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1 Abstract: Molecule radiation can be used as a tool to study colder regions in switching arc plasmas
2 like arc fringes in contact to walls and ranges around current zero (CZ). This is demonstrated in
s the present study for the first time for the case of ablation-dominated high—current arcs as key
« elements of self-blast circuit breakers. The arc in a model circuit breaker (MCB) in CO2 with and
s an arc in a long nozzle under ambient conditions with peak currents between 5 and 10 kA were
s studied by emission and absorption spectroscopy in the visible spectral range. The nozzle material
»  was polytetrafluoroethylene (PTFE) in both cases. Imaging spectroscopy was carried out either
¢  with high-speed cameras or with intensified CCD cameras. A pulsed high-intensity Xe lamp was
o applied as background radiator for the broad-band absorption spectroscopy. Emission of Swan bands
1o from carbon dimers was observed at the edge of nozzles only or across the whole nozzle radius
1 with highest intensity in the arc center, depending on current and nozzle geometry. Furthermore,
1z absorption of C2 Swan bands and CuF bands were found with the arc plasma serving as background
1z radiator. After CZ, only CuF was detected in absorption experiments.

1= Keywords: circuit breaker; switching arc; optical emission spectroscopy; optical absorption
15 spectroscopy; current zero; SF6 alternative gases; CO2; PTFE; Swan bands; CuF

s« 1. Introduction

"

17 Self-blast circuit breakers represent one of the main technologies for high-current interruption at
1= high voltage. After contact separation, intense radiation emitted from the high—current arc leads to a
1» considerable photo-ablation of the surrounding nozzle which causes a pressure build up and finally a
20 strong gas flow necessary for arc quenching around current zero (CZ) [1,2]. Polytetrafluoroethylene
a1 (PTFEE) is typically used as the nozzle material and SFq as the filling gas. However, the substitution of
22 the greenhouse gas SFg by more environment-friendly gases like CO, is an actual trend. The pressure
2 build up due to strong arc radiation and nozzle ablation as well as the arc quenching processes are key
2a issues of the successful current breaking and have been subject of a large number of scientific studies.
2 Main questions concern the properties of the arc and the hot gas regions like temperatures and species
26 densities which are required for a sufficient understanding of the processes. Optical methods like
2z emission and absorption spectroscopy can provide such quantities under the demand that arc and
2s hot gas regions are optically accessible. However, an optical access can only be realized by adapted
20 construction of specific model circuit breakers (MCB) or by appropriate model experiments [3-5].

30 Meanwhile, a sufficiently good knowledge of the arc properties during the high—current phase
a1 and in the high temperature regions (above 6 000 K) of the arc has been developed from spectroscopic
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:2  studies of switching arc experiments and MCBs (see e.g. [3]). This is because atomic and ionic species
ss  dominate in the high temperature regions and generate an intense spectral line radiation which can be
s« well used for the determination of temperatures and species densities [6—8]. However, the analysis of
s low-temperature regions of the arc fringes, of the regions near nozzle walls and of the temporal phase
36 of arc quenching is much more challenging due to low line radiation intensities.

37 The investigation of the phase around current zero by optical emission spectroscopy (OES) and
ss the determination of arc temperatures during the arc quenching as close as possible to CZ was a topic
s of our accompanying paper [9]. An MCB using CO; as a filling gas and a PTFE-nozzle experiment
20 under ambient air were used for the analysis of line radiation of oxygen and fluorine atoms as well as
a1 of carbon ions. Both setups will be also used in this study and explained shortly in section 2.

a2 It is well known from composition calculations of thermal plasmas that the dissociation of filling
a3 gases like SF¢ and CO,; and reactions with the ablation product C,F4 and metal vapor from electrode
41 erosion can produce a number of molecular species in an intermediate temperature range before an
«s almost complete dissociation to atoms occurs at higher temperatures (see e.g. [10]). Hence, the study
s of molecule radiation can help to analyze the interesting ranges of lower temperatures near the nozzle
a7 boundaries and in the arc quenching phases. Unfortunately, there is a very low number of such studies
s for arcs in corresponding gas mixtures and particularly for switching arcs.

a9 Interesting candidates for the study of molecule radiation are the Swan-bands of the C, molecule
so  (around 500 nm) or the violet band of CN (around 385 nm) because of the relatively intense radiation
s in the optical range. Emission and absorption spectroscopy of the C; radiation have been used for
s= example to study the structure of carbon arcs for nanoparticle synthesis [11-13]. The radiation of CN
ss was analyzed in a study of the arc ablation of organic materials in ambient air with close relation to
s« low-voltage switching [14]. Furthermore, both molecules have been more intensely studied in plasmas
ss  produced by laser ablation or in the laser-induced breakdown [15-19].

56 The occurrence of C, molecules is expected in switching arcs in CO, atmosphere or in the case
sz of ablation of PTFE or organic wall materials. For laser irradiation it was reported that the dominant
ss mechanism for the production of C; molecules at low power is the collision of electrons with larger
so molecules like C3, C4 followed by photo-defragmentation whereby one of the emitted products is an
e exited C; molecule. At higher laser irradiance, the Swan band emission is mainly caused by excitation
&1 resulting from electron—-ion and ion—ion recombination [15]. The shape of continuum is influenced
e2 by pressure and temperature. Thus, an estimation of the vibrational temperature can be obtained
es by comparison of measured and simulated spectra [16,18]. Temperatures in a thermal argon plasma
es interacting with various insulating plastic materials at magnetically forced arc movement [20] and
es temperature decay of thermal plasmas caused by polymer ablation using inductively coupled plasma
es irradiation [21] were investigated experimentally and numerically. As an example of a switching arc
ez study, the absorption spectrum of the C; Swan bands was analyzed in a low-voltage circuit breaker
es model [22]. An arc moving between polyethylene walls was considered, and the density and the
e rotational temperature of the C; molecules were determined from the absorption spectrum which
7o indicates the ablation of the plastic walls. Reports on the analysis of molecule radiation, the C; Swan
= bands in particular, in high-voltage switching experiments as representative for high—voltage circuit
72 breakers are missing so far.

73 During the OES study of a MCB and a nozzle experiment described in our first paper [9], molecule
za radiation of C; and CuF was recorded under different conditions and to some extent in unexpected
75 ranges of the arc. The molecule CuF is expected when copper vapor from the electrode erosion is mixed
76 with the dissociated PTFE vapor from the nozzle ablation [10]. The results for molecule emission and
7z absorption should be given in this second paper in detail. The aim is to demonstrate the occurrence
7e  of molecule radiation as a possible candidate to characterize low—temperature regions in self-blast
7o circuit breakers as well as ablation processes. However, determination of quantities like rotational
s temperatures and densities is out of the scope of the present paper. The MCB and nozzle experiment
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a1 setups will be presented shortly in section 2 together with the setup for spectroscopic measurements
s2 because details can be found in [9]. Results are given in section 3 followed by a discussion in section 4.

ss 2. Materials and Methods

84 Two setups of electrodes and nozzles were used. They are described in detail in an accompanying
es paper [9]; basic features are sketched in Figure 1. Actually, the majority of experiments described in
ss this paper were carried out with setup (b) and only few with setup (a). The electrodes were made of
ez W—Cu with a 10 mm diameter and had a fixed distance of 40 mm. Nozzles made of PTFE doped with
ss  <0.5wt% molybdenum disulfide (MoS,) with an inner diameter of 12 mm were placed around the
e electrodes: Either setup (a) was applied with one 126 mm long, tubular shaped nozzle of 50 mm outer
% diameter for strong ablation and high pressure built-up or setup (b) was used with two nozzles of
o1 about 50 mm length and 104 mm outer diameter separated by 4 mm distance to form a heating channel.
.2 At the electrode positions, the nozzle diameter was increased to about 16 mm for an exhaust gas flow.
03 The arcs were operated either under ambient conditions (setup (a)) or in a vessel filled with 1 bar
s COy (setup (b)) as part of a model circuit breaker similar to [3]. Windows in both the model chamber
s and the vessel allowed a free view through the nozzle and hence absorption experiments.

% Sine-like currents were applied, for setup (a) with about 100 Hz frequency and 11 kA peak current
oz and for setup (b) with 50 Hz and 5.3 kA. Thin Cu wires were used to initiate the arc discharges. Currents
e were measured using Rogowski coils. In case of setup (b) a pressure sensor (603A from Kistler) was
oo placed in the heating volume of the model circuit breaker.

a observation
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W-Cu electrodes / PTFE nozzles
|
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\
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Figure 1. Setups (a) with a closed, long PTFE nozzle for experiments with strong ablation and high
pressure built-up and vertical observation slits in the middle and (b) with two separated PTFE nozzles
forming a heating channel for plasma flow into a heating volume as used for the model circuit breaker.

100 Optical access was realized by vertical slits of 2mm width that were sealed by 2 mm-thick
w1 quartz plates, ranging over the complete nozzle diameter. After each shot the sealing plates were
102 checked visually and exchanged; the transmission was measured regularly. Pairwise placement at
103 Opposite positions enabled background illumination and absorption measurements. For setup (a) the
10s  Observation slits were placed in the middle between both electrodes. In setup (b), the observation
105 point was positioned in one of the nozzles at half distance between electrode tip and nozzle exhaust,
106 i.e. ~9mm away from both. On the left side of Figure 3, an image of the HSC observation area (grey
17 scale image) including the OES axis (yellow dashed line) is shown.
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108 Different methods were applied for the optical analysis. Firstly, high-speed cameras (HSC) from
s Integrated Design Tools (IDT) were used to observe the general discharge behavior: Y6 with 24bits
10 color or Y4 with 10bits monochrome. Secondly, optical emission spectroscopy was carried out by means
a:  of an imaging spectrograph with 0.5m focal length (Roper Acton SpectraPro SP2500i). The nozzle
12 slit was imaged on the entrance slit of the spectrograph by a focusing mirror to spectrally investigate
us  arc cross sections, i.e. perpendicular to the arc axis. Using the spectrograph with Y4 HSC enabled to
us record series of 2D-spectra with typical repetition rates of 100 ys (frame rate 10 kfps), allowing rather
us long exposure times up to 98 us that were necessary due to limited camera sensitivity. Alternatively,
ue the HSC could be replaced by an intensified CCD camera (PI-MAX4 from Princeton Instruments)
1z with higher sensitivity, allowing single frame acquisition of shorter exposure times even at lower
us intensities, e.g. around current zero. In a compromise between light intensity, spectral resolution, and
e exposure time, the entrance slit of the spectrograph was set to 50 ym. With gratings of 150 lines per
120 mm for overview and 18001/mm for detailed spectra, the spectral range was 150 nm and 10 nm and
121 the spectral resolution 0.3 nm and <0.1 nm, respectively. The intensity of side-on spectra was calibrated
122 in units of spectral radiance by means of a tungsten strip lamp (OSRAM Wi 17/G) at the arc position.
123 The window transmission of 50-70 % was taken into account, mainly resulting from the coating of the
124 quartz plates at the nozzles.

125 Thirdly, broadband absorption spectroscopy was carried out around CZ. Therefore, a background
126 illumination was required with radiances higher or comparable to the emission of the arc. It was
12z supplied by a pulsed high-intensity xenon lamp with a radiance similar to a Planckian radiator of
122 12000 K [23]. The square shaped pulse had about 1 ms-width at about 1 MW electric power, delivering
120 anearly constant emission intensity during the plateau phase.
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Figure 2. Top: Arc current at the end of discharge. Bottom: Xe lamp current (red) and development of

its emission intensity (blue squares).

130 Figure 2 shows exemplary current waveforms of the arc discharge around current zero (top,
11 offset after CZ is caused by the Rogowski coil) and the quasi-rectangular pulsed current of the xenon
132 lamp (bottom, red) as well as the spectrally integrated intensity measured by video spectroscopy
133 (spectral range 400-800 nm). Since the electric pulse feeding the Xe-lamp was not perfectly rectangular,
13a  a heating phase of the xenon lamp could be observed. Thus, several Xe atomic lines were found
155 in the first 100-200 us of the 1 ms—pulse before transition towards the 12 000 K—continuum emission.
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136 Additionally, with decreasing current also the emission intensity decreased. Hence, for the OAS
13z analysis only the lamp’s plateau phase was applied with a duration of about 700 us. This relatively
13s long, stable phase allowed for temporal investigation of absorption, e.g. compared to Z-pinches with
130 some 10 ps of varying radiation intensity as used in [22].

140 3. Results

141 In order to avoid doubling, some more general results that were already described and discussed
12 in the accompanying paper will not be repeated here. That relates to electrical waveforms, temporal
13 evolution of pressure and plasma composition in the nozzle, and video observation by HSC with and
1as  without filtering. Additionally, only selected moments from the overview video spectroscopy will be
1es  shown that are mandatory for the discussion of molecule emission and absorption. It should be noted
16 that for easier comparison all points in time are given with respect to the current zero crossing.

147 First, experiments in the MCB (setup (b)) with the sine-like current up to 5.3 kA are considered.
e The arc voltage was around 200V (after peak caused by explosion of ignition wire) until the arc
s extinction peak some hundred ps before CZ. The total pressure in the nozzle started from filling
150 pressure of 1.0bar to a maximum of 3.5bar close to peak current and decreased to about 2.0 bar at
11 current zero. After ignition, an arc discharge in CO, atmosphere was observed, also containing copper
152 from ignition wire and electrodes. Within the next few hundreds of microseconds, the ablation of the
153 PTFE (CoF4) wall material started to dominate the discharge, blowing the CO, out of the nozzle. In the
1sa following, a long and stable period was observed that was dominated by ablation. Another reversal
15 of flow was found about 2 ms before CZ: With decreasing arc current, the wall ablation and thus the
156 pressure in the nozzle decreased to values below that in the heating volume. Hence, relatively cold gas
157 from the heating volume with high fraction of CO, flowed back into the nozzle. In the last ms, only
1se  emission from O I was observed, indicating a plasma composition completely dominated by CO,.

1o 3.1. Analysis of C2 Swan bands

160 An example of a two-dimensional spectrum is shown in Figure 3. It was acquired with setup
101 (b) shortly before peak current (7.3 ms to CZ). The vertical axis represents the position along the
162 Observation slit in the nozzle, cf. dashed yellow line in the HSC image on the left side; the horizontal
16 dimension is given by the wavelength in the spectral range ~480-625nm. The arc discharge was
1es dominated by wall-ablation at that point in time; no emission from copper or oxygen but lines from
1es atomic fluorine F I and atomic and ionic carbon lines C I, C II could be observed. This radiation was
16s mainly emitted in a broad distribution over the arc cross section with highest intensities in central
167 positions, as it is typical for wall-stabilized arcs with broad and flat temperature profile [9]. However,
1es an additional structure can be recognized with a different lateral distribution: A dense pattern of lines
1es  With increasing intensities and numbers towards higher wavelengths with abrupt breaks at positions
170 near 516 and 564 nm, spread over the whole nozzle diameter and partly even with maxima close to the
12 wall. This structure has been attributed to the Swan band system originating from transitions between
w2 the d? I1; and the a3 I, electronic states of C; molecules. Four cases of appearance of Swan bands in
173 the discharge will be presented in the following.
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Figure 3. Left: Photo (grey) of observation window. Right: Two-dimensional optical emission
spectroscopy frame at 7.3 ms before CZ.

174 Firstly, the Swan bands occurred at the outer edges of the arc preferably close to the nozzle walls
175 as shown in Figure 3. Generally, this can be regarded as typical behavior for cases of moderate PTFE
17e influence, i.e. when current density is not too high and the temperature close to the wall is rather low,
177 allowing existence of carbon dimers.

178 Secondly, other Swan band pattern were observed over the full vertical axis of the side-on
1o 2D-spectra. The example shown in Figure 4 was acquired with setup (b) about 6 ms before CZ,
10 i.e. shortly before the peak current. A grating of 18001/mm was applied to obtain higher spectral
11 resolution. A good agreement was found of the 1D-spectrum taken in central position with spectra
12 shown by Camacho in OES studies of a plume produced by laser ablation of a graphite target [17]. The
13 weaker continuum and stronger C II lines compared to [17] hint on rather high plasma temperatures
1ee  at least in the arc center with higher current density than near to the wall.
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Figure 4. Top: 2D spectrum over the full arc cross section (upper part) together with the corresponding
1D-spectrum from central arc position (lower part) in the spectral range around the C, Swan band
head at 563.7 nm - Swan band on the left side and C II lines on the right side. Bottom left: Spectrally
integrated line intensities of the carbon ion line C II 566.2 nm and of the C; Swan band line at 562.8 nm,
labeled by yellow arrows. Bottom right: Inverse Abel transformation carried out for these intensities to
reveal origin of emission.

185 Exemplarily, one of the lines of the C; Swan band near 562.8 nm was analyzed; the carbon ionic
16 line at 566.2 nm was used for comparison, cf. yellow arrows in the 2D-spectrum. The side-on radiances
167 are shown in the lower left part of Figure 4: whereas the ionic line has its maximum in the center, the
1es  Swan band emission is spread more homogeneously over wide side-on positions between center and
180 4mm but has a distinct maximum near to 5mm, i.e. near to the wall. Since both emissions showed
10 good symmetry in relation to the center, this axis was used for symmetrization and as central side—on
101 position "0mm". Then, the radial profile of the emission in the arc can be analyzed by Abel inversion
192 Of the side—on radiances. Results are shown in the lower right part of Figure 4. The C II 566.2 nm ionic
103 line is emitted as expected mainly in the center; the emission coefficient decreases to 20% within radial
10s  positions of 2mm. The C, Swan band, however, has a sharp peak of less than 2 mm FWHM with a
105 maximum emission coefficient below 1 mm to the wall. It should be noted that although the nozzle
106 diameter is 12 mm some intensity was detected at side-on position above 6 mm due to experimental
107 limitations like quartz plate connection and refraction at the windows. The algorithm of inverse Abel
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10e  transformation is limited in case of very low emission from the central position, therefore the C,
100 emission coefficient in the center is not plotted for values below 10% (radial positions <3.5mm). To
200 summarize even in the case of Figure 4 the Swan bands are emitted only in a thin sheath at the wall.
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Figure 5. Top: Spectrum acquired 300us before CZ with setup (a) and 8 kA peak current. It is completely
dominated by molecular radiation of C, Swan bands (band heads labeled by arrows). Bottom: Spectrally
integrated line intensities (left) and emission coefficient obtained from Abel inversion (right) of the C,
Swan band emission at 562 nm.

201 A third example for the occurrence of C; Swan bands is shown in Figure 5. It was only observed
202 with setup (a) providing higher pressure and strong wall ablation due to peak currents of 8§ kA (100 Hz).
203 With the single long PTFE nozzle the current was not switched off and multiple current zero transition
20 Were observed. Except the ignition phase and few hundred ps around CZ, all spectra are dominated
20s by pronounced emission of the Swan bands. Its band heads at 473.7 nm, 516.5nm, and 563.6 nm
206 are indicated by red arrows in the two—dimensional spectrum in the upper part of Figure 5. The
20z wavelength range chosen here does not include the band head at 438.2 nm but also contains the C
20 1l lines at 564.06 nm, 564.81 nm, and 566.26 nm as well as the C I atomic lines at 476.2nm, 477.0 nm,
200 493.2nm, 505.2nm, and 538.0 nm. Weak or non-visible ionic and atomic carbon lines in comparison
20 with the Swan bands give first hint to rather low temperatures in the center of the arc. Furthermore, it
2 was observed that the occurrence of carbon lines drastically changes approaching current zero. Within
212 some 100 ps, first the ionic and than the atomic lines disappear; after CZ they reappear in reversed
z3 order. In fact, disappearance of the atomic lines cannot be observed for first and second, but for the
214 third CZ crossing.

215 The Swan band pattern has much higher intensity in central position though the emission is
216 extended to the side-on positions of the nozzle wall. The origin of emission is further analyzed using
z1z  the band head around 563 nm as shown in the lower part of Figure 5. The side-on profile (left) and the
218 emission coefficient obtained by inverse Abel transformation (right) reveal a different occurrence in
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210 comparison to the plasma in Figure 4. The Swan bands are emitted with highest intensities in the center
220 Of the arc, continuously decreasing towards the nozzle walls. Thus, it can be followed that the arc
221 plasma is completely dominated by PTFE material and it is characterized by rather low temperatures
222 even in the arc center. It should be mentioned that this third case of Swan band appearance is the most
223 extreme and could not be achieved with setup (b) with two nozzles separated by the heating channel
224 even when the peak current was doubled to 10 kA.

226 The forth example was typical for setup (b): Swan bands appeared as an absorption pattern at
226 currents >4 kA. An example is shown in Figure 6. The spectrum was taken shortly after the current
227 maximum (4.7 kA, 4.6 ms before CZ). Emission from the hot plasma in the arc center served as an
226 internal background radiator that was absorbed by the much cooler carbon dimers near to the nozzle
220 wall. As in Figure 5, the band heads at 473.7 nm, 516.5nm, and 563.6 nm are indicated by arrows.
230 Additionally to the absorption pattern, some emission lines can be found. These are all C II lines from
21 carbonions, e.g. at 564.06 nm, 564.81 nm, and 566.26 nm, and are mainly emitted in the center of the arc
232 with higher temperatures. For the above described arcs with strong flow of ablated material towards
233 the electrodes (third and fourth case), no copper lines were visible. The F I lines were not in the chosen
23s wavelength range.

440 450 460 470 480 490 500 510 520 530 540 550 560 570 580

Figure 6. Spectrum during high-current phase of the discharge dominated by molecular radiation
of C, Swan bands. With setup (b) the Swan bands could be observed as absorption pattern with the
plasma in the arc center serving as background radiator. The band heads are labeled by arrows.

25 3.2, Optical Absorption Spectroscopy around Current Zero

236 The phase of current zero crossing is of highest importance for an understanding of the switch—off
237 process and the dielectric recovery of the electrode gap region. Hence it is of special interest to extend
28 experimental knowledge as close as possible to CZ and even beyond. However, even tapping the
230 full potential of optical emission spectroscopy, e.g. by application of OES with intensified cameras
20 as described above, the analysis based on optical emission spectroscopy is limited to times about
2a1 10 s before CZ due to reduced energy input by the arc[9]. Consequently, absorption techniques
22 were required for further investigation of the current zero crossing and the immediately following
2a3  time period. Since the majority of atoms is in the ground state in case of the lower temperatures
2ee  near CZ, it will be necessary to analyze mainly lines going to ground or very low levels by optical
a5 absorption spectroscopy (OAS). However, most of the relevant lines are in deep UV regions far below
2es  300nm. From the experimental point it is extremely demanding to investigate such radiation under
27 switching-relevant conditions since all components of the setup including high-pressure vessel and
2ss  model circuit chamber have to be transparent for these wavelengths. With the actual setup even
2e0 resonant lines that might be more suitable could not be detected due to limited spectral sensitivity
20 Of the cameras such as C I at 296 nm or Cu I at 324nm and 327 nm. The few resonant lines in the
251 available wavelength range above 340 nm have very low transition probabilities, e.g. C I at 462nm
=2 and O I at 630 nm. However, it might be possible that some lines might be occupied around CZ and
263 could be detected by OAS that are characterized by relatively low energy levels and medium transition
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=ss  probabilities, e.g. Culat 510nm, 570 nm, and 578 nm with E,=1.39eV and 1.64eV or O I at 557 nm
=5 with E;,=1.26 eV. Additionally, molecules are possible candidates for absorption, e.g. the C, molecule
26 since its Swan bands were observed in emission until few 100 ys before CZ and even in absorption
27 during the high—current phase as shown above.

Xe lamp +
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Figure 7. Optical absorption spectroscopy. Top: Overview emission spectra of Xe lamp only. Middle:
Xe lamp with discharge of 5 kA peak current and setup (b), acquired at CZ with 50 us exposure time.
Bottom: Spatially integrated transmission calculated from above spectra showing absorption around
500 nm.

256 Broadband optical absorption spectroscopy (OAS) was carried out around CZ using the pulsed
20 high-intensity xenon lamp as an external wide-band background illumination. Two examples are
260 shown in Figure 7, comprising the wavelength ranges about 440-600 nm (left) and 640-800 nm (right
201 column). In the upper panel only the emission from the Xe lamp is given, i.e. through model circuit
22 breaker including all windows but without discharge. Broadband continuum can be seen in both
263 spectral ranges. It should be noted that the spectra are not calibrated concerning absolute intensity. The
26 edges of the nozzle are indicated by sharp transitions from the bright stripe caused by illumination with
265 the xenon lamp and the dark areas. The spatial distribution within the nozzle slit is quite homogeneous,
206 showing smooth illumination by the background source. In the middle panel, the OES spectra were
26z taken at CZ (exposure time 50 us) with the Xe lamp continuum passing the remainder of arc discharge
26 in the nozzle. Patterns of horizontal stripes were sometimes observed. Similar experiments using HSC
20 instead of ICCD camera revealed that these stripes did not change from one video frame to the next.
20 Thus, it was reasonable to assume a deposition on the quartz glass sealing the slits, e.g. by particles.
2 In the left spectrum a certain structure was found below 500 nm whereas the right spectrum did not
2z shown any peculiarities. From spectra in top and middle panel a transmission could be calculated, cf.
2rs lower panel of Figure 7. For an improvement of the signal-to-noise ratio and a better visualization
zza  Of the intensity ratio, spatial integration was carried out for determination of the transmission. It
2rs revealed that there was only one significant absorption peak around 493 nm. This absorption was
26 clearly accorded to the CuF molecule as will be discussed below. Beside this CuF peak, no hint on
27z any absorbing lines or other features could be detected around current zero, even with the intensified
e camera with high sensitivity and dynamic range. Even the C; Swan bands could not be observed
7o before or after CZ in OAS with the Xe lamp as background radiator although they were detectable in
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20 OES up to few hundred ps before CZ. Moreover, a closer look onto the emission spectra (cf. Figure 3)
21 showed that the CuF absorption at 493 nm could also be found during the high—current phase of the
202 discharge though this effect was rather weak compared to the intense line emission. This will be
2e3  further investigated in Section 3.3.

284 Other species for an absorption with maximum around 493 nm could be excluded in detailed
2es  spectral analysis, including all relevant elements as Cu and W from electrodes, C, O, and F from filling
2es  gas and nozzle, and even H as possible contamination. As an example, a prominent candidate might
2z have been the carbon atomic line C I at 493.20 nm, although its lower energy level of 7.7 eV is rather
zes high. However, this line was not detected in emission like other atomic carbon lines with similar upper
2e0 level of about 10 eV and comparable transition probabilities in the range of several 10°s !, e.g. C1
200 505.21nm and 538.03 nm (cf. Figure 3). Moreover, these C I lines were still observed in emission 0.7 ms
201 before CZ, while at 493 nm an absorption could be seen even during discharge.

202 Since no absorption spectra were found in literature for CuF, a comparison was carried out with
203 emission spectra of photofragments in a gas phase photochemical fragmentation process excited by
204 308 nm-laser radiation [24]. In Figure 8, the emission spectrum from Cheon et al. [24] was added as an
20 overlay (black) to the calculated absorption spectrum (dashed blue curve) for comparison. Taking into
206 account the different experimental conditions and methods, a compelling agreement was found. Basic
207 data of the CuF emission are listed in Table 1.
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Figure 8. Absorption spectrum around current zero (dashed blue) and comparison with emission
spectra of CuF molecules from [24] (black line).

Table 1. Basic data of CuF emission lines [25,26].

Wavelength  Relative Lowerlevel Upperlevel Transition Quantum number Sys-

nm intensity eV eV upper lower  tem
478.19 400 0 251 xXizt Clra 0 1 C
490.13 500 0 244 Xzt B!z 0 1 B
492.68 600 0 2.51 Xzt ClrI 1 1 C
493.20 800 0 251 Xlz+ Clr1 0 0 C
505.23 600 0 2.44 Xzt Blx 1 1 B
506.11 700 0 2.44 Xzt Blx 0 0 B
508.64 200 0 251 Xzt Cl1 1 0 C
567.72 500 0 2.18 xizt AlTT 2 2 A
568.57 600 0 2.18 Xzt AT 1 1 A
569.43 600 0 2.18 Xzt AlTT 0 0 A
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208 In the following, the CuF molecular absorption after current zero should be analyzed in more
200 detail. A series of time-resolved spectra is shown in the upper part of Figure 9. The transmission
so0 Was calculated based on division of the measured spectra (plasma plus xenon lamp) by a xenon lamp
s1  spectrum without discharge. Higher spectral resolution was obtained by the grating with 18001/ mm.
sz Thus, also the peak structure including maxima at 493.2nm, 492.7 nm, and 493,2 nm can be clearly
;03 recognized in agreement with the emission spectrum of CuF molecules from [24] shown in Figure 8.
s0s The overlaying periodic structure is not caused by the plasma in the nozzle since the same structure
sos  was also observed for the xenon lamp itself. Probably it was caused by an interference effect of glass
a6 plates in the detector. The background intensity increases although the xenon lamp is in its plateau
;07 phase.

©
w

Transmission (a.u.)
o
N

0.1

00 [ L " " 1 1 1 L 1 " 1 L L " " 1 1 L L " 1 " L " L 1 L " L "
490 491 492 493 494 495 496

Wavelength (nm)

1.0
09 |
’5 0.8 r
807+

CuF absorption

© 0 0o 0o o o o
[= I CEE A N =)
T
1

0.2 0.3 0.4 05 0.6 0.7 0.8
Time to CZ (ms)

Figure 9. Top: Series of detail transmission spectra after current zero. Bottom: Temporal development
of absorption peak at 493 nm calculated as area under curve (AUC, open circles) and AUC normalized
by background intensity (filled squares).

308 For a quantization of the temporal evolution of the absorption, the area under curve (AUC) was
300 determined from the difference between the "background" (average of levels extracted at wavelengths
a0 aside the CuF absorption, i.e. around 490 nm and 496 nm) and the transmission, integrated over the
s spectral range. The AUC is plotted as the curve with black open circles in the lower part of Figure 9.
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sz Additionally, a normalization of the AUC was carried out by division by the (temporally increasing)
a3 intensity of the background signal. The normalized AUC is represented by the curve with red filled
as  squares. The spectrum 0.2 ms after CZ was chosen as starting point and the according value was set to
ais 1 for better comparison. Within half a millisecond, the AUC decreases by 60%. The decrease of the
aie  normalized AUC is even more significant, namely down to 20% (factor of 5). Few other shots that
a1z were carried out confirmed this result. However, due to the exponential nature of this decrease the
s1e  absolute values are sensitive to the starting point. Summarizing it can be stated that the CuF absorption
s19  and thus, also the CuF density decreases after current zero on a timescale of several hundreds of
;20 Microseconds.

sz 3.3. CuF during high—current phase

322 As mentioned above, overview OES spectra in Figure 3 gave hint on a possible absorption of
s23  the CuF molecule even during the arc discharge though the effect might be considerable lower in
24  absolute intensity than the atomic line emission. Thus, the spectral range around the 493 nm-peak was
s2s  investigated with video OES of higher resolution (grating 18001/ mm instead of 1501/mm, exposure
226 time 98 yus). An example is shown in Figure 10 acquired with setup (b) and 5.3 kA peak current.
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Figure 10. Temporal evolution of the spectral range around 493 nm with CuF absorption (Time to CZ is

from bottom to top, the color scale reaches from black for lowest emission to blue, green, and red for
highest intensities).

In the upper part, all about 110 optical emission spectra (spatially integrated) are plotted line
by line vs. time to CZ, forming a two—dimensional contour plot. In the lower part of Figure 10 a
selection of four instants of time with characteristic spectral features are shown. Additionally, several
atomic and ionic lines were labeled that helped for fine adjustment and control of exact wavelength
positions. The ignition phase the spectra were dominated by atomic and ionic copper line emission. At
first, i.e. 10.7 ms before current zero, an atomic copper line Cu 1 486.61 nm was observed which was
followed by several ionic copper lines. As known from overview OES spectra, the ablation of PTFE
was usually initialized about 1 ms after ignition. In the spectral range of Figure 10 no atomic fluorine
lines can be observed. However, occurrence of the hydrogen line Hg at 486.13 nm (starting about 9 ms
before CZ) can be regarded as an early sign of nozzle ablation, probably caused by a thin remaining
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sz water film on the nozzle surface. Within several hundred microseconds the spectrum is changed from
;s being dominated by copper lines (more probable originating from the W-Cu electrodes than from
330 the ignition wire) to being ablation-dominated. CuF absorption pattern is observed during the full
s high—current phase, at least from about 8 to 2 ms before CZ. In the spectral range below 500 nm this is
sa1  basically visible by a broad continuum, starting about 2-3 ms after ignition (or 8 ms before CZ) and
sz lasting at least until about 2 ms before CZ. As can be clearly seen from the top spectrum in Figure 10
sa3  the characteristic absorption pattern of CuF can be observed for these 5-6 ms, i.e. during the whole
:es  high—current phase of the discharge. Comparable to the case of absorption of the C; Swan bands,
as  the CuF absorption is enabled by background continuum from the arc plasma. Observed temporal
ss  fluctuation of the intensity has been found to be caused mainly by changes of background intensity,
sz e.g. fluctuation of transmission or reflection due to droplets. Hence, even during the high—current
;s phase a considerable amount of absorbing CuF molecules must be existent in the plasma at nozzle
a0 position, i.e. §mm away from the electrode. This might be unexpected but leads to the conclusion that
0 the gas flow into the heating channel is strong enough to pull electrode material into the region of
31 optical investigation.

ss2 4. Discussion

353 An ablation-dominated arc of 5 kA peak current was operated in a model circuit breaker with CO,
s atmosphere. Application of a slit over the full radius of the PTFE nozzle enabled direct investigation
s inside the nozzle. Sealing by thin quartz plates was proved to be an useful method to obtain
s reproducible conditions of discharges without significant changes of material flow or plasma conditions.
sz Consequent exchange of the plates after each shot yielded to high window transmission with moderate
s blackening. Only very few cases of reduced sealing quality occurred, easily noticeable after discharges
30 due to increased blackening at the plate’s corners. These shots could be repeated with better sealing.

360 Information was obtained from spatially and temporally resolved video spectroscopy using HSC.
see  That comprised the different phases of discharge and the occurrence of Swan band emission from
2 Cp molecules. These Swan bands could be observed under varying conditions. Different amount of
se3s  ablated PTFE from the nozzle wall and plasma temperature were generated depending on nozzle
sea  geometry and current density. Firstly, there was an occurrence very close to the nozzle walls as
ses  typical behavior for cases of moderate PTFE influence, i.e. when current density was not too high
ses and the temperature close to the wall was rather low, allowing existence of carbon dimers. Although
sez it might be often neglected when the temperature distribution in the arc is investigated, the Swan
ses  bands represents the existence of carbon molecules due to wall ablation and thus, an important effect
se0  Of cooling and change of plasma composition. Secondly, with higher current densities, Swan band
s70  pattern were also distributed over the full vertical axis of the side—on 2D-spectra. However, it was
sn found by Abel inversion that the Swan bands are emitted in a thin sheath at the nozzle wall. Thirdly,
sz a different distribution was found under extreme conditions, i.e. with single long PTFE nozzle and
sz high peak currents. The arc plasma was completely dominated by PTFE material and temperatures
s7a  were moderate in the arc center, proved by weak or non-visible ionic and atomic carbon line emission.
a5 The Swan band pattern was emitted with highest intensity in central position though emission was
se  extended to radial positions of the nozzle wall. Finally, Swan bands also appeared as an absorption
377 pattern at moderate currents with setup (b). Emission from hot plasma in the arc center (proved by
sz C Il line emission) served as an internal background radiator that was absorbed by the much cooler
a7e  carbon dimers near to the nozzle wall.

380 A considerable amount of CuF molecules in the high—current arc as well as near CZ was found
s from absorption spectra. This was not expected before for several reasons, especially regarding that
;2 NO other molecules were observed around CZ. A possible explanation is as follows: Around CZ it is
;a3 expected that convective fluxes are significantly reduced due to equalization of pressures. This allows
s diffusive expansion of copper from the hot electrode along the nozzle towards the slit position. At
ses  the same time there is still some release of fluorine from the PTFE nozzle wall. The chemical reaction
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:ss  Of the fluorine and copper atoms forming CuF molecules could happen at the hot electrode surface
se7  followed by evaporation of molecules or in the gas phase with copper atoms evaporated from the
ses  electrode. Similarly, the observed absorption during high—current phase might be explained by the
se0  gas flow out of the nozzle into the heating chamber. In this case, copper atoms eroded or evaporated
30 from the W-Cu electrode might be flushed with the stream towards the heating channel, reacting on
301 its way with fluorine from the wall, and being detected at the observation slit by absorption with the
302 arc plasma as background radiator. However, during the time immediately after flow reversal, i.e.
303 about 1 ms before CZ, the situation is very different: the gas flow is directed from the heating channel
s0s towards the electrodes. Thus, no copper from the electrodes should reach the observation area with
305 the slit and react with fluorine. That means that probably no CuF should be produced at this period;
ss any detected CuF should be survivor from the heating chamber. As a pity, at the moment database is
sz not sufficient to answer the question if there is a lower CuF concentration after flow reversal or not. In
s0s  the video spectra there is simply not enough background emission to enable sufficient signal for an
300 absorption.

400 Within the described experiments, limitations of reproducibility, fluctuation in transmission
s due to particles, film layers on windows, and dust did not allow temporally and spatially resolved
a2 determination of the absorption by CuF, e.g. using two—dimensional inverse Abel transformation of
«03 video spectra with higher spectral resolution. Nevertheless, this would be the next step if significant
a4 technical improvements were done. On the one hand, further optimization of the nozzle slit, its
a5 position and manufacturing technique might provide even less changes of the gas and droplet flow
w0s conditions, thus allowing measurements still closer to the undisturbed conditions at the nozzle. On
a7 the other hand, the observation technique itself might be improved, too. Nowadays, the advantages of
20s intensified and high-speed video cameras can be combined in new generations of cameras or boosters.
a0 The background illumination could be improved, too. Beside improvements in the optical path in
a0 order to enhance the intensity and homogeneity, the pulsed xenon lamp might also be replaced by
an  a laser—driven light source with extended pulse duration. As a consequence, quantification of the
a1z CuF absorption after CZ as well as during the arc discharge might be possible. Furthermore, OAS
a3 regarding Swan bands could be tackled. Last not least, tests with other electrodes should be carried
a1s  out to finally proof the origin of absorption by CuF-molecules, e.g. made of pure tungsten.

a1s Altogether, the possibilities of a recording of molecule radiation emission and absorption in the
a6 visible spectral range have been demonstrated for the case of high—current ablation dominated arcs.
a1z Using PTFE nozzles, tungsten—copper electrodes and an operation in air or CO,, the Swan bands of
a1 the carbon dimer C; and absorption of the CuF molecule were the only detectable radiation patterns.
«10 However, these patterns open up ways for a study of interesting ranges in high-current breaking
420 processes like the colder plasma ranges near the nozzle walls and the time around CZ.
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a3 The following abbreviations are used in this manuscript:
436
AUC  area under curve

CO, carbon dioxide

CuF copper fluoride

Ccz current zero

ICCD intensified charge coupled device
HSC high—speed camera

MoS;  molybdenum disulfide

OAS optical absorption spectroscopy

OES optical emission spectroscopy
PTFE  polytetrafluoroethylene
SFg sulfur hexa—fluoride

W-Cu tungsten—copper
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