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Abstract. The conversion efficiency of secondary electrical energy into thermal
energy was measured in air using an optically accessible spark calorimeter for
high-voltage (28 kV peak) pulsed nanosecond discharges with secondary
streamer breakdown (SSB) and similar low-temperature plasmas (LTP) without.
Initial pressures were varied between 1 and 5 bar absolute, with the an-
ode/cathode gap distances likewise varied between 1 and 5 mm. Secondary
electrical energy was measured using an in-line attenuator, with the thermal en-
ergy determined from heat-loss corrected pressure-rise calorimetry measure-
ments. The SSB probability at each initial pressure and gap distance was also
recorded. The calorimetry measurements confirm that, similar to inductive
spark discharges, SSB discharges promote ignition by increasing the local gas
temperature. LTP discharges, on the other hand, had very little local gas heat-
ing, with electrical-to-thermal conversion efficiencies of ~1%. Instead, the LTP
was found to generate substantial O-atom populations — measured using two-
photon laser-induced fluorescence near the anode where electric field strengths
were strongest — that persisted for 100’s of microseconds after the discharge.
The influence of 10 repetitive pulses spaced 100 ps apart was also evaluated for
a fixed 5 mm electrode gap distance, with the conditional SSB probability for
each pulse evaluated using an available photodiode, with the SSB probability
found to have increased for each successive pulse. The influence of chemical
and thermal preconditioning by the preceding LTP pulse was evaluated, with
the increase in SSB occurrence attributed predominantly to mild gas heating
that decreased number densities between the electrode gap and hence the gas
resistance for the subsequent pulse.
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1 Introduction

Plasmas — defined here as globally neutral gaseous mixtures of positively- and nega-
tively-charged particles that interact by electric forces in a collective manner — have
long been used to control ignition and combustion processes. Conventional inductive
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coil sparks that feature thermal plasmas with electron energies in equilibrium with the
bulk gas energy have fallen out of favor for next-generation automotive engines due
to excessive electrode erosion rates from high-temperature arc discharges and poor
tolerance to dilution by air or exhaust-gas recirculation (EGR) [1]. Conversely, igni-
tion induced by low-temperature plasma (LTP), where an imbalance exists between
ion and electron temperatures, leads to enhanced reaction kinetics as a result of ele-
vated electron energies without the associated translational gas temperature increases
that cause electrode erosion. Automotive low-temperature plasma-assisted ignition
(PAI) systems extend dilution tolerance limits through the formation of active radicals
that shorten ignition delays [2] and rapid heating via electron energy transfer process-
es [3-5]. Ignition kernel expansion speeds may also be influenced by hydrodynamic
instabilities and ionic winds [6, 7]. LTP generated atomic oxygen (O-atom) in particu-
lar has been identified as an important radical species that accelerates hydrogen ab-
straction from the fuel, which in turn increases overall mixture reactivity [8]. For
automotive engine combustion, these attributes reduce ignition delay times, suppress
knock inducing end-gas auto-ignition, alter fuel reactivity and diffusivity characteris-
tics, and improve noxious emission oxidation [9].

LTP are generally classified by the reduced electric field strength, or the electric
field strength (E) normalized by the gas number density (N). Broadly speaking, PAI
systems sorted by increasing E/N include: microwaves [3, 10-12], high-frequency
resonant discharges [7, 13-16], and pulsed nanosecond discharges (PND) [2, 4, 17-
20]. Since LTP related ionization and dissociation rates increase with higher E/N due
to limited collisional electron energy transfer effects [21], several recent PAI experi-
ments have focused on PND systems. These igniters typically have E/N greater than
100 Townsend (Td) and electron temperatures above 10 electron volts (eV), while
pulse energies remain modest (10s of mJ) due to the truncated discharge [22-25].
Note that secondary streamer breakdown (SSB), where the inter-electrode gas be-
comes highly electrically conductive, can occur if the gas resistance is sufficiently
low (i.e., from low pressures, high temperatures, short electrode gap distances, or
gases with low ionization potential) [26, 27]. As a result, the discharge more closely
resembles a thermal plasma spark with 2 key differences: (1) the electrical-to-thermal
energy transfer is generally more efficient [1, 28], and (2) electrode wear greatly in-
creases due the elevated discharge current.

While electrode erosion issues can be mitigated through the use of dielectric elec-
trode insulators that repel the discharge current [29, 30], the electric field strength
becomes compromised with an associated decrease in radical formation rates. Instead
it may be preferable to generate LTP without the use of dielectrics, with SSB instead
inhibited through the selection of appropriate electrode geometry and pulse discharge
characteristics. It is important to note that at engine-relevant pressures, LTP streamer
propagation deviates from the well-established self-similar laws (i.e., increased
streamer branching, thinner leader structures, and slower than expected streamer ve-
locities) with unknown impact on discharge kinetics [31-33]. Potential causes for the
scaling deviation at high-pressure include a change in electron recombination physics
[31], less effective streamer cooling by thermal conductivity [34], and photoionization
by excited-state nitrogen relaxation [32].



Previous studies have investigated the use of multi-pulse operation, where close-
coupled PND with pulse dwell times of ~100 us are used to continuously augment
radical production while ideally avoiding SSB [22, 23]. However, direct discharge
imaging during stable engine operation revealed that SSB almost always occurred at
some point during the pulse burst; an example image of the luminous SSB event from
a 10-pulse burst from Sjoberg et al. [23] is shown in Figure 1. Moreover, once SSB
occurs during the burst, each successive discharge in the pulse-burst exhibits SSB
biased towards the same cathode site as the first SSB event. The results suggest some
sort of ambient gas preconditioning between the electrodes has occurred. Whether the
preconditioning mechanism is chemical or thermal remains an open question.

Fig. 1. Image of a 4-prong PND plug in a single-cylinder research engine along with imaging
for 10-pulse PND bursts with a 100 us dwell between successive pulses. Intense luminosity
between the central anode and one of four separated cathode sites is indicative of SSB.

The current paper describes experiments performed in a custom-built, optically ac-
cessible spark calorimeter used to evaluate high-voltage PND. For all experiments,
the test gas was ultra-air with a point-to-point electrode configuration selected so that
the local E/N, and hence active radical formation, was maximized near the anode and
cathode. Pressure-rise calorimetry was used to measure the electrical-to-thermal ener-
gy conversion efficiency for single PND discharges as a function of ambient pressure
and electrode gap distance. Calorimetry results were further used to determine the
SSB probability for each pressure and gap distance; the electric-to-thermal efficiency
was conditionally averaged based on whether the PND remained an LTP or transi-
tioned to a SSB discharge. The SSB probability as a function of initial pressure was
further determined for a 10-pulse burst with a fixed 5.0 mm electrode gap distance.
Post-discharge in situ O-atom populations were also directly measured via two-
photon absorption laser induced fluorescence (TALIF) [35, 36] for select LTP-only
conditions. Finally, the calorimetry results are used to evaluate potential thermal and
chemical mechanisms believed to be responsible for SSB.



2 Experiment Description

All experiments were performed in a custom-built, optically accessible, spark calo-
rimeter illustrated in Figure 2. The calorimeter body is constructed of 316 stainless
steel, with a cylindrical 28 cnt’ internal chamber volume (V;a1)- An inlet port is used
to fill ultra-air into the chamber up to the desired pressure (up to 10 bar absolute),
with an embedded type-K thermal couple used to measure the initial gas temperature
prior to ignition. The calorimeter body also features viewing access of the discharge
event through an optical port on the front side wall along with input and output laser
access ports that facilitate acquisition of laser-based spectroscopy measurements.

HV Anode (or Spark Plug)
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pressure
transducer

Fill/Evacuate

Fig. 2. Illustration of the optically accessible spark calorimeter (left) and an image of the spark

gap as visualized through the optical viewing port (right). An image of filtered natural luminos-

ity from the discharge has been superimposed between the electrodes. The TALIF interrogation
region is indicated by the orange rectangle near the anode.

2.1  Pressure-Rise Calorimetry

To generate the PND within the spark calorimeter, a Transient Plasma Systems Inc.
SSPG-101-HF high-voltage (28 kV peak) pulse generator with a 12 ns full width at
half max (FWHM) pulse with and a 5 ns rise time was used. An inline attenuator was
used to monitor pulse voltage and current for each discharge event. The high-voltage
anode used a modified NGK DP7EA-9 size M12 non-resistive sparkplug that was
centrally positioned on the calorimeter top. The anode tip was machined to a rounded
point so that local electric field strengths were maximized, while maintaining relative-
ly repeatable discharge characteristics. The plug J-hook and the top 1 cm of material
from the outer body ground was removed, with the cathode replaced by a sharpened
3.18 mm diameter steel rod installed from the calorimeter base and secured in place
by a Swagelok fitting. Multiple rod lengths were fabricated so that the inter-electrode
distance between the anode and cathode could be varied between 1.0 and 5.0 mm.
Key calorimeter specifications and operating conditions are summarized in Table 1.



Table 1. Calorimeter specifications and operating conditions.

Calorimeter Internal Volume [cm’] 28.0

Purge and fill cycle time [s] 90

Initial Temperature [K] 294 +5
Initial Pressures [bar] 1.08 - 5.0
Inter-Electrode Distance [mm] 1.0,2.1,2.9,4.0,5.0

Initial chamber pressures were varied between 1 and 5 bar absolute with initial
temperatures fixed at ~294 K. For these conditions, the chamber gas number densities
are equivalent to in-cylinder engine conditions with pressures ~3 times greater due to
compressive heating. At each gap distance and initial pressure, 30 calorimetry runs
were performed. To ensure that residual discharge products did not persist between
runs and possibly influence the subsequent spark, chamber contents after each run
were purged using fill and vacuum solenoid valves connected to the ultra-air supply
and an available vacuum turbo-pump, respectively. Chamber fill pressure was accu-
rately controlled using a Proportion-Air pressure control valve. Differential chamber
pressures were measured using a PCB 106B52 high-sensitivity pressure transducer
(725 pV/Pa) for initial pressures up to 4 bar and a PCB 106B51 high-sensitivity pres-
sure transducer (145 pV/Pa) for higher initial pressures. Each transducer was secured
to the calorimeter using the same Kistler 5134B coupler. All data were recorded using
a LeCroy HDO 6054 500 MHz high-definition oscilloscope. Recorded pressures were
filtered by a 400 Hz low-pass filter during post-processing. The SSB probability at
each initial pressure and gap distance was determined from the resultant pressure
record for the single-pulse experiments. The influence of repetitive discharges (up to
10) spaced 100 ps apart were also evaluated for a fixed 5.0 mm electrode gap at pres-
sures up to 2.0 bar. The conditional breakdown probability for each discharge event in
the pulse-burst was determined from light emission recorded by a Thorlabs DET210
high-speed photodiode placed an available window port.

Electrical-to-thermal conversion efficiency — defined here as the thermal energy
deposited into the gas (Eiperm) and normalized by the secondary electrical energy
delivered (E,;..) to the igniter — was determined for each discharge. Secondary elec-
trical energy was obtained by direct integration of the instantaneous electrical power
(W), calculated from the product of the inline attenuator voltage (V) and current (I)
measurements over the length of each pulse (t,):

Eoee = ;P W(®)dt = [[PV(DI(D)dt (1)

Gas thermal energy deposition was determined from the volumetric integration of the
change in internal energy (Su):
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where R, c,, and y respectively are the gas constant, volumetric heat capacity, and

specific heat ratio for air. The pressure-rise (AP) was the highest recorded differential



pressure measurement from the calorimetry experiments. Due to the small pressure-
rises encountered in the experiments, a constant y = 1.4 was assumed.

2.2 O-Atom Two-Photon Laser Induced Fluorescence

O-atom TALIF measurements within the spark calorimeter were enabled by 16 mm
diameter entrance and outlet laser windows with a 12.9 mm clear aperture that were
installed on opposing calorimeter sidewall ports. A larger viewing widow with a
20 mm clear aperture was placed on the sidewall orthogonal to the laser windows.
Calorimeter window ports included a 45° beveled seat and copper gasket that mated
with a complementary bevel on the front window surface to minimize mechanical
stresses that could induce window fracture when the calorimeter was pressurized. A
metal retainer was used to secure the windows into the calorimeter via 4 screw holes
that mated with tapped holes around the window ports; another copper gasket was
placed between the retainer and the window back surface to again minimize mechani-
cal stresses. Two Kalrez O-rings were placed into machined O-ring groves during
window installation to eliminate spurious leakage when the calorimeter was pressur-
ized.
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Fig. 3. Diagram of the O-atom TALIF imaging setup into the calorimeter.

O-atom TALIF was excited by a deep-UV laser beam with a 12 ns FWHM pulse
width that was generated by an optical parametric oscillator (Spectra-Physics MOPO
SL) pumped by an injection-seeded Nd-YAG laser (Spectra-Physics Pro-270); a
schematic of the setup is provided in Figure 3. An integrated frequency doubler tuned
to 225.7 nm generated the deep UV probe beam. A single plano-convex spherical lens
(f =100 mm) was used to focus the input laser beam just below the spark anode,
with the beam diameter ~500 pum at the interrogation region. Laser energy delivered
into the spark calorimeter was 1.2-2.5 mJ per pulse, and was monitored using a back
reflection off of the spherical lens by a Coherent J-25MB-LE shot resolved laser en-



ergy meter. For each operating condition, 50 TALIF images were recorded through
the viewing port window via a Princeton instruments PI-MAX 4: 1024 EM intensified
camera with a 1024x1024 pixel imaging array. The camera intensifier gate time set to
300 ns. To prevent intensifier damage, only consistent LTP conditions (i.e., SSB
probability equals zero) were imaged. A single narrow band filter centered at 850 nm
(50 nm FWHM) was used to isolate the 3 p3P — 3 s3S transition located near
844.87 nm. The filter did allow stimulated emission of electronically excited atomic
nitrogen and oxygen produced by the discharge to pass through (see Figure 2 for a
sample image). Accordingly, the earliest O-atom TALIF measurements were recorded
15 ps after the discharge so that all discharge induced luminosity could subside. The
maximum camera gain and 2x2 super-pixel binning were used to amplify the signal-
to-noise ratio. Flat field and intensifier nonlinear response corrections were imple-
mented using an integrating sphere and arc lamp [37]. To make the results semi-
quantitative, TALIF images were corrected for electronic bias, background illumina-
tion, and the square of the laser irradiance (to account for the 2-photon absorption
process). True quantitative number densities require a more accurate identification of
the laser wavelength, which will be accomplished in future TALIF experiments by
direct measure of the fundamental wavelength before the frequency doubler by an
integrated wavemeter.

High laser irradiances required for sufficient TALIF signal meant the laser en-
trance and outlet windows could be susceptible to surface etching and/or drilling,
which could limit usable window lifespans and lead to costly downtime while re-
placements are installed. Several design features were accordingly adopted to extend
the window service life and simplify the replacement process. A laser shutter was
installed to limit laser strikes on the windows to only those needed for the measure-
ments. Standard UV grade quartz (Corning 7980) windows were used because of their
superior tolerance to laser damage. Front and back window surfaces were polished
with % wave surfaces and had a specified wedge angle of less than 30 seconds. Final-
ly, care was taken to limit the peak irradiance on all window surfaces below 20
MW/cm?,

3 Results and Discussion

3.1  Pressure-Rise Calorimetry

Ensemble averaged pressure-rise time histories normalized by the peak recorded pres-
sure-rise are plotted for 60 ms after the discharge in Figure 4 for a fixed 5.0 mm elec-
trode gap with initial pressures between 1.08 and 1.52 bar. Pressure-rise traces were
conditionally averaged depending on whether they were from LTP (evidenced by
peak pressure-rise values below 12 Pa), or from PND that underwent SSB (indicated
by peak pressure-rise values that were 100s of pascals). Heat-loss induced pressure
decay rates (A) for both the LTP and SSB discharges were extrapolated to time zero
using a logarithmic function (equation 3) fit to the respective normalized pressure-rise
time histories between 40 and 60 ms after the discharge:



log (APA;M) = A- time(ms) + log (Aﬁ%) 3)

Best fit values for A and the normalized regression pressure at time zero (AP, /APy,qyx)
for both the LTP and SSB discharges are included in Figure 4. Decay rates for the
LTP and SSB discharges are in good agreement with each other, with similar results
observed from the pressure-rise time-histories for the other gap distances.
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Fig. 4. SSB (dashed) and LTP (solid) post-discharge pressure rise time histories normalized by
the peak recorded pressure for a 5.0 mm gap in air for initial pressures between 1.08 and 1.52
bar. Pressure decay rates are also plotted for each discharge.

Normalized SSB discharge pressure-rise time histories collapsed to a common
curve, with a single steep pressure-rise that lasted ~8 ms and followed by the heat-loss
induced pressure decay. For the LTP discharges, the pressure-rise displayed two dis-
tinct stages: (1) a steep initial pressure rise similar to what was observed for the SSB
discharges, followed by (2) a shallower, extended pressure rise that lasted another
~20-30 ms. The first stage is believed to result from local gas heating by the discharge
and a possible increase in number density due to 0,/N, dissociation, while the sec-
ond stage is believed to be from exothermic recombination of dissociated radicals or
electronic state relaxation back to the ground state. The constant pressure decay rates
observed 40 ms beyond the discharge suggest that de-excitation of long-lived elec-
tronic states such as 0,(al) was largely complete for all conditions. Unlike the SSB
discharges, normalized LTP discharge pressure-rise curves for initial pressures be-
tween 1.29 and 1.4 bar did not collapse to a common curve. For these conditions, as
the initial pressure increased there was an associated decrease in the proportion of
first-stage gas heating. For the two highest evaluated initial pressures (1.4 and 1.52
bar), the traces once again were self-similar, with roughly equal energy deposition
into the gas from stages 1 and 2. These results suggest the existence of a LTP-to-SSB
transition regime, which will be explored in further detail below.



Single-Pulse SSB Occurrence Probability.

The SSB occurrence probability was determined for a range of electrode gap dis-
tances and initial pressures up to 5.0 bar for a single-pulse, with the results plotted in
Figure 5. At all gap distances above a threshold initial pressure there was a relatively
steep decline in SSB occurrence probability, with the fall-off sharper for larger elec-
trode gap distances. For the 1.0 mm gap, 100% SSB occurrence probabilities were
observed for initial pressures below 3 bar, with at least some marginal chance for SSB
occurrence at all initial pressures explored in the current study. When the gap distanc-
es were increased, the initial pressures where SSB was observed dropped. With the
largest 5.0 mm gap, no SSB was observed for initial pressures above 1.4 bar. Note
that for the 5.0 mm gap, the 3 initial pressures in the transition regime where incon-
sistent SSB were observed are the same LTP-to-SSB transition conditions identified
from the pressure-rise time histories in Figure 4. These results suggest that complete
SSB did not occur for before the discharge was terminated.
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Fig. 5. SSB occurrence probability as a function of initial pressure and gap size for a single
28 kV discharge in air.

Electrical-to-Thermal Energy Conversion Efficiency.

Calculated pulse electric energy (equation 1) for the SSB and LTP discharges from
the in-line attenuator discharge voltage and current measurements are plotted in Fig-
ure 6a. LTP discharges electrical energy — regardless of the initial pressure, electrode
gap distance, or whether it overlapped with the LTP-to-SSB transition regime — was
relatively consistent at around 15 mJ. For SSB discharges in the LTP-to-SSB transi-
tion regime (highlighted in the dashed rectangle in Figure 6a), the discharge electrical
energy more than doubled to around 38 mJ as the significant decrease in inter-
electrode gas resistance led to a large jump in current flow between the anode and
cathode. For SSB discharges outside of the LTP-to-SSB transition regime, the deliv-



ered discharge electrical energy further jumped to around 48 mJ; the exception was
for the 1.0 mm gap where the discharge electrical energy remained around 40 mJ.

The electric-to-thermal conversion efficiency was calculated for all LTP and SSB
conditions using the discharge electrical energy from equation 1 and the thermal en-
ergy deposited in the gas from equation 2, with all results plotted in Figure 6b. When
the initial pressure was 1.08 bar, the SSB discharge electric-to-thermal conversion
efficiency for the 1.0 mm gap was just over 5%, with this value monotonically in-
creasing to 12% as the initial pressure increased to 5.0 bar. As the gap distances in-
creased, there was a proportional increase in the electrical-to-thermal conversion effi-
ciency for the SSB discharges, with a peak value of 38% observed for the 5.0 mm gap
with a 1.25 bar initial pressure. For the larger gap distances, the electrical-to-thermal
conversion efficiency likewise increased with initial pressure until the LTP-to-SSB
transition region was reached. At this point the efficiency numbers decreased, with
the decrease becoming more precipitous for the larger gap distances.
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Fig. 6. Plots of (a) electrical energy and (b) electrical-to-thermal energy conversion efficiency
for SSB discharges (o) and for LTP discharges without SSB (x) as a function of gap size and
initial pressure.

Electrical-to-thermal conversion efficiencies for the LTP discharges were almost
uniformly low, with most values below 1% regardless of the initial pressure or gap
distance. The exception was for the 5.0 mm gap (and to a lesser extent the 4.0 mm
gap), where in the LTP-to-SSB transition regime LTP electrical-to-thermal conver-
sion efficiencies increased to ~5% for the 1.29 bar initial pressure condition. These
results confirm that LTP discharges at this condition flirt with a transition to SSB.

Multi-Pulse SSB Occurrence Probability.

The SSB occurrence probability for a 10 pulse burst with a 100 ps dwell between
each pulse was evaluated for a fixed 5.0 mm gap at a range of initial pressures up to
2 bar. The first pulse where SSB occurred was identified by whether or not luminous
emission was observed by a photodiode positioned at the laser exit window. Note that
after the first observance of SSB, SSB was observed in all successive discharge
events in the pulse train. Accordingly, only the conditional probability for each pulse



is plotted in Figure 7, where discharges preceded by SSB were excluded from the
statistics. Note further that the SSB occurrence probability as a function of pressure
for the first pulse was nearly identical to the SSB occurrence probability in Figure 5
for the 5.0 mm gap obtained from the pressure-rise calorimetry measurements. The
good agreement suggests that (1) the first discharge in the 10-pulse burst was well
matched to the single-pulse results, (2) the experiment setup is highly repeatable, and
(3) the photodiode is capable of reproducing similar SSB probability results as the
calorimetry.
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Fig. 7. SSB probability for each pulse in a 10-pulse burst with a 100 us dwell between succes-
sive discharges as a function of initial pressure and with a fixed 5.0 mm electrode gap distance.

If subsequent discharges in the 10-pulse burst had no dependence on gas precondi-
tioning from the previous pulse, then the conditional averaging process should pro-
duce identical SSB probability curves as a function of initial pressure. However, from
Figure 7 this is not the case with each successive pulse resulting in a rightward shift
of the SSB probability curve towards higher initial pressures. The highest initial pres-
sure where SSB was observed shifted from 1.25 bar for the first pulse to around
2.1 bar for the tenth pulse. The magnitude of the shift lessened with each successive
pulse, with data from the 10th pulse nearing an asymptote. The results demonstrate
that with close-coupled multi-pulse discharges, SSB can occur at conditions where
there otherwise would have been no chance for SSB occurrence due to some form of
thermal or chemical preconditioning from previous pulses.

To more clearly illustrate the discharge characteristics for multi-pulse operation in
the LTP-to-SSB transition regime, a scatter plot of the delivered pulse electrical ener-
gy for the first 5 pulses of each test when the initial pressure was 1.6 bar is provided
in Figure 8a. Respective regions where the discharges were clearly LTP (i.e., less than
20 mJ delivered electric energy) or SSB (i.e., greater than 35 mJ delivered electric
energy) are labeled. Pulses in between the dashed lines are believed to be from the
LTP-to-SSB transition discharges.
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Fig. 8. (a) Discharge electrical energy for the first 5 pulses in the 10-pulse burst; LTP and SSB
regions are identified by the dashed lines. (b) The photodiode signal time history for each pulse
in Test Number 7, highlighted in Figure 8a.

For the test sequence in Figure 8a, each first pulse in the burst was LTP with all de-
livered pulse electric energies around 15 mJ. In most instances the second pulse like-
wise remained LTP, although the pulse energy roughly halved to around 8 mJ. There
were 4 recorded instances where the second pulse transitioned into the LTP-to-SSB
regime. By the third pulse, all discharges had delivered pulse energies that were char-
acteristic of the LTP-to-SSB transition regime or were full SSB discharges. For all
subsequent pulses, the discharges were firmly in the SSB regime.

In Figure 8b, the photodiode time-history for each pulse from Test 7 in the se-
quence (highlighted in Figure 8a) is shown for each discharge event. Based on the
delivered pulse energies for this test, the first pulse was LTP, with the second pulse in
the LTP-to-SSB transition region and all subsequent pulses in the SSB regime. As
expected, there was very little luminosity from the LTP of the first pulse. For each
subsequent pulse, there was a rapid rise in photodiode signal shortly after the dis-
charge indicative of SSB; the peak recorded photodiode signal is relatively consistent
for each discharge. However, intense luminosity was not detected by the photodiode
until ~30 ns after the discharge for the second pulse, which roughly doubled the
~15 ns dwell time observed for all subsequent SSB pulses. The delayed luminosity is
a clear indication that a delay in the onset of SSB is related to the characteristic LTP-
to-SSB discharges observed for the second pulse.

In Figure 9, discharge power, current, and voltage traces for Pulse 2 (LTP-to-SSB
discharge) and Pulse 3 (SSB discharge) from Test Number 7 in Figure 8a are overlaid
with the corresponding photodiode signal from Figure 8b. For both pulses, the voltage
initially experienced a rapid rise (~5 ns) shortly after the discharge as the primary
streamer head advanced toward the cathode. Free electrons generated by the ioniza-
tion processes within the streamer flooded back toward the anode, leading to a large
increase in discharge current (~125 amps) and a rapid rise in voltage potential rise
(~20 kV). Once the primary streamer connected to the cathode, there was a rapid drop
in voltage potential as a negative charge “return wave” flooded the primary streamer
channel with electrons from the cathode. The discharge current likewise experienced



a rapid decline. For both pulses, most discharge energy was delivered during this
primary streamer process.
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Fig. 9. Power, current, voltage, and photodiode time-history traces for Pulses 2 and 3 from Test
Number 7 in Figure 8a.

Concurrent with the rapid primary streamer advance and attachment to the cathode
was the slower secondary streamer propagation also from the anode to the cathode,
with the propagation speeds dictated by the local electric field strength. A second
voltage spike that resulted from secondary streamer ionization processes is observed
in the respective voltage time histories, with peak values roughly 20 — 30 ns after the
discharge. For both Pulse 2 and Pulse 3, the peak voltage from the secondary streamer
induced voltage spike closely corresponded with the appearance of photodiode lumi-
nosity indicative of SSB (highlighted by the orange vertical line in both plots).

The central difference between the two discharge events is the apparent slower
secondary streamer propagation speeds for Pulse 2, which meant the primary streamer
current was effectively zero by the time the secondary streamer connected with the
cathode. While the current subsequently increased sharply due to the decrease in gas
resistance between the electrodes, there was a commensurate drop in voltage potential
as the supplied electrical pulse had already terminated. The net result was that there
was very little delivered electrical energy after the SSB event. Pulse 3 on the other
hand, exhibited a secondary streamer voltage spike with a sharper rise rate that is
indicative of faster secondary streamer propagation velocities. As a result, the second-
ary streamer was able to connect to the cathode while the overall gap current re-
mained relatively high. The combination of elevated voltage and current values that
coincided with the SSB discharge led to an associated increase in delivered electrical
energy into the electrical gap.

3.2 LTP Two-Photon Laser Induced Fluorescence

O-atom TALIF was performed in the optically accessible calorimeter for the 5.0 mm
gap with an initial pressure of 1.7 bar. The condition was selected because there was
no observance of SSB for either the first or second pulse from the pressure-rise calo-
rimetry experiments. As mentioned in the experiment description section, the laser
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beam focus was positioned as close to the anode as possible; it was obvious when the
beam clipped the anode as luminous bits of metal fluorescence was observed in the
TALIF images. The region below the anode was selected because this is where the
largest electric field strengths are located (E /N =~ 536), and because it was only loca-
tion where consistent O-atom TALIF was observed. Signal was recorded for 50 con-
secutive discharges, with purge and fill cycles performed between each discharge as
described earlier. O-atom TALIF images were recorded at discrete times after the
discharge, beginning at 15 ps post-discharge (selected to avoid discharge induced
emission as described earlier) and continuing until 200 ps post-discharge.

A sample image of the ensemble averaged TALIF measurement near the anode is
provided in Figure 10. Also included in Figure 10 is a plot of the irradiance corrected
TALIF signal intensity as a function of time after the discharge; both single and dou-
ble-pulsed TALIF signal data are shown. Each data point represents the ensemble
average of the 2 super pixels with the highest recorded signal from each frame. Alt-
hough the data are not quantitative O-atom number densities, they are nonetheless
useful to compare relative concentrations as a function of time after the discharge and
how a single or double pulse impacts O-atom formation rates.

P = 1.7 bar
T

: —@— Single Pulse
:[ —»— Double Pulse

i i i
0 50 100 150 200
Time After Discharge [us]

Irradiance Corrected O-Atom TALIF Signal [a.u)]

Fig. 10. Point (left) image of O-atom TALIF. Plotted on the right are the irradiance corrected
TALIF signal data as a function of time after the discharge for single (black) and double (red)
pulse operation.

O-atom TALIF signal increased roughly 60% between 15 and 100 ps after the dis-
charge, with a decline thereafter. These results are consistent with the measured O -
atom number densities observed by Pendleton et al. [35] for a similar discharge in
ambient air, although they observed a sharp decline in O-atom concentrations by
100 ps after the discharge, with no observable concentrations by 200 ps post-
discharge. These results are somewhat surprising since recombination rates for the
current setup are expected to be faster with the higher initial pressure. However, it is
important to note that the pulse characteristics for the Pendleton et al. study were
somewhat different, with a shallower rise-time along with lower peak voltages and



currents. It is possible that larger O-atom concentrations at elevated electronic states
were created with the current setup, with ground state O-atom populations being con-
tinuously fed by the collisional de-excitation of these species. Additional measure-
ments are needed to verify this result.

Double pulse data were also acquired, with the results plotted in Figure 10 refer-
enced to the first of the two pulses. It is interesting that the O-atom populations at 127
and 200 ps after the first pulse are nearly identical to the single-pulse values acquired
at the same time after the pulse. Possible reasons for this observation include (1) the
second pulse induced some fluid mechanic process that displaced some of ground
state O-atom populations generated by the first pulse, (2) ground state O-atom popula-
tions were completely saturated due to a lack of available diatomic oxygen, or (3)
products created by the second pulse consumed much of the ground state O-atom
generated by the preceding pulse. It is also important to note that the first discharge
event resulted in some nominal gas heating between the electrodes. As a result, the
total number density at the anode during and after the second discharge would likely
be lower than for the first condition. Gas heating by the preceding discharge event
process will be evaluated in the next section.

3.3 Discussion

It remains unclear why subsequent discharges from multi-pulse operation led to high-
er SSB probabilities relative to the previous discharge. There are two likely mecha-
nisms that led to some sort of gas preconditioning between the electrodes by the pre-
ceding pulse that make the subsequent pulse more sensitive to breakdown. For the
first mechanisms, we postulate there is a chemical effect where the preceding LTP
pulse discharge leads to the formation of new species (e.g., O-atom, atomic nitrogen,
nitrogen oxide, ozone) or excited states that persist well after the original discharge
effectively lowered the overall gas ionization potential (IP) for the next discharge. For
the second mechanism, we consider the effect of modest gas heating by the preceding
LTP discharge, which would reduce the local number density and hence the effective
resistance of the gas between the electrodes.

To evaluate the chemical mechanism, the IP of commonly generated LTP species
from discharges in air are considered, with the values tabulated in Table 3. Note that
the only electronic excited state considered was 0, (al), which has decay lifetimes on
the order of milliseconds in ambient air; all other possible electronic excited states
have lifetimes that are no longer than a few nanoseconds. From Table 3, it is notable
while N, has the highest IP relative to the other species, O, is among the lowest with
ground state O-atom and ozone (O;) having IP higher than O,. Moreover, while the
dissociation of N, into atomic nitrogen (N) would decrease the IP on a molar basis,
the increase in number density would decrease the local reduced electric field. Only
substantial production of nitrogen oxide (NO) or electronically excited 0,(al) would
appear to reduce the gap IP in an appreciable way without leading to an associated
reduction in E/N. Future experiments will seek to measure NO concentrations be-
tween the gap to evaluate via laser-induced fluorescence. It should be noted that
chemical modeling simulations using the GRI 3.0 NOx [38] chemistry mechanism
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indicate that most dissociated N would recombine as N, rather than form NO. Moreo-
ver, NO equilibrium formation rates are ~1 ms, which is much longer than the 100 ps
dwell between successive pulses used for the experiments here. It is thus concluded
that while chemical effects are important, they are likely not a major driver for the
increased incidence of SSB.

Table 2. Ionization potentials for oxygen, nitrogen, and other LTP generated species.

Species 1P [eV]
0, 12.1
N, 15.6
NO 93
0Os 12.5
O 13.6
N 14.5
0O,(al) 11.1

The thermal mechanism was evaluated by making the assumption that all thermal
energy measured from the LTP-discharge calorimetry experiments was initially de-
posited into a cylindrical region that spanned the electrode gap. A uniform tempera-
ture increase (AT) in the volume was then estimated as the thermal energy normalized
by the total heat capacity of the volume following equation 4.

AT = ETherm/(pvaspark) (4)

Here, p and ¢, are the density and heat capacity at constant pressure for air, while
Vspark 18 the estimated initial cylinder volume of the spark channel. The spark chan-
nel diameter was estimated to be 625 um based on the natural luminosity images ac-
quired during the discharge event.

The initial temperature profile in the radial direction was then imposed as a bound-
ary equation for a one-dimensional heat equation (in cylindrical coordinates), with the
surrounding fluid set to the initial temperature prior to the discharge. To eliminate a
discontinuity in the boundary condition between the cylinder and the surrounding
ambient fluid, the initial profile was specified as an error function. The evolution of
the temperature profile was then computed at discrete time intervals using the Matlab
Partial Differential Equations tool box. An example profile of the of the initial tem-
perature and the corresponding profile 100 ps later is provided in Figure 11 for the
calorimeter test with a 5.0 mm gap and a 1.4 bar initial pressure. For this condition,
about 240 pJ of thermal energy was measured from the single-pulse calorimetry ex-
periments, which from equation 4 led to a modest temperature increase in the initial
spark volume (AT = 93 K). By 100 us after the first discharge the centerline tempera-
ture was essentially unchanged, which meant the centerline number density had effec-
tively decreased ~24% between the first and second pulses.
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Fig. 11. Calculated temperature profiles at 0 and 100 us after the discharge for a single-pulse
calorimetry experiment with a 1.4 bar initial pressure and a 5.0 mm electrode gap. The initial
profile temperature was set from equation 4 assuming that a 625 pm diameter cylinder extend-
ed between the electrodes and Eyp e = 240 pf from the calorimetry experiments.

From Figure 5, he SSB occurrence probability was nearly zero when the initial
pressure was 1.4 bar. By the subsequent pulse, the 24% decrease in number density
due to the increased temperature would have resulted in an effective decrease in initial
pressure for the second pulse to 1.07 bar, which for the single-pulse data would have
resulted in 100% SSB occurrence probability. This SSB probability in fact agrees
very well with the second pulse data for the 1.4 bar condition. Similar effects were
observed for the other conditions. Based on these results, the proposed thermal mech-
anism appears to be predominantly responsible for the gas preconditioning between
successive close coupled PND pulses.

4 Conclusions

The conversion efficiency of delivered electrical energy into thermal energy in air
was measured in a spark calorimeter modified for optical viewing and laser access for
high-voltage (28 kV peak) PND (5 ns rise time, 12 ns FWHM) that underwent SSB or
remained LTP. Initial pressures were varied between 1 and 5 bar, with the gap dis-
tances between a sharpened anode and cathode varied between 1 and 5 mm. Second-
ary electrical energy was measured using an in-line attenuator, while the thermal en-
ergy deposited into the gas was determined from the pressure-rise calorimetry meas-
urements. The probability for single-pulse SSB occurrence was evaluated using the
calorimetry measurements. The SSB occurrence probability for a 10 pulse burst with
a 100 pus dwell between each pulse was also evaluated for a fixed 5.0 mm gap at a
range of initial pressures up to 2 bar. Here, SSB was identified by luminous emission
recorded by a photodiode positioned at an available laser exit window. Finally, for
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LTP-only discharges with either single or double-pulse operation in situ O-atom
TALIF was performed near the anode where electric field strengths were strongest.
Major findings are as follows:

e The SSB occurrence probability for single-pulse PND decreased with larger gap
distances and lower initial pressures. For all gap distances evaluated, SSB-to-LTP
transition regions were identified where intermittent SSB would occur.

e Electrical energies for single-pulse LTP were ~15 mJ with less than 1% of the
electrical energy converted into thermal energy, except for the 5 mm gap where the
thermal energy conversion increased to 5% in the SSB-to-LTP region. SSB from
the SSB-to-LTP regime more than doubled (~38 mJ), with up to 25% of the elec-
trical energy converted into thermal heating. SSB outside of the SSB-to-LTP tran-
sition region had even higher delivered electrical energies (45 mJ+) and conversion
efficiencies (30%+) at the larger gap distances. Differences in SSB behavior were
attributed to slower secondary streamer propagation rates for discharges in the
SSB-to-LTP regime.

e For close-coupled multi-pulse PND, SSB probabilities were found to increase with
each successive pulse. The increased occurrence was attributed mostly a thermal
preconditioning mechanism from the preceding LTP pulse, modest heating of the
gas between the electrodes lowered the number density and hence the electrical re-
sistance for gases within the electrode gap.

e Significant O-atom populations were measured via TALIF just below the anode
beginning ~15 ps after a LTP discharge for an initial pressure of 1.7 bar; the results
agreed well with previous measurements from a similar setup, but at atmospheric
pressure. Double-pulse operation was found to found to have negligible influence
on the post-discharge O-atom populations near the anode. Additional planar O-
atom TALIF imaging is needed to determine if the pulse induced advection dis-
placed O generated by the previous pulse.

The results suggest that to maximize active radical formation via LTP when PND are
used, dwell times between successive pulses should be long enough to allow for the
inter-electrode gas temperatures to relax back to ambient, or that successive pulse
energies should be lowered to lessen the possibility of SSB. Moreover strong tumble
flows could enable rapid and continuous refreshment of cooler ambient gases provid-
ed that the electrode design does not obstruct flows between the anode and cathode.
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