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We present spectroscopic measurements of plasma parameters (electron density 7., electron temperature 7.,
gas temperature 7, underpopulation factor b) in the hot-core region in front of the cathode of a low-current,
free-burning arc discharge in argon under atmospheric pressure. The discharge is operated in the hot-core
mode, creating a hot cathode region with plasma parameters similar to high-current arcs in spite of the fact that
we use comparatively low currents (less than 20 A). We use continuum emission and (optically thin) line
emission to determine n, and 7,. We apply relaxation measurements based on a power-interruption technique
to investigate deviations from local thermodynamic equilibrium (LTE). These measurements let us determine
the gas temperature 7,. All measurements are performed side-on with charge-coupled-device cameras as
detectors, so that all measured plasma parameters are spatially resolved after an Abel inversion. This yields the
first ever spatially resolved observation of the non-LTE phenomena of the hot core in the near-cathode region
of free-burning arcs. The results only partly coincide with previously published predictions and measurements

in the literature.
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I. INTRODUCTION

The hot-core region in front of the cathode of free-
burning arcs has been under investigation for several de-
cades, in both experimental and theoretical works (see, e.g.,
[1-14]). Knowledge about the boundary layers close to the
cathode is crucial for an understanding of the arc-to-cathode
attachment and thus of the whole discharge.

Our discharge under investigation is a low-current
(1-20 A) free-burning arc operated in argon under atmo-
spheric pressure. The discharge was developed to serve as a
prototype for high-intensity discharge (HID) lamps, which
are used, e.g., in video beamers, cinema projectors, or auto-
motive headlights. Compared to these commercially avail-
able lamps, our model lamp benefits from a flexible design,
which allowed us to vary parameters like the material and
shape of the electrodes, the arc length, the filling gas, and the
gas pressure. Furthermore, the discharge vessel features view
ports with windows of high optical quality allowing quanti-
tative spectroscopy with high accuracy. It is thus especially
suited for fundamental research.

In previous experiments we found a special discharge
mode we called the “blue-core” mode. This mode features a
very hot plasma zone in front of the cathode [15,16]. There-
fore we changed the name to the more general term “hot
core.” Figure 1 shows pictures of the cathode region for the
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hot-core mode in comparison with the well-known diffuse
mode. The plasma parameters (such as n, and T,) are similar
to those obtained on high-current arc discharges or plasma
jets. Our group as well as other researchers have reported
deviations from local thermodynamic equilibrium (LTE) in
these types of plasmas. There is an ongoing discussion about
the origin of these deviations and whether the experimental
techniques of determination are accurate. Especially the ap-
plicability of Thomson scattering for these plasmas has been
questioned lately [17-22].

Measurements in the near-cathode region are challanging:
One needs a detector with both high spatial resolution and
high dynamic range to be able to look into the small bound-
ary layers and to overcome steep gradients in temperature
and particle density. Furthermore, the validity of many meth-
ods of classical plasma spectroscopy becomes arguable if the
plasma is not in LTE.

We used a partial LTE (PLTE) model to describe the de-
viations from the LTE state (see Sec. II). Our experimental
methods and data evaluation procedures (described in Secs.
IIT and IV) take these deviations into account. Apart from
passive emission spectroscopy we employ a spatially re-
solved relaxation experiment to determine PLTE parameters
in this kind of discharge. The results presented in Sec. V thus
give a spatially resolved, quantitative insight into the plasma
parameters and hence their deviations from the LTE state in
the near-cathode region of the hot core in free-burning arcs.

II. THEORETICAL BACKGROUND: THE PLTE
PLASMA MODEL

We adopted our PLTE plasma model used in this publica-
tion from pioneer work done by Richter [23,24]. In the
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FIG. 1. (Color online) Pictures of the cathode region in the
diffuse mode (left) and the hot-core mode (right). The cathode di-
ameter was 0.6 mm and the arc current was 12.5 A in both cases.

following we give an overview of the basic assumptions and
consequences of the model. A more detailed description can
be found in [25].
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The LTE state can be described with four basic equations:
Dalton’s law, the quasineutrality condition, the Saha equa-
tion, and the Boltzmann distribution. For a plasma of known
chemical composition these equations leave one free param-
eter in the model—e.g., T, or n.. Either parameter can be
chosen for calculations to parametrize the model. However,
one must be aware of ambiguities; e.g., there can be more
than one possible electron density n, for a given temperature
T..

To reach the LTE condition, collisions have to dominate
the plasma. An electric arc burning in argon gains energy
from the applied electric field. This energy is transferred al-
most exclusively to the free electrons in the discharge, due to
their high mobility. Collisional processes spread the energy
among the electrons and between the electrons and the heavy
particles. A common kinetic temperature 7, for the electrons
is established comparatively easily because of high collision
rates between free electrons with high-momentum transfer
cross sections. If the (elastic) collision rates are too low to
establish a common temperature, the first deviation from
LTE is a drop of the kinetic gas temperature 7, of the heavy
particles below T,. Furthermore, all atoms of noble gases
feature a separation of the ground state from all excited states
by a relatively large energy gap. All excited levels of, e.g.,
Ar 1 have energies above 70% of the ionization energy. Low
collision rates lead to a deviation from the Boltzmann distri-
bution, which first of all becomes manifest in an underpopu-
lation of the excited levels compared to the ground state,
because the inelastic cross section for collisions with elec-
trons is markedly lower for the ground state than for the
excited states.

These considerations lead to the introduction of two
additional parameters to describe a plasma with some devia-
tions from LTE, which we call the PLTE state: (i) the gas
temperature T,<7, and (ii) the underpopulation factor
b=1.

T, modifies Dalton’s law to read

Nar
p=kB<neTe+EniTg)5 (1)

i=0

where p denotes the pressure of the discharge, N, the maxi-
mum ionization stage of argon to take into account, and n;
the density for ionization stage i. Sometimes it is more con-
venient to use the ratio B:=T,/T,=1 instead of T,. The
underpopulation factor b enters the Saha-Boltzmann relation
to lower all excited state densities. This can be achieved by
replacing the statistical weights g‘o"> for all excited (v>0)
levels of Ar 1 with bg‘o">; all ion densities are then underpopu-
lated, because they are in partial Saha equilibrium with the
excited states of Ar 1.

The PLTE plasma model is successfully applied in
literature to describe deviations from LTE in arc discharges
(see, e.g., [25-29]). Because there are three free parameters
(instead of only one in the LTE case), a plasma in PLTE
is more difficult to determine experimentally. The LTE
model features one free parameter (given a known plasma
composition), which can in principle be determined with a
single spectroscopic measurement like an absolute intensity
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of an optically thin line. The PLTE model as described above
has three free parameters; thus, we need to measure three
independent quantities to determine the plasma state.

To obtain an overview of the PLTE plasma model and the
impact of the additional parameters, Fig. 2 shows calculated
line emission coefficients (LEC’s) with T, B, and b as pa-
rameters in a three-dimensional pseudocolor plot. Additional
plots showing the dependence of the LEC on two parameters
(keeping the third constant) can be found in [25,30]. By de-
sign of the model, for =1 and b=1 the LTE values for the
LEC are reproduced. Furthermore, we note that for given
values of T, and B a decreasing value of b (corresponding to
an increasing underpopulation) leads to a decreasing line
emission, whereas for given values of T, and b an increasing
value of B (corresponding to an increasing difference be-
tween T, and T,) leads to an increasing line emission. Figure
2 also shows that the PLTE model can only be described
unambiguously using three independent parameters. For each
LEC (color or grayscale level) there is a hyperplane contain-
ing an arbitrary number of parameter combinations (T, 3,b)
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FIG. 2. (Color online) Line
emission coefficient (LEC) of
the Ar1 line at 7147.04 A in a
PLTE plasma in dependence of
the electron temperature 7., the
temperature splitting 3, and the

underpopulation factor b.
1000

leading to this particular LEC. Even a known temperature 7,
and a measured LEC leaves us with a curve of possible
plasma states. Consequently, we have to determine three in-
dependent parameters experimentally to be able to specify an
unambiguous plasma state.

For calculation purposes it is useful to parametrize the
model using the parameter set (7, 3,b). However, we used
the mathematically equivalent set (T,,n,,8) for the determi-
nation of the plasma state, because n, is much easier to
determine experimentally than b (see Sec. IV).

III. EXPERIMENTAL SETUP

We used a combination of passive and active emission
spectroscopy for the determination of the plasma parameters.
Figure 3 shows our experimental setup, which has been de-
scribed in detail elsewhere [25]. We observed the arc side-on
using the established T arrangement for quantitative spec-
troscopy. The turnable mirror, which is located at the inter-
section of the “T,” is also the lower part of a mirror tower

FIG. 3. (Color online) Over-
view of the experimental setup
for active and passive emission
spectroscopy on the free-burning
arc.
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FIG. 4. (Color online) Mapping of the rotated image of the arc
plasma onto the entrance slit of the monochromator.

that we used to rotate the image of the arc by 90° before
mapping it onto the entrance slit of a 1-m monochromator
(see Fig. 4). Furthermore, we were able to move this mirror
with the aid of a PC-controlled dc motor to select the plasma
region in front of the cathode to be measured.

The slit width of the monochromator (and thus also the
spatial resolution of the experiment) was set to 50 wm. The
distance of the electrodes was set to 10 mm, and their length
above the holders was 10 mm as well. The cathode was a rod
of thoriated (1.8% Th) tungsten (0.6 mm in diameter), and
the anode was a rod of pure tungsten (2 mm in diameter). In
the exit plane of the monochromator we used a slow-scan
charge-coupled-device (CCD) camera for classical emission
spectroscopy and an iCCD camera to detect transient plasma
phenomena during the relaxation measurements. The actual
detector could be chosen via a turnable mirror. See Table I
for further technical data of the two detector systems.

The discharge was operated in argon (purity better than
99.9993%) under atmospheric pressure in an upright position
with the anode on top and the cathode below. We used a
pulsed Nd:YAG laser to ignite the discharge at compara-
tively low voltages (less than 250 V) by means of a laser-
induced optical breakdown. This method of ignition provided
various advantages concerning the construction and handling
of the discharge [25].

We carried out the relaxation experiments by introducing
a short-circuit in parallel with the discharge for about 20 us
with the help of a Power metal-oxide-semiconductor

TABLE 1. Technical details of the CCD camera systems used for
spectroscopy.

Slow-scan CCD Intensified CCD

Model PI LN/CCD-1752-PF RS PI-MAX-1024-E
Cooling —125°C (IN,) —40°C (Peltier)
Pixel size 15 um X 15 pum 28 um X 28 um
Chip size 1752 px X 532 px 1024 px X256 px
A/D range 18 Bit 16 Bit

5000 A—9000 A
=5 ns (MCP)

2200 A—11000 A
=80 ms (shutter)

Spectral range
Exposure time
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TABLE II. Argon line data used in this work.

Species  \,,,(A) E® (cm™) 8u Ay, (10°Hz) Err (%) Ref.
Ar 1 4510.73 117563 1 1.18 7 [31]
Ar1 4522.32 116660 3 0.0898 8 [31]
Ar1 7147.04 107132 3 0.625 8 [31]
Ar 1 4400.1 155351 4 16.0 11 [32]
Ar 1 4401.0 155043 6 30.4 8 [32]
Ar 1 4420.9 155351 4 3.1 11 [32]
Ar 1 4426.0 157673 6 81.7 5 [32]
Ar 1 4430.2 158168 4 56.9 4 [32]
Ar 1 4431.0 155043 6 10.9 11 [32]
Ar 1 4433.84 194883 8 64.98 10 [33]

field-effect transistor (MOSFET) connected in parallel to the
power supply. After these 20 us the current was switched
on again, so the discharge could continue operation. Diodes,
MOSFET, resistors, and additional electronics were chosen
and designed for switching times less than 250 ns. For a
detailed description of the electronics for the relaxation
experiment see [25,30].

IV. DATA ACQUISITION AND EVALUATION

A. Passive emission spectroscopy

We used the slow-scan CCD camera to measure the emis-
sion of both Ar lines and the continuum on an absolute scale.
A tungsten-strip lamp calibrated by PTB (German national
metrology institute) served as a radiation standard. The stan-
dard detection range fitting onto the CCD chip was between
4350 A and 4550 A. This part of the blue spectrum contains
various Ar 1 and Ar 1 emission lines suitable for quantitative
spectroscopy of lines as well as a region (4455-4456 A)
appropriate for measuring the continuum emission.

Throughout this paper we used Ar n line emission and
continuum emission for the determination of n, and T,. This
overcomes the problem of the unknown underpopulation fac-
tor in the Boltzmann distribution for Ar 1 and the unknown
gas temperature in Eq. (1). Table II contains the atomic line
data used. We checked both experimentally and mathemati-
cally that all lines were optically thin under our experimental
conditions.

As stated in [25] we need two measured quantities to
determine n, and T, from the remaining equations. Apart
from Ar un line emission we used the continuum emission
coefficient (CEC) of the above-mentioned spectral range,
which is related to n, and T, [34]:

66 n NAr

(S 2

E\= Enil gi()\7Te)’ (2)
» 120288\/6ﬂ5m2k3 )\ZVEizl

with
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ionization stage i and v; represents the statistical weight of
the parent ion. The other symbols have their usual meaning.
The Biberman factors Sfb for free-bound and §ff for free-free
transitions of the electrons are expressed as one effective &;
factor for each ionization stage i. We included ¢ factors for
Aru and Ar m (thus setting N,,=2) and assumed & =1.86
(see [35-37]). For & we extrapolated the data given by [38]
to minimize systematic errors as shown in [39]. Continuum
emission is especially suited for determining the electron
density in PLTE plasmas, because its applicability only re-
quires a Maxwellian distribution for the free electrons. Thus
we were able to extract the data to determine n, and 7, for
the PLTE plasma state from a single CCD frame.

Figure 5 shows a typical spectrum from the center of the
discharge. A peculiar feature of the hor-core mode (which
previously also led to the name “blue core”) is the intense
Ar 1 line emission in the blue spectral region. Although in
the diffuse mode the Ar 1 lines at 4511 A and 4522 A domi-
nate the blue region shown in Fig. 5, the spectrum of the
hot-core mode is completely dominated by ionic line emis-
sion, so that the Ar 1 lines cannot be seen against the Ar 1
lines and the continuum emission in Fig. 5.

To yield spatially resolved data we had to perform an
Abel inversion before determining the plasma parameters.
Therefore we used the inversion algorithm proposed in [40],
which is based on an approximation of the unknown radial
function with a Fourier series. The unknown Fourier coeffi-
cients are then determined with a least-squares fit to the mea-
sured data points. In contrast to other methods of Abel inver-
sion we neither have to use the derivative of the measured
data (which would lead to an amplification of noise) nor do
we fit the measured data before the inversion process (which

integrated spectrally before the inversion process to further
improve the S/N ratio. Additionally, we used a Questar QM1
long-range microscope, equipped with a video CCD camera,
to monitor and record the cathode region of the arc while the
measurements were taken. Thus we made sure that the cylin-
drical symmetry, neccessary for the application of the Abel
inversion, was always maintained. The pictures shown in
Fig. I are fixed images from these digital video recordings.

B. Active emission spectroscopy

The relaxation method [25,43-45] is based on a fast
power interruption and a measurement of the subsequent
transient plasma phenomena. Deviations from LTE appear in
form of an unusual development of the line emission during
the power interruption. For argon plasmas not in LTE, an
increase in line emission during the interruption can be mea-
sured, because excited Ar 1 levels stay in partial Saha equi-
librium with the free electrons that cool rapidly from T, to
T,. This is the so-called Saha response [25,43,46]. The ratio
@ of the maximum line emission from level |v)(I] 1Y)
reached durmg the power interruption and the continuous
line emission (I ") is [25]

JAE

Ej - AE; - EY
IOV> = \,33 exp(—( 0 0 o)

kB Te

(B- 1)). (4)

Here E;j denotes the ionization energy for neutral argon, AE(
accounts for the lowering of the ionization energy according
to [47], and E‘O"> is the energy of the neutral argon level |v)
under investigation. Thus, given values for 7, obtained
from passive emission spectroscopy as described above, the
relaxation method yields B and hence 7.
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We recorded the relaxation process using the iCCD cam-
era system with a typical gate width of 200 ns, which deter-
mined our temporal resolution. The offset between the expo-
sure of the camera and the power-interruption process could
be varied with the help of two PC-controlled delay genera-
tors (DG-535 by Stanford Research). We repeated the experi-
ment with 200 Hz to improve the S/N ratio. The iCCD cam-
era system was set to sum up the repetitions on chip before
reading out the averaged frame to speed up data acquisition.
Typical measurements take between 1 s and 10 s for one
time frame. The standard line for this diagnostic technique
was the Ar 1 line at 7147 A (see Table 1I).

The evaluation of the data was similar to the previously
described procedure for passive emission spectroscopy. After
determining the time frame for the emission maximum, the
line was integrated spectrally and subsequently Abel in-
verted. For the continuous line emission several time frames
were averaged to further improve the S/N ratio. For
high temperatures above the so-called norm temperature [48]
of about 15000 K this was especially important, because ra-
dial profiles with off-axis maxima are more prone to error for
an Abel inversion [42]. Figure 6 shows the spatially and
temporally resolved relaxation process following a power
interruption.

C. Determination of plasma parameters

The procedure to yield the plasma parameters (n.,T,,3)
from the measured data is described in detail in [25]. After
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FIG. 6. (Color online) Radially and tempo-

140000 rally resolved relaxation process following a fast
e power interruption. The abscissa shows the tem-
100000 ”g poral evolution (r=0 denotes the beginning of the
80000 = power interruption) and the ordinate shows the
60000 § radial resolution of the Ar/ LEC (displayed in

u pseudo colors). The measurement was carried out

40000
20000

0

for the first axial position (z=50 um) in front of
the cathode at /=12.5 A. The temporal resolution
(gate width) for the exposure of the iCCD camera
was 200 ns.

Abel inversion we took the measured absolute LEC and CEC
to simultaneously satisfy Saha’s equation for the densities 7,
and n, of Ar 1 and Ar m, the quasineutrality condition, and
the Boltzmann distribution. This is possible even in the
PLTE case without knowing B or b and provided us with
values for n, and T, corresponding to the measured LEC and
CEC. We always evaluated jointly the measured CEC and
LEC from one acquired spectrum to obtain consistent values
for n, and T, in one run.

With T, we were able to evaluate the relaxation experi-
ments and to calculate 8 and hence 7, according to Eq. (4).
Thus we could determine a full set of plasma parameters
(n.,T.,B) for each radial position of each measured region in
front of the cathode.

Electron temperatures are mainly determined by the
LEC’s measured for ionic line emission and can reach an
accuracy better than 2%. Provided that the assumptions
about the plasma model are valid, we estimate the error for
T. to be always smaller than 5% and the accuracy for n,
between 5% and 10%. The determination of 8 and T,, re-
spectively, is dominated by the exponential factor in Eq. (4).
In principal, the uncertainty for ® is rather low because it is
the ratio of two measured quantities and the error propaga-
tion is further weakened by the exponential function. Thus,
the main source of uncertainty for 8 is 7,. We estimate that
the overall error for 8 and T, usually does not exceed 15%.
Thereby we already consider a larger uncertainty for the val-
ues in the center of the discharge because of the difficult

200000 T T T T T T T
F —— z= 50pm b
o ---- z=100pm 1
r z=150pm 7
150000 [ g i ———- z=200pm| ] . .
L LA v 2=250pm . FIG. 7. (Color online) LEC for the Ar 1 line at
ﬂ'; I 1 7147 A for different axial distances from the
T i 1 cathode after Abel inversion (measured with the
o [ | .
Z 100000 - _ slow-scan CCD camera). The arc was operated in
2 L 1 the hot-core mode under atmospheric pressure at
Q r T I=12.5 A. Close to the cathode the off-axis
- I ] Larenz maxima appear, indicating that the center
50000 _ of the discharge has exceeded the norm
3 . temperature.
i - feeileeislisealipsy
2 15 1 0.5 0 0.5 1 15 2

Radius r (mm)
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= FIG. 8. (Color online) LEC’s for the Ar 1 line
at 7147 A for the first five axial positions in front
of the cathode after Abel inversion (measured
with the iCCD camera). The arc was operated
in the hot-core mode under atmospheric pressure

at /=12.5 A. Curves with solid symbols display
emission for a continuously operated discharge,
whereas open symbols display the transient
emission maximum during power interruption.
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Abel inversion process for profiles with off-axis maxima.

The complete set of plasma parameters allowed us to de-
scribe the state of the arc plasma in the scope of the PLTE
model unambiguously. We were also able to calculate further
quantities from the PLTE model. One value to determine was
the underpopulation factor b. Furthermore, we could give an
estimate for the electric field strength E using a simple
formula from [49]

T — T T T
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FIG. 9. (Color online) Olsen-Richter plot consisting of mea-
sured LEC’s for Ar n and CEC’s after Abel inversion. Here and in
the following figures the notation 4400/01 A refers to more than
one line being evaluated simultaneously (in the case the lines at
4400 A and 4401 A). See Table II for a list of lines under invest-
gation. The radial position r and the axial position z serve as im-
plicit parameters for these measurements. The arc was operated in
the hot-core mode under atmospheric pressure at /=12.5 A. For
each axial distance a curve starts at high values stemming from the
center of the discharge and then decreases radially. The distance
between two measured points of a curve is 30 wm due to the ap-
plied 2 X 2 hardware binning of the slow-scan camera. Results of an
LTE calculation parametrized with temperature are displayed for
comparison with the measurements.

um_(u) .

B 9m\ kT,

where A, is the mean free path length for electrons and the
other symbols have their usual meaning. For A, we consid-
ered collisions with electrons, Ar 1, Ar 11, and Ar 1, and set
(according to [50])

2 -1
)\e = <n6<Qee> + 2 ni<Qei>) . (6)
i=0

We obtained values for neutral argon ({Q.()) by cubic spline
interpolation of the data published in [51], whereas we cal-
culated the values for ions ((Q.;) for Aru and (Q.,) for
Ar m) according to [50] (Chap. II, Sec. 8). Finally, we
assumed (Q..) to be equal to (Q.;) (also following [50]).

V. RESULTS AND DISCUSSION
A. Deviations from LTE

In the literature there are numerous statements concerning
LTE in argon plasmas, ranging from the existance of LTE
to strong deviations from LTE (see, e.g., [18,21,52,53]).
Controversial results can be found especially for the cathode
region of electric arcs (see, e.g., [1,2,8,54-56]), even under
comparable experimental circumstances. Thus we considered
it appropriate to perform a close examination of evidence for
departures from LTE in the cathode region of our low-current
free-burning arc in argon under atmospheric pressure.

1. Larenz maximum

First we investigated the development of the Larenz maxi-
mum [48] in the near-cathode region. Figure 7 shows the
radially resolved LEC for the Ar 1 line at 7147 A for the first
five axial positions in front of the cathode.

Although the slightly varying radial position of the maxi-
mum could be explained even within the LTE model by as-
suming an appropriate distribution of the temperature,
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PLTE 15.0A +
10~ PLTE 12.5A ——
r + PLTE 7.5A
8 LTE calculation

Relaxation Quotient ©

the more pronounced change in the absolute scale of the
maximum is not covered by the LTE model. If the plasma
is in LTE, the absolute value is constant and can be calcu-
lated from the atomic data of the transition to range around
170000 W/srm?. The decreasing Larenz ~maximum,
when approaching the cathode, is direct evidence for an in-
creasing underpopulation of the excited Ar 1 levels. Similar
observations have already been reported, e.g., in [1,6,7,52],
for high-current arcs. Theoretical calculations describe this
effect, too [57,58].

2. Relaxation method

The increase of the line emission after an interruption of
power as shown in Fig. 6 is also direct evidence of non-LTE
phenomena, because it is not possible within the LTE model.
The authors of [2,54-56] observed a similar increase in line
emission during power interruption in the near-cathode re-
gion of high-current arcs. However, they did not attribute this
to a non-LTE effect due to a difference between T, and Ty,
but supposed a “natural” cooling according to LTE in com-
bination with a line-of-sight effect because of a temperature-
dependent radial shift of the Larenz maximum. They could
not verify this experimentally as their setup did not yield
spatially resolved data.

Figure 8 shows the Abel inverted LEC’s measured with
the relaxation setup for the first five axial positions in front
of the cathode of our arc discharge. By comparing the pro-
files for emission in the continuous operation mode emission
(solid symbols) with the profiles for the transient emission
maximum during power interruption (open symbols) we note
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FIG. 10. (Color online) Extended, three-
dimensional Olsen-Richter plot showing mea-
sured Ar 1 LEC’s, CEC’s, and the relaxation quo-
tient together with a calculated LTE curve. The
measurements  contain  radial  distributions
(roughly from left to right, with the center of the
discharge being in the upper left corner) for the
first five axial positions in front of the cathode
and three different currents (colors and line

types).

that the rise in line emission takes place along the entire
profile. Thus we can rule out a cooling effect and a subse-
quent radial shift of the Larenz maximum as reason for the
enhanced line emission. This is also consistent with our find-
ings of deviations from LTE in front of a cathode operated in
the diffuse mode [25]. We conclude that the rise in line emis-
sion during a power interruption is a manifestation of 7,
being below T, (and thus 8> 1).

3. Olsen-Richter plots

Another way to characterize deviations from LTE is the
usage of so-called Olsen-Richter (OR) plots [59,60], which
have been applied successfully to arc plasmas near the
cathode tip before [8,16,61]. OR plots have some notable
features.

(i) In principle, any two emission quantities can be used
to construct an OR plot.

(ii) Due to their log-log scaling, OR plots are indepen-
dent of all uncertainties in atomic data (A values, & factors)
and all other multiplicative error sources (detector calibra-
tion, etc.), because they all lead to a constant shift of the
measured curve.

(iii) OR plots contain only directly measured data, so
they are also independent of a concrete plasma model.

Figure 9 shows an OR plot with measured LEC’s for Ar 1
lines and CEC’s in dependence of the radial and axial
position (r,z) along with a calculated curve for LTE.

From Fig. 9 we can deduce that the deviations from LTE
increase towards the cathode. It is not possible to map the

2.0x10%

23

—
(4]
X

jay
o

Arc Center, r=0

e

e—ez= 50pm
=—a z= 100pm
+— z= 150pm
+— z= 200pm

z= 250pm
v z= 500pum
— z= 750um

0x10%

—_

Electron Density n (m‘s)

»—x LTE calculation

5.0x10%
Arc Fringe

electron temperatures determined from the

il FIG. 11. (Color online) Electron densities and
i measurements presented in Fig. 9.

Electron Temperature T, (K)

M|
11000 12000 13000 14000 15000 16000 17000 18000 19000 20000 21000

016406-8



NONEQUILIBRIUM PHENOMENA AND DETERMINATION OF...

21000 7
e—e z= 50um (4400/01A

=—a 7= 100pm (4400/01A

)

20000 )
+— z= 150pm (4400/01A)
)

)

13000 a—a z= 200pm (4400/01A
z= 250pm (4400/01A

v z= 500pm (4421-34A)

> z= 750um (4426/30/31A)

18000

17000

16000
15000
14000

Electron Temperature T (K)

13000

L LD (I L L L UL L B L B

12000

0.1 0.2 0.3 0.4 0.5
Radius r (mm)

O T

11000

FIG. 12. (Color online) Radially resolved electron temperature
profiles determined from the measurements presented in Fig. 9.

measured curves onto the LTE curve with a constant shift, so
we can rule out experimental errors and uncertainties in
atomic data as the reason for the deviations; their systemati-
cal increase towards the cathode could not be explained by
these means anyway. Moreover, even the progression of the
measured curves changes when approaching the cathode and
it deviates from the LTE curve. We note that intersection
points of the measured curves and the calculated LTE curve
do not neccessarily denote an LTE plasma at this position.
The LEC and CEC merely show the same magnitude as in
the LTE case, but taking into account the radial variation, the
plasma is clearly in PLTE. This is the same effect as de-
scribed above for the PLTE calculations shown in Fig. 2, and
it arises because the plasma state is not unambiguously de-
termined by two measured emission quantities. However, the
plasma appears to be in LTE for axial distances =500 pm.
Finally, there is no physical curve that could be drawn
through all measured data points for all distances. Therefore
we conclude that one free parameter is not sufficient to ex-
plain these deviations; a plasma model describing the plasma
needs at least two free parameters.

Since OR plots proved to be a very valuable tool to visu-
alize and characterize the plasma, we extended the original
OR concept by using an additional measured emission quan-
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tity: namely, the relaxation quotient ®. Apart from the axial
and radial position (r,z) we used the current I as a third,
experimentally alterable, implicit parameter. Figure 10
shows the three-dimensional, extended OR plot we con-
structed from our measurements. We did not use log scaling
for the ® axis in this case, because the values have a lower
dynamic range than the emission coefficients and they are
already free of multiplicative errors due to being a ratio of
two measured emission quantities.

Apart from the obvious systematical deviations from LTE
we can draw further conclusions from Fig. 10 in an analogu-
ous extension of the arguments used above for Fig. 9: For no
current can the measured points be connected to form a
single physical curve, which means that in no case can the
plasma be described using only one free parameter. Further-
more, the measured points for all currents cannot be con-
nected to form a single hyperplane. Therefore even two free
parameters are not sufficient to describe the plasma state in
front of the cathode. This justifies the application of the
PLTE plasma model that comprises three free parameters.

In the following we focus on one current (I=12.5 A).
Further results for different currents can be found in [30].

B. Electron density and electron temperature

The electron densities and electron temperatures deter-
mined from the measured LEC’s and CEC’s from Fig. 9 are
shown in Fig. 11, again together with a calculated LTE curve
for comparison. The deviations from LTE in this diagram are
completely analoguous to the OR plot in Fig. 9. Radially
resolved temperature profiles of these measurements can be
found in Fig. 12. Both Figs. 11 and 12 show steep radial and
axial gradients for the electron temperature in front of the
cathode, especially when leaving the region of the hot core.
The maximum temperature is always located on axis and
reaches 21 000 K for a discharge operated with 12.5 A and a
total voltage drop of about 13.5 V. The distribution of the
electron densitiy is displayed radially and axially resolved in
Fig. 13 as a pseudocolor plot. Figures 11 and 13 show a
relatively large on-axis region where the electron density is
almost constant. Directly in front of the cathode a maximum
value of about 2 X 10%* m~ is reached. This maximum value

2.1x10%
1.9x10%
1.7x10%3
1.5x10%
1.3x 1023
1.1x 1023
9x 1022
7x10%
5x 1022
3x10%
1x 1022

FIG. 13. (Color online)
Pseudocolor plot of the radially
and axially resolved electron den-
sity distribution determined from
the measurements presented in
Fig. 9.

Electron Density 7, (m™3)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Radius r (mm)

0.9
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FIG. 14. (Color online) Radially resolved profiles for the tem-
perature splitting 8 determined from the relaxation experiment with
Eq. (4) using values for 7, from Fig. 12.

is similar to the maximum value which can be calculated for
the LTE case (see Fig. 11).

C. Temperature splitting and gas temperature

Together with the results from the relaxation experiment,
which we performed in parallel to passive emission spectros-
copy, we could determine radially and axially resolved
values for the temperature splitting 8 and thus the gas tem-
perature T,. Figure 14 contains radially resolved profiles for
B, which give a direct measure for the deviation from LTE.
For z=500 um we could not detect any significant increase
in line emission during the relaxation experiments, which
leads to B=1 and indicates that the LTE state is reached. We
note that B (and thus the deviations from LTE) becomes
larger when approaching the center of the discharge in radial
direction as well as when approaching the cathode tip in
axial direction. This is basically the same behavior we found
earlier for the diffuse mode [25], although the values for 8
are somewhat higher in the hot-core mode. This is a remark-
able item, because at first sight one could think that higher
electron densities should lead directly to higher collision
rates and thus to smaller deviations from LTE and to smaller
values of 8. Obviously, this happens neither when comparing
the two different discharge modes nor when looking at the
radial and axial gradients. Even when increasing the current,
which normally (but not neccessarily; see below) favors LTE
in arc discharges, the deviations from LTE become larger, as
can be seen in Fig. 10.

Figure 15 shows the corresponding radial and axial distri-
bution of 7, as a pseudocolor plot. In contrast to the diffuse
mode, where we found a slight radial and axial gradient lead-
ing to increasing values of T, when approaching the cathode
tip [25], the hot-core mode shows a distinct region directly in
front of the cathode where T, decreases.

Figures 14 and 15 augment our knowledge about the ori-
gin of the deviations from LTE. For high-current arcs the
authors of [7,8,38,58] attribute these deviations to a strong
inward flux of cold atoms into the plasma column. The cur-
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FIG. 15. (Color online) Pseudocolor plot of the radially and
axially resolved gas temperature distribution determined from Fig.
14.

rent density j at the cathode tip of our arc ranges approxi-
mately between 26 and 53 MA/m? (corresponding to
I=7.5 A and I=15 A, and assuming that the current is solely
emitted through the front surface of the cathode). Although
this value is comparable to the current densities found in
high-current arcs (e.g., in [58] current densities of 33 and
53 MA/m? are given, depending on the affected cathode sur-
face), the results found in these publications cannot be ap-
plied to our discharge directly. One reason for this is that the
influx of the cold gas is driven by a j X B force (with B being
the magnetic field). As all relevant quantities (force, pres-
sure, velocity, etc.) scale with Ij [62], we expect the pinch
effect to play only a minor role in our discharge, which is
operated around 10 A, in comparison to a high-current arc,
which is typically operated at 200 A. Another difference that
prevents a direct comparison is the shape of the cathodes,
which is known to be crucial [63,64]. On the other hand, the
pinch effect could explain the fact that the deviations from
LTE become larger at higher currents (see Fig.10) and in
comparison to the diffuse mode [25], where the current den-
sity j is certainly smaller because of a larger emission area.

However, if the inward flux of cold atoms was the main
driving force for the deviations in our discharge, we would
expect to see at least some kind of thermalization taking

0.7 | *=2z= 50um
== z=100pm
= z=150pm

08 a— 7=200pm

z=250pm

0.5

<
IS

e
w

Underpopulation Factor b

L
o

T AT T[T T T[T T T[T T T[T T[T

©
P

\‘IIX

e b b L
0'00 0.1 0.2 0.3 0.4 0.5

Radius r (mm)

FIG. 16. (Color online) Radially resolved profiles for the under-
population factor b determined from the data presented in Fig. 11
and Fig. 14.
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place along this way. This would include the fact that the gas
temperature should be rising while cold atoms from the out-
side are streaming inwards. Thus, for the center of the cath-
ode region there have to be additional effects driving the
plasma away from LTE.

D. Further derived plasma parameters

Having determined a complete set of plasma parameters
(ne,T.,B), we used the PLTE model to calculate the under-
population factor b. However, the results for b presented in
Fig. 16 should be taken as an indication of the order of
magnitude only. As already mentioned in [24,29], the errors
for b are considerable because of the way the underpopula-
tion is linked to the exponential factors in the Saha-
Boltzmann relations. Its uncertainity can quite easily exceed
50%.

Figure 17 shows the results for b as a radially and axially
resolved pseudocolor plot. The strong axial gradient is espe-
cially remarkable. The underpopulation can reach values
down to 0.01 directly in front of the cathode and is notice-
ably stronger compared to our results from the diffuse mode
[25].

According to Eq. (5) we also calculated the radially and
axially resolved distribution of the electric field strength E,
displayed in Fig. 18 as a pseudocolor plot. These values like-
wise represent only an approximate estimate for E as Eq. (5)
contains a further uncertainity factor ae[0.75-1.38] (see
[65]) and does not account for the steep gradients. Neverthe-
less, Fig. 18 provides us with a rough overview of the

0 0.1 0.2 0.3 0.4 0.5
Radius r (mm)
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FIG. 17. (Color online) Pseudocolor plot of
the radially and axially resolved distribution of
the underpopulation factor according to Fig. 16.

o
Underpopulation Factor b

0.01

magnitude of the electric field and its spatial distribution.

VI. SUMMARY, CONCLUSIONS, AND PROSPECTS

We investigated the near-cathode region of a low-current
free-burning arc in argon under atmospheric pressure. The
arc was operated in the so-called hot-core mode, which is
characterized by a hot plasma region emitting intense Ar 1
line radiation in front of the cathode. Using different meth-
ods (Larenz maximum, Olsen-Richter plots, relaxation
method) we found that this region, approximately 500 pm in
dimension, shows noticeable deviations from LTE in spite
of the high electron densities of about 2 X 10> m=>. Employ-
ing extended, three-dimensional Olsen-Richter plots
we could also show that a PLTE plasma model with at least
three free parameters is needed to describe the plasma. The
application of spatially resolved passive and active emission
spectroscopy allowed us to detetermine n., T, and T, with
radial and axial resolution and subsequently to calculate es-
timates for the underpopulation factor b and the electric field
strength
E. This gives a spatially resolved insight into the non-LTE
plasma state in the hot core in front of free-burning arc
cathodes.

The relaxation method in combination with passive emis-
sion spectroscopy as an independent spatially resolving
plasma diagnostic technique for measuring 7., and T, in this
plasma regime is especially welcome, because the previously
applied Thomson and Rayleigh scattering experiments

—
S
o
o
o

FIG. 18. (Color online) Pseudocolor plot of
the radially and axially resolved distribution of
the electric field strength according to Eq. (5).

Electric Field E (V/m)
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yielded questionable results and are still under discussion
[18,22,53,66,67]. Furthermore, both laser scattering tech-
niques are difficult to apply in the near-cathode region
because of the large amount of stray light.

Obviously Griem’s often-cited criterion for the establish-
ment of LTE [68] is not applicable here. As it only covers the
loss of energy by radiation, we can conclude in reverse that
close to the cathode of our discharge other mechanisms of
energy loss dominate. On the other hand, the inward drift
of cold atoms, in the literature the supposed source for de-
viations from LTE in high-current arcs [7,8,38], cannot ex-
plain our results satisfyingly either. We have started a coop-

PHYSICAL REVIEW E 75, 016406 (2007)

eration with our colleagues in Bochum [13,69,70] to develop
a simulation that shall reproduce our measured plasma pa-
rameters and will hopefully clarify which physical processes
are dominant and drive the plasma away from LTE in the
vicinity of the cathode.
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