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Abstract. Electric arcs generated by transient lightning-type surge currents in protection devices
for low voltage appliances are studied by optical emission spectroscopy and spectra simulations. A
surge pulse amplitude of 5 kA and 8/20 µs shape are applied. The arc radiation is recorded by a 3/4 m
spectrometer and a high-speed camera equipped with metal interference filters for the O I (777 nm)
and Hα (656 nm) lines. Absolute calibration was realized using a tungsten strip lamp. The arc images
indicate a non-symmetrical shape. To determine the plasma properties, accompanying simulation
solving the equation of radiative transfer for a given pressure and a temperature profile was carried
out assuming local thermodynamic equilibrium. Line broadening due to the Stark effect is taken into
account. The computed and measured spectra are compared. The conditions are varied until the
measured and computed spectra match.

Keywords: Surge protection devices, spectroscopy, high-speed imaging, surge current pulses, over
voltage, radiative transport.

1. Introduction
Surge protection devices (SPD) are widely used in
electrical grids to suppress over voltages during tran-
sient conditions caused by voltage surges, therefore
preventing damages of industrial or household devices.
In low voltage power grids, SPDs can use the combi-
nation of different components including metal oxide
varistors and spark gaps to limit transitory voltages
up to levels of 1 kV (AC networks), to convert the
surge pulse energy into heat, and to safely drain the
resulting currents to the earthing system.

The working principle of spark gaps is to introduce
a fault into the corresponding system leading to an
arc with a burning voltage lower than the rated supply
voltage. The ignited arc has to be nevertheless led
to its extinction clearing the subsequent over-current
and avoiding that it is further supplied by the power
grid. To do that, the components of the spark gap
shall permit to reach a considerable increment of the
electric field of the arc by using different measures like
arc elongation, wall cooling, arc splitting, magnetic
blown-off or their combination.

The temporal development of the arc results from
the interaction of electromagnetic, fluid, and heat
transfer phenomena. The characterization of the
plasma is often based on multiphysics models [1–4].
However, spectroscopic methods have been established
already back in the past along with electrical mea-
surements. The radiation emitted by the arc can be
recorded in short times with a high spectral, spatial
and temporal resolution. In cases where the results
from spectroscopic measurements cannot directly pro-

vide knowledge of the plasma properties, complemen-
tary studies comprising modeling may be useful. The
present work is aimed at characterizing the arc by
means of measured and computed spectra. The ex-
periments apply optical emission spectroscopy (OES).
The spectra are computed by solving the equation of
radiative transfer (ERT) along a line of sight using
plasma temperature and pressure as adjustable pa-
rameters. The parameters are varied until measured
and computed spectra reach an acceptable match.

2. Experimental setup and methods
A commercial SPD based on a spark gap (Fig. 1) was
modified to enable the optical access. For that pur-
pose, a side wall of the device under test (DUT) was
replaced by a transparent window made of polycarbon-
ate with good transmission properties for visible light.
A framing camera (SIMD8-UV, Specialised Imaging)
was used to record the temporal behaviour of the
arc at different times. The SIM-camera can capture
up to 8 frames with exposure times and adjustable
interframe times down to a few ns.

A spatially resolved OES permits measurements
by different time-windows of the current pulse. The
optical emission spectroscopy was carried out using
either a 1/2 m spectrometer or 3/4 m spectrometer for
a higher resolution (SpectraPro 500i or 750, Roper
Acton) that were equipped with ICCD cameras (PI
Max 4, Princeton Instr.). Gratings with 150, 600 and
1200 l/mm were used. The measured spectra were ab-
solutely calibrated by means of a tungsten-strip lamp.
The apparatus profile of the 3/4 m spectrometer was
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Figure 1. Experimental setup with its main compo-
nents and a photograph of the DUT with the internal
mirror.

obtained by means of a Tm hollow-cathode lamp. Ow-
ing the divergent characteristic of the copper running
rails of the spark gap, a special DUT holder was con-
structed. It allows us to rotate the DUT and align the
expected arc cross-section with respect to the line of
sight. In addition, an in-house stainless-steel mirror
was placed inside the arc chamber to determine the
transversal intensity profile of the arc (see the lower
side- left in Fig. 1 ). The surge current was supplied
by a hybrid surge pulse generator, which delivers a
standard 8/20 µs pulse according to IEC 62475.

3. Spectra computation
The spectral radiative intensity Iλ along a line of sight
into direction s is described by the ERT, which in the
case no scattering is written as [5]

dIλ

ds
= κλBλ − κλIλ, (1)

where kλ is the spectral absorption coefficient and
Bλ is the Planck function. kλ depends on the plasma
composition, which is obtained assuming a local ther-
modynamic equilibrium (LTE). The spectral contin-
uum is divided into emission from bound-free or radia-
tive recombination and free-free or bremsstrahlung ra-
diation resulting from the interaction of electrons with
ions. The values of the Biberman-Norman and the
Gaunt factors are taken equal to 1. Atomic and ionic
spectral lines are taken into account. The NIST [6]
database for spectral lines in the range (600–900) nm
is used. For the calculation of the line profiles, other
broadening mechanisms besides the Stark broadening
are taken into account by means of a simplified model.
It assumes that all lines have a Lorentzian profile.
Its half-width splits into two parts. The first one
acquires for all mechanisms except Stark broadening,
e.g. Doppler and Van der Waals broadening. The sec-
ond one represents the Stark broadening. Estimates
show that the Stark broadening causes the dominant
contribution.

Figure 2. High-speed images (top) and arc current as
function of time(bottom). The dash line indicates the
path of the arc motion.

The ERT is solved in one dimension along a line of
sight. The spectra computation starts with an initial
guess of the profiles of the plasma temperature and
pressure, and the corresponding equilibrium compo-
sition. The computed profiles include a convolution
with the measured apparatus profile. Then, measured
and computed spectra are compared and the plasma
temperature and pressure are varied until agreement
is achieved. Notice that due to the different impact of
temperature and pressure on the spectra, the solution
can considered as unambiguous.

4. Results and discussion
Figure 2 shows the course of arc current, and the corre-
sponding images of the arc at different instants. In or-
der to determine the spectral characteristics, the DUT
was rotated aligning the arc cross-section and the slit
of the spectrometer. Figure 3 shows the observed spec-
tral distributions for different time windows according
to those of Figure 2. Also the framing images in Fig-
ure 2 indicate that the arc shape is non-symmetric
while it moves along the copper rails towards the
splitter plates. The intensity distributions of the arc
radiation in the visible range were first evaluated us-
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Figure 3. Recorded spectra from the arc at different
instants along the dash line in Fig. 2

ing the framing camera images (exposure times of
5 ns) at different intervals. Using the direction of the
arc movement as tracking path, the intensity profiles
were extracted from the images and fitted with double
Gaussian profiles. The resulting curves indicate that
the arc extends over a length that is larger than the
depth of the spark gap (5 mm). Therefore, deviations
from cylindrical symmetry must be expected in the
arc cross section. This is confirmed by the observed
two-dimensional spectrum of the O I-triplet at 777 nm
obtained at the instant of the current peak, which is
presented in Figure 4.

Mostly lines of N I and O I and in some experiments
strong Hα lines were observed. Further lines that
would for instance indicate the presence of copper
released from the running-rails or carbon from the
polymers in the chamber were not detected in a com-
parable intensity. As expected from the results with
the framing camera, the side-on profile (Figure 4) in-
dicates that the arc is compressed in the direction of
movement. The front part of the arc shows a higher
intensity and its section width is longer than the
chamber depth (5 mm) confirming the deviation from
a cylindrical symmetry. Thus there is not straight-
forward way for the determination of the emission
coefficients for the exited levels by Abel-inversion and
consequently, the plasma temperature and pressure
cannot be determined. Furthermore, the observed ex-
ited levels of several nitrogen or oxygen species cannot
be used for a meaningful determination of the plasma
temperature from the Boltzmann plot technique also.
A possible alternative was to combine the measured
spectra with an iterative spectra computation of the
O I-triplet at 777 nm since the triplet was well seen in
all measurements.

The measured spectra were obtained in absolute
intensities applying a calibration measurement with
a tungsten strip lamp. Measurements with a hol-
low cathode emitter resulted in an apparatus pro-
file of 0.03 nm for the used OES arrangement (3/4 m

Figure 4. The 2-D spectrum to the instant of current
peak (top, center) and side-on profile (bottom) along
of the transversal arc section of the oxygen triplet at
777 nm.

spectrometer). This ensured that the details of the
O I-triplet were recorded with sufficient accuracy and
that a overlapping of the individual components of
the triplet was not the result of a too large appara-
tus profile. The spectral profile changes significantly
depending on the instant of measurement and the
current course. The intensity varies along the record-
ing line while only slight changes in the profile are
observed. Well pronounced maxima and minima simi-
larly to that in the computed profiles are only found
when the current decays below of the half-peak value
i.e. after about 25 µs. Higher pressures and tempera-
tures can therefore be assumed during the rise time
of the current pulse, which lead to a relatively strong
broadening of the line profile.

The simulation results have shown that the shape
of temperature profile was of minor importance to
the spectral intensity distribution. Instead, the maxi-
mum value of the plasma temperature and pressure
played a role. Furthermore, an adjustment of the
parameters for Stark broadening of the spectral lines
was important. The best results were obtained with
a value of ∆λS

1/2 = 0.0028 nm for the first and the
third components of the triplet. ∆λS

1/2 = 0.0025 nm
for the second component of the triplet. These values
are taken at a temperature of 10000 K and electron
density of 1022 m−3. The line broadening parameters
scale with the local values of temperature and electron
density according to the relation given by Griem [7].

Experimental spectra recorded at several time win-
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Figure 5. Comparison of measured (solid line) and
computed spectral profiles (dashed line) of the O I-
triplet at 777 nm at different time intervals during
the pulse current (Figure 2): a) (10–15) µs, b) (20–
25) µs, c) (30–35) µs.

dows were reproduced with sufficient accuracy. Since
the plasma temperature affects mainly the spectral
intensity while the plasma pressure affects mainly the
width of the spectral line, the maximum tempera-
ture and pressure can be determined with accuracy
of respectively ±1000 K and ±0.5 bar. The results of
the spectra adjustments are shown in Figure 5. The
measurement during the rise time of the current pulse
was not evaluated since no consistent adjustment of
the parameters along a suitable line of sight could be
found. In this phase of the discharge, deviations from
LTE could appear.

The discrepancy between measured and computed
spectra to the time window (10–15) µs (Fig. 5a) i.e.

around current peak is probably caused by the fact
that the integration times required for the measure-
ment with high spatial and spectral resolution (5 µs)
are quite long compared to the assumption of instan-
taneous parameters in the simulation. For that reason,
rapid changes in the plasma parameters cannot be
recorded with sufficient accuracy. Around the instant
of current peak (Fig. 5a) and in particular during
current decay (Fig. 5b) and (Fig. 5c), the assumption
of LTE seems to be appropriate.

5. Conclusions
The physical properties of the plasma for a surge
current arc of the form 8/20 µs (induced lightning
stroke) with a peak value of 5 kA are studied in this
work. Both the high-speed recordings and the side-
on spectral distributions indicate an extended and
non-symmetrical arc in the gas chamber.

Experimental studies employing optical emission
spectroscopy and spectra simulation based on the so-
lution of the equation of radiative transfer are carried
out in order to characterize the arc. The arc plasma
is assumed to be in the state of local thermodynamic
equilibrium. The evaluation of the plasma tempera-
ture and pressure is based on the iterative adjustments
of the computed and measured spectra for the triplet
of O I at 777 nm.

The simulations are performed in a wide range of
maximum temperatures (14000–23000) K and pres-
sures up to 5 bar. The results obtained show that a
good match can be found for the decaying current
phase and a sufficient agreement around current peak.
During the ignition phase and current rise, where a
high pressure and deviations from equilibrium may
appear, the combined approach is of limited accuracy.
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