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Abstract

In this work, the temporal and spatial rotational temperature, as an indicator of spark temperature in the gas, of an igni-
tion spark at ambient pressure is determined. With optical emission spectroscopy, the rotational bands of the nitrogen
C3Hu —>B3Hg transition at a wavelength of 337 nm are for determination. In addition, the electrical values of the current and
the voltage are measured with a digital storage oscilloscope. All measurements are performed with a common nickel spark
plug and a commercial 90 mJ ignition coil. The dwell time of the coil is varied in four steps from 100 to 25% and the influ-
ence on the rotational temperature is measured. The results are split into the three spark phases: breakdown, arc discharge,
and glow discharge. The results show a cold breakdown, which is independent from the dwell time. On average, arc discharge
is the hottest discharge phase, while the glow discharge has a medium rotational temperature.

Keywords Spark Temperature - Spark phases - Ignition - Arc phase - Glow phase - Breakdown

Abbreviations

CCD Charge-coupled device
FDS  Faraday dark space

LTE Local thermal equilibrium

NG  Negative glow

OES  Optical emission spectroscopy
PC Positive column

PTG Programmable timing generator
SI Spark ignition

SNR Signal-to-noise ratio

SPS  Second positive system

1 Introduction

The contribution of CO, emissions of anthropogenic
sources, especially of individual mobility, to the global
warming is being discussed more than ever in public and
politics. Therefore, the European Union defined a climate

< Tobias Michler
tobias.michler @kit.edu

Olaf Toedter
olaf.toedter @kit.edu

Institut fiir Kolbenmaschinen (IFKM), Karlsruher Institut
fiir Technologie (KIT), Kaiserstrale 12, 76131 Karlsruhe,
Germany

target, which is a 40% CO, reduction of greenhouse gases
from anthropogenic sources by the year 2030 (compared to
the year 1990) [16]. In addition, a long-term climate target
of a 80% greenhouse gas reduction by 2050 was publicized
in 2018 [17]. Also [31] showed that in 2030, vehicles with
internal combustion engines will be the majority.

Therefore, a continuous improvement of SI engines in
terms of efficiency is important for the future, both, with fos-
sil and regenerative fuels. Possible solutions could be lean or
diluted mixtures [1, 53] as well as pre-chamber spark plugs
[63, 64], which increase the efficiency of internal combus-
tion engines. The three options mentioned are increasing the
stress on the spark plug in terms of inflammation probability
and wear [9, 11, 69].

Therefore, the knowledge of the inflammation processes
and spark plug wear have to be improved further. For this
reason, we applied a technique for determination of spatial
and temporal resolved plasma analysis by optical emission
spectroscopy (OES) of the ignition spark. In this paper,
results of the calculation of rotational temperature as an
indicator of spark temperature at atmospheric pressure and
room temperature by variation of the ignition coil dwell time
are shown.
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1.1 Theory of the ignition sparks

Rudolf Maly investigated the plasma of the ignition systems
in the 1970s and 80s in several publications. He observed
three different kinds of discharges in the ignition spark: the
breakdown, the arc discharge and the glow discharge [39,
41]. These three phases behave differently in respect to the
inflammation probability which Fig. 1 shows [40]. In this
graphic with the same amount of energy, the breakdown
phase is the best for the inflammation of lean air—fuel mix-
tures. It is followed by the arc. The worst inflammation prob-
ability has the glow discharge.

1.1.1 Theory of the breakdown

The breakdown is the initial start to create the conductive
channel of the ignition spark plasma. To form this channel,
a voltage, which can be described by Eq. (1), is needed [49]
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where the breakdown voltage is U, the constants are A and
B which are fitting parameters, the pressure is p, the distance
between the electrodes is d and the third townsend coeffi-
cient is y. According to this equation, the breakdown voltage
depends only on the product of pressure and distance as well
as the medium.

The channel development starts by a first single electron.
This electron will collide with atoms or molecules in the air.
Because of the exponential characteristic of this discharge,
it is called Townsend or avalanche discharge. Once the elec-
tron has accumulated enough energy, it is able to release
another electron from the collision partner. The electron
number follows the trend of Eq. (2) [65-67]:
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where the third Townsend coefficient is y, the first Townsend
coefficient is a, and the electrode gap is d. If a critical
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Fig.2 Schematic of streamer formation [32]

electron number is achieved, the townsend discharge changes
to a streamer discharge, which is described by [37, 43, 54].
In this discharge, three differently charged areas (positively
charged, negatively charged, neutral) occur within the spark
gap, like Fig. 2 shows. The fast electrons form the negative
streamer head. The slow ions form the streamer tail. The
electric field near the streamer head is amplified. This leads
to an increase of the collision processes and therefore an
increase in radiation. The duration of the breakdown is short
and in the range of 1078 s [57].

1.1.2 Theory of the arc phase

Arcs are the so-called thermionic, field, or the combination
thermionic—field discharges [18]. In case of spark plugs, a
thermionic or thermionic—field discharge is the most com-
mon. This depends on the cathode material when looking
at the boiling points of the materials [21]. In this case the
electrons of the discharge are released by the high tempera-
ture of a small spot, the so-called cathode [6, 24, 58]. The
current density can be described by the Richardson-Dush-
man Eq (3) [13, 33]:
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In this equation, j is the current density, A, is the area of
the cathode spot, T is the temperature, e is the elementary
charge, ¢ is the working function of the cathode material,
and the Boltzmann constant is kg. For many materials, the
boiling temperature of the cathode material is too low for
the needed electron current density [47]. On the other side,
metallic damp in a short distance of the cathode that can
produce high electric field strength [38, 56]. In this case, the
Schottky effect can increase the number of electrons released
by temperature using the tunnel effect by reducing the work-
ing function of the cathode material [59].

Due to the thermionic and thermionic—field emission, no
strong electric field is needed. The needed voltage over the
cathode fall area is in the range of about 10-20 V [5]. Since
the electrons are provided by the heated cathode, the energy
of these electrons is also high near the cathode. In case of
spark plugs, the positive column takes up almost the entire
distance between the electrodes. Within this column, the
constant electric field accelerates the electrons, which can
collide with other particles and transfer their energy [18].

1.1.3 Theory of the glow discharge

The main difference to the arc discharge is the way of pro-
viding electrons. By collisions of electrons, ions or excited
atoms, more of these particles can be produced by the effects
described above. Slow ions accumulate at the front of the

cathode and form together with medium-fast electrons,
which are present in a high amount, the negative glow (NG)
[18]. In this area, high radiation by recombination of elec-
trons with ions can be observed. In addition, the ions pro-
duce a strong electric field between the ions and the cathode.
This field results in the so-called cathode fall of the glow
discharge and is in the range of several hundred volts [23,
25]. The process of recombination and collisions decreases
the number of electrons and their energy. Therefore, further
excitation by electron collisions after the NG can only be
observed to a small degree. The further the electrons travel
through the electric field, the more energy they can accumu-
late until they have enough energy to excite and ionize the
gas. These parts of the glow discharge are referred to as the
Faraday dark space (FDS) and, as with the arc discharge,
also as the positive column (PC).

1.2 Electrical structure of the spark plug
and the ignition system

The supplied energy of the ignition spark depends strongly
on the electrical properties of the total ignition system.
Therefore, a good understanding of the basic structure of
the system, which is shown in Fig. 3, is of major impor-
tance. In general, the system consists of two inductors (L
and L), three resistors (R, Reo and Rgp), and several,
mostly parasitic, capacitors (Ccyi;» Ceaples Cspr and Cgps).
The two capacitors in the spark plug, which are separated
by the interference suppression resistor, are resulting from

Rprim h Rle RSP A '
Lprim I Ii =
Upga _ Lsee |Ceoil Ceavte | Cspi C
£ | SPI
12VT
N N R
. Csp, 4 ¥
Trigger
Csp2
| I I | |
Control + primary coil Secondary coil Cable Spark plug

Fig.3 Schematic illustration of the ignition system in accordance
with [55]. On the left side, the total ignition system with primary
and secondary part of the coil, the ignition cable, and the spark plug.

On the right side, a CAD image of a spark plug with the delineated
capacitors and the suppressor resistor
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the potential difference between the center electrode and the
grounded metal housing separated by the ceramic insulator.
Each discharge phase of the plasma is controlled by
the electrical components of the ignition system. Only
the lower capacitor of the spark plug (Cgp,) can discharge
during the breakdown phase due to its short RC time con-
stant. The combination of a low capacity C of approx.
107! pF and the relatively low resistance R of the plasma
channel in the breakdown (approx. 10? Q) lead to the time
constant 7 of this system, which is in the order of 10! ns
[57]. This relation is shown by the following Eq. (4):

T=RXxC. (€]

The capacitors, whose discharge is inhibited by the
suppression resistor, supply an arc discharge, which was
proven in earlier investigations [45]. Because of its energy
source, this phase is called capacitive arc discharge. If
the current of the discharge in the inductive discharge
phase is high enough, an instable arc can be observed

[8]. To differentiate this instable arc from the very stable
capacitive arc, it is called inductive arc discharge. When
the current decreases further, a glow discharge solidifies.
Table 1 gives an overview of the relationships described.

2 Experimental setup and methodology

All tests are performed under atmospheric pressure (1 bar)
and at a temperature of approximately 300 K. To protect the
investigation of interfering light influences, caused by scat-
tered sunlight from the walls, and the ceiling lightning, the
entire optical test setup is placed in a blackened metal box
and covered with a black cloth.

2.1 Optical emission spectroscopy

The used test setup is shown in Fig. 4. This setup was used
by us in previous works [30, 46].

Table 1 Overview of the energy

. Capacitors
source of the discharge, the

Inductors

physical discharge mechanism,
and our nomenclature [45]

Breakdown

Arc discharge
Capacitive arc discharge

Glow discharge
Inductive arc discharge

PC Spectrograph PTG

Oscilloscope

Function generator

—I~— Trigger =

Charge signal Ignition
coil
Voltage probe
Pmm— .—i N

Current probe

Spectrograph
Ly
A Spark plug
Intensified V/ D
CCD camera
Objective

| &

Fig.4 Schematic illustration of the optical and electrical test setup of the signal and trigger chain
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A 12 V car battery is used as the voltage source of the
ignition system. The ignition coil is a field-proved standard
90 mJ cassette coil. In this setup, only one of the coils is
used. A standard spark plug with an electrode gap of 0.9 mm
and a center electrode diameter of 2.5 mm are used. The
cathode material is a common nickel alloy. The spark plug
has a suppressor resistor of 6.5 k€2, an overall capacity of
12.5 pF, and an inductivity of 530 uH. Compared to the
high inductance of the secondary side, which is in the order
of 10! H [7], the inductance of the spark plug is negligible.

A LeCroy Waverunner 6030A digital storage oscilloscope
with four input channels is used to record the electrical sig-
nals. It has a cutoff frequency of 350 MHz, a maximum
sample rate of 2.5 GS/s (when more than two channels are
used), and a rise time of 1 ns. The measurement frequency
is set to 10 MS/s and is limited by the memory speed and
the size of the data files. To measure the voltage on the high
voltage side, a Tektronix P6015A high voltage probe with
a cutoff frequency of 75 MHz and a rise time of 4.67 ns is
equipped. This high voltage probe is connected via the cor-
responding compensation box to the oscilloscope (blue line).
After the voltage probe, a Pearson 2877 current monitor is
located (red line). This current clamp has a lower and upper
cut of frequency of 300 Hz and 200 MHz, respectively. The
rise time is about 2 ns. A second current clamp (yellow line)
of the same type is placed in the ground path (black line
from spark plug to the ground of the battery) of the ignition
system. The charge signal of the coil (bright brown line)
is provided by a function generator Hameg HM8130. This
signal is additionally used as the trigger signal for the oscil-
loscope (dark brown line).

For the optical emission spectroscopy (OES), an Acton
SP2556 from Princeton Instruments (focal length of
500 mm) is used. The spectrograph has three different grat-
ings (150 grooves/mm, 600 grooves/mm and 1200 grooves/
mm) mounted on a turret. In these investigations, only the
600 grooves/mm grating is used. The entrance slit of the
spectrograph is set to 200 um. The intensified CCD camera,
mounted on the spectrograph, is a Princeton Instruments PI-
MAX 2 with a full-size resolution of 1024 X256 pixels. In
combination with the 600 grooves/mm grating, the detector
coverage is approx. 85 nm. Therefrom, the resolution of this
combination is in the order of 0.08 nm. Both, the camera
and the spectrograph, are operated via the spectrograph’s
PC (PC spectrograph) with the software Winspec. To col-
lect the light from the plasma (violet lines) of the ignition
spark, a Hamamatsu A4869 UV-objective is used. With a
low-pressure mercury argon lamp (LOT-Oriel LSP035) as
reference, the half-width was calculated to be 4.9 A.

From the software, the initial trigger is sent to the pro-
grammable timing generator (PTG). The PTG transmits a
signal to the function generator, to trigger the charge signal
of the ignition coil, and the camera (black lines). The signal

of the open gate from camera (orange line) is sent to the
oscilloscope. Therefore, the timing of the camera can be
fitted to the electrical signals of the ignition spark.

The measurement is fully automated. In these experi-
ments, two different gate opening durations are used. A
gate opening duration of 0.5 ps is used for the breakdown,
10 ps are used for the first 100 ps. From 100 ps to the
end of the spark, the gate opening duration is at 100 ps.
At every gate opening time, 20 measurements and three
differently focused wavelengths (340 nm, 380 nm, and
780 nm) are recorded. After these 60 measurements, the
gate timing is delayed by the length of the gate opening
duration. This procedure continues until the end of the
ignition spark. The validation of these timing and gate
durations not to influence measurement results was pre-
sented in [30, 46].

2.2 Electrical evaluation

The evaluation of the electrical signal is carried out by a
MATLAB script. Using an algorithm that uses the voltage
and the current signals to detect even short transitions, the
electric energy and the duration of the arc and the glow
discharge can be calculated.

The energy of the arc and the glow discharge is calcu-
lated by Eq. (5):

ted

E,= / (u(®) X i(1))dz ®)

tbd

where the electrical energy is E,j, the start and the end time
of the discharge are tbd and ted, respectively, the voltage is
u(t) corrected due to the losses by the spark plug resistance,
and the secondary current is i(?) of the first current probe.

The correction of the voltage is carried out by Eq. (6):
u(t) = Rgp X i(1)* (6)

Where Rgp is the suppression resistor of the spark plug.
Because of the very short duration of the breakdown, its
energy Ej can be calculated by Eq. (7):
|

Ep=35XU;XCsp (7
where U, is the maximum peak voltage before the break-
down and Cgp, is the lower capacitor of the spark plug,
which is in this case 8.33 pF (approx. 2/3 of the total spark
plug capacity of 12.5 pF).

A persistent plot of 400 sparks is shown in Fig. 5. The
two phases of the inductive arc and the glow discharge
are clearly separated by the two voltage levels in the first
200 ps of the discharge. The difference between these
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Fig.5 Persistent plot of 400 measurements of the secondary high voltage. The red color denotes high density of datapoints. Shortly after the
breakdown, the two different voltage levels of arc and glow discharge are observed

levels is approx. 300 V, which is the difference in cathode
fall between the two discharge types. The breakdown has
a cutoff and is in the range of 5000 V

2.3 Measurement of the rotational temperature

The rotational temperature is often used to estimate the tem-
perature of the gas [48, 61]. In Fig. 6a, a schematic example
of the formation of the rotational bands of nitrogen is given.
The black lines mark the electronic states. In blue, the vibra-
tional levels within the electronic levels are marked and are
numerated. The different rotational levels of a vibrational
state are shown in red.

(a)
upper electronic
level C*ILL
upper vibrational
5 level v'=0
37\ rotational levels

) Cg = J' upper state

Av = vy = lower electronic
v level
0-0=0
B[],

’é\ lower vibrational

level v'=0
21 JH

distance to core r

potential energy U

rotational levels
lower state

Fig.6 Schematic energy levels of nitrogen SPS system a with respect
to the electronic levels (black), the vibrational levels (blue), and the
rotational levels (red). b Measurement example of the SPS in the
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The energy difference between the electronically excited
states is by far the largest in this example. Within the vibra-
tional excited states, a much smaller energy difference is
observed. The smallest difference of the energy is within
the rotational levels. This relation between the energy lev-
els leads to the following spectrum shown in Fig. 6b. In
this figure only, the transition of the electronic excited state
C3l'[u —>B3Hg, the second positive system of nitrogen (SPS),
is present. The transitions of the vibrational states are shown
as the small numerated peaks. The v' is the number of the
upper vibrational level and Av is the difference between the
number of the upper and lower vibrational level. The rota-
tional level can be observed by the shape of the intensity

310 320 330 340 350 360 370 380
wavelength A / nm

wavelength range of 310-380 nm. For estimation of the rotational
temperature, the nitrogen SPS Av=0 band system, with a band head
of 337 nm is used
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between two vibrational levels at a constant Av. Because
of the too low resolution of the optical system, these rota-
tional bands cannot be disbanded by the spectrograph, but
the shapes of the bands are clearly visible.

For calculating the rotational temperature, the following
transition, which is shown in Eq. (8), in a wavelength range
between 320 and 337.1 nm is used:

C31;[v’=0—>B31;[v’=0 ®)

The temperature calculation by the unresolved band shape
is a common procedure [10, 27, 36, 50, 52]. The difference
between resolved and unresolved rotational bands of the
Cll,— B3l'[g Av=0 is shown in Fig. 7. In the upper graph,
the peaks of the rotational levels are clearly visible. The
lower graph shows a smoother continuous line. To calcu-
late the temperature, a pool of approx. 11,000 simulations
between a rotational temperature of 300 K to 6000 K +and a
vibrational temperature between 500 and 10,000 K is gener-
ated. The simulations are created by the open source MAT-
LAB code Spartan 2.6 [34, 35]. Because of the small obser-
vation volume of each camera pixel row (which is the height
dimension of the ignition spark), a local thermal equilibrium
(LTE) is assumed. The spectroscopic measurements of each
time step and pixel row are averaged over 20 measurements.
Thereafter, the measured spectra are compared with each
simulated spectrum by a cross-correlation.

The error is the sum of the resolution of the simula-
tion steps (in this case + 50 K) and the influence of the

signal-to-noise ratio (SNR). To calculate the uncertainty due
to noise, three simulated spectra with different rotational
temperatures are used (450 K, 2300 K and 4600 K). These
spectra are superimposed by eight noise strengths (5%, 10%,
15%, 20%, 25%, 30%, 40% and 50%). The noise is calcu-
lated by Gaussian distributed random numbers between zero
and one, which are multiplied by the signal and a random
sign. Thereafter, the noise is summed up with the simulated
spectra. These noisy spectra are entered into the temperature
calculation tool. The results of the uncertainty of a SNR of
50% and the overall uncertainty are shown in Table 2.

3 Results
3.1 Overview
The overview of the electrically supplied energy and the

duration of the three different discharge modes is given in
Table 3. The breakdown is not affected by different dwell

Table 2 Exemplary measurement uncertainty due to the SNR of 50%
at different rotational temperatures

Rotational temperature/K  Uncertainty due to Uncertainty/K
SNR/K

450 50 100

2300 200 250

4600 250 300

sl b o A, B, 0 D O O A M‘“\.Ilu. LJIJHM\“
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Fig.7 Simulated spectra of the 1 L— T
C3TT — BT Av=0 rotational resolved rotational bands
u 8
band system. In the upper graph 0.8 F
the resolved rotational bands
with a half-width of 0.1 A. 06 -
The lower graph shows the ’
unresolved rotational band with
a half-width of 4.9 A 0.4
s
S o02f
2
£ 0 !
8 1 T T
E unresolved rotational bands
S 08k
g
o
=
0.6 [
0.4
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320 322 324
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Table 3 Overview of the

; . Dwell time/ %  Breakdown Arc energy/mJ  Arc duration/us  Glow energy/mJ  Glow duration/us
electrically supplied energy energy/mJ
and the duration of the three
different discharge modes 25 0.1 0.1 2 4.7 528 4
50 0.1 0.2 7.7 12.1 927.3
75 0.1 0.8 15.0 16.8 1056.5
100 0.1 3.9 47.3 18.8 1018.7

times and has an energy of approx. 0.1 mJ in this configura-
tion. The breakdown voltage is in the range of 4.5-5.5 kV for
all four dwell times. In arc mode, which is the sum of induc-
tive and capacitive arc mode in the table, the dwell time has
a significant influence, especially from 100% down to 75%
dwell time, and decreases from 3.9 to 0.8 mJ. This is also
caused by a shorter duration of the arc mode at smaller dwell
times. At 50% dwell time, the inductive arc mode occurs
only sporadically and the duration and the energy decreases
again. At the smallest dwell time, the arc mode is mostly
the capacitive arc mode, which cannot be prevented. The
decrease in inductive arc mode correlates with the decrease
of the starting current of the inductive discharge by decreas-
ing the dwell time. The glow energy behaves similar to the
arc energy and decreases from 18.8 to 4.7 mJ. Only the dura-
tion of the glow discharge behaves different at 100% and
75% dwell time. In this case, a slight increase in glow dis-
charge by decreasing the dwell time is observed. This might
be an effect of the lower starting current and therefore the
lower probability for an inductive arc discharge. In this case,
the discharge will spend more time in the glow discharge
than in the arc discharge.

Figure 8 shows the overview of the measured rotational
temperature over the distance from cathode and the spark
duration by varying the dwell time. The different dwell times
show a similar trend. At the cathode a hot area with a tem-
perature of approx. 4000 K is measured. This is followed
by the NG with its typical high intensity values. This area
has a colder rotational temperature compared to the cathode
near area. Afterwards, a rise in the rotational temperature
to 3000 K is observed in the PC area. In between these two
areas the Faraday dark space (FDS) is located [22, 26]. With
decreasing current, the temperature in the NG and the PC of
the glow discharge decreases slightly. The breakdown and
the arc discharges are not clearly visible in this figure. For
reasons of clarity, the phases are averaged over the time and
plotted against the distance between cathode and the anode
in further discussion.

In addition to the rotational temperature, the intensity
of radiation, and thus the density of excited molecules,
has to be observed. For better comparison, the intensity of
the C°I1,— BT, Av=0 band head at 337 nm in Fig. 9 is
summed up over the discharge gap for every time step. In
the breakdown, the summed intensity is for all dwell times

@ Springer

the highest. It is independent from the dwell time. The dif-
ferences in the intensity result from statistical phenomena
of breakdown voltage and therefore a slight difference of the
breakdown energy. Also, the short gate opening duration of
500 ns and the different spatial position of the breakdown
on the cathode influence this intensity. Immediately after the
breakdown, the emission intensity drops strongly to approx.
20% of breakdown intensity. The four dwell times are clearly
separated. The summed intensity decreases with the dwell
time and with each time step, and therefore with the current,
of the discharge.

3.2 Rotational temperature of the breakdown

The rotational temperature of the breakdown is shown in
Fig. 10. The temperature near the cathode is with a range
of 1650-2150 K the highest. In this temperature range, the
error is about 250 K like it is shown before. Afterwards,
the rotational temperature decreases to 450 K+ 100 K in
average over the discharge gap. This temperature range is
in good agreement with the rotational temperature found by
[60]. These rotational temperatures are independent from the
dwell time. The breakdown is measured with a gate duration
of 0.5 ps. This is 50 times the duration of a 10 ns breakdown.
Therefore, not only the breakdown is in this temperature
calculation, but the calculation is strongly dominated by it
due to its high intensity of radiation. We have observed that
with longer gate durations during the measurement of the
breakdown, the average determined rotational temperature
also increases. So, it is most probable that the breakdown
has a lower temperature in the range of the room temperature
of 300 K.

3.3 Rotational temperature of the arc phase

As discussed in the section before, the only measurement
with a pronounced arc phase is the measurement at a dwell
time of 100%. All dwell times have similar rotational tem-
peratures in the range of 3550 K to 3950 K+ 300 K with
regard to the measurement uncertainty near the cathode, as
it is shown in Fig. 11. The temperature distribution in this
area does not depend on the dwell time. After this area, from
0.1 to 0.4 mm, the temperature of the 100% dwell time is the
hottest with approx. 2700 K +250 K. The coldest plasma in
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Fig.8 Overview of the calculated rotational temperature by variation of the ignition coil dwell time
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this distance area, with a temperature of 2140 K+250 K, is
at the shortest dwell time of 25%.

The plasma of the 25%, 50%, and 75% is dominated by
effects of the glow discharge due to the short arc phase dura-
tion in these experiments (showed in Table 3). This is clearly
shown by the intensity of radiation trends of the measure-
ments. Even in this early phase of the spark, the energy of the
arc discharges is small compared to the energy of the glow
discharge. Therefore, only in the 100% dwell time measure-
ment residues of the arc are evaluated. Following the cold
area, the temperature increases in a distance from 0.4 mm
to 0.5 mm after the cathode. The 100% dwell time measure-
ment has the smallest slope and the temperature increases
from 2900 to 3400 K, in comparison to the other slopes from

approx. 2500-3600 K. In the upper part of the spark, from
0.5 mm to the anode, the temperature is on a plateau. In this
case the 100% dwell time is in the range of 3500 K +300 K.
The 75% and 50% dwell time show the highest temperatures
of 3900 K +300 K and 4000 K + 300 K. With a temperature
of 3300 K +250 K, the 25% dwell time is the coldest.

3.4 Rotational temperature of the glow discharge

Directly at the cathode, the rotational temperature of the
glow discharge has its maximum between 3750 K and
4100 K+300 K, as it is shown in Fig. 12. With increas-
ing the distance from the cathode, the rotational tempera-
ture decreases to constant values of approx. 2200 K and
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2400 K in the NG area. In this area the SNR is high, so a
decrease with decreasing dwell time can be observed. In
the FDS between 0.4 and 0.5 mm from the cathode the tem-
perature increases from 2500 K, 2350 K, respectively, for
a dwell time of 25%, to 3000 K+ 250 K. After FDS the
PC of the glow discharge is located, which occupies the
remaining spark gap. The trend of the intensity is similar
to [62]. This area has a rotational temperature of 3000 K
to 3150 K+250 K, independent from the dwell time. The
trend of the rotational temperature is similar to the trend
found in [44].

4 Discussion

During the breakdown, an effect of the short duration of the
gate opening timing can be excluded due to the short life
times of the C°I1,, —>B3Hg Av =0 transition of approx. 40 ns
[29] and especially for rotational lifetimes of approx. 0.7 ns
[2]. So, the majority of the emitted light due to the break-
down is measured. The low rotational temperature of 450 K
of the breakdown is contrasted by a very high radiation den-
sity over the entire spark gap. Due to the constant value of
the product of the pressure and the discharge gap (p X d), the
static breakdown voltage is constant for all dwell times when
applying the Paschen’s law. With Eq. (6) and a constant
capacity the supplied electric energy is constant. Therefore,
no influence on the energy of the gas during the breakdown
is expected and is confirmed by the measurements.

Compared to the breakdown the energy and duration of
inductive arc depends directly from the dwell time of the
coil. The less transferred energy leads to a decrease in the
secondary inductive peak current. Due to this decrease the
probability for an inductive arc decreases too. Therefore,
only at the 100% dwell time the arc phase is analyzed. This
arc has a higher temperature compared to the glow discharge
in the first area between the spark gap. The temperature in
the spark gap varies less than in the glow phase. This is due
to the plasma physical model of an arc discharge which has
only a PC and no NG or FDS [18]. Transitions between arc
and glow discharges are observed during the measurements
with 100% dwell time. An influence of this effect can be
observed as the increase of rotational temperature in the last
0.4 mm to the anode. The capacitive arc discharge, with a
duration of less than 1 ps, is too short and therefore has a too
low intensity of radiation to have a significance influence in
the rotational temperature determination.

At ambient pressure, the glow discharge has the major
part of the total spark duration. Its high temperature near the
cathode might by due to fast electrons (observed by [28]),
which are released from the cathode by the tunneling effect
or secondary electron emission. To evaluate this theory,
measurements with electrode materials with different work

functions should be performed in the future. Only a weak
amount of radiation is measured in this area of the discharge.
The following NG is the brightest area in this discharge. Due
to a high decrease of the electron velocity by recombination
and collisions [18], the rotational temperature decreases to
values in the range of 22002400 K. A tendency of decreas-
ing rotational temperature with decreasing dwell time can
be suspected, but is within the measurement uncertainty.
This could be due to a reduction in of the average current in
this phase. A dependence, as it is observed, is in agreement
with the literature [3, 61]. After the NG, the FDS occurs.
This area is characterized by low radiation intensities. The
electrons lose the most energy in the area of the NG. In the
rotational temperature measurements, an increase in rota-
tional temperature can be observed. Only a small number of
electrons gain enough energy to excite the electronic C°II,,
rotational levels, this leads to a low intensity of radiation.
After the FDS, the PC with a slightly increased radiation
is observed. It seems that more high rotational levels are
excited in this area of the glow discharge. The rotational
temperature is constant over the range of the PC. The ten-
dency of higher rotational temperature in the PC compared
to the NG is also observed in [4, 42, 68]. Two established
explanation for this are the effect of scattering and the
quadrupole effect. In dependence of the scattering angle,
the excitation of higher rotational energy levels can occur
[12, 14, 19, 51]. For homonuclear diatomic molecules, like
the observed N,, [15, 20] a higher interaction by the ‘elec-
tron—quadrupole interaction’ [20] is expected.

5 Conclusion and outlook

We showed and evaluated a method for special and temporal
determination of the rotational temperature as an indicator
of the gas temperature of ignition sparks at atmospheric
pressure and room temperature. The measurements are per-
formed with a variation of the dwell time of the ignition coil.
A cold breakdown phase, with a rotational temperature of
approx. 450 K, was calculated and reproducibly measured.
Due to the long gate opening duration, regarding the break-
down, we expect lower rotational temperatures in the range
of ambient temperature (in this case 300 K). Only with a
dwell time of 100%, we observed an arc with enough energy
to measure fragments of its rotational temperature which lies
between 2700 and 4000 K. The rotational temperature of the
glow discharge depends more strongly of the area between
the spark gap. In the area near the cathode high tempera-
tures of 4000 K are observed. In the negative glow the low-
est temperatures with approx. 2300 K are calculated with
the highest intensities. A rotational temperature increase in
the Faraday dark space up to the values positive column
(3000 K) was observed. This results in the ranking of the
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rotational temperature Ty preakdown < I Rot, Glow < I Rot, Arc- BY
comparing this ranking with the ranking of the inflamma-
tion probability of Maly, the inflammation probability cannot
only be a function of the rotational temperature, which repre-
sents the gas temperature. Additional studies must therefore
be performed to better understand the inflammation process
and to optimize ignition systems for the future.

Further investigations will follow in the future by varying
the systems electrical parameters and under higher pressures
and temperatures. Additional plasma temperatures such as
vibrational and electron temperature as well as the electron
density are to be determined. Furthermore, the influence on
the cathode area in the glow discharge is to be determined
with different electrode materials and diameters.
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