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Abstract

The atomic nitrogen (N) density in a nanosecond pulse capillary discharge is measured
using two-photon laser induced fluorescence (TALIF). The capillary discharge is favored
for its unique combination of both large reduced fields (E/N) and high specific deposited
energies. Under such conditions, we find that a pure nitrogen (N2) capillary discharge at
a pressure of 27 mbar and temperature of about 300 K, produces a peak N-atom density
of 1.29 - 107 cm3, corresponding to an extremely high dissociation degree of about 10%.
The time evolution of the N-atom density is tracked from a few hundred ns after discharge
initiation, up to several ms when the concentration of N-atoms falls below the detection
limit. The temporal evolution curve exhibits a trapezoidal-like shape, characterized by an
initial rise in the N-atom density up to a few ps, followed by a relatively flat and constant
profile until about 1 ms, and finally terminating with a drop to near detection limits at about
10 ms. The high electron densities (10 cm3) and efficient production of electronically
excited states associated with this type of discharge is found to have a profound effect on
the consequent kinetics. A process of stepwise dissociation through electron impact of
the N,(A >3}, B°M,, C°M,) excited states is examined and proposed as a possible
explanation for the unusually high energy efficiency of N-atom production. The present
study shows that the capillary discharge is an extremely effective source of N-atoms, and
forms the impetus for continued study of discharges with both high levels of specific
deposited energies (> 1 eV/molecule) and reduced electric fields (E/N > 150 Td).

* Current affiliation: Ruhr University Bochum, Faculty of Physics and Astronomy, Institute for Plasma and
Atomic Physics, Germany



1. Introduction

Over the past decade, plasmas produced by nanosecond pulses has evolved into an
enabling technology across numerous disciplines spanning aerodynamics [1,2],
combustion [3-5], biology and medicine [6,7]. The principal mechanism behind such
plasmas is that the application of high voltage pulses with a rapid (nanosecond) rise time
and short pulse width (tens to hundreds of nanoseconds), creates a system of strong non-
equilibrium, allowing access to voltages significantly exceeding the DC breakdown
threshold [8]. At extremely high (~ 102 Td) electric fields in the front of a nanosecond
discharge, the spatial uniformity of these plasmas can be maintained, from moderate
pressures (tens of mbar) [9,10] up to atmospheric pressure [11,12]. The discharge
propagates in the form of a Fast lonization Wave (FIW), leaving in its wake a plasma with
still relatively high electric fields (200 — 400 Td), sustained throughout the duration of the
high-voltage pulse. These fields efficiently excite electronic levels of atoms and molecules
[13], which can consequently lead to molecular dissociation, providing one of the most
efficient chemical pathways in nanosecond discharges.

High chemical reactivity of nanosecond plasmas via dissociation has only recently
been experimentally demonstrated and confirmed by numerical modeling. High
dissociation degrees of oxygen molecules in a pin-to-pin discharge in air at atmospheric
pressure [14-17], and in a capillary discharge at tens of mbar [18] was obtained using
high voltage pulse durations on the order of tens of nanoseconds. The efficiency of
molecular oxygen dissociation has been attributed in [19] to dissociation via direct
electron impact in the discharge (via A *3{, C A, , c 125 and B *2; excited O2 states) and
through collisional dissociation with electronically excited molecular nitrogen during the
discharge and nearest afterglow, N2* + Oz — N,(X '£3,v) + O(P) + O(°P, D), where Nz*
is one of the following states: N, (A >, v), No(B °I1; ), N,(a’ 'Z7), N,(C °, ).

Nanosecond capillary discharges, by virtue of their small volume, are an interesting
subset of nanosecond plasmas, in that they provide a configuration where the specific
energy deposited into the system is very high (a few eV/molecule). At such high values
of deposited energy, the plasma chemistry is dominated by interactions between excited
state species rather than with the bath gas. Previous studies have characterized
important parameters of the discharge such as the gas temperature, electric field and
electron density at moderate pressures around several tens of mbar for both pure N2 and
N2:02 [20]. This has been supplemented by spectroscopic measurements of excited state
species and atomic species such as O-atoms [18].

Most of the current work indicates that it is extremely difficult to achieve a high
dissociation degree of N2 molecules in a gas-discharge nitrogen plasmas. However, in
[35], the authors were able to obtain a very high fraction of nitrogen dissociation in a low-
pressure ICP discharge at P < 100 mTorr in pure nitrogen and in N2:Ar mixtures. The
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actinometry technique was used to quantitatively determine the nitrogen dissociation
degree. A dissociation degree of up to 70% was obtained at high discharge power, and
thus at high electron densities. Judging from the linear dependence of the dissociation
degree upon power of the discharge [35], the energy efficiency is not expected to change
significantly.

Measurements of N-atom density in the DC discharge in pure nitrogen at P =5 - 40
Torr in the range of reduced electric fields E/N = 40 - 100 Td are presented in [44]. The
authors show that the energy efficiency of nitrogen dissociation can be significantly
increased in the presence of vibrational excitation of N2, but even then, the efficiency of
N-atom production did not exceed 0.9 N-atoms per 100 eV of deposited energy.

The main objective of this study is to examine the N-atom density and energy
efficiency in a moderate pressure nanosecond capillary discharge, with the aim of
understanding the kinetics of discharges with high specific energy coupling and reduced
electric field, and to support related modeling efforts.

2. Experimental Setup
2.1.Discharge specifics

A schematic of the discharge cell used in this work is presented in figure 1. This
configuration is very similar to that used in [18,20], with slight differences in the
dimensions of the discharge tube and the interelectrode distance. The tube is a cylindrical
quartz capillary with a nominal length of 85 mm and an internal and external diameter of
1.7 mm and 3.0 mm respectively. Two pin-shaped brass electrodes, each with a diameter
of 1 mm tapering to a tip radius of about 100 um, are inserted at both ends along the
length of the capillary, giving rise to an inter-electrode gap of about 67 mm.

Pure N2 gas enters and exits the capillary via two glass side arms located along the
length of the capillary, and at a flow rate of 5 sccm by means of a Brooks Instruments
5850TR mass flow controller. This flow rate is chosen to ensure total gas renewal before
each successive high voltage pulse. The static pressure in the middle of the capillary was
maintained at 27 mbar based on previous work which indicated this as a good operating
pressure for initiating a stable plasma while maximizing the energy coupled to the plasma.
Pressure measurements are made using a pair of CMR 362 capacitive pressure sensors
(from Pfeiffer Vacuum SAS), each positioned at an approximately equidistant location
upstream and downstream of the capillary. The static pressure is determined by taking
the average of both these sensor readings. This approach for pressure quantification is
chosen due to difficulties associated with directly mounting a pressure transducer onto
the capillary and has been validated numerically using a Navier-Stokes solver [18].
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Figure 1. Schematic of the experimental setup, comprising the discharge cell and the
optical equipment and components for the TALIF measurements.

High voltage nanosecond pulses are delivered by a FPG 12-1NM high-voltage
generator (HVG) manufactured by FID GmbH. Positive polarity, 9.3 kV amplitude voltage
waveforms with a rise time of 4 ns and a full width at half maximum (FWHM) of 30 ns are
produced by this HVG at a repetition rate of 10 Hz. The output of this HVG is connected
to one of the electrodes (high-voltage electrode) via a 50 QQ impedance, RG213, 25 m
coaxial cable. A 100 m length coaxial cable is connected to the second (low-voltage)
electrode but with its other end short circuited. The central wires of each of the coaxial
cables are electrically connected to the electrodes, while the respective shielding in each
cable is connected to a rectangular 48 mm by 67 mm metallic screen which encapsulates
the capillary. The installation of the capillary and grounded screen may therefore be
treated as a break within a long coaxial cable.

Due to an impedance mismatch between the coaxial cable and the discharge cell (viz.
electrical load), each pulse delivered by the HVG is reflected two times, once from the
high-voltage electrode and a second time from the HVG itself. This entire process repeats
itself only twice, limited by the internal circuitry of the HVG, and leads to a sequence of 3
incident pulses delivered to the discharge cell. Each incident pulse is separated from the
next by about 250 ns, corresponding to the round trip propagation time of the high-voltage
pulse within the coaxial cable (see figure 2).

The high voltage waveforms are measured by means of two custom-made, calibrated
back current shunts (BCS), embedded within each of the coaxial cables connected to the
high and low voltage electrodes. The BCS installed before the high-voltage electrode



(BCS1) captures the incident and reflected waveforms from the cell, while the second
BCS located after the low-voltage electrode (BCS2) is responsible for detecting the
transmitted voltage waveforms. It should be noted that a substantial body of work has
been devoted to the development and use of these BCSs as a means of measuring the
electrical current and energy coupled to a discharge [21,22]. The electrical signals from
the BCS, along with the TALIF signals described in more detail below, are recorded via a
LeCroy WaveRunner 64Xi-A oscilloscope with a bandwidth of 600 MHz and a sampling
rate of 5 GS/s (i.e. 200 ps per time step).
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Figure 2. Waveforms showing the high-voltage pulses measured by BCS1 (incident
pulses are shown in blue while reflected pulses are colored in gray dotted lines),
transmitted current (BCS2) and the specific deposited energy.

2.2. TALIF measurements of atomic nitrogen

Two-photon absorption laser-induced fluorescence (TALIF) is used to track the time
evolution of the atomic nitrogen density in the discharge. The laser system used for the
TALIF experiments consists of a Sirah Lasertechnik Cobra Stretch dual-grating dye laser
driven by a frequency-doubled Quanta Ray Nd:YAG laser. A dye-mix of Rhodamine B
and Rhodamine 101 (supplied by Sirah Lasertechnik) is employed as the lasing medium,
and pumped with 532 nm light to produce output within the visible range of 621 nm, at a
repetition rate of 10 Hz. This light is then frequency-tripled via two successive alpha-BBO
non-linear crystals, to yield 3 mJ, tunable UV pulses near 206 nm with a FWHM pulse
duration of about 6.5 ns.

As illustrated in figure 1, this UV light is focused with a 1 inch diameter, 50 cm focal
length plano-convex lens, propagating along an axis orthogonal to the length of the



capillary and at a distance approximately halfway between the two electrodes. In addition,
a high precision translational lens mount (Thorlabs LM1XY/M) ensures that the laser
beam intersects well with the centerline of the capillary cross-section.

For the TALIF experiments, the laser intensity is appropriately reduced to a value of
between 10 — 300 uJ through two mutually compensating, near-Brewster’'s angle tilt
plates. The amount of energy reduction can be precisely controlled by small angular
adjustments to the tilt plates, while leaving the temporal profile of the transmitted light
unchanged. Furthermore, to avoid damaging the capillary, the laser intensity is attenuated
by locating the beam focus slightly behind the capillary. The laser intensity is monitored
with a 1 ns rise time photodiode (Thorlabs DET10A) by picking off a tiny fraction of the
main beam with a quartz plate. The integrated photodiode signal exhibits a +5%
correlation with the energy measured by a Newport 919P-003-10 thermopile power meter.

3p s S5p’ [3/2
55’ [1/2],

35 Py/23/2,502

e — 4p° s,
Ground state Ground state

Figure 3. Two photon excitation scheme used for a) atomic nitrogen and b) krypton.

The N TALIF scheme used for these experiments is shown in figure 3(a). The two-
photon 3p “Sz2 N resonance is accessed via a pair of 206.7 nm photons and subsequently
fluoresces to three different fine structure levels, emitting light respectively at 742.6 nm,
744.4 nm and 747.0 nm [23]. This resulting fluorescence is captured by a Hamamatsu
Photo Sensor Module H7422P-50, infra-red sensitive photomultiplier (PMT). Stray light
originating primarily from the background plasma emission is rejected both spectrally and
spatially. A narrow 10 nm bandpass filter centered at 750 nm (Thorlabs FB750-10), blocks
a significant amount of the emission from the plasma as well as scattering from the UV
probe laser. However, there still exists a considerable amount of plasma emission
originating from the N2 first positive system near 750 nm which is well-overlapped with
the resulting laser fluorescence. A 300 pum pinhole is used to reduce this contribution
based on the expectation that the plasma emission originates from a comparatively larger
volume than the fluorescence. The pinhole therefore spatially filters out more of the
plasma emission than the fluorescence signal, and increases the signal to noise ratio.
Both the bandpass filter and the pinhole are attached to the entrance of the PMT.

As shown in figure 1, the light collection optics additionally comprise a 1 inch diameter,
75 mm focal length plano-convex lens which collimates the fluorescence, followed by
another 1 inch diameter, 100 mm focal length plano-convex lens responsible for focusing
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the light into the PMT. Both lenses are separated by a UV turning mirror to allow precise
alignment of the focused light through the pinhole and onto the PMT. The fluorescence is
collected orthogonal to the beam propagation axis, via an aperture located beneath the
capillary. A glass window attached to this aperture also serves to reject any stray UV
light scattered off the quartz tube.

To obtain quantitative atomic nitrogen number densities, signal calibration is performed
against a noble gas, krypton (Kr), which has a spectrally close two-photon resonance at
204.1 nm. The idea is based on using the fluorescence from a gas of known number
density (Kr), to calibrate the fluorescence measured from another gas (N), so as to infer
the number density of this second gas. In most instances, this other gas is typically an
unstable atomic species, in which production of controlled or known amounts (viz. number
densities) is challenging. This approach of inert gas calibration was proposed in seminal
work by [24] and has since been widely adopted in the literature. One advantage of this
method is that any uncertainty in the N signal due to the laser intensity variation along the
beam propagation axis — bearing in mind that the probe volume is not located exactly at
the beam waist — is minimized since the same intensity variation is present when
performing the Kr calibration. It is therefore imperative that an identical setup is used (with
respect to the two-photon pumping and the fluorescence collection) for both the N and Kr
measurements. Even then however, it is possible that some systematic error could still
be present. This is addressed in greater detail in section 3.4.

The Kr TALIF scheme used is shown in figure 3(b). Absorption of two 204.1 nm
photons from the 4p® 1So ground state of Kr excites electrons to the 5p’ [3/2]? resonance.
This population subsequently relaxes to the 5s’ [1/2]* state accompanied by the emission
of 826 nm light. Given that only the 826 nm fluorescence from the 5p’[3/2]2 excited state

aKr

is monitored, the optical branching ratio ( ) is thus less than unity, and is assigned a

Akr
value of 0.962 based on an average of the values in [23,24]. To isolate the atomic

fluorescence, a 10 nm bandpass filter centered at 830 nm is used. As evident from
equation (2) below, while the choice of Kr as a calibration gas is advantageous since it
has a two-photon resonance close to that of N, it is not a perfect candidate since the Kr
fluorescence does not exhibit similarly good overlap. Transmission efficiencies of the
various components within the light collection system at these different fluorescent
wavelengths must therefore be accounted for.

Following [24], the time and spectrally integrated fluorescence S of two gases — in this
case N and Kr — may be written respectively as:

_ L\* [ Ay
Sy=1Iy"ny-oy- w), @ to. “Fy - (PMT)y, (1.1)
N N
L\* jag Ay
SKr=rKr'nKr'aKr'<E>Kr'<AK:)'<AKr +rQKr>'FKr'(PMT)Kr- 1.2)



Here T represents the photon statistical factor at a relevant laser wavelength, n is the
number density, o is the two-photon absorption cross-section, I, is the laser intensity, h
is the Planck constant, vis the laser frequency, a is the natural radiative rate for a specific
observed fluorescence transition, A and Q are the natural radiative and quenching rates
of the two-photon excited state while F and (PMT) represent the transmission efficiencies
of the filters and photomultiplier at the respective fluorescent wavelengths. Rearranging
termsin (1.1) and (1.2), one arrives at the following expression for ny the number density
of N-atoms:

2
() G2 i) G () () G ) ) ) e

Given that both the N and Kr resonances lie within close spectral proximity, it is
assumed that their respective photon statistical factors are invariant within this
wavelength range and therefore cancel out in (2). The various parameters on the right
hand side of (2) have been grouped as follows: terms in the first four parentheses
represents quantities or ratios which have not been measured in this study but referenced
from the literature or operating manuals, the next three parentheses contain parameters
which have been measured in this work but are also available in the literature, while the
remaining terms in (2) consist of only measured quantities.

Due to observed shot-to-shot variations in the laser energy, only laser pulses falling
within +3% of a predetermined mean energy value (based on the integrated photodiode
signal) are accepted for analysis. TALIF PMT signals which satisfy this criterion, are
acquired and averaged over a minimum of 300 laser shots. This procedure is observed
for all spectral scans, where each scan is conducted with a resolution of about 0.3 pm.

A potential source of error not examined in this study is related to observed fluctuations
in the temporal profile of the instantaneous laser intensity. The origin of these fluctuations
is not well understood but could be due to a slight spatial ellipticity in the unfocused beam
profile as visualized using alignment burn paper. This elliptical ratio is roughly 1.8:1 and
may cause ‘mode-beating’ which could lead to irregular spikes in the laser beam intensity
with time.

The time evolution of the N-atom density produced by the plasma is measured by
varying the time delay between the probe laser pulse and the initiation of the discharge.
This is implemented through the use of two BNC 575 delay generators. While in theory a
single delay generator would be sufficient for this purpose, a several-ys jitter between an
input trigger to the HVG until the firing of a high voltage pulse necessitates the use of a
second such device. The first delay generator triggers the flashlamp of the Nd:YAG laser
followed by the HVG,; the trigger input to the HVG produces a synchronization output
which is used to trigger the other delay generator. This second delay generator triggers
the laser Q-switch after a prescribed time delay, thereby providing a robust scheme for
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varying the time between the arrival of the laser pulse and the firing of the discharge with
a jitter of less than 1 ns.

3. Results and discussion

3.1.Krypton calibration
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Figure 4. Plot of Kr TALIF signal decay rate versus Kr pressure. The random
uncertainty of these measurements is about 3%.

Figure 4 shows the Kr TALIF decay rates measured as a function of Kr pressure. The
y-intercept of a linear fit to this data gives the natural radiative rate while the gradient of
this line provides a measure of the Kr self-quenching rate. A value of 32.5 ns (versus 34.1
ns) is obtained for the natural radiative lifetime (Ag,) ! of the Kr 5p’ [3/2]? state, exhibiting
excellent agreement with [24]. However, our measured quenching rate Qk, of 1.9-101°
cm3st (versus 1.46-101° cm3s?) only offers relatively modest agreement [24]. The
experimentally measured values of the corresponding natural radiative rate Axr and decay
rate (Axr + Qxr) have been used for computing the absolute N-atom density based on (2),
using a reference Kr pressure of 2.7 mbar. The overall effect of the systematic uncertainty
or difference between the present measurements and those in [24] on the N-atom density
measurements based on equation (2) is calculated to be < 7%.

3.2.Fluorescence spectra

Both the fluorescence spectrum of N and Kr are shown in figure 5. The purpose of
acquiring these spectra are twofold: to compare the measured line intensities —
particularly for N which comprises 3 lower energy levels — with that in the literature, and
to compare the measured transmission of the N and Kr bandpass filters with the numbers
in their respective datasheets. The latter is accomplished by performing a separate set of
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experiments, and attaching each of the bandpass filters before the entrance of the
spectrometer. The fluorescence spectra is acquired using an ANDOR SR-500i-B1 infra-
red sensitive spectrometer and averaged over 1000 laser shots. Figure 5(a) shows that
the three fine structure N-atom lines are faithfully captured in the experimental emission
spectrum. The relative individual linestrengths, computed by taking the spectral integral
of each line and normalizing it by the total spectral integral, exhibit excellent agreement
with NIST published data [23] as shown in the inset of figure 5(b).

As expected, the Kr spectrum shows the presence of the 826 nm atomic fluorescence.
However, an exception is that at higher pressures in excess of 9 mbar, the presence of
two other lines at 828 nm and 830 nm is observed. The source of these extraneous
emission lines has not been further examined, but could be associated with either
collisional processes or electron-ion recombination into various excited states. It is
important to point out that these lines fall within the transmission linewidth of commonly
used bandpass filters for the Kr 5p’ [3/2]? - 5s’ [1/2]* transition, and may constitute a
source of error when interpreting PMT data, if not taken into consideration. Interestingly,
the presence of additional fluorescence features has also been observed in femtosecond-
TALIF related research [25, 26].
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Figure 5. Peak normalized emission spectra for a) Kr at 2.7 mbar and b) N. The N-
atom spectra are acquired at t ~ 160 us after discharge initiation.

An evaluation of the filtered emission spectra with their respective transmission curves
shows very good agreement for the bandpass filter used for Kr but only fair agreement
for that of N. Fortuitously, the effective transmission — given by the product of the
respective normalized linestrengths with either the experimental or datasheet values —
only differ by around 1%, and no further attempt is made to understand this discrepancy.

3.3. TALIF signal versus laser intensity

With reference to equations (1), a linear relationship between the measured
fluorescence (viz. TALIF signal) and number density of the species of interest is valid only
if the signal observes a quadratic dependence with the laser intensity. Satisfying this
condition, also commonly known as the ‘linear regime’, is typically taken as an indication
— based on a classical rate equation analysis — that additional processes such as
stimulated emission, photoionization and photodissociation are less important and may
be neglected compared to the fluorescence [24].
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Figure 6. Logarithmic plots of TALIF signals versus laser intensity for Kr and N. The
laser intensities used in the respective experiments are indicated with black arrows.

To ensure operation within this ‘linear regime’, TALIF signals at resonance are
measured for various levels of the laser energy. Plotting the logarithmic values of both
the TALIF signal and the laser intensity (given by the integral of the photodiode signal) as
displayed in figure 6, yields a slope of about 2 for both the case of Kr (2.11) and N (2.08).
Although full spectral scans are not taken for these data, a similar procedure whereby
fluctuations in the laser intensity are limited to 3% of a mean value is still observed. For
the primary experiments described in section 3.4, the laser energy used in the case of N
was about 85 pJ and the corresponding value for Kr was about 30 pJ. Since the
measurement volume is not located at the beam focus, we have chosen to express the
laser energy in arbitrary units to prevent misinterpreted estimates of the actual laser
intensity. As a final note, since the TALIF signals are also dependent on the square of the
temporal variation in the laser intensity, the data is also corrected for small differences in
the mean temporal profile of the laser pulse for Kr and N. These small differences are
believed to arise from the non-uniform lasing efficiency of the dye at the slightly different
resonant wavelengths.
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3.4.Time evolution of N-atom density
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Figure 7. Time evolution of the N-atom density measured using TALIF. Red filled
symbols represent data points where quenching corrections have not been accurately
implemented.

With the benefit of the data presented in the foregoing sections, the time evolution of
the N-atom density produced by the discharge is calculated based on equation (2) and
shown in figure 7. The primary source of systematic error in these measurements stems
from the difference in radial profiles for the N and Kr experiments. Recall that since the
capillary is located some distance upstream of the focus of the probe laser, this means
that the exact measurement volume of the TALIF signal is not clearly defined. In
particular, it is quite likely that the signal originates from a finite radial extent of the
capillary cross-section, rather than just the center. While replicating the same
configuration in Kr partially mitigates this uncertainty, it is believed that the difference in
radial profiles of the N and Kr atoms within the capillary will constitute a certain amount
of error. In particular, a previous study in the same discharge noted a ‘U shape
distribution of NZ(C My, v = O) molecules over the capillary cross-section during the
discharge pulse [20]. The consequent N-atom production is expected to be strongly
influenced by and replicate this initial distribution. In contrast, the Kr atoms are likely to
be more uniformly distributed over the entire section of the capillary. Other sources of
error include the imperfect shot to shot repeatability of the discharge, as well as the
uncertainty in the ratio of the N and Kr two-photon cross-sections. The error bars in figure
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7 have been obtained as a result of repeated experiments at two different collection
angles and at reduced laser energies.

The N-atom density is tracked from early times — about 300 ns after the first HV pulse
— until several tens of milliseconds after the initiation of the discharge. As seen in figure
8, there is considerable emission from the plasma which spectrally overlaps with the
fluorescence. This emission, which is observed together with each incident HV pulse,
lasts for about 1 ps and can potentially overwhelm the TALIF signal if not adequately
addressed. To improve the signal to noise ratio, measurements for t < 1 ps are timed
such that they correspond to the decaying section of the plasma emission. At the other
end of the time spectrum, care is also taken to ensure that measurements are conducted
well in advance of the gas renewal time t. = 40 ms and the laser pulse repetition time (i.e.
1/10 Hz = 100 ms).
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Figure 8. PMT time trace acquired during the early afterglow of the discharge,

illustrating the strong background emission from the plasma up to aboutt = 1 us. (Note

that the small peak near t = 2.5 ps provides an example of a representative TALIF signal.)

Black arrows correspond to time instants of the TALIF measurements relative to this
emission signal.

As described earlier in section 2.2, the TALIF signals Sy and Skr used to compute the
N number densities for each data point in figure 7 corresponds to a spectral scan over
the atomic line taken at that particular time instant. For each scan, in addition to any non-
resonant plasma emission, a background component anticipated to be originating from
the fluorescence of the quartz capillary, is subtracted from the measured TALIF signals.
This contribution persists even several hundred picometers away from the peak signal
wavelength, and is determined by simply tuning the probe laser off-resonance (on the
basis that its value is independent of wavelength within this range). Such interference

14



from quartz fluorescence has also been observed and characterized in previous work
[18]. Furthermore, to eliminate the possibility of N-atom production by laser photolysis or
outside of the capillary, it is confirmed (see figure 7) that no TALIF signals are registered
in the absence of the discharge. Finally, wherever possible, quenching corrections are
applied based on experimentally determined TALIF decay rates rather than rates
published in the literature. This approach is deemed prudent given uncertainties
surrounding the exact composition of the plasma with time (from the initiation of the
discharge). Unfortunately, due to the existence of fast quenching processes, not all the
data could be corrected. This issue is addressed in greater detail in section 3.5.

3.5. Time evolution of N-atom TALIF fluorescence decay rates

Figure 9 echoes the time evolution plot of figure 7 but instead displays the
experimentally measured TALIF signal decay rates. It is observed that at early times,
mainly for t < 5 us, the measured decay rates are not resolvable (T L= Ay +0p) =

decay
0.4ns™1), and are limited by the duration of the probe laser pulse. For these data points,

the N-atom density has been computed by using the measured signal decay rates, which
obviously will lead to an underestimation of the actual values.
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Figure 9. Time evolution of the N-atom TALIF signal decay rate. The maximum random

uncertainty of these measurements is about 5% and 15% fort <10 ms and t > 10 ms
respectively.

The existence of these rapid decay rates merits further discussion, especially with
regards to the origin of the underlying processes. Electron production and its ensuing
impact on the plasma kinetics is a distinctive feature of such capillary discharges;
estimates of the electron density are about 104 cm3, about 700 ns after the initiation of
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the discharge [27]. Given that electrons are known to be very effective ‘quenchers’ of
excited states under our experimental conditions [27], and that the peak of the electron
density tends to coincide with time instants where the TALIF decay rates are fastest,
suggests that electron quenching could be a reason for this rapid signal decay. Another
possible reason is that the quenching rate of the N2 bath gas could be significantly higher
due to an increased gas temperature at these early times (t <5 us), even though the gas
density remains constant (see further discussion in section 4.1). An earlier study
conducted under identical conditions measured a temperature rise to about 2150 K at t =
1.5 ps [24]. The temperature after the first HV pulse (t * 270 ns) is however, significantly
lower (~ 750 K) [24], and could explain why the TALIF decay rate measured at this time
(first point in figure 9) is less rapid. Finally, as a consequence of the large N-atom
densities (on the order of 10" cm3) produced by the plasma, the presence of self-
guenching from N-atoms could also be a factor in accelerating the fluorescence decay.
Evidence in favor of this argument can also be seen later, for instance att = 1 ms, when
the gas temperature has probably equilibrated with the ambient but with the N-atom

L ~01ns7Y)is

density still reasonably high. The measured decay rate att = 10 ms

Tdecay

still slightly higher than that predicted by considering the natural radiative rate and N2
1

guenching at room temperature (0.06 < < 0.08 ns™t). The latter is computed based

Tdecay

on published room temperature quenching rate coefficients for N2 [24, 28].
4. Discussion

4.1.Time evolution of N-atom density

This section analyzes the main processes responsible for the production and removal
of N-atoms in a nanosecond capillary discharge, in light of the fact that the measured
peak dissociation fraction of about 9.7% is noted to be ‘unusually’ high. The dissociation
fraction, g is defined as:

ﬁ_<nN+2-nN2>' (3)

Returning to figure 7, it is evident that the results display a ‘trapezoidal-like’ shape —
a continuous rise in the N-atom density after each of the three HV pulses, lasting up to
about t = 2 ps, followed by a plateau until t = 1 ms, and finally a drop from 2 ms <t <10
ms. The initial rise in the number density to about 1.29 - 101’ cm3is believed to be driven
mainly by electron-impact excitation to high lying predissociative states, according to the
reaction given in [29,30]:

4)
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e + N2 — N(4S) + N(°D) .

Each HV pulse produces additional N-atoms via reaction (4), of which one atom is in
the ground N(*S) state, and the other in the electronically excited state N(°D). Another
source of ground state N-atoms is therefore derived from the collisional de-excitation of
these N(°D) atoms. At gas temperatures between T = 1700 — 2000 K typical of such a
capillary discharge [20], the rate constant of quenching of N(?°D) atoms

N(2D) + N2 — N(*S) + N2 (5)

is equal to ks = (3 — 4) - 1012 cm?/s [31]. A typical quenching time of reaction (5) at P =
27 mbar is equal to 400 — 500 ns. Thus, att > 2 ys, the density of ground state N(*S)
atoms is equal to the total density of N-atoms produced in the discharge.

At times beyond t = 2 ps, the main process influencing the N-atom density is the
density change due to gas dynamic rarefaction of the heated region following the initial
temperature rise (via fast gas heating). A typical cooling time with the wall based on
thermal diffusion is equal to [32]:

AT 7
w =0 G ®

where A(T) is the thermal heat conductivity, C, is the isochoric specific heat capacity,
and p is the gas density. For T = 1000 K, R = 0.8 mm and pressure P = 27 mbatr, this time
is equal to 7, = 46 ps. At the same time, for a capillary length, L = 7 cm and a gas
temperature T < 1000 K, a typical travel time of the rarefaction wave to the measurement
location (viz. acoustic timescale) is 7, =2 57 us. As a result, the influence of gas
hydrodynamics on the N-atom density at the center of the discharge tube, i.e. at equal
distances from the electrodes, is minimized. This could explain why the measured N-atom
density remains relatively constant at these later times.

In addition, the strong possibility of a non-uniform radial profile of the N-atom density
immediately after the discharge [20], suggests that a change in the atom density on the
axis of the tube due to diffusion from the near-wall zones is possible. A typical diffusion
time can be estimated from [32] as:

27— 1
Vaigr ' = [DN ' (2,74) ] ’ (7)
where Dy is the mass diffusion coefficient of N(*S) atoms in pure molecular nitrogen, R is
the radius of the capillary tube. At P = 27 mbar, T = 2000 K, R = 0.8 mm and Dy = 150
cm?/s [33], a typical diffusion time is equal to 74 < 10 ps. The fact that the measured
distribution of N-atoms stays almost unchanged fromt = 2 — 10 us (see figure 7) may be
an indication that the TALIF signals originate from the entire cross-section of the capillary.

A typical time of heterogeneous recombination of N(*S) atoms, v,,.~!, can be written
as [30]:
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where u is the thermal velocity, and yy is a coefficient of heterogeneous recombination ot
atomic nitrogen on the wall of the capillary tube, yy = (6 — 7) - 10 for a clean quartz
surface at a wall temperature of between Twai = 300 — 600 K [34]. The recombination
coefficient increases with wall temperature, reaching yy = (1 — 2) - 102 at Twar = 800 —
1200 K [34]. In the latter case, the time of heterogeneous recombination will be equal to
Ther = 1.5 — 3 ms, in reasonable agreement with the results of the current measurements
(see figure 7). This indicates that the removal of N-atoms is driven by heterogeneous
recombination and that accumulation of N-atoms from pulse to pulse will be absent at
repetition frequencies below 100 Hz.

4.2.Possible mechanisms leading to efficient N2 dissociation

As mentioned earlier, the maximum measured ground state N-atom density is 1.29 -
10%” cm3and corresponds to a dissociation degree of about 9.7% based on equation (3).
Such high levels of dissociation have rarely been reported in the literature [35], and
surpasses typical values measured in streamer discharges [36]. The specific deposited
energy over the three HV pulses, averaged over the discharge volume is about W = 1.7
eV/molecule. In this case, the fraction of discharge energy spent on dissociation is equal
to 50%, corresponding to an energy efficiency of N-atom production (G-factor) of Gy = 10
atom/100 eV (i.e. 10 atoms of nitrogen per 100 eV of deposited energy).

Figure 10 presents the results of measurements [37, 38] and calculations [30] of the
energy efficiency of Nz dissociation, Gn, as a function of the reduced electric field E/N.
For E/N = 200 — 250 Td, the energy efficiency of N(*S) production via dissociation of N2
by electron impact (i.e. only reaction (4)) is equal to Gy = 1 — 1.3 atom/100 eV [30] as
shown by the blue curve. This is almost 10 times lower than the value obtained in the
present work for the nanosecond capillary discharge, albeit where both the reduced
electric field and specific deposited energy are high. Given such a large difference, we
therefore attempt to make further sense of the experimental results in the following
section.

One of the immediate consequences of having both a high E/N and large specific
energy deposited to the discharge, is a high density of electrons (peak ne = 101> cm=3[27])
and electronically excited N2 molecules. To this end, we consider the dissociation of
electronically excited molecules by electron impact, such as:

e+ N,(A°L}, Bl , C°M, ) - e+ N(*S) + N(*S,2D). (9)
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Figure 10. Energy efficiency of dissociation of N2 (G-factor, Gy, is @a number of atoms
per 100 eV of deposited energy) as a function of E/N. Symbols are the results of
measurements: 1 —[37], 2 —[38], 3 — the present work; 4 — the results of calculations [30],
5 — calculations of the present work taking into account stepwise electron impact

dissociation via N,(A *3}, B °Il; , C °II, ) electronic states.

As will be seen, reaction (9) provides a significant input of N atoms under the
conditions of the present work. Calculated rate constants of the dissociation of

Ny (A°%Z}, BNy, C°M,) excited states by electron impact as a function of E/N are

presented in figure 11. The data are obtained by solving the Boltzmann equation in a two-
term approximation, using BOLSIG+ [39]. Self-consistent sets of the cross-sections for
elastic and inelastic electron collisions with N2 molecules have been taken from [40], and
cross-sections for reaction (9) from [41]. It should be emphasized that for ne 2 101> cm™3
and E/N = 75 Td (i.e. typical conditions during the HV pulse), reaction (9) is faster than

the relevant depletion processes involving quenching of the N,(A °:},B M, , C°I, )
states to the N, (X 12;) ground state, given by:

e+ Ny(A°Lh B, C°M,) > e+ Ny(X'2}),
No(A3%H, B3I, , C 31, ) + N2 — Np(X 15F) + N2, (10)

N2(A°Z) + Na(A %) > Ny(B I, C°M, ) + Np(X '21).
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As an illustrative comparison, the quenching rate constant of the N, (B 3Hg ) state to
the N, (X '£F) ground state by electron impact is shown in figure 11. Clearly, for E/N 2 75
Td, this reaction is much slower than the dissociative quenching pathways in reaction (9).
A similar argument applies as well for the quenching rate constants of the N, (A *2{) and
N,(C °M, ) states. Likewise, at ne > 10'° cm3, the frequency of dissociative quenching in
the discharge exceeds 2 - 107 s, which is 5 — 6 times higher than the frequency of
N,(A 32¥) quenching in the pooling reaction. Thus, at E/N > 75 Td the total rate of

dissociation given by reaction (9) is equal to the total rate of excitation of these states by
electron impact. It should be added that while fast transitions between the

N2 (A°L}, B °, , C °M, ) triplet states through collisions with electrons are possible [27],
this exchange does not change the gross population of these 3 triplet states.

107 NZ(C)diss
%) 3 3
=
< .
4%, 10-8'; |
(=) .
é 10'9-.
o 3
) NZ(B)quench
10-10 T | T 1 v Ll v 1 v 1 v 1 v 1
50 100 150 200 250 300 3%0
EN, Td

Figure 11. Rate constants of dissociation of N,(A 3%}, B 3Hg , C M, ) by electron

impact and for the quenching of N,(B *Il, ) to the N,(X '£}) ground state by electron
impact as a function of E/N. The data are calculated on the basis of cross-sections
obtained from [41].
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Figure 12 compares the calculated and measured excitation coefficients Kex/Var for
the N,(A °L}, B *M, , C °I1, ) excited states, where Kex = ka + ks + ke, and Var is the drift
velocity of electrons for a given E/N. The measured excitation coefficients [42] are shown
as points and are assumed to include the contributions of cascading from all of the triplet
states N,(A %}, B M, C°M, ). These data are in turn used to estimate the energy
efficiency of N2 dissociation, given by:

_2-(ky+kg +ke)
NV, -E/N

(11)

The results of calculations according to formula (11) are given in figure 10 (curve 5).
Comparison of these numerical results with the experimental data prove that the energy
efficiency of N2 dissociation in the nanosecond capillary discharge is close to the
maximum possible value. In particular, the 5 — 10 times larger production of
Ny (A°%}, B °M, , C *M, ) molecules (due to the high reduced fields and electron densities
associated with the capillary discharge) compared with conventional electron impact
dissociation of ground state molecules given in reaction (4), implies that the
corresponding N-atom production is also 5 — 10 times more efficient.

1074 3
e
E? 102, :
xé ]
10'22-§ ° mgs 3
10”; ;

50 100 150 200 250 300
EN, Td
Figure 12. Effective coefficient of electron impact excitation of the triplet states of
nitrogen N,(A 3%}, B 3Hg , C %M, ) as a function of E/N. Symbols are for the experimental
data [42], the line is the result of the calculation of the present work.

Summarizing, the key to maximizing the dissociation efficiency as experimentally
observed in the present work, is as follows: (i) the ionization degree should be high
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enough to ensure that reaction (9) is the main pathway for the dissociative quenching of
nitrogen triplet states N,(A °zf, B °Il, , C °I1, ); (i) the duration of the discharge pulse is
much longer than the characteristic dissociation time due to reaction (9) so that the
electrons are maintained at sufficiently high energies.

5. Conclusions

N-atom density measurements have been conducted in a pure N2 nanosecond pulse
capillary discharge at a pressure of 27 mbar. This work forms part of a larger effort to
understand the kinetics of discharges with both high levels of specific deposited energy
and reduced electric fields. A peak N-atom density of about 1.29 - 10Y cm?3,
corresponding to an exceptionally high dissociation degree of about 9.7%, has been
measured using two-photon absorption laser induced fluorescence. The energy
efficiency, Gy, of the N-atom production, reaches approximately 10 atoms/100eV, and
suggests the existence of alternative pathways for the generation of these atomic species.
In order to justify these experimental observations, we propose a stepwise dissociation
mechanism via electronically excited N,(A°:}, B°M,,C°M,) triplet states, to
complement the more well-known pathway of electron impact dissociation of NZ(X 12;)

ground state molecules. The present study supports the development of the capillary
discharge as an efficient source of N-atoms.
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