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Abstract. An assessment for the safe use of electrical equipment in explosive atmospheres can be
performed with the aid of a spark test apparatus. Therefore, an anodic tungsten wire with 200 µm
diameter is moved along the surface of a rotating cadmium disc (cathode). The explosion chamber
enclosing the electrodes is filled with a highly explosive mixture of hydrogen and air. Depending on
surface topology and relative movement of the contact pair, discharges occur randomly. A model
contact device is used to investigate the plasma properties and the discharge characteristics near the
thermo-chemical ignition threshold of the explosive atmosphere that typically occur at voltages around
30 V and currents around 30 mA. Spectroscopic investigations reveal that the emission of the discharges
is dominated by atomic lines of cadmium, which allow the determination of distribution temperatures.
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1. Introduction
All electrical equipment to be operated in explosive
atmospheres needs to be assessed with respect to ex-
plosion protection issues. Therefore, a special spark
test apparatus have been developed according to an
international standard [1]. In this apparatus more or
less defined electrical discharges are generated in an
explosive atmosphere, simulating contact discharges
occurring in electrical equipment. Since the results
scatter and are poorly reproducible, alternatives to
the spark test apparatus should be developed. There-
fore, the physical mechanisms of such contact break
discharges have to be analyzed and a multi-physical
model is to be developed.

In explosion protection, the ignition behavior of
explosive atmospheres by electric discharges has been
extensively investigated, if they are initiated by high
voltages [2–5]. These papers focus only on the elec-
trical discharge or the thermodynamic relationships
of the ignition for high-voltage discharges with fixed
electrode spacings. However, electrical discharges can
also occur at low voltages during contact opening and
contact closing. Those discharges have so far only
been partially investigated [2, 6–8]. For a modeling of
discharges by contact processes that are able to initi-
ate thermo-chemical reaction of an explosive gas mix-
ture, these investigations are not sufficient. Recently,
electrical discharges occurring during contact opening
have been characterized by Uber [7]. Typically, they
are operated near the minimum ignition energy (17 µJ
for H2/air mixture with 21 % H2 volume fraction)
and occur at voltages below 30 V and currents above

30 mA. The emission spectra of these discharges are
found to be dominated by atomic lines from metal
vapor [9, 10]. However, the investigation of spatio-
temporal evolution of basic plasma parameters is still
lacking, which should form the basis for further mod-
eling and evaluation criteria for the thermo-chemical
ignition or non-ignition of a discharge.

In this contribution we present spectroscopic investi-
gations of contact break discharges operated between
a cadmium cathode and a tungsten anode in ambient
atmosphere. Conclusions are drawn on the plasma
temperature and the local thermal equilibrium (LTE).

2. Experimental
The experimental setup is presented in figure 1. A
contact device was placed in an explosion chamber
with quartz windows. The experiments presented here
were performed in ambient air instead of hydrogen-air
mixture. The tip of a tungsten wire of about 200 µm
diameter was placed in contact with a cadmium block.
The Cd block was moved along the tip with a speed
of ≈0.002 m/s. Occasionally, the W wire was lifted up
from the Cd surface in order to interrupt the direct
contact and thus, to initialize a horizontally drawn
discharge. This upward movement had an average
speed in the range of 0.1 m/s.

The contact device was powered by a low-current
DC source with a constant current of 60 mA at a
maximum voltage of 30 V (for details see [7]). The
W wire was operated as anode and the Cd block as
cathode. The discharge had an initial voltage of about
10 V that can be attributed to the electrode sheaths.
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Figure 1. Experimental setup: The discharge is ig-
nited between the W wire and the Cd block that are
moved along each other. A long distance microscope is
used to image the magnified discharge onto the widely
opened entrance slit of the spectrometer equipped with
intensifier and high-speed camera.

It extended up to 200 µm before the limit of 30 V was
reached and the discharge was interrupted. Hence, the
electric field strength was in the range of 100 V/mm.

Optical emission spectroscopy (OES) was performed
with a 0.3 m-imaging spectrometer using a grating of
300 lines/mm (Acton Research). The discharge was
imaged by means of a far-field microscope (QM1, Ques-
tar) with its axial dimension parallel to the slit jaws
of the spectrograph. The entrance slit was widely
open (3 mm). With a magnification around a factor
10, the full discharge had a maximum axial dimension
of around 200 µm and an approximate radial dimen-
sion of 100 µm. A high-speed camera (Fastcam SA5,
Photron) boosted with an image intensifier (C10880,
Hamamatsu) was mounted to the spectrometer. Thus,
a spatial resolution lower than 10 µm was achieved
(pixel resolution 2.3 µm/px). The spectroscopic im-
ages were taken at a frame rate of 10,000 fps (≈ 100 µs
exposure time) as a compromise between radiation in-
tensity and temporal resolution. The electrical charac-
teristics were recorded with an oscilloscope (DL9040L,
Yokogawa) and appropriate probes. Relative spectral
intensity calibration was carried out using a tungsten
strip lamp (OSRAM Wi 17/G).

3. Results and Discussion
The OES recording covers 848 × 300 pixels and dis-
plays multiple images of the discharge at different
wavelengths. An example frame is shown in figure 2.
It was acquired about 2 ms after contact separation
and immediately before discharge quenching. The
two-dimensional frame is rather complex. As usual
for imaging spectroscopy, the vertical axis gives the
spatial resolution along the electrode gap, showing
a discharge length of about 162 µm. The horizontal
axis, however, can provide more information than just
an usual 1D spectrum due to the large entrance slit,
i.e. spectral and spatial information is combined. As-
suming monochromatic light emission, e.g. from an
atomic line at a single wavelength, a full image of

Figure 2. Example of an two-dimensional spectroscopic
image (848 x 300 pixels). The vertical structures rep-
resent multiple images of the discharge at different
wavelengths (horizontal dimension) limited by W an-
ode at the top and Cd cathode at the bottom.

the discharge is spectrally diffracted at the grating
and imaged onto the focal plane of the spectrograph.
Regarding a spectrum consisting of several widely
separated lines, a number of such discharge images
will be visible as it can be seen for most of the lines
in figure 2. Nevertheless, if the spectral separation
between the lines is not sufficient, an overlap will
occur, cf. the second discharge image from the left.
To summarize, the images originating from different
lines can only be resolved if the spectral distance is
large enough compared with the (in our case huge)
apparatus profile. More details about this 2D OES
technique can be found e.g. in [11].

The single images of the discharge at different wave-
lengths are partially overlapping. From measurements
with smaller apparatus profile it is known that the
broadening of the spectral lines was much less than
the width of the features visible in the OES image. At
the right side of figure 2 the contour of the tungsten
wire and the location of the cadmium surface were
sketched schematically. As the tungsten wire was ap-
proximately 200 µm in diameter and the magnification
was a factor of 10; the open slit width was slightly
larger than the diameter of the tungsten wire.

Figure 3 shows the intensity distribution in the

Figure 3. Blue curve (circles): Intensity distribution
(spectrum) in middle of the electrode gap. Red: Emis-
sion intensity fitted by Gauss functions.
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Figure 4. Axial intensity distribution of selected spec-
tral lines.

horizontal stripe in the middle between the electrodes
(blue curve with circles). For further evaluation, this
radial profile was fitted by several Gauss functions
with 25 to 35 pixels FWHM after taking account of
the instrumental profile of the spectrometer. The
spectral features in figure 3 could be identified as
atomic spectral lines of cadmium and the molecular
band of OH at 310 nm. No atomic lines from the gases
(N, O) or other bands from molecules (N2, O2, NO)
were observed in the applied wavelength range or in
according overview measurements.

As a result of the fit routine, the axial evolution
of peak intensity at different wavelengths for selected
spectral lines is presented in figure 4. Obviously, all
Cd lines show more or less pronounced emission peaks
in front of both cathode and anode. From the line
ratios it should be possible to determine plasma tem-
peratures. For simplification, two neighboring lines
around Cd 347 nm and two others around Cd 361 nm
have been incorporated into effective transition prob-
abilities, as they originate from similar upper energy
levels [12]. The summarized emission coefficient ϵ of
two neighboring lines a and b is given by:

ϵa + ϵb ∼
(

Aa
ul + Ab

ulg
b
u

ga
u

)
(1)

Here, A is the transition probability and g is the
statistical weight of the upper and lower level. The
term in brackets is the effective transition probability.
Atomic data have been retrieved from NIST lines
database. An overview on the atomic data utilized
for temperature evaluation is given in table 1.

As it can be seen from table 1, Cd lines in the
investigated wavelength range originate from three
different upper energy levels which form three groups
of spectral lines. Hence, the plasma temperature
from Boltzmann plot can be calculated for different
combinations of spectral lines.

The level distribution temperature shown in figure 5
was deduced from the slope of a straight line between

λ Aul El gl Eu gu

(nm) (1/s) (eV) (eV)
326.105 4.06E+05 0.00000 1 3.80087 3
340.365 7.70E+07 3.73366 1 7.37529 3
346.620 1.60E+08 3.80087 3 7.37679 5
361.051 1.55E+08 3.94604 5 7.37904 7
467.815 1.30E+07 3.73366 1 6.38320 3
479.991 4.10E+07 3.80087 3 6.38320 3
508.582 5.60E+07 3.94604 5 6.38320 3

Table 1. Atomic data for selected Cd lines observed
from discharge retrieved from NIST database.

Figure 5. Axial distribution of plasma temperatures
from Boltzmann fits using different energy levels.

two points in the Boltzmann plot. The red curve with
triangles was obtained for 3.80 eV and 6.38 eV, which
provided plasma temperatures around 10,000 K. The
lower temperature of around 5,000 K was obtained
from a Boltzmann plot using the points at 6.38 eV and
7.38 eV (blue diamonds). The errors in temperatures
resulting from experiment (measurement accuracy, in-
tensity calibration, uncertainties of transition values)
were estimated to be relatively low, probably below
1000 K. Obviously, temperatures obtained for different
level pairs are not the same and local thermodynamic
equilibrium cannot be assumed. This is a novel finding
based on experimental evidence. Previous investiga-
tion found indications for deviations from LTE by
comparison of experimental results with numerical
calculations [9, 10].

Another finding was the observation of OH molec-
ular emission, which has not been considered before
and obviously originates from ambient air humidity.
It could be proven that intensity was sufficient for
diagnostic evaluation. OH is an important marker for
thermo-chemical reactions in explosive atmospheres
containing oxygen and hydrogen, and hence will be
helpful in future investigation of discharges in H2-air
mixtures.

Additional to axial temperature distribution, also
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Figure 6. Axial distribution of radial intensity pro-
file width fitted by Gauss full width at half maximum
(FWHM).

information on the radial profiles can be extracted
from the 2D OES images. Figure 6 shows the widths
fitted to the profiles as presented in figure 3 for each
axial position between the electrodes. It can be seen
that for the group of lines around Cd 361 nm and the
line Cd 509 nm the width and therefore the radial
decay of intensity is similar in the middle between the
electrodes. The width relates to how flat or steep a
cross section is at a certain position. If the FWHM is
the same for two lines, then the ratio between the lines
will be constant for all (radial) positions. As a con-
sequence, the equal widths of radial intensity profiles
lead to a radially constant temperature in the middle
between the electrodes as shown in the blue curve in
figure 7 (within the experimental uncertainties). How-
ever, the radial temperature profiles obtained from the
other combination of energy levels show a clear decay
of distribution temperature (cf. red curve in figure 7).
That means energy levels at 6.38 eV and 7.38 eV are
much faster depopulated towards outer radial posi-
tions than the energy level at 3.8 eV. This is another
proof for non-LTE in the discharges investigated here,
as for plasma in LTE the radial course of tempera-
ture must decay towards ambient air temperature for
thermodynamic considerations. A radially constant
distribution temperature moreover indicates a radially
constant electric field which determines the excitation
cross section in collisional-radiative plasmas.

4. Conclusions
It was shown that the contact break discharges be-
tween Cd and W electrodes as utilized in explosion
protection are not in LTE. This finding is obtained
from experimental results making use of optical emis-
sion spectroscopy. Future investigations including the
design of theoretical model will have to take account
of this feature.

Figure 7. Radial temperature distributions in the mid-
dle between the electrodes according to Gauss full width
at half maximum (FWHM) for different combinations
of atomic lines.
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