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Therefore, it is highly desirable for the industry to under-
stand and control electrode erosion in spark plugs in order 
to reduce the total cost of ownership and make H2 SI-ICE 
a viable alternative to other zero emission solutions such as 
battery electric and fuel cell drivelines.

An optical diagnostic approach was proposed to study 
the electrode erosion process in spark plugs, which is based 
on spontaneous emission of Ni atoms in the spark gap [5]. 
A spectral region between the nitrogen emission bands at 
337.0 nm and 353.6 nm was found to be free of emission 
from the discharge and cover multiple emission lines of 
Ni atoms. Such findings provide an approach for moni-
toring the erosion dynamics of the spark plug electrode 
during the discharge, based on which information new dis-
charge driving strategies can be proposed for minimizing 
electrode wear while maintaining the ignitability. Earlier 
unpublished work revealed that excitation of Ni atoms to 
the 3d9(2D)4p

◦
J = 3 state at 336.957 nm can induce LIF 

with an optimal signal-to-noise ratio (SNR) in the desired 
detection window. This excitation wavelength and detection 
window enables 2D Ni atom LIF in the spark gap. 2D LIF is 
valuable in that it can provide information on the spatial dis-
tribution of Ni atom plumes in addition to the temporal ero-
sion dynamics. However, it is the Ni atom number density 
which needs to be measured for increased understanding on 

1  Introduction

Spark plugs are an essential component in a spark-ignited 
engine and play a vital role in the performance of the engine. 
This means that spark plugs operate in harsh environments 
involving elevated temperature and high pressure. Addition-
ally, the spark discharge produces high temperature plasma 
and high energy ion and electron flows, which causes erosion 
of the spark electrodes [1]. The spark plug electrode erosion 
leads to an increased gap between said electrodes and in 
the required ignition voltage, which eventually will cause 
misfires in the engine [2–4]. Current spark plug lifetimes 
are typically 1000–4000 h, which is shorter than the over 
8000 h desired by the industry, causing extra down time and 
cost for changing of the spark plugs [4]. Spark plug elec-
trode wear is accentuated in hydrogen fueled spark ignited 
internal combustion engines (H2 SI-ICE). The develop-
ment of such zero emission engines currently attracts sig-
nificant attention in the effort to mitigate the climate crisis. 
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Abstract
In this study, the laser induced fluorescence lifetime of Ni atoms in ambient air with presence of a plasma discharge was 
measured for the first time. Free Ni atoms were generated in air at a pressure of 1 bar by spark plug discharges driven by 
an inductive coil. The Ni atoms were excited at the 336.957 nm absorption line by a 336.96 nm, 90 ps laser pulse and the 
resulting temporally resolved decaying fluorescence signals were captured by a PMT. An effective fluorescence lifetime 
of about 1.1 ns was observed for the fluorescence signal within a 7.4 nm detection window centered at 345 nm. Further 
analysis also revealed that the lifetime of the transition showed statistically insignificant change throughout the duration of 
the discharge. The peak intensity of the fluorescence signal was found to be proportional to the integrated signal intensi-
ties. This in turn suggests that the integrated fluorescence signals in the aforementioned spectral region are proportional 
to the population density of ground state Ni atoms in the detection volume. The number density of free Ni atoms in the 
spark gap was measured over time during the plasma discharge, showing an accumulating trend in the beginning phase 
of the discharge followed by a slow decrease until the termination.
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how the erosion of the spark plug electrodes are developing. 
To correlate the measured Ni atomic LIF signal intensity to 
Ni atom number density, one needs knowledge in the life-
time of the fluorescence signal and how it changes across 
the duration of the spark discharge [6, 7].

Previously, some work has been done for detection of Ni 
atoms present in furnaces or during carbon nanotube forma-
tion using excitation wavelengths at sub-300 nm [8–11], but 
no study was made on properties of Ni atomic LIF using the 
excitation scheme studied in this work. Lifetime measure-
ments of some Ni I transitions have been performed earlier 
[12–15]. However, in these experiments, the measurements 
were done when the free Ni atoms are at a stable state with a 
carrier gas of Ar at pressures ranging from 0.4 to 15 Torr. In 
the present work, lifetime of Ni atomic transitions was mea-
sured in ambient air. Furthermore, the lifetime measurement 
was performed with the presence of the spark discharge, 
therefore taking into consideration the interaction between 
the Ni atoms and the discharge plasma. The results in the 
current study provide added information on Ni fluorescence 
lifetime and provide support for further application of pla-
nar LIF detection of Ni atom number density during a spark 
discharge.

2  Lifetime of a decaying signal affecting the 
integrated fluorescence intensity

Assuming that a given fluorescence signal that decays expo-
nentially with a lifetime of τ is being imaged by an integrat-
ing detector. The expression for the decaying signal can be 
written as:

f (t) = I0e
− t

τ ,� (1)

where f (t)  is the fluorescence intensity at a given time 
t (t ≥ 0), and I0 is the peak fluorescence intensity. A sim-
ple model of the detector assumes a gate width T  and 0 s 

rise and fall time, which means that the gate function of 
the detector G (t) can be written in the form of a top-hat 
function:

G (t) =
{

1, 0 ≤ t ≤ T

0.otherwise
� (2)

.The integrated fluorescence intensity captured by the detec-
tor s (T) takes the form:

s (T) = k
∫ ∞

0 G (t) ∗ I0e
− t

τ dt

= kI0τ (1 − e−T
τ ),

� (3)

where k  is a constant representing the optical collection 
efficiency and quantum yield of the detector. From Eq. (3), 
it can be seen that when detected by an integrating detec-
tor using a fixed gate width T , the integrated fluorescence 
intensity is controlled by two quantities, the peak fluores-
cence intensity I0, which is proportional to the number den-
sity of the detected species, and the lifetime of the decay, τ
. An illustration of the above discussion is made in Fig. 1, 
where Fig.  1 (a) shows various decay curves with differ-
ent lifetimes, and Fig. 1 (b) showing the integrated intensity 
as a function of the lifetime of the decay. Therefore, prior 
knowledge of the lifetime of a fluorescence signal must be 
acquired to derive information on number density of the 
fluorescing species based on a camera measurement.

3  Experimental setup

A schematic drawing of the experimental setup is shown in 
Fig. 2 (a) and a zoomed-in view on the electrodes is shown 
in Fig. 2 (b). The spark discharge was generated using a test 
rig developed by Swedish Electro Magnets AB. In the test 
rig, the central electrodes of two conventional spark plugs, 
whose ground electrodes had been removed, were used for 
discharge generation. One of the electrodes was negatively 

Fig. 1  (a): Decay curves with the 
same peak intensity but different 
lifetimes. (b): Integrated intensity 
using a top-hat shaped gate 
function between 0 and 3 ns as a 
function of lifetime
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driven by an inductive coil to serve as the cathode, and the 
other was grounded, serving as the anode. The distance 
between the two electrodes was set to be 1 mm. In the pre-
sented study, a coil charging time of 3 ms was used to gener-
ate a discharge vertically between the two electrodes that has 
a plasma channel with a diameter less than 0.1 mm, lasting 
for about 3.5 ms long. The excitation source was a tunable 
pico-second laser system (Ekspla UltraFlux FT405). The 
400 µJ, 90 ps laser pulse with a bandwidth of approximately 
10  cm− 1 centered at 336.96  nm, which was generated by 
doubling the output of an optical parametric oscillator 
(OPO) pumped by the third harmonic of the laser at 355 nm, 
was sent into the spark gap with varied delay relative to the 
initiation of the spark discharge to excite the Ni atoms in the 
spark gap from the ground state to the 3d9(2D)4p

◦
J = 3 

state [16]. The delay was scanned from 50 µs to 3500 µs 
with a step size of 50 µs. The resulting fluorescence sig-
nals were focused by a UV objective lens (B. Halle 100 mm 
f2, L2) into a spectrometer (Princeton Instrument Acton 
SpectraPro 2300i) equipped with a 1200 grooves/mm grat-
ing whose blaze wavelength was 300  nm, and the spec-
trometer’s entrance slit was set perpendicular to the plasma 
channel, as indicated by the dashed white rectangle in Fig. 2 
(b). The LIF spectrum was captured by an ICMOS camera 
(Andor iStar intensified sCMOS) at the exit of the spectrom-
eter. In the PMT measurements, an exit slit was placed at the 
exit of the spectrometer instead of the camera, the width of 
which was set to its maximum at 3 mm, corresponding to 
a spectral window with approximately 7.4 nm width. The 

angle of the grating was tuned so that the detection window 
was centered at 344.5 nm. The spectrally filtered signal was 
sent into a Hamamatsu R5916U-50 MCP-PMT with a fall 
time of 700 ps, and the output is registered by an oscillo-
scope (Teledyne LeCroy WavePro 604HD 6 GHz 20 Gs/s). 
For each delay time relative to breakdown, 500 temporally 
resolved LIF signals were averaged to form one measure-
ment. The resulting PMT signal traces were later processed 
and analyzed in MATLAB. PMT signals were also taken 
at 300 µs after breakdown when the excitation wavelength 
was tuned to 336.96 ± 0.1 nm.

To correlate the integrated fluorescence intensity to the 
peak fluorescence intensity, and hence the population den-
sity of excited Ni atoms in the spark gap, measurement of a 
realistic camera gate function was also performed. To mea-
sure the gate function, the same ICMOS camera as the one 
used in the spectroscopy measurement was used on the exit 
end of the spectrometer. The Rayleigh scattered light of the 
90 ps, 336.94 nm laser pulse was captured by the camera 
with a set gate width of 2.1 ns. Intensity of the 336.94 nm 
laser line captured by the camera was plotted as a function 
of delay between laser pulse and camera gate, forming the 
mapped gate function. Following the smoothing and nor-
malization of the function, a linear interpolation was also 
applied to match the scanning step size (0.1 ns) with the 
temporal resolution of the oscilloscope (0.05 ns). The simu-
lated integrated fluorescence intensity Sintegrated  can be 
denoted as:

Fig. 2  A schematic drawing of the experimental setup. (a): overview of the setup. (b): zoomed-in view on the spark electrodes, white rectangle 
indicating the detection region of the entrance slit and blue curve the path of the excitation laser. L1, L2: positive lenses, BD: beam dump
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don’t agree with that from the Ni ions. The electrodes being 
tested in the current experiment consist of ≥ 94% Ni. Other 
metals such as Fe, Cr or Mo can be found in the nickel alloy 
used in the sample in the current experiment, but they are 
only present in trace amounts, therefore not able to produce 
signal intensity as a significant level. These metals also 
have no potential transitions that can be excited by the laser 
wavelength used in the current study. Therefore, confirma-
tion can be made that the observed LIF spectrum is only 
from Ni atoms.

Part of the Ni atom energy diagram is illustrated in 
Fig.  3 (b) and the identified transitions in Fig.  3 (a) are 
drawn, the excitation in solid line and the fluorescence in 
dotted lines, among which the ones included in the detec-
tion window are drawn in red. It is worth noting that the 
configuration of the upper level, 3d9(2D)4p , has strong 
interactions with configurations 3d84s4p  and 3d95p , there-
fore drastically complicating the current excitation scheme 
[17–19]. Specifically, the two largest components of the 
eigenvector of 3d9(2D)4p

◦
J = 3 are 3d9(2D)4p 3D

◦  and 
3d8(3F )4s4p(3P

◦
) 5F

◦ , which takes up 60% combined. In 
addition, the observation of fluorescence lines originating 

Sintegrated =
∫ T∞

0
G (t) ∗ s (t) dt, � (4)

where G (t) is the interpolated gate function and s (t)  is the 
PMT signal curve.

4  Results and discussion

Ni was chosen as the main metal to study because it is one 
of the most used materials for spark plug electrode produc-
tion, which can be representative of the erosion character-
istics during discharges. A LIF spectrum with excitation 
at 336.96 nm is shown in Fig. 3 (a), along with the detec-
tion window for the PMT measurement shown in red. The 
observed fluorescence lines were compared with the atomic 
line data in the NIST database [16] and found to agree with 
that of Ni atoms. To eliminate the possibility of Ni ions 
contributing to the spectra, both the emission lines and the 
absorption line have been checked against the ionized Ni 
data. Ni ions don’t show absorption at the excitation wave-
length, and the wavelengths of the observed emission lines 

Fig. 3  (a): Ni atom LIF spectrum 
excited at 336.96 nm, with the 
observed fluorescence peaks 
numbered; (b): Ni atom energy 
level diagram and observed tran-
sitions in (a), transitions that are 
included in the detection window 
for PMT measurement marked 
in red
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pulse scattered in the spectrometer and should be avoided in 
the data analysis.

Examples of signal traces captured by the PMT are 
shown in Fig. 5 (a) and (b). In Fig. 5 (a), where the signal 
was taken at 150 µs after breakdown, a peak signal level of 
0.022 V is reached. In this case, most of the signal comes 
from fluorescence emitted by the excited Ni atoms. In Fig. 5 
(b), where the signal was taken at 3300 µs after breakdown, 
the peak signal level was less than 0.005, which indicates 
a dramatic drop in Ni LIF intensity towards the end of the 
spark duration.

Based on the observation above, the signal between 0.65 
ns and 2.90 ns was selected for the exponential fitting. This 
region was selected to avoid the very peak of the LIF decay, 
so that the impact on the fitting from variation in excita-
tion energy can be minimized, and to avoid the secondary 
peak, the cause of which has been discussed. The intensity 
of the selected region was normalized by dividing with its 
maximum. The data was first shifted in time so that the first 
data point starts from 0, and then normalized temporally by 
dividing with the width of the selected time window, ttot
. Logarithmic fit was then performed using the following 
model,

f (x) = ae(−x
b ), � (5)

where a and b are fitting parameters. The lifetime of the 
decay in normalized time would then be expressed as:

τ = b*ttot.� (6)

In Fig. 5 (c) and (d), the exponential fit of the two decays 
at 150 µs and 3300 µs after breakdown, respectively, are 
plotted. At 150 µs after breakdown when the LIF signal is 
high, the decay curve can be very well represented by the 
exponential fit. In this case, the lifetime calculated for the 

from the 3d9(2D)4p 3P
◦  and3F

◦  states indicates the occur-
rence of collisional relaxation from the excited state.

To confirm the nature of the signal captured by the 
PMT, the excitation laser was tuned to 336.86, 336.96 and 
337.06  nm, and corresponding PMT signal traces were 
recorded, as shown in Fig. 4. The peak intensity recorded 
with the laser tuned to 336.96 nm (Fig. 4 (b)) was more than 
double of what was recorded with excitation at 336.86 nm 
(Fig. 4 (a)) and 337.06 nm (Fig. 4 (b)). The signal rise when 
excited by the 336.96  nm laser pulse provided confirma-
tion that the signal captured by the PMT is resonant signal 
induced by the laser. The 10 cm− 1 bandwidth of the exci-
tation laser corresponds to a full width at half maximum 
(FWHM) of about 0.11  nm and 0.1  nm was the smallest 
tunning step size of the OPO. Literature shows that the 
center of the absorption profile located at 336.957 nm [20, 
21], which means the excitation laser has the most over-
lap with the absorption profile when tuned to 336.96 nm. 
When tuned away by ± 0.1 nm, an overlap between the laser 
spectral profile and the atomic absorption profile still exists 
but is smaller compared to the 336.96 nm case. Therefore, 
considerable levels of fluorescence can still be observed in 
both cases, but at a lower intensity. It was also observed that 
a higher peak signal intensity was captured when excited 
at 336.86  nm (Fig.  4 (a)) compared to when excited at 
337.06 nm (Fig. 4 (c)). This can be explained by the fact that 
the central wavelength of the absorption profile lies closer 
to the central wavelength when excitation wavelength was 
tuned to -0.1 nm, thus having a larger overlap with the laser 
spectral profile. Also observed in Fig. 4 is the presence of a 
secondary peak at about 5 ns. This secondary peak can be 
seen in all the PMT traces recorded throughout this experi-
ment, whose intensity does not scale with the peak inten-
sity of the LIF signal. We therefore presume that this peak 
is a laser-induced background arising from excitation laser 

Fig. 4  PMT signal at 300 µs after breakdown excited by different wavelength. (a): 336.86 nm, (b): 336.96 nm and (c):337.06 nm
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LIF signals is about 1.1 ns. In Fig. 5 (d), however, the qual-
ity of the fitting became poor as the intensity dropped. This 
issue persists in all the measurements in the later stage of 
the spark discharge.

In Fig.  6, all measured Ni LIF lifetimes in the experi-
ment are plotted in a scatter plot. A linear fit was made 
to the data points to provide an estimation of the Ni fluo-
rescence lifetime at a given time after breakdown. Due to 
the above-mentioned fitting quality issue, only the data 
acquired before 2300 µs after breakdown were used in the 
fitting. The lifetime of Ni LIF after 2300 µs is estimated by 
extrapolating the linear fit and plotted as the red dashed line 
in Fig. 6. From the initiation of the discharge to the end, the 
LIF lifetime measurements scatter evenly around the linear 
fitted line with a slope of -1.43 × 10− 5 ns/µs. According to 
the fitted model, the predicted lifetime decreases by around 
0.043 ns from breakdown to the end of the discharge, which 
is about 4% of the 1.1 ns lifetime. The 95% prediction 
bounds, calculated using MATLAB’s predint function, are 

Fig. 6  Measured Ni LIF lifetime in the spark discharge and fitted 
lifetime

 

Fig. 5  (a), (b) Example signal traces captured by the PMT at 150 µs and 3300 µs after the breakdown, respectively; (c), (d) exponential fit of the 
decay at 150µs and 3300 µs after the breakdown, respectively
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In Fig. 8, each point represents one decay captured by the 
PMT, with the peak fluorescence intensity on the y-axis. 
The simulated integrated fluorescence intensity captured by 
an Andor ICMOS camera, calculated by Eq. (4) with G (t) 
as the gate function, is on the x-axis. A linear fit was per-
formed and plotted as the red line, together with the 95% 
observation bounds plotted as the blue dashed lines. The 
peak fluorescence intensity is proportional to the simulated 
integrated fluorescence intensity as indicated by the line of 
best fit crosses the origin of the plot in Fig. 8. Since the peak 
fluorescence intensity is proportional to the number den-
sity of Ni atoms, the integrated fluorescence intensity can 
be considered proportional to the Ni atom number density. 
This means that the LIF signal captured by an integrating 
detector, for example a camera, at different times after the 
initiation of the discharge can be taken as proportional to the 
number density of Ni atoms in the detection volume.

While the calculation of the simulated integrated fluores-
cence intensity presented in Fig. 8 has been made based on a 
specific gate function, the conclusion drawn from the figure 
holds true when the integration is done by a different gate, 
supposing that the gate is wide enough and the majority of 
the fluorescence signal gets captured by it. However, getting 
the knowledge of the gate function is always beneficial, as 
one can find out the rise and fall time of the camera, there-
fore synchronizing the gate for maximized fluorescence sig-
nal level with the lowest possible background.

In Fig. 9, the simulated fluorescence intensity is plotted 
against time after initiation of the discharge. From the previ-
ous discussions, it has been established that throughout the 
life of the discharge, the integrated fluorescence intensity is 
proportional to the population of Ni atoms. Therefore, Fig. 9 
can serve as a qualitative indication of the development of 

from around 0.9 ns to 1.3 ns throughout the duration of the 
discharge and are much larger than the change predicted by 
the fitted model. Therefore, the change in lifetime across the 
duration of the discharge is not statistically significant. As 
a result, the lifetime of Ni fluorescence can be considered 
to stay constant throughout the duration of the discharge at 
about 1.1 ns. In a previous work of Bergeson and Lawler, a 
lifetime of 10.4 ns was reported for the Ni 341.6 nm emis-
sion in an environment of 0.4 Torr of Ar [14, 22]. The much 
shorter decay time measured in the current work is due to the 
more significant collisional quenching at ambient pressure.

The measured gate function and the interpolated func-
tion G (t) are plotted in Fig. 7. The original gate function is 
denoted as black circles and the interpolated gate function as 
red crosses. Figure 8 illustrates how the Ni atom population 
is related to the captured integrated fluorescence intensity. 

Fig. 9  Change in integrated fluorescence intensity over time after 
breakdown

 

Fig. 8  Peak fluorescence intensity plotted as a function of simulated 
integrated fluorescence intensity

 

Fig. 7  Measured camera gate function before and after interpolation
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to the population of excited Ni atoms in the corresponding 
area. Based on these results, the change in Ni atom number 
density over time after discharge initiation was qualitatively 
plotted and the results agree with a previous study [5]. This 
conclusion supports future studies on the 2D distribution of 
Ni atom distribution in the spark gap.
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