the ground state are three to four orders
of magnitude smaller than the ground state factor and thus can
be neglected. Their model calculations were carried out for the
cathode region of a high current arc with temperatures between
12000 and 16 000 K. In addition, [24] presented experimental
Ar1 Boltzmann plots from the cathode region of a low-current
arc for excited states. These show a (nearly) uniform excitation
temperature, in contrast to the anode region, where the pLTE
effects are more pronounced, so that the excited states cannot
be described with a single excitation temperature. The uniform
excitation temperature is in accordance with the assumption
of a single b-factor. Thus, we think that the application of
the pLTE model with a single b-factor as described above is
justified for our experiment [25].

Because there are three free parameters (instead of only
one in the LTE case), the pLTE model is cleary more difficult to

determine experimentally. A single measurement is sufficient
to determine the LTE model (e.g. an absolute line intensity,
from which the temperature can be deduced), but we need
to measure three independent quantities (corresponding to the
three free parameters) in the pLTE case. To obtain an overview
of the impact of the two additional parameters on the plasma
model, figure 1 shows calculated LECs for various values of T¢,
B and b using a pseudo-colour representation for the LEC. By
design of the model, the values satisfying (8 = 1,b = 1)
correspond to the LTE values for the line. The intensity
maximum for each horizontal line corresponds to the norm
temperature Ty for the chosen values of (8, b); the maximum
value is called the Larenz maximum [12].

Figure 1 shows that the two additional pLTE parameters 8
and b have diametrically opposed influence on line emission.
For a given T, a large B leads to a small T, and thus via
the modified Dalton law (6) to a higher density n( of neutral
atoms. This in return increases the line emission via the
Boltzmann distribution (4). On the other hand, a decreasing
underpopulation factor b leads to a decreasing population of
the excited states and thus to a decreasing line emission. In a
real pLTE plasma both 8 and b are different from unity and
their effects on line emission can (at least partly) cancel out.

3. Determination of plasma parameters in pLTE
using emission spectroscopy

As long as B is unknown, Dalton’s law cannot be used for the
evaluation of spectroscopic data because the neutral density 7
is unknown. This confines us to spectroscopic measurements
evaluable without knowing ng.

One possibility is the measurement of the continuous
emission coefficient (CEC) &,, which is related to n. and
T. [26]:

Nar

D omiE0, T ()
i=1

€° Ne
&) =
12c2¢} /65 m3kg A2/ Te

with

[y __he Vi o
£ = |:1 exp( AkBTe>] Zi(Te,ne)éz (A, Tp)
he o
+exp <— e Te) & (A, To). 8

The Biberman factors &/ for free-bound and & for free—free
transitions of the electrons are expressed as one effective &;
factor for each ionization stage i. For a singly ionized plasma
(Nar = 1, ny = ne) the sum in (8) reduces to the first term
(nc&). Forargon plasmas the simplified version of (8) is a good
approximation up to about 18 000 K. Above this temperature
the inclusion of the next term (4n,&;) should be considered to
avoid systematic errors [27].

We chose the wavelength range between 4455 and 4456 A
to measure the CEC because this region does not contain argon
line emission and &, is almost independent of both wavelength
and temperature. Thus, we assumed & = 1.86, which is
consistent with both theoretical [28] and experimental [29,30]
data. The measured CEC is especially suitable to deduce the
electron density n. because ¢; in the simplified form of (8)
depends on n2, but only on /7 and linearly on the & factor.
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Figure 1. Calculated LECs of the Ar1 line at 7147 A with T., B and b as parameters. (a) shows ¢, (T;, B, b = 1), whereas (b) shows
& (T, B = 1, b). This overview demonstrates that 8 and b have opposite effects on the line emission and that neither 7y nor the Larenz

maximum are independent of the pLTE parameters.

On the other hand, we determined 7. by measuring a
LEC ¢, and calculating the state density from (5). Further
evaluation is easy for an ionic line (Ar i1 or Ar 11) because even
in pLTE we can use the Boltzmann distribution (4) for ions,
and calculate the required stage densities n; and n, by applying
the quasi-neutrality condition (2) and the appropriate Saha
equation (3) (S, does not contain any of the pLTE parameters).
We preferred this procedure because the exponential
factor in the Boltzmann distribution guarantees a small
error in 7.

However, this procedure is limited to relatively hot
plasmas producing a sufficient amount of ionic line emission.
This is usually the case in the blue-core mode, but for the diffuse
mode we had to use neutral lines. These could not be evaluated
via the Boltzmann distribution because the stage density ng is
unknown as mentioned above. Two other possibilities remain
to determine 7, from neutral line emission.

(i) Theuse of atwo-line method. According to the Boltzmann
distribution the ratio of two excited Ar1 states |v) and |u)

yields
0) , )

while the underpopulation factor b cancels out. This
concept can be extended using multiple lines to create
a Boltzmann plot, which then yields 7.
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(i1) The use of the Saha—Boltzmann relation for the excited
Ar1 level and the Aru stage density, which are in partial
Saha equilibrium:

2 h?
nen _—
el mekB Te

EP — AEP — Ey)
xexp( 0 0 0).

3
[v)

v — 80
0 T2z,

kg T, (19)
In both cases the measured LEC can be related to the
state densities using (5). However, both (9) and (10) have
the disadvantage that their exponential factors make the
determination of 7; prone to errors arising from measurement,
calibration, A values, etc.

In this paper we present data obtained in the diffuse
mode, using (10) for evaluation. Electron temperatures
determined from ionic line emission and (4) can reach an
accuracy better than 2%, whereas we estimate the total
temperature error for neutral line evaluation to range between
5% and 10%. Our main Ar1 diagnostic lines were at
4511 and 4522 A (see table 1). The error for the electron
density was mainly caused by uncertainties in the &-factor
and measurement/calibration errors. We estimate that n,
too has an accuracy in the range 5-10%. We always
evaluated the measured CEC and LEC together from one
acquired spectrum to obtain consistent values for n. and T in
one run.
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Figure 2. Schematic diagram of the Saha response of a emission line (intensity /) during power interruption in a pLTE plasma.

4. Relaxation method

The relaxation method is one of the few ways to gain an
insight into the dynamics of non-LTE plasma processes and
to determine the temperature ratio 8 and hence the gas
temperature T,. Basically it is a transient variant of emission
spectroscopy. The transient relaxation effect, during which
line and/or continuous emissions are measured, is caused by
a rapid interruption of the electrical power sustaining the
discharge. Therefore, we refer to this method as active
emission spectroscopy. In the literature it is also known as
the power-interruption technique.

Based on early works [31] the first use of the relaxation
method is reported in [32]. During the following years it is
used to examine the plasma of different arc discharges [33—
35]. Among other applications, the method is later employed
on cascaded arcs [20, 22, 36-38], ICPs [39-42] and transferred
arcs [43].

4.1. Relaxation in LTE and pLTE plasmas

According to [44] we describe the temporal change in the
population density of an excited Ar1 level n,’ by means of
rate equations:

A =13 CG ) — e ) an
P w

Boltzmann terms

—nenl)' SW) +n2SW)G(v) .

Saha terms
Here C denotes collision-induced transitions (quenching) and
S is the coefficient for collisional ionization. « is the coefficient
for three-body recombination, which is linked to S and G via
the principle of detailed balancing [44]: «(v) = G(V)S(v)
3

with
[v) 2 00 00
g 27ch E® — AE
% ,/7 exp(M . (12
2g1 mekBTe k]g,Te

We distinguish between Saha and Boltzmann terms because the
former are responsible for the Saha equilibrium, whereas the

GW) =

latter establish the Boltzmann distribution among the atomic
states. The Saha terms are dominant for Ar1 energy levels,
which have excitation energies close to the ionization energy.
On the other hand, the Boltzmann terms may prevail for the
ground state.

If the plasma is in LTE, the state density (and thus the line
emission) is constant, and its temporal derivative vanishes:
1'18” = 0. A power-interruption experiment has no instant
effect on the rate equations. The temperature decreases, and
along with it line emission and rate coefficients decrease.

However, in pLTE the electrons lose their higher kinetic
energy rather quickly due to the large collision cross-sections
with excited atomic levels. Thus, their temperature 7. drops
to T, before other processes take place. For an overview
of the timescales involved, we refer to table 2. There we
cite typical relaxation times originally given in [45] for an
argon plasma generated in a cascaded arc, showing plasma
parameters similar to our arc plasma in terms of n. and 7.
Thus, we expect the cooling process T, — T, to take about
1 us. Table 2 further shows that cooling of the electrons is
much faster than ionization and recombination processes. It
is also faster than the usual thermal conduction and diffusion
processes. So we further expect T, n. and all ion densities n;
to be constant, while the electrons cool from T to 7.

4.2. Saha response

During the relaxation process the coefficient S for collisional
ionization decreases while G rises according to (12). Given
that the Saha terms in (11) are dominant, we infer 1'18’> > 0.
This means that in a pLTE argon plasma the relaxation process
following a power interruption causes an increase in the excited
state densities and thus an increase (a jump) in line emission.
This effect is called the Saha response [40].

Figure 2 sketches the development of the line emission
during a relaxation experiment in pLTE. While the discharge
is operated continuously, the line emission has a constant value
1", After interrupting the power there is a jump A1)”. Some
microseconds later, 7 cools down to T,, and the maximum
line emission I(;lv) is reached. Having passed the maximum,
the usual cooling process takes place, which causes a (slower)
decrease in the signal.
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Figure 3. Overview of the experimental arrangement for passive and active optical emission spectroscopy.

Assuming partial Saha equilibrium we divide (10) for the
maximum emission value reached at 7, by the continuous
emission value reached at 7, and obtain

oo _ oo _ v
- \/Bsexp<(E0 iE; Eo) g 1)).
Ble
(13)

Here we also make use of the fact that the partition function for
Ar hardly depends on T and that electron and ion densities
are constant during the relaxation process, so Z;, n. and n;
cancel out.

Provided that 7, and n. have been measured before as
described in section 3, the relaxation experiment yields S
and hence T,. The determination of 8 is dominated by the
exponential factor in (13). © itself has a rather low uncertainty
as it is formed by the ratio of two measured intensities, and
the error propagation is further weakened by the exponential
function. Thus, the main source of uncertainty for g is T, and
we estimate the overall error to range between 7% and 15%.
The same measure holds for 7,. We note that these are the
worst case estimates for the absolute values of the measured
parameters. Error sources such as uncertainty caused by the
absolute calibration of the detector system shift the measured
absolute values but keep their spatial behaviour in the radial or
axial direction intact.

0=

5. Experimental setup

5.1. Overview

The experimental setup shown in figure 3 was similar to the
setups we used in [1-3], so we point out just the main features
and enhancements here.
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We constructed a new arc vessel based on a smaller and
lighter cube (side length 80 mm) with four optical ports. This
allowed us to move the vessel with a stepper motor, so we
gained better adjustability of the vessel, and we could also
use the optical ports on different positions. We equipped
our Questar QM-1 long-range microscope with a standard
video CCD camera linked to a PC with a frame grabber
card installed. This enabled us to observe and record the
cathode region during the whole experiment with 25 frames per
second. Thereby, we could control the stability of the discharge
and (even afterwards) look for changes and instabilities. We
could move the lower mirror of the mirror tower with a dc
motor, increasing the reproducibility of the axial positions
(also see section 5.2). The two spectroscopic camera systems
were mounted on two output ports of one monochromator
(selectable with a turnable mirror). This ensured that both
the cameras always detected the same plasma region. We
used additional delay generators, a pulser unit and a transient
recorder for the relaxation experiment (also see section 5.3).
The Nd: YAG laser, which has been used for Rayleigh and
Thomson scattering in [1], was used to ignite the discharge
(see section 5.4).

Data acquisition and controlling consisted of four PCs.
We wrote the software for controlling, data acquisition and
data evaluation in Java (http://java.sun.com) using the Eclipse
project (http://www.eclipse.org). = We adopted numerical
algorithms (such as Romberg integration, Brent’s method
for root finding and single-value decomposition to solve
systems of linear equations) from [46] and used external Java
packages for image manipulation (http://rivit.cs.byu.edu/jigl/)
and matrix operations (http://math.nist.gov/javanumerics/
jama/).
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Figure 4. Image mapping of the arc plasma onto the entrance slit of
the monochromator.

We reduced the number of experimental configuration
parameters by creating a standard setup. The discharge was
operated in argon (type 5.3 by Linde, purity better than
99.9993%) under atmospheric pressure. The cathode was a
rod of thoriated (1.8% Th) tungsten (0.6 mm in diameter);
the anode was a rod of pure tungsten (2.0 mm in diameter).
We chose thoriated tungsten as cathode material to obtain
measurements comparable to our previous work [1,3]. This
caused a large uncertainty in the determination of the work
function. On the other hand, even electrodes made of pure
tungsten show a large variation in their work function, both at
room temperature [47] and under arcing conditions [48]. Both
electrodes had flat ends and were 30 mm in length. Their length
outside the electrode holder was 10 mm in each case. The arc
was operated in an upright position with the cathode below
and the anode on top. The distance between the electrodes
was 10 mm. We also limited the data presented in this work to
one current, namely 12.5 A.

5.2. Spectroscopic setup

The image of the arc plasma was rotated by 90° with the help
of a mirror tower and mapped life-sized onto the entrance
slit of the monochromator (see figure 4) by means of a pair
of achromatic lenses. We used cylinder coordinates for the
description of the positions, with z denoting the axial distance
from the cathode tip and r denoting the radial distance from
the arc centre. We set the width of the entrance slit to 50 ym,
which defined our axial resolution. The radial resolution was
defined by the size of the CCD pixels (typically 30 um). We
used a dc motor for moving the lower mirror of the mirror tower
so that we could select different axial sheaths to measure.
Because we measured the plasma emission side-on, all
collected spectroscopic data were integrated over the line-of-
sight. We thus had to solve the corresponding Abel integral
equation to achieve spatially resolved emission coefficients.
For the Abel inversion we used the algorithm proposed in [49].
The procedure is based on the approximation of the unknown
radial function with a Fourier series with unknown coefficients.
These were determined by a least-square fit to the measured
data points. In contrast to other methods of Abel inversion
we neither have to use the derivative of the measured data
(which leads to an amplification of noise) nor do we have to

Table 3. Technical data of the CCD camera systems.

Slow-scan CCD Intensified CCD

Model PILN/CCD-1752-PF RS PI-MAX-1024-E
Cooling —125°C (IN») —40°C (Peltier)
Pixel size 15 pum x 15 um 28 um x 28 um
Chip size 1752 px x 532 px 1024 px x 256 px
A/D range 18 Bit 16 Bit

5000-9000 A
>5ns (MCP)

2200-11000 A
>80 ms (shutter)

Spectral range
Exposure time

fit the measured data before the inversion process (which may
tamper with the actual data). The Fourier method provides very
accurate inverted data [50]. Furthermore, we could use it as a
noise filter by selecting a certain range of Fourier coefficients.
Taking into account that the plasma under investigation in this
work showed monotonically decreasing profiles only, which
are far less prone to error for Abel inversion [51], we ensured
that the inverted data had high quality.

Before the inversion of LECs, we spectrally integrated
the line to improve the S/N ratio and we interpolated
and subtracted the neighbouring continuous radiation. For
measuring CECs, we made sure that the spectral region
in use was free of line emission (we usually chose the
spectral range 4455-4456 A). In either case we made sure that
the measured plasma emission preserves cylinder symmetry
because asymmetry can lead to systematic errors in the Abel
inversion process.

We performed the emission measurements with a
I m McPherson monochromator using a grating with
1200 lines/mm, blazed for 500nm in the first order of
diffraction. The detector for passive emission spectroscopy,
which we used to determine 7, and T, as described in section 3,
was a front-illuminated slow-scan CCD camera (Princeton
Instruments). The detector for the relaxation measurements
was an intensified CCD camera (Roper Scientific). Some
technical data of the CCD systems can be found in table 3.
The iCCD can make use of the full dynamic range with single
pixels, whereas the slow-scan CCD has pixels with a linear
dynamic range of about 15 Bit. Thus we usually applied 2 x 2
hardware binning for this system, which yielded an effective
pixel size of 30 um x 30 um and a dynamic range of 17 Bit.

With their high dynamic range and excellent linearity
(better than 1%), both detector systems are ideally suited to
quantitative spectroscopy. In this work we used a tungsten
strip lamp calibrated by the PTB (German national metrology
institute) as radiation standard to measure emission coefficients
on an absolute scale. The lamp was placed opposite to the
arc discharge, making use of the established spectroscopic
T-arrangement (the lower mirror of the mirror tower could be
rotated).

5.3. Relaxation setup

Figure 5 shows a block diagram of the electrical setup for the
discharge and the power-interruption experiment. We used
a parallel connexion of three power supply units (made by
Heinzinger and Knrr-Heinzinger, respectively), which were
protected with a block of high-power diodes (type SKN/100-
18 by Semikron). The technical data of the power supplies
can be found in table 4. In previous experiments, we used the
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Figure 5. Block diagram of the electrical setup.

Table 4. Technical data of the power supply units.

Model Umax (V) Imax (A)
HNs 3500-3 3500 3
TN 300-3000 300 10
PTN 250-20 250 20

high-voltage power supply to ignite the discharge. However,
facing an increasing amount of components being sensitive to
HYV, we developed an alternative method of ignition, which we
briefly describe in section 5.4. This made the usage of HV
obsolete. The remaining two supply units were able to deliver
a maximum current of 30 A at 250 V.

We used digital multimeters connected to a PC to monitor
the voltage and the current of the discharge. For measuring the
current we used a precision shunt (type RUG-Z). There were
two additional sets of ballast resistors. The first set (labelled
R-Iin figure 5) consisted of a parallel connexion of 11 resistors
(type BRQ), each having a resistance of 100 2. Both the
RUG-Z and the BRQs are planar resistors manufactured by
Isabellenhtte, and feature an extremely low inductivity. The
second set of ballast resistors (R-II) consisted of a parallel
connexion of conventional wire-wound resistors. The actual
combination and thus the resulting resistance could be chosen
by a set of relays.

We achieved a fast power-interruption for the relaxation
experiments by short-circuiting the arc and the R-I with a
pulser unit (see figure 5) employing a fast Power-MOSFET
(type FDP-15N50 by Fairchild). R-I ensured a mimimum
load of about 10 €2 (the arc itself had a resistance of about 1 2
when operated continuously with 12.5 A), which the MOSFET
could short-circuit fast. The MOSFET was driven by a special
chip (MAX-5048 by Maxim) to achieve short switching times.
We prevented the appearance of inductive voltage spikes by
keeping the leads between the discharge and the pulser unit
as short as possible and by using the planar low-inductance
BRQ resistors. We used a digital transient recorder (Tektronix
DSA-602A) with an analogue bandwidth of 1 GHz to monitor
the power-interruption process and to adjust trigger pulses and
gate widths. Using this setup we reached interruption times
less than 250 ns (current drop to less than 10% of the initial
value).

Figure 6 shows the propagation of the trigger pulses. The
master trigger was created by a delay generator (Stanford
Research DG-535), which was controlled by a PC. The delay
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Figure 6. Trigger pulses for the relaxation experiments.

generator prepared the iCCD for exposure (which takes a
minimum time of 85ns for technical reasons), waited for
another time interval At and then exposed the CCD for
the chosen time interval. The main trigger also reached a
second delay generator (type DG-535), which inserted another
adjustable delay (typically 2 us). Then the second DG-535
generated a trigger pulse with a gate width of typically 20 us,
which we used for the pulser unit to initiate the relaxation
experiment. After 20 us of power interruption the MOSFET
was switched off again, so the arc continued burning.

This setup allowed us to choose the exposure time
independently of the power interruption by setting appropriate
values for Ar. The additional delay of 2 us was long enough
to obtain some iCCD frames before the actual relaxation
experiment (still during continuous operation). Because 20 s
were far too short to extinguish the arc (see timescale for
recombination in table 2), the experiment could be carried
out repeatedly, and the iCCD could collect photons on-chip
to increase the S/N ratio before the readout took place. By
observing the plasma emission, we found that the arc got back
to its continuous state in less than 1 ms. Therefore, we used
repetition frequencies between 100 and 200 Hz in this work.
A typical measurement took between 1 and 5s, averaging
over a maximum of 1000 single events. Thereby we set the
exposure time for the iCCD to 200 ns to be able to resolve the
relaxation process temporally. As a standard diagnostic line
for the relaxation experiment we used the Ar1 line at 7147 A
(see table 1).

Data processing for the relaxation experiment was similar
to line evaluation in classical emission spectroscopy as
described in section 3. For each frame we integrated the line
spectrally, subtracted the continuum and performed an Abel
inversion. This provided us with temporally and spatially
resolved line emission data for the relaxation process. We
show an example of these data in figure 7 using a pseudo-colour
representation for the measured LEC. The measured data for
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Figure 7. Spatially and temporally resolved relaxation process following a power interruption. The measurement was carried out for the
first sheath (z = 50 ;um) in front of the cathode at I = 12.5 A. The temporal gate width for the exposure of the iCCD was 200 ns.

t < Ons are averaged to increase the S/N ratio. Following
the power-interruption at = 0 ns we see a sudden increase in
line emission, which reaches a maximum at ¢+ = 800 ns and is
followed by a slower decrease. A horizontal line in figure 7
corresponds to the curve progression sketched in figure 2.
From the data presented in figure 7 we obtained the
relaxation quotient ® by taking the frame which showed the
maximum LEC and dividing it by the averaged data frames
for t < Ons. Having determined ® we calculated 8 according
to (13). Results for various cathode distances z are presented
along with the other measured plasma parameters in section 6.

5.4. Ignition of the discharge

In previous works [1-3] we ignited the discharge either by
applying high-voltage to reach an electric breakdown between
the electrodes, or by initiating a glow discharge at low pressure
and a subsequent transition to the arc discharge by raising
current and pressure. Both methods were not applicable with
the experimental setup used in this work. The MOSFET we
used for power-interruption measurements had a maximum
reverse voltage of 500 V. Devices with a higher voltage exist,
but these usually have slower switching times. Apart from that,
the design of a smaller discharge vessel, which is advantageous
in many other respects, led to small isolation gaps in some
places, so that independently of the pressure used for ignition
the discharge would not start between the electrodes.

Thus we developed a new method of ignition using our
pulsed Nd: YAG laser system. By focusing the laser in the
centre between the electrodes, we created a laser-induced
optical breakdown in atmospheric argon. Once this small
plasma was produced, we reached the electrical breakdown
and the subsequent arc discharge by applying relatively low
voltages between 200 and 250 V.

We found that this method of ignition is favourable for
several reasons.

(i) There was no need for high voltage.
(i) The discharge always ignited between the electrodes and
touched neither the electrode holders nor the housing.
(iii) The ignition was possible at atmospheric pressure, so no
evacuation was required between subsequent ignitions.
(iv) The ignition was fast and reproducible.

(v) The strain on the cathode was smaller compared with HV
ignition.

6. Results and discussion

6.1. Electron density, electron temperature and temperature
ratio

Figures 8 and 9 show the spatially resolved electron densities
and electron temperatures, respectively, which we obtained
for the diffuse mode at I = 12.5A. We determined these
parameters using passive emission spectroscopy as described
in section 3. Both n. and T, show the expected strong
monotone axial and radial gradients. We found the highest
temperature and the highest electron density in the centre
of the discharge in the first sheath in front of the cathode.
The maximum temperature was about 13 500 K; the maximum
density was about 5 x 102 m—3,

Many publications (theoretical as well as experimental)
deal with high-current and cascaded arcs, but only a few
deal with low-current free-burning arcs; hence, there is only
limited available data to compare our results. As expected, the
measurements presented in this work are consistent with the
results we obtained earlier in our group with a different version
of the discharge vessel [52]. Our colleagues at the University of
Bochum work on discharges with basically similar parameters
and observe the same diffuse mode [53] as in our work.
Their spectroscopic investigations yield values for n. and T;
comparable to our values [24,54], and their simulated electron
temperature matches closely, too.

The calculations in [55] including effects of ambipolar
diffusion predict electron densities which are more than an
order of magnitude lower than the values we have measured.
On the other hand, the same paper contains LTE calculations
that match our data much better. Thus, we suppose that
ambipolar diffusion is not an important effect in the plasma
region around the cathode of our discharge. The results in [56]
show the same deviations from our experimental data: both n,
and T, are calculated too low (the electron densities again by
more than an order of magnitude). A theoretical model that
yields results in good compliance with our measurements for
n. and T, can be found in [57,58].
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Figure 8. Spatially resolved electron densities for the diffuse mode with I = 12.5 A.
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Figure 9. Spatially resolved electron temperatures for the diffuse mode with 7/ = 12.5 A.

Figure 10 shows the spatially resolved temperature ratio
B := T./T,, which we determined using the relaxation method
as described in section 4. B shows axial and radial gradients
with the maximum value in the arc centre in front of the
cathode, similarly to n. and 7T,. For distances from the cathode
greater than 250 um the intensity jump of the emission line
was still there, but it was very weak leading to noisy data.
For z > 500 um a small jump could still be seen, but a
proper evaluation of the data became impossible. To obtain a
better overview of the temperature ratio in the cathode region,
we show the spatial distribution of 8 using a pseudo-colour
mapping in figure 11. Additional supporting points were
calculated by linear interpolation, respectively. Figure 12
contains the corresponding image for T,. Moreover, we present
the centre line data for n. and 7, in figure 13.

We note that the minimum of 7, at (z = 150 um, r = 0),
that can be seen in figure 12, is caused by a temperature shift
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of merely 200 K which is not beyond the uncertainty of the
measurements. However, we are preparing a subsequent paper
which will contain measurements obtained in the blue core
mode, where a larger temperature ratio leads to a better S/N
ratio and thus allows us to comment on structures such as this
on a more solid basis.

There are only very few publications available that provide
an experimental determination of § in arc discharges suitable
for comparison with our values. Similar values (roughly
between 1 and 2) are presented in [22] for the bulk plasma of
a cascaded arc. However, the bulk plasma shows a behaviour,
upon parameter variation, which is completely different from
what we saw in the cathode region in our experiment. In [22]
a rising current leads to a rising electron density and rising
electron temperatures, and thus g reaches unity as the bulk
plasma approaches LTE along with the higher collision rates.
In contrast, figure 11 shows that 8 indicates stronger deviations
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from LTE when approaching the cathode, even though n. and
T. are higher in this region. We conclude that in the vicinity
of the cathode processes prevail which advance deviations
from LTE.

We regard this result as a consequence of the close
presence of the cathodic solidbody, which is relatively cool
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Figure 10. Spatially resolved temperature ratio for the diffuse mode
with I = 12.5A.
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in comparison with the electrons leaving the space charge
zone into the plasma. When approaching the cathode, the gas
temperature drops to the temperature of the cathode. A similar
effect occurs when approaching the wall of a wall-stabilized
arc [56]. Furthermore, we note that the axial size of this region
with T, # T, appears to be larger than the size usually assumed
in theory (e.g. 100 um in [56] or 20 um in [59]).

6.2. Underpopulation factor and electric field strength

Having determined three plasma parameters (n, T, B)
independently, the pLTE model presented in section 2.2 was
completely determined, so we could calculate other quantities.

The first parameter to calculate was the underpopulation
factor b. However, as already mentioned in [14, 22],
the errors for b are considerable because of the way the
underpopulation is linked to the exponential factors in the
Boltzmann distribution and the Saha—Boltzmann relation. The
uncertainty can quite easily exceed 50%. Thus, the values
presented in figure 14 can only serve as a rough overview. On
the other hand, b shows strong dependences on both z and
r, so that it still abides a monotone curve progression. In
spite of these problems, the values we obtained for b seem to
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Figure 11. The 3D spatially resolved temperature ratio for the diffuse mode with / = 12.5 A using a pseudo-colour representation.
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Figure 12. The 3D spatially resolved gas temperature for the diffuse mode with / = 12.5 A using a pseudo-colour representation

(calculated from the data shown in figures 9 and 10).
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(calculated from the data shown in figures 8-10).

be reasonable when comparing them with experimental data
in [22] or calculated data in [60].

Furthermore, we could calculate the electric field strength
E from the measured values of n., T, and B using a formula

from [61]
Aeeﬁ ?
B ( kpTe ) ’
where A, is the mean free path length. We consider collisions
with electrons, Ar1, Ari and Ar1m, and set according to [16]

/3_1 TN

" 9m,

(14)

15)

2 —1
Ae 1= <ne<Qee> + Z””(Qei)) .

i=0

We obtain the values for neutral argon ((Qco)) by cubic
spline interpolation of the data published in [15], whereas we
calculate the values forions ({Qe) for Arnand (Q.,) for Ar )
according to [16, chapter II, section 8]. Further, we assume
(Qee) to be equal to (Q.;) (following [16] again). Figure 15
displays the spatial distribution of the resulting electrical field.
We present an overview of the centre line data for § and E in
figure 16.
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We note that (14) yields only a rough estimate for E.
According to [62] it contains an uncertainty factor o € [0.75-
1.38], which we set equal to unity. Moreover, the steep
gradients along the arc radius may cause additional deviations.
These can only be taken into account using a more refined
model of the discharge. The reader should we well aware of
these inaccuracies when interpreting the values for E presented
in figures 15 and 16.

7. Conclusion and prospects

In this work, we presented the results of pLTE plasma
diagnostics in the near-cathode region of a low-current free-
burning arc operated in argon under atmospheric pressure in
the diffuse mode of arc attachment. We used classical (passive)
emission spectroscopy to measure the electron density n.
and the electron temperature 7, from continuous and line
emissions. We extended the relaxation method developed
by [32] to determine the ratio S between 7, and the gas
temperature 7,. By employing a fast intensified CCD detector
for the relaxation experiment we were able to measure S
with a high temporal resolution and a high dynamic range.
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Using basically the same data processing and Abel inversion
techniques as for the evaluation of the CCD data in passive
emission spectroscopy, we were able to determine § along with
ne and T; in 3D with a spatial resolution of 50 um. The three
parameters completed the pLTE plasma model and allowed
us to further calculate quantities such as the underpopulation
factor b and the electric field strength E.

The unique feature of the method we described in this
paper is the possibility of measuring the spatially resolved
temperature ratio 8 (and hence the gas temperature T,). In
a subsequent paper we will present an in-depth analysis of
the pLTE plasma state in the near-cathode region for different
currents and different discharge modes. The spatially resolved
relaxation method will be an integral part of this work.
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