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Abstract 
In this work two-photon absorption laser-induced fluorescence was used to measure oxygen 
atom (0) concentrations in streamer discharge afterglow in a variety of fueVair mixtures in 
order to account for the 0 reaction pathways in transient plasma ignition. It is demonstrated 
that 0 atoms are generated in high concentration (~5 x 1017 cm-3) directly below the 
high-voltage anode in a point-to-plane geometry. The corresponding lifetimes in air were on 
the order of hundreds of microseconds. Fuel chemistry provides consumption pathways via 
chain branching reactions even without sustained combustion, and the corresponding 0-atom 
lifetimes were much shorter than in air and dependent on the fuel concentration. At the richest 
conditions, corresponding to a fuel-air equivalence ratio of 2.4, 0 lifetimes were on the order a 
few microseconds or less. These experimental results are compared to modelling estimates in 
order to better understand the role of atomic oxygen in the chemical processes leading 
to ignition. 

(Some figures may appear in colour only in the online journal) 

1. Introduction and background 

Streamer discharge results from the application to an electrode 
gap of a very short duration electrical pulse of much greater 
amplitude than the gas breakdown voltage. Known as transient 
plasma ignition (TPI), the use of streamers for ignition 
in combustion engines, holds great promise for improving 
performance. TPI has been tested to date in a variety of 
different ignition regimes including pulsed detonation engines 
(PDEs) and automobile engines, and experiments have already 
shown TPI to decrease ignition delay, increase flame speed, 
allow ignition of leaner mixtures, and increase net heat 
release in comparison to standard spark gap or arc ignition 
methods [1-4]. These improvements to combustion allow 
increasing power and efficiency in existing engines such 
as internal combustion engines, while enabling operational 
regimes previously unobtainable for experimental devices 
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such as PDEs and scramjets (supersonic combustion ramjets) 
engines. Furthermore, mature pulse generation technology has 
already been successfully implemented into test engines [ 4--6]. 

A physical and chemical understanding of how the 
technology enhances combustion, however, lags behind the 
implementation and characterization of TPI in engines. 
TPI was initially assumed to be primarily a volumetric 
effect, but experimental work has shown ignition occurs 
in a spatially inhomogeneous manner with combustion 
improvements independent from electrode volume [5, 7, 8]. 
Developing a predictive understanding of the technology, thus 
allowing engine design to fully utilize its potential to enhance 
combustion, requires better understanding of the physics and 
chemistry of TPI. 

It is to this end that we here report optical measurements 
of oxygen (0) atom concentrations in the afterglow of streamer 
discharge in fueVair mixtures outside the limits of combustion. 
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Figure 1. Experimental schematic of optical setup and discharge generation. 

These results will elucidate the oxygen chemical pathways in 
the afterglow of the discharge and thus provide clues to the 
nature of the combustion improvements made by TPI. 

2. Experiment 

The experimental setup for these studies consists of a pulse 
generator and electrodes integrated into a flow-through pre­
mixed gas system coupled to an optical setup for conducting 
two-photon absorption laser -induced fluorescence (TALIF), as 
shown in figure 1. 

A pulse generator nearly identical to that described in [ 6] 
was used for these experiments, with the silicon-controlled 
rectifier (SCR) replaced by a bank of commercial insulated­
gate bipolar transistors (IGBTs) in parallel for the purposes of 
timing precision and repetition rate; the pulse-forming network 
was otherwise unchanged. This pulse generator produces a 
Gaussian-like voltage waveform with a controllable amplitude 
of 10-60kV (20ns full width at half maximum (FWHM)). 
Sample voltage and current traces of the discharge in air are 
shown in figure 2, employing a Northstar PVM-5 voltage 
probe (80 MHz bandwidth), a Pearson 6223 current probe 
(200 MHz bandwidth), and a LeCroy Wavepro WavePro 725Zi 
oscilloscope with 2.5 GHz bandwidth. For the purposes of 
maintaining consistency with previous work and within this 
work, a 16.5 kV positive pulse amplitude was used for all 
measurements reported here; this corresponds to a 19.5 A peak 
current and 4.75 mJ energy input per pulse. All data were 
recorded at a pulse repetition frequency of 10Hz to match the 
optimal laser repetition rate. 

TPI electrodes have traditionally used a coaxial design 
with a centre threaded rod high-voltage anode and outer 
grounded cathode due to the cylindrical symmetry inherent to 
many engine applications [1- 3]. A fully three dimensional, 

2 

> :. 
Q) 
01 ., ... 
0 
> 

15 

10 

5 

0 

0 10 20 30 40 
Time (ns) 

50 

20 

0 
1:: ... 

10 <D 
::I -
)> 

0 

60 

Figure 2, Voltage and current traces for the discharge in air. 

multi-streamer electrode geometry, however, is challenging 
for laser-based diagnostics, and thus the electrodes were 
modified to a point-to-plane geometry for the purposes of 
these experiments, with a steel needle with tip curvature of 
radius 75 JLID as the anode and the sintered bronze surface of 
a McKenna burner (fabricated by Holthius and Associates) 
as the grounded cathode. Current was monitored using a 
Pearson 6223 current probe in line with the high-voltage cable 
supplying the anode. The 8 mm gap used in previous TPI 
experiments was retained for the point to plane geometry. As 
previous experiments demonstrate that ignition occurs in the 
region of high E 1 N (where E is the electric field and N the 
total gas number density) near the anode, experiments were 
conducted in a cube 250 JLm on edge directly below to the 
anode tip, as shown in figure 3 [8]. This region of interest 
(ROI), defined optically as described below, was chosen to 



Figure 3. Image of discharge showing spatial ROI. 

approximately match the diameter of the discharge directly 
below the anode as determined by images of spontaneous 
plasma emission. 

Gas compositions and flow rates were maintained with 
'fYlan mass flow controllers. Flow rate was regulated. to 
produce a gas speed of 10 ems -l to ensure complete recycling 
of gas volume in the discharge from shot to shot at the 
10Hz laser repetition rate while maintaining a quasi-quiescent 
environment The McKenna burner with a sintered bronze 
flameholder radius of 3 em was used to deliver a pre-mixed 
gas flow to the discharge region as well as to serve as the 
grounded anode for the discharge; the needle anode was 
mounted 8 mm above the centre of the burner in order to 
isolate it from the edge of the flow and eliminate the need 
for a nitrogen co-flow. For all gas mixtures, filtered facility 
compressed air was used to minimize moisture content at 
less than 2% relative humidity. Ethylene (C2H.t), methane 
(CRt). and propane (C3Hs). of purity 99.985%, 99.99% 
and 99.99%, respectively, were used for fue1/air mixtures. 
These fuels were chosen for comparison with previous TPI 
experiments [5-8]. The fuel-air equivalence ratio was chosen 
to be just outside of limits of flame stabilization for this 
system, with an extra point at half the lean limit, in order 
to simulate the conditions of ignition without introducing the 
complication of unquenched combustion chain reactions and 
flame development. The fuel lean and rich combustion limits 
were determined experimentally specifically for this setup. 

The time delay between the discharge and the laser was 
controlled with a Stanford Research Systems DG-645 digital 
delay generator and verified with an oscilloscope using a 
ThorLabs DETlOA photodiode to collect laser scatter and 
the discharge current; the beginning of the current rise was 
specified as t = 0 for all work presented here. Since the 
repetition rate of the laser is limited to 10Hz, every discharge 
was probed by the laser only once; thus, every time delay was 
measured in a separate discharge event and time sequences 
were constructed from the data in post processing rather than 
in real time. 

The laser was passed through the electrode gap directly 
beneath the anode. The position of the burner/electrode with 
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respect to the laser beam was maintained with a three-axis 
Newport MM300 motion controller/driver. The height of the 
beam with respect to the electrode was adjusted so that it could 
be as close to the electrode as possible without producing 
measurable scattering. In order to prevent optical saturation 
effects, the waist of the focused laser beam was located several 
em behind the measurement volume. The width of the beam 
passing through the discharge was measured to be 250 JJ.m 
(FWHM); the height and depth of the ROI are thus 250 JJ.m. 

The optical setup for TALIF uses an injection-seeded 
Continuum Surelite ill Q-switched Nd: YAG laser, with the 
532 nm second harmonic output used to pump a Continuum 
ND6000 tunable dye laser. The Nd: YAG the third harmonic 
beam (355nm) was then frequency mixed with the 619.84nm 
dye laser beam in a BBO crystal to generate the 225.7 nm beam 
necessary to pump the 0-atom transition between the ground 
2p 3p state and the excited 3p 3P state. It should be noted at 
higher laser intensities the excited atom may be ionized by a 
third 225.7 nm photon, but for the laser fluences used in this 
experiment, this effect is negligible. The fluorescence signal at 
844.87 nm resulting from radiative decay to the 3s 3 S state was 
1 : 1 imaged onto a vertical slit (with a 250 JJ.m width) placed 
in front of a Hamamatsu R3896 photomultiplier tube (PMT); 
the fluorescence was isolated from Rayleigh scattering (and 
other background radiation) using an 80 nm bandpass filter, 
centred at 850 nm, that was placed over the PMT housing 
entrance. Thus, the probe dimensions were defined in the 
beam propagation dimension by the 250 f.Lm slit width and in 
the vertical and radial dimensions by the 250 J,Lm laser beam 
width. This laser probe size was confirmed by translating the 
discharge in the radial direction using the motion controller. 
The PMT fluorescence signal was amplified by 25 times and 
recorded with a LeCroy WavePro 7100A oscilloscope. This 
oscilloscope was also used to integrate the signal over the time 
of the laser pulse and to calculate the average and variance over 
thousands of laser shots; due to high variation of the signal, 
3000 shots were taken for each data point. A photodiode was 
used to collect laser scatter, and the PMT signal was normalized 
by the square of this scattered intensity in order to account for 
laser intensity variation. For all data the mean and standard 
deviation were recorded for 3000 discharge events, and the 
uncertainty shown in plots is derived by combining the standard 
deviation of the mean of all measured quantities using standard 
error propagation techniques. The apparatus and procedure are 
described in more detail in [9, 10]. 

Conversion from relative 0-atom population to absolute 
number density is made by comparison of identical 
measurements made in a xenon gas cell of known concentration 
with laser wavelength shift to 224.31 nm to pump the two­
photon 5p6 1S0 to 6p'[312h transition in xenon atoms [1.1]. 
The resulting fluorescence at 834.91 nm due to relaxation 
to the 6p'[3/2h state is again collected using the identical 
detector setup [12]. Conversion from known number density 
of xenon Nxe to number density of 0 atoms uses the following 
expression: 

_ So a21 (Xe) (a-<2
> (Xe)) (~)2 

_1_N"k 
No- S"k 8ND a21 (0) u(2) (0) Vx.: Fo(T) 

(1) 
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where the S; are the observed signals normalized by the 
square of the laser intensity, a21 = Azif(Azl + Q) are 
the fluorescence quantum yields (where A21 and Q are the 
spontaneous emission and quenching rates, respectively), u<2> 
are the two-photon absorption cross sections, v0 fvX<> is the 
laser frequency correction due to using equivalent energy and 
thus a different number of photons per excitation pulse, and 
F0 (T) is the Boltzmann factor for the lower level of the 0-atom 
ground state [9]. The a21 were calculated assuming an upper 
bound on the quenching rate for 0 at atmospheric pressure 
using the following quenching coefficients: 

(1) 0 + Oz with k ~ 9.4 x w-10 cm3 s-1 [12], 
(2) 0 +Hz with k ~ 10.9 x w-10 cm3 s-1 [12], 
(3) O+C~/C2~/C3Hs withk ~ 5.5 x w-10 cm3 s-1 [13], 
(4) 0 + H20 with k ~ 4.9 x w-9 cm3 s-1 [13], 
(5) 0 +Nz with k ~ 5.9 x w-10 cm3 s-1 [11], 
(6) Xe + Xe with k ~ 9.4 x w-10 cm3 s-1 [12]. 

In order for equation (1) to be true, all other optical factors 
must remain constant including PMT gain voltage; in order 
to maintain this consistency, the xenon cell was substituted 
directly for the discharge in the beam path and a neutral density 
filter of factor 8ND was used in order to reduce the xenon 
fluorescence signal to within the linear operational region of the 
PMT while keeping the gain voltage constant. While the xenon 
cell provides a larger volume than the discharge from which to 
collect fluorescence, the sample volume was approximately the 
same as that used for 0-atom measurements, due to the limits 
placedonthelaserproberegion. Temperatures for F0 (T) were 
taken from recent coherent anti-Stokes Raman spectroscopy 
(CARS) measurements performed under identical mixture and 
discharge conditions [14], with extrapolation or interpolation 
at some values of time delay. 

3. Results 

Before optical measurements may be reported, it is necessary 
to fully characterize the discharge. Voltage and current traces 
were recorded and analysed for each gas mixture to quantify 
any changes in the electrode impedance. Despite noticeable 
macroscopic differences in various mixtures-the discharge 
pulses in richer mixtures were audibly louder than those in 
leaner mixtures for all three fuels-the measured electrical 
characteristics remained essentially identical with no more 
than 5% variation between any two mixtures in pulse width, 
peak current, peak voltage and energy delivered. A more 
complete electrical and optical characterization is reported 
in [14]. 

TALIF measurements of 0 number density in air 
are shown in figure 4. For the purposes of clarity, 
uncertainty-based on the standard deviation of the mean 
taken from 3000 shots, with variations in laser energy, 
TALIF signal, and Xe signal combined using standard error 
propagation techniques-is shown only on a single point but 
is representative of the value for all the points of that sequence. 

0 number densities measured in C2~/air, C~air and 
C3H8/air mixtures are shown in figures 5- 7, respectively. As 
is the case with pure air, uncertainty, based on the standard 
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Figure 4. TALIF measurements of 0 number density in air at 
atmospheric pressure versus delay time from discharge initiation. 
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Figure 7. TALIF measurements of 0 number density in C3H8/air 
mixtures versus delay time from discharge initiation. 

deviation of the mean taken from 3000 shots, is shown only 
on a single point for each time sequence with the displayed 
uncertainty applicable to all points for the rest of its sequence. 

4. Discussion 

Examination of 0 number density in pure air (figure 4) 
yields the result that 0 concentration is high shortly after 
the discharge, corresponding to a dissociation fraction 
of Oz equal to ---<l.18 assuming atmospheric pressure 
and rotational/translational temperature of "'1000 K, as 
determined in previously reported CARS measurements [13]. 
It can also be seen that the 0 number density remains 
approximately constant until "'40--50 J.LS after the discharge 
pulse, at which point it rapidly decays, dropping below the 
measurable threshold by "-'200 J.LS. A kinetic analysis shows 
that the primary loss mechanism for atomic oxygen in air 
under these conditions is the three body recombination process, 
0 + 0 + M --+ <>z + M, where M is either N2 or 02 (Note 
that at these relatively high temperatures ozone production 
due to 0 + 02 + M --+ 03 + M is negligible due to the fast 
rate of the reverse reaction). Using rate data from [15], the 
specific rate coefficient k for N2 as third body collision partner 
at T = lOOOK is k ~ 5 x 10-34 cm6 s- 1, corresponding 
to a half-life, T = 1/ k[N2][0], equal to "-'500 J.LS, an order 
of magnitude longer than the observed .-v50 J.LS value. To 
explore possible explanations for this difference, the rate of 
decay of 0 atoms out of the ROI was estimated assuming 
that an initially uniform cylindrical distribution of 0 (r ~ 
0.125 J.Lm) diffuses into an infinite medium. Diffusion of 
a trace amount of 0 in a background of N2 was assumed, 
and the binary diffusion coefficient was derived using the 
measured temperatures from [14] and standard gas diffusion 
equations [16, 17]. A coupled simulation of the laser excitation 
process then provided an effective sampling volume; values 
for the two-photon-excitation probe size were then matched to 
the experimental values (for beam size and limiting aperture). 
This calculation shows a much reduced rate of fall-off in 0 
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compared to than shown in figure 4, as plotted in figure 8, 
although the drop in 0 corresponding to a reduction of the 
initial concentration by a factor of (l/e)2 is predicted to be 
"-'100 J.LS which is in reasonable agreement with the data. 
Another likely explanation is that due to the high energy 
loading of the filament, the discharge induces bulk convection 
of the gas out of the ROI that causes the observed rapid decay 
in signal. 

Considering figure 5 it can be clearly seen that introduction 
of C2f4, even at relatively low equivalence ratio, results in 
a rapid increase in 0 consumption. While a full kinetic 
analysis is beyond the scope of this paper, some insight can 
be drawn from simple consideration of some important 0 
loss processes. It is stressed that the analysis is not meant to 
provide a quantitative comparison with the data, as under these 
conditions the full chemistry, in particular chain branching and 
propagation is rather complicated, but rather to illustrate that 
0 kinetics in the presence of fuel is predicted to be much faster 
than for air. 

In the presence of C2f:Lt. 0 is initially lost due to the 
parallel processes of: 

(1) O+~f:Lt--+ CH3+HCOwithk ~ 1.25 x 10-11 cm3 s-1 

and 
(2) 0+~14--+ CH2CO+Hwithk ~ 6.7x 10-12 crn3 s-1, 

both at T = lSOOK [14, 18]. 

The higher temperature is based on previous reported 
temperature measurements using CARS [14]. The 
corresponding 0-atom half-life, T = ln(2)/kwt [~I-4], 
assuming that the initial Czl4 concentration is much larger 
than that of 0, is ---<l.3 J.LS. However, for rp = 0.25 the 
initial C214 concentration at P = 1 bar and T = 1500 K 
is "-'1.3 x 1017 cm-3 which is in fact a factor of "-'4-6less than 
the initial 0 concentration, which would tend to reduce the 
rate of decay due to these two processes. Note that under fuel 
rich conditions, where initial C2I-4 concentration exceeds that 
of 0, the observed rate of 0-atom decay is much faster due, 
presumably, to both the absolute Czi-4 being larger (increasing 
the reaction rate) and the fact that the C2I:Lt concentration 
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exceeds the initially formed 0 concentration. It should be 
noted that these 0 atom-consuming reactions above are chain 
branching reactions responsible, ultimately, for the runaway 
heat release of combustion. 

A similar analysis can be performed for the Cf4 data in 
figure 6. In this case the primary loss processes for 0 are: 

(1) 0 +Cf4 -+ OH + CH3, with k = 7 x 10-13 cm3 s-1, 

(2) 0 + CH3 -+ H + CH20, with k = 8.4 x 10-11 cm3 s-1 

and 
(3) 0 + CH3 -+ H + H2 +CO with k = 5.6 x 10-n cm3 s-1, 

all at T = 1000K [14, 18]. 

Note that for Cf4 dissociation fraction of order 1% the rate 
of 0-atom loss due to reaction with the methy 1 radical (CH3) is 
comparable to that for reaction with Cf4. Considering only the 
Cf4 reaction pathway and a Cf4 number density at P = 1 bar, 
T = 1000 K and q> = 0.6 ([Cf4] = 4 x 1017 cm-3), the 
predicted 0-atom half-life is "'2.21J.S. Assuming 1% Cf4 
dissociation to H + CH3 and ignoring any coupling between 
the kinetic processes results in a total half-life from the three 
parallel processes of "'0.8 p,s. Both values are in reasonable 
accord with the measurements (figure 6, green triangles), 
which indicate a half-life of about 1-21-Ls. 

Finally, for C3Hs the principal 0 loss process is 0 + 
C3H8 -+ C3H7 + OH where the C3H7 radical can be formed 
in two isomeric configurations with total rate coefficient k ~ 
3 x 1011 cm3 s-1 at T = 1500 K [14, 18]. At P = 1 bar, T = 
1500 K, and q> = 0.8 and 2.4 the initial C3H8 concentrations 
are 1.7 x 1017 cm-3 and 4.7 x 1017 cm-3 , respectively, and 
corresponding predicted half-lives of0.14 and 0.05/LS. These 
values are not unreasonable based on the data points in figure 7, 
but the specific values are near or below our detection limit for 
time (after the discharge). 

5. Conclusion 

The results of a comprehensive set of two-photon absorption 
laser-induced fluorescence measurements, describing the 
temporal evolution of 0-atom concentration in quasi-quiescent 
C2I4/air, CI4/air and C3Hs/air mixtures outside the limits 
of sustained combustion (at atmospheric pressure), were 
presented and analysed for a point-to-plane nanosecond 
streamer discharge similar to that used for transient plasma 
ignition (TPI). For this purpose, 0-atom fluorescence signals 
were calibrated, to derive absolute concentration, through 
the use of companion two-photon absorption laser-induced 
fluorescence measurements of Xe. In the probe region, 
directly below the high-voltage anode, it was shown that 0 
concentration is quite high in the afterglow of the discharge, 
[0] ...... 5 x 1017 cm-3, equalling a dissociation mole fraction 
of roughly 18% in air. The rate of 0-atom decay in air is 
found to be approximately ten times faster than that attributed 
to three body recombination reactions, which is the principal 
loss mechanism at the relatively high temperature conditions 
of the filament of 1000 K. Mass diffusion and/or convection 
are considered likely explanations for the discrepancy. The 
addition of fuels to the gas mixture decreased the maximum 
observed mole fraction, shortened the duration of the high 
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concentration plateau, and increased the rate of decay. For 
all fuel/air mixtures, the amplitude of these changes increased 
monotonically with the concentration of fuel. The changes 
in 0-atom behaviour due to fuels are attributed to chain 
branching reactions which are much more rapid than 0-
atom recombination. Further experiments are necessary to 
quantify the spatial distribution of 0 atoms as well as the 
production of intermediate reactive species in order to better 
understand the physics and chemistry of TPI. In addition, 
future experiments will probe varying discharge parameters 
including pulse amplitude and polarity in a spatial mapping of 
species density. 
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