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ABSTRACT: We confine the nanosecond repetitively pulsed discharge (NRP) to the 

micrometer scale, in a 200-µm discharge gap in air at atmospheric pressure and room temperature, 

focusing on measurements of the electron number density and electron temperature. The Stark 

broadening of H, O and N atomic lines and electrical conductivity both show that the electron 

number density reaches a maximum value of 1×1019 cm-3. Boltzmann plots show the electron 

temperature to be 72 kK several nanoseconds after the end of the pulse of applied electric field. 

We will use these results to determine the mechanism responsible for electron loss during the early 

recombination phase (t < 500 ns) and comment on the degree of ionization and dissociation.  

1. Introduction 

 

With nanosecond repetitively pulsed (NRP) discharges, it is generally possible to maintain 

higher average reduced electric fields than with dc, ac, or long pulsed excitation.  As a result, the 

average electron kinetic energy is relatively high, and the degree of gas heating is reduced [1]. A 

high pulse repetition frequency (FNRP) enables the accumulation of active species and charge, 

leading to synergetic effects when 1/FNRP is shorter than the decay times of key species, such as 

electrons.  Here, NRP discharges are defined by applied voltage pulse durations of 10 ns and 

pulse repetition frequencies of 1 kHz or higher. We will refer to other pulsed discharges hereafter 

as ‘nanosecond’ discharges.  
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The various regimes of NRP discharges generated in air at atmospheric pressure have found 

use in a wide range of applications. NRP dielectric barrier discharges (DBDs) have been studied 

for aerodynamic flow control [2], biomedical treatment [3], and ignition [4].  NRP glow discharges 

can improve the control of thermoacoustic instabilities [5]. Finally, NRP sparks have been 

explored for nanomaterials synthesis [6] and especially combustion [7].  The appropriate discharge 

for a given application depends on a number of parameters, the most important of which include 

the densities of charged and plasma chemical species.   

The electron number density (ne) and recombination time (τne) are key indicators of plasma 

density and vary greatly depending on the regime and experimental conditions.  In air at 

atmospheric pressure, ne values of 1012 – 1013 cm-3 have been measured for NRP glows [8,9] and 

DBDs [10]. NRP and nanosecond sparks can reach up to ne = 1015 cm-3 [11–13].  When the gas 

temperature is high (e.g. 2000 K), the electron recombination time of the NRP glow is 12 μs due 

to the dissociative recombination to NO+, which is relatively slow [8,9].  When generated at 300 K, 

the nanosecond spark recombination time is about 40 ns [11], which is likely faster due to electron 

attachment at low temperature. 

We may ask whether the range of ne and/or τne can be extended further for NRP discharges 

in air at atmospheric pressure, particularly when generated at room temperature. If so, then new 

possibilities for applications may include extending the post-discharge region to larger volumes. 

Three related discharges indicate that this should be possible. First, nanosecond discharges with 

long pulse duration (>100 ns) can reach up to ne = 1017 – 1019 cm-3 in N2 [14] and air [15,16] at 

atmospheric pressure. In these discharges, however, high power dissipates over hundreds of 

nanoseconds, resulting in significant gas heating and low reduced electric field. Second, NRP 

discharges have been studied in the microplasma regime in noble gas mixtures at atmospheric 

pressure, where again  ne = 1016 – 1018 cm-3 is attained [17–20].  In addition, τne has been measured 

to be 100 ns or more [18–20]. Third, the millimeter-scale NRP spark generated in high-temperature 

(475 K) water vapor generates up to ne = 3×1018 cm-3 [21].     

The aim of this study is thus to explore whether NRP microplasmas generated in air at 

atmospheric pressure and room temperature can attain similarly high electron number density and 

long recombination times as those in noble gas mixtures.  We confine NRP microplasmas to 

200 µm in atmospheric air at 300 K in a pin-to-pin configuration and compare selected plasma 

properties to NRP spark discharges from previous studies in which larger gap distances were used. 
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We will study the discharge by using electrical characterization and optical emission spectroscopy. 

In section 2, we will present the system for high-voltage pulse generation in the pin-to-pin 

configuration. Section 3 will concern the methods and hypotheses we use when determining the 

electron number density and temperature. In section 4, we will present and discuss our 

experimental results obtained mainly by Boltzmann plots, electrical conductivity, and the Stark 

broadening of atomic lines. Finally, in section 5 we will draw conclusions about our work. 

2. Experimental setup 

As shown on Figure 1, NRP microplasmas were generated by applying pulses of 2.5 kV 

amplitude at FNRP = 8 kHz between two pure tungsten pin electrodes with radii of curvature of 

280 µm, separated by a gap distance of 200 µm in air at atmospheric pressure and room 

temperature. A generator (FID Technology FPG 40-30 NK) transmitted 30-ns high-voltage pulses 

through a 75- transmission line. Rough impedance matching was achieved by including two 

resistances of 200 Ω and 100 Ω at the load, resulting in >80% energy transfer in all load conditions 

including the dynamic impedance of the microplasma. The voltage applied across the gap was 

measured by a passive probe (Lecroy PPE 6 kV, 400 MHz bandwidth), and the discharge current 

was measured by a current transformer (Bergoz CT-D5.0, 400 MHz bandwidth). We recorded 

waveforms on an oscilloscope (Lecroy WaveRunner 204 MXI, 2 GHz bandwidth, 5 GS.s-1).  

Optical emission spectroscopy (OES) was performed with a monochromator (Acton 

SP2500i) equipped with an intensified CCD (ICCD) camera (Princeton instrument PI-MAX 4), 

using a grating with 600 grooves/mm blazed at 300 nm. ICCD images were recorded via the 

spectrometer with the grating positioned to reflect light in zero order. Two off-axis parabolic 

mirrors with focal lengths of 5 and 20 cm formed the optical path. The total magnification was 4.4, 

and a diaphragm placed between the mirrors increased the depth of field to improve image 

sharpness.  A single trigger source (Stanford Research Systems DG645) synchronized all devices.   
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Figure 1: Schematic diagram of the discharge circuit and setup for optical emission 

spectroscopy. 

3. Experimental methods 

Here we explain key aspects of our experimental procedures.  First, we account for parasitic 

elements in the discharge circuit when determining discharge voltage and current.  The parasitic 

capacitance is negligible (2.3 pF), so no correction is necessary for current waveforms.  The 

parasitic inductance L = 180 nH was determined by short-circuiting the electrodes together and 

scaling the induced voltage 𝐿 𝑑𝐼𝑝𝑙𝑎𝑠𝑚𝑎 𝑑𝑡⁄  to match the measured voltage waveform Vprobe, as 

shown in Figure 2.  This inductance value corresponds well to the approximate electrical length 

(1 nH/mm) [22] expected of the 23 cm of wire between the point of measurement by the voltage 

probe and the ground terminal. We used the short-circuit test to determine the delay between the 

current and the voltage probes, as demonstrated in Figure 2. All voltage waveforms are corrected 

for parasitic inductance to obtain the actual voltage across the gap 𝑉𝑝𝑙𝑎𝑠𝑚𝑎 = 𝑉𝑝𝑟𝑜𝑏𝑒 −

𝐿 𝑑𝐼𝑝𝑙𝑎𝑠𝑚𝑎 𝑑𝑡⁄ .  The energy calculated using the short-circuit test is 3  5 μJ, which defines the 

detection limit of the discharge energy Uplasma.  
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Figure 2: Measured voltage (Vprobe) and induced voltage calculated from measured current 

(Iplasma), using the short-circuit test for parasitic inductance for the same high-voltage 

generator settings as in Figure 5. 

Second, we account for electron-ion Coulomb interactions when determining the electron 

number density ne using corrected current-voltage waveforms according to equation (1), where σ 

is the electrical conductivity, e is the elementary charge, and me is the electron mass. The electron 

collision frequency υm (equation (2)) includes terms for electron-neutral and electron-ion collisions 

with cross-sections σN and σcoul, respectively.  The gas density is N, and the electron drift velocity 

is 𝑣𝑒.  The volumetric rate 𝑣𝑒𝜎𝑐𝑜𝑢𝑙 is calculated using equations (3) and (4) [23], where ln Λ is the 

Coulomb logarithm, ε0 is the permittivity of free space, kB is the Boltzmann constant, and Te is the 

electron temperature. 

 𝜎 =
𝑛𝑒𝑒2

𝑚𝑒𝑣𝑚
 (1) 

 𝑣𝑚 = 𝑁𝑣𝑒𝜎𝑁 + 𝑛𝑒𝑣𝑒𝜎𝑐𝑜𝑢𝑙 (2) 

 𝑣𝑒𝜎𝑐𝑜𝑢𝑙 =
𝑒4 ln 𝛬

9√2𝑚𝑒𝜖0
2(𝜋𝑘𝐵𝑇𝑒)

3
2⁄
 (3) 

 ln 𝛬 = ln (
12𝜋(𝜖0𝑘𝐵𝑇𝑒)

3
2⁄

𝑒3𝑛𝑒

1
2⁄

) (4) 

 

Equations (1) - (4) show that at high ionization fractions, the electron temperature must be 

accounted for when calculating ne because the electron-neutral and electron-ion collision 

frequencies vary as a function of Te.  To examine the influence of Te, we use Bolsig+ [24] (Phelps 
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database [25]), applying equation (3) to calculate the contribution of electron–neutral collisions to 

𝜈𝑚. As shown in Figure 3, Coulomb interactions become dominant as ne approaches 1019 cm-3 but 

remain minor at lower ne, so long as Te is not too low.  

Although Bolsig+ models steady-state conditions, its calculation of Te is reasonably close 

to those of dedicated models of pulsed discharges. With conditions 𝑁 = 1,47 × 1019𝑐𝑚−3, 100 

% N2 and gas temperature 𝑇𝑔 = 500 𝐾, we obtain a mean electron temperature of 𝑇𝑒 = 5,3 𝑒𝑉 

using Bolsig+. In the same conditions but using a pulsed electric field, Colonna et al. [26] have 

calculated 𝑇𝑒 = 6,3 𝑒𝑉 with a more complete set of cross-sections. 

 

Figure 3: Electron-neutral (red) and electron-ion (blue) collision frequencies as a function of 

the electron temperature, calculated using Bolsig+ for the conditions of this work (N = 

1.98×1019 cm-3, synthetic air with 80% N2 and 20% O2 at Tg = 370 K). 

For a given experimental value of σ, the iterative procedure for solving equations (1) - (4) 

to find ne is as follows.  First, we estimate Te using the approximate conditions of our study.  For 

example, based on other measurements outside the scope of this work, we can estimate the initial 

values of the reduced electric field E/N = 600 Td and gas temperature Tg = 370 K [27], thus yielding 

about Te =100 kK according to Bolsig+.  Such a high temperature is possible because, as we will 

see in section 4, the electrons cool down to Te = 70 kK a few nanoseconds after the applied electric 

field decreases to zero.  

We initially guess ne = 2×1019 cm-3 to fully calculate equation (2) via equations (3) and (4). 

A new value for ne is calculated using equation (1) and used to iterate through these equations 

again.  We repeat this process until the value of ne converges.  If the ionization fraction is low, 
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then equation (2) reduces to 𝑣𝑚 = 𝑁𝑣𝑒𝜎𝑁, which is not especially sensitive to Te provided that 

Te > 10 kK.  If the ionization fraction is high, then there is some sensitivity to Te. Because we 

cannot measure the electron temperature during the discharge phase, we include an uncertainty of 

Te = 116  20 kK when calculating equations (3) and (4). 

Third, when evaluating the electron number density and electron temperature via OES, we 

fit the experimental spectra using different methods for modeling the continuum, molecular, and 

atomic spectral components.  The superposition of modeled spectral components leads to accurate 

fits of the experimental spectra, as shown in Figure 4.  The spectral range of measurement is small 

enough to approximate the continuum background as a straight line.  The molecular bands of 

N2 (B-A) are modeled using Specair [28].  For neutral atoms and atomic ions, accurate fits are 

achieved using Voigt profiles, as shown in Figure 4.  The spectral width (meas) of the fitted Voigt 

profiles are then used to determine the electron number density via the Stark broadening (stark) 

of the H (656 nm), N (746 nm), and O (777 nm) lines, according to equation (5). The Gaussian 

component of the profile is primarily due to instrumental broadening and is negligible. Thus, we 

consider only the Lorentzian components for the calculation of the electron density. 

 ∆𝜆𝑠𝑡𝑎𝑟𝑘 = Δ𝜆𝑚𝑒𝑎𝑠  − ∆𝜆𝑣𝑑𝑤 − Δ𝜆𝑖 (5) 

 

Table 1 summarizes the van der Waals (vdw) and instrumental (i) broadening for our 

case.  To calculate vdw, we use the maximum pressure of 7 atm expected to be produced by our 

discharge [27].  Doppler and resonant broadening components are negligible in our 

conditions [28].  Due to these other broadening mechanisms, our detection limit using the Stark 

broadening of N and O is ne = 1017 cm-3. 

 

Table 1: Spectral widths of instrumental and Doppler broadening. 

Lines 𝑵 (𝟕𝟒𝟔 𝒏𝒎) 𝑶 (𝟕𝟕𝟕 𝒏𝒎) 𝑯𝜶 

𝜟𝝀𝒊 (nm) 𝟎, 𝟏𝟐 

𝜟𝝀𝒗𝒅𝒘 (nm) 2,0 × 𝑃
𝑇𝑔𝑎𝑧

0,7⁄  2,2 × 𝑃
𝑇𝑔𝑎𝑧

0,7⁄  5,41 × 𝑃
𝑇𝑔𝑎𝑧

0,7⁄  

𝜟𝝀𝒗𝒅𝒘 (nm) 0,12 0,13 0,31 

references  [14]  [29]  [29] 
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For the Stark broadening of H, we calculate the electron number density from stark using 

equation (6) [30], which is a generalized result from the tabulated values provided by [31].  

Temperature is accounted for via the modified reduced mass 𝜇𝑟
∗ = 𝜇𝑟 × 𝑇𝑒/𝑇𝑔, where μr is the 

reduced mass of the emitter-perturber pair, expressed in amu.  Formulas have been provided to fit 

the data from [31] but only for specific temperatures, for example Te = 10 kK in the case of [14].  

We calculate the fitting parameters 0 and  as a function of 𝜇𝑟
∗, according to Table 2.  We 

assume 𝜇𝑟
∗ = 10 amu, which is the largest value considered by [31]. The width can be expressed 

either as the full-width at half-maximum (FWHM) or the full-width at half-area (FWHA).  As 

apparent from Table 2, the FWHA is less sensitive to temperature and will be used in this work 

for H, denoted as Δ𝜆𝑠𝑡𝑎𝑟𝑘−𝐻𝛼
. Most importantly, the FWHA of H is relatively insensitive to ion 

dynamics [31], which may become important at high ionization fraction. 

 

 Δ𝜆𝑠𝑡𝑎𝑟𝑘−𝐻𝛼
 [𝑛𝑚] = Δ𝜆0 (

𝑛𝑒[𝑐𝑚−3]
1017⁄ )

𝛼Δ𝜆

 (6) 

   

 

Table 2: Expressions for the fitting coefficients of equation (6). 

 FWHM FWHA 

𝜟𝝀𝟎(𝒏𝒎) 
0,905 × (

𝜇𝑟
∗

5⁄ )
−0,0727

 0,841 × (
𝜇𝑟

∗

5⁄ )
−0,149

 

𝜶𝜟𝝀 
0,707 × (

𝜇𝑟
∗

5⁄ )
0,0246

 0,694 × (
𝜇𝑟

∗

5⁄ )
0,0067

 

 

However, since the widths of the broadening mechanisms are additive (equation (5)) only 

for the FWHM, we are obliged to calculate the FWHA in the following manner. First, we fit the 

experimental spectrum using a Voigt profile, and the width of the Lorentzian component is taken 

to be meas in equation (5). Then, the calculated value of stark is used to reconstruct a Lorentzian 

profile, whose FWHA is numerically determined and used as Δ𝜆𝑠𝑡𝑎𝑟𝑘−𝐻𝛼
 in equation (6). 
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Figure 4: Examples of the agreement between simulated (lines) and experimental (symbols) 

spectra.  Voigt profiles and straight lines are respectively used to model the atomic and 

continuum spectral components of a) H and N+, b) N2 (B-A) and three O lines broadened by 

two different electron number densities at t = 5 ns, and c) six lines each of N and O 

representative of two electron number densities at t = 8 ns. Separate lines appear to merge 

into one when the spectral spacing between them is much smaller than the broadening. 

For the Stark broadening of N and O, we calculate ne from stark expressed as a FWHM 

using equation (7), taken from [32].  This is the width of a line profile found upon the convolution 

of the line profiles of electron-impact broadening and of the quasi-static quadratic Stark effect 

leading to ion broadening.   It is thus a general representation of the total Stark broadening of non-

hydrogenic neutral atoms.  The effect of perturber ions on the broadening is accounted for by the 

parameter e(Te).  The parameter Re (equation (8)) accounts for the Debye shielding of perturber 

ions by free electrons, as well as ion-ion correlations.   

 

 Δ𝜆𝑠𝑡𝑎𝑟𝑘(𝑛𝑚) = 2𝜔𝑒(𝑇𝑒) × [1 + 1,75(1 − 0.75𝑅𝑒)𝛼𝑒(𝑇𝑒)]10−16𝑛𝑒 (7) 

 𝑅𝑒 = 8,99 × 10−2𝑛𝑒
1/6

𝑇𝑒
−1/2

 (8) 

 

For the lines of N and O of interest, we use tabulated values for the Stark width ωe as well 

as e found on Table 4.5 of [32]. For N, from Te = 2.5 to 80 kK the values of ωe and e vary from 

2.99×10-3 to 8.78×10-3 nm and from 4.9×10-3 to 2.2×10-3 nm, respectively. Recent calculations 

show similar sensitivity of the Stark width to temperature [33] and also validate the model used to 

derive equation (7) against experimental work published after [32]. For O, the variations of ωe 
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with Te are of similar magnitude. For our purposes, the overall sensitivity of equation (7) to 

electron temperature is low, as we will see in section 4. 

Fourth, we equate Te with the excitation temperature Texc of N+, determined by constructing 

Boltzmann plots of the available emission lines [32].  To distinguish closely spaced lines, we 

employ the fitting procedure described above.  The intensity of each line is taken to be the peak 

value of its fitted Voigt profile.  The condition Te = Texc is satisfied for ions when the ionization 

fraction is high, such that electron-ion collisions dominant over other processes and equilibrium is 

achieved between the excited populations of ions and free electrons [32,34].  We will see in 

section 4 that the ionization fraction is indeed high when N+ emission is present. 

The same method as described above has been used by Lo et al. [15] to determine the 

electron temperature of a discharge similar to ours. The applied voltage pulse was longer than in 

our case, but Te was measured during the first 50 nanoseconds of the discharge. The evolution of 

ne and Te was demonstrated to be consistent with the thermal expansion of the discharge, thus 

supporting the validity of assuming Te = Texc. In addition, the N+ energy transition selected are 

relatively close to the ionization potential energy of N+. It is known that the higher lying levels are 

in equilibrium with free electrons in wide range of conditions  [35] p. 453. 

Finally, we emphasize that measurements with a spatial resolution of 14 µm along the 

discharge axis showed uniformity in electron number density and temperature. To improve the 

signal-to-noise ratio, we then integrated the signal over the entire discharge for all OES 

measurements shown in the following.  

4. Results and discussion 

The NRP microplasma under study is generated in open ambient air at 300 K, in a reactor 

with a gap distance of dgap = 200 μm.  The pulse repetition frequency is FNRP = 8 kHz.  The basic 

electrical and optical characteristics of the microplasma are shown in Figure 5. Although the pulse 

delivered by the generator is 30 ns in duration, the voltage applied over the discharge gap is only 

10 ns due to breakdown. A maximum Vplasma of 2.5 kV falls over the discharge gap, corresponding 

to a reduced electric field of 600 Td, assuming that N = 1.98×1019 cm-3 remains constant at the 

nanosecond time scale.  The gas density is determined from the ideal gas law using Tg = 370 K, 

which has been measured at t = 4 ns [27]. This temperature reflects the fact that, after a given 

pulse, the gas heats up but then nearly cools back down to the ambient temperature before the 

following pulse. 
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Figure 5: Measured single-shot voltage (Vplasma) and current (Iplasma) waveforms as a function 

of time for FNRP = 8 kHz and dgap = 200 µm. The energy dissipated up to t = 45 ns is Uplasma = 

97 µJ. 

A spark-like breakdown begins at t = 7 ns, when the applied voltage Vplasma collapses to 

0 V within 4 ns, while the discharge current Iplasma increases up to 36 A.  The double peak in the 

current waveform originates from the discharge.  Oscillations from parasitic resonances in the rest 

of the discharge circuit can be discounted based on the short-circuit test described in section 3, 

which shows purely resistive current (upon correcting Vplasma for inductance) without any 

oscillations.  The energy dissipated per pulse is Uplasma = 113  12 μJ, and the peak dissipated 

power is 25 kW. 

Using current-voltage waveforms such as those shown in Figure 5, we can calculate the 

plasma impedance for t > 7 ns, when there is measurable current.  The plasma radius during this 

time is rp = 20  4 μm [27].  Thus, the current density is on the order of 106 A/cm2, which is arc-

like.  Assuming that the voltage drop over the cathode fall region is also arc-like and thus lower 

than that of a normal glow in air (300 V), we can approximate the plasma impedance as a pure 

resistance Rplasma.  The electrical conductivity can now be calculated as 𝜎 = 𝑑𝑔𝑎𝑝 𝜋𝑟𝑝
2𝑅𝑝𝑙𝑎𝑠𝑚𝑎⁄ , 

and equations (1) - (4) can be used to determine the electron number density for the brief interval 

when both current and voltage are measurable.  Figure 6 shows that ne increases from about 

1015 cm-3 up to a maximum of 1×1019 cm-3 by t = 13 ns.  As stated above, N = 1.98×1019 cm-3, 

yielding an ionization fraction of 0.5 in terms of the original gas before dissociation. 
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Figure 6: Measured electron number density during the high-voltage pulse (left) and early 

post-discharge (right) phases, determined from the electrical conductivity and the Stark 

broadening of H, O, and N atoms (symbols).  For reference, the average reduced electric field 

(lines) is also shown. 

The maximum value of ne determined from σ agrees well with that obtained from the Stark 

broadening of O and N, also shown in Figure 6.  The data shown are calculated for Te = 20 kK, 

and the uncertainty is bounded by the cases for Te = 10 kK and 80 kK. This range covers the 

expected variation of Te during the early post-discharge phase, according to measurements to be 

presented shortly. However, at t < 8 ns Stark broadening does not give a definitive measurement.  

This is because the gate width of the camera is limited to 3 ns, and the jitter of the spark-like 

breakdown is about 1 ns.  The time resolution is therefore insufficient to capture the abrupt change 

in ne that is apparent from current-voltage measurements.  Indeed, Figure 4 (right) shows that both 

narrow and broad spectra, corresponding respectively to low and high ne, are acquired together 

during this time.  Such mixed spectra have been observed previously by [20,21].   

Starting at t = 40 ns, the H line becomes available for determining electron number 

density. In Figure 6, we show ne determined from the FWHA using equation (6), as well as the 

FWHM for direct comparison with previous work [14]. We see that there is agreement between 

the various Stark broadening measurements (O, N, FWHA of H) at t > 35 ns. Our combined 

measurements for the electron number density are thus mutually consistent for t > 12 ns.  

The high ne measured for NRP microplasmas is found more commonly in atmospheric 

nanosecond discharges generated in millimeter-scale gaps but with much longer pulse 
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durations. Horst et al. [14]measured ne  5×1018 cm-3 for a discharge in N2 with small amounts of 

H2O, where dgap = 2 mm, and the pulse width is 250 ns.  Lo et al. [15] found ne = 9.2×1018 cm-3 

for a discharge in air with dgap = 3 mm and a pulse duration of 700 ns.  It is also possible to obtain 

such high densities in dielectric barrier discharges (DBDs), for example at higher pressure [36,37].  

On the other hand, for millimeter-scale gaps and pulse durations similar to ours, ne is generally 

much lower. For NRP spark discharges, Pai et al. and Rusterholtz et al.  [12,13] measured 

ne = 2 – 3×1015 cm-3 generated in similar experimental conditions except that dgap = 4 – 5 mm and 

the initial Tg = 1500 K due to preheating of the air.  Compared to the NRP microplasma, the 

millimeter-scale NRP spark produces similar current amplitudes but possesses much larger 

discharge diameters (450 – 700 μm). 

The high ionization fraction of NRP microplasmas results in the strong presence of atomic 

ion lines (O+ and N+) in the OES spectra during the post-discharge phase, suggesting their 

involvement in electron recombination. Supposing high densities of O+ and N+, recombination is 

likely to proceed via three-body recombination (R1), where A represents either O or N.  Molecular 

ions may remain present, particularly N2
+ and perhaps NO+ as well, the latter being the primary 

ion involved in recombination at high temperature (Tg = 2000 K) [9]. These ions should recombine 

with electrons via dissociative recombination, reactions (R2) and (R3). 

 

(R1) 𝐴+ + 𝑒 + 𝑒 →  𝐴 + 𝑒 𝑘3𝐶 = 0.7 × 10−19 (300
𝑇𝑒

⁄ )
4.5

𝑐𝑚6𝑠−1 
 [38] 

(R2) 𝑁2
+ + 𝑒 → 𝑁 + 𝑁 𝑘𝑅𝐷−𝑁2 = 3 × 10−7 (300

𝑇𝑒
⁄ )

0.5

𝑐𝑚3𝑠−1 
 [39] 

(R3) 𝑁𝑂+ + 𝑒 → 𝑁 + 𝑂 𝑘𝑅𝐷−𝑁𝑂 = 4 × 10−7 (300
𝑇𝑒

⁄ )
1.5

𝑐𝑚3𝑠−1 
 [39] 

 

If we assume that the ion number density n+ is equal to ne, and that Te is constant, then 

(R1), (R2) and (R3) can be separately solved for the electron number density as a function of time, 

respectively yielding equations (9) and (10). We calculate starting at time t = t0 = 12 ns with the 

measured initial electron number density ne0 = ne(t = 12 ns) = 1×1019 cm-3. 

 

 
𝑑𝑛𝑒(𝑡)

𝑑𝑡
= −𝑘3𝐶𝑛𝑒

3 → 𝑛𝑒(𝑡) =
𝑛𝑒0

√1 + 2𝑘3𝐶𝑛𝑒0
2 (𝑡 − 𝑡0)

 (9) 
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𝑑𝑛𝑒(𝑡)

𝑑𝑡
=  −𝑘𝑅𝐷𝑛𝑒

2 → 𝑛𝑒(𝑡) =
𝑛𝑒0

1 + 𝑘𝑅𝐷𝑛𝑒0(𝑡 − 𝑡0)
 (10) 

 

This model of electron recombination (equations (9) and (10)) is compared to the 

experimental data in Figure 7.  Even when assuming a high Te = 80 kK, the dissociative 

recombination of N2
+ and NO+ is clearly too fast compared to experiment.  A lower value of Te 

would exacerbate this problem.  However, three-body recombination of atomic ions demonstrates 

much better agreement, as the experimental decay falls between the curves modeled using Te = 40 

and 80 kK, which we will see are reasonable values at these times.  Thus, we see that the relatively 

slow recombination in the early post-discharge phase can be explained if the electron temperature 

is kept high. 

Horst et al. [14] also measured both a high electron number density and a slow decay in a 

2-mm discharge gap in N2 but with a longer high-voltage pulse (250 ns). Thus, slow decay is not 

exclusive to N2/O2 mixtures and can also occur in pure N2. Judging their electron temperature to 

be low (10 kK), Horst et al. suggested that a signification production of electrons via Penning 

ionization of the excited states N* and N2* could be responsible for the slow decay. High densities 

of these excited states could be generated by the recombination of N+ with an electron. We will 

see that Te in our case should be higher. We do not consider heavy ions such as N4
+, formed by the 

Penning ionization of N2*, because we do not observe any N2* via OES in the recombination 

phase. Furthermore, we expect metastable N2 to be quenched by O2 [40]. In the following, we will 

show that very high levels of ionization and dissociation coupled with a high Te can explain the 

slow decay via reaction (R1), even at times later than shown in Figure 7. 
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Figure 7: Comparison of modeled (lines, equations (9) and (10)) and experimental electron 

number density (symbols, taken from Figure 6, excluding the FWHM of H) during the early 

post-discharge phase. 

 

Figure 8: Boltzmann plots (lines) constructed from the measured emission intensities of N+ 

lines (symbols), at t = 15 and 30 ns. 

There is indeed experimental evidence for high electron temperature, as shown in Figure 8.  

The Boltzmann plots of N+ at t = 15 and 30 ns correspond to Te = 72 and 37 kK, respectively.  The 

cooling rate is thus 0.2 eV/ns, which is noticeably slower than the rate of 5 eV/ns predicted by the 

model of [26], although their model is for N2 rather than air. Lo et al. [15] measured Te = 42 kK 

up to 40 ns, but as mentioned in section 1 the current was maintained for a longer time than in our 

case due to a longer duration of the voltage pulse, thus prolonging electron heating. The most 
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interesting comparison is with a nanosecond plasma generated in neon at 0.53 atm  [19], where 

Te = 25 kK was directly measured using Thomson scattering at 15 ns into the post-discharge phase.  

It thus appears that Te can remain high even after electron heating ceases (i.e. no applied field) if 

a noble gas is used.  In this case, the electrons cannot dissipate energy into vibrational modes.   

The difference in electron cooling between molecular and atomic gases can be illustrated 

by considering the mean free paths of different types of collisions.  The mean free path of electron-

neutral collisions is 𝜆𝑁 = 1/𝑁𝜎𝑁, where 𝜎𝑁 is the cross-section for electron-neutral momentum 

transfer. The characteristic length of Te relaxation is 𝜆𝑇𝑒
= 𝜆𝑁/√𝛿.  For a dissociated gas, the 

electron energy loss coefficient is 𝛿 = 2𝑚𝑒/𝑚0, where m0 is the mass of the atom.  On the other 

hand, for a molecular gas 𝛿 ≈ 100 [35], leading to a much smaller 𝜆𝑇𝑒
 than for atoms. It is possible 

that our NRP microplasma finds itself in the state of an atomic gas, if the air becomes mostly 

dissociated. 

If an atomic gas is furthermore strongly ionized, then other mechanisms of electron heating 

and cooling enter into consideration. In particular, electrons can lose energy via electron-ion 

collisions, but this mechanism of cooling is mitigated for three reasons. First, the ions are 

progressively removed due to recombination. In a molecular gas with low ionization fraction (such 

as that modeled by Colonna), the electron-neutral collision frequency does not decrease for this 

reason. Second, heating via super-elastic collisions counteracts cooling via electron-ion collisions. 

Finally and most importantly, the electron energy loss coefficient is not significantly different 

between a neutral atom or an atomic ion  [23] (p 17). Thus, the energy lost per collision with an 

atomic ion is at least 105 less than with a molecule. According to Figure 3, even at Te  10 kK and 

ne = 1019 cm-3, the electron-ion collision frequency is only about 100 times greater than the 

electron-neutral collision frequency. Thus, the increased collision frequency with atomic ions 

cannot compensate for the low electron energy loss compared to molecules.  

We return now to our model of recombination, reinforced by evidence of slow electron 

cooling and a mostly atomized gas.  We suppose that 𝑇𝑒 = 𝑇𝑒0 exp(−(𝑡−𝑡0)/𝜏𝑇𝑒
), where Te0 is 

the initial value of the electron temperature, and τTe is its decay time.  Reaction (R1) can now be 

modeled with a time-varying reaction coefficient k3C(t), yielding the improved rate equation (11), 

with constants 𝑘𝐴 = 0.7 × 10−19 × (300 𝑇𝑒0)⁄ 4.5
and 𝜏𝐴 = 𝜏𝑇𝑒

4.5⁄ . The solution for ne is equation 

(12), calculated starting at time t = t0 = 30 ns with the measured initial electron number density 
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ne(t = 12 ns) = ne0 = 3×1018 cm-3. The result is compared in Figure 9 against experimental data 

determined from the Stark broadening of H, whose emission persists longer in the post-discharge 

phase (t < 500 ns).  The best agreement is obtained using the values Te0 = 44 kK and τTe = 186 ns.  

This value of Te0 is close to the measured value of 37 kK at t = 30 ns, which is also shown in 

Figure 9. 

 
𝑑𝑛𝑒

𝑑𝑡
= −𝑘𝐴𝑛𝑒

3 exp (
𝑡 − 𝑡0

𝜏𝐴
) (11) 

 𝑛𝑒(𝑡) =
𝑛𝑒0

√1 + 2𝑘𝐴𝜏𝐴𝑛𝑒0
2 (exp((𝑡 − 𝑡0)/𝜏𝐴) − 1)

 (12) 

 

 

Figure 9: Comparison of measured electron number density (symbols) obtained via the Stark 

broadening of H and the improved model (equation (12)) of recombination (lines).  

Finally, the conditions of our discharge warrant the consideration of alternative 

mechanisms of electron generation during the recombination phase. Penning associative ionization 

of O or N atoms is not likely to be significant during the recombination phase because we do not 

observe excited N2 or N2
+, and neutral-neutral collisions are much less frequent than electron-ion 

collisions. Furthermore, the rate of associative ionization would have to overcome that of its 

reverse process, namely the fast recombination processes R2 and R3 (Figure 7). The most probable 

reaction would be R4 with excited atoms O* and N* (see [41] and [42]):  
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Experimentally, the emission intensities from the excited states of N and O both decrease 

with the same decay time as 𝑛𝑒 [27]. Therefore the mutual ratios between N*, O* and ne should 

remain about constant during recombination. We can then compare the production and loss of 

electrons by comparing the rate coefficients kNO and kRD-NO. At t = 30 ns, recombination proceeds 

with kRD-NO = 3×10-10 cm3s-1, which will only increase with time as Te decreases. On the other hand, 

kNO is much smaller and is not very sensitive to the gas temperature.  We thus expect R3 to be 

faster than R4, such that associative ionization is unlikely to slow down net recombination by 

generating electrons during the post-discharge phase. Finally, the ground states of N and O can 

also participate in thermal associative ionization, but this process requires a threshold energy of 

2.8 eV [43] (p. 385). The required gas temperature for such high kinetic energies is higher than 

what we expect from this type of discharge [44]. However, the reaction R4 with its rate presented 

by Popov in  [41] only take in account the ground state of O and N(2P). It follows that the 

production of NO+ have been underestimate due to the presence of other excited atoms. Therefore, 

NO+ could be dominant, especially for t >  100 ns when the density of N* and O* should be very 

high. 

We turn to previous experimental work to evaluate further whether N+ or NO+ is the main 

recombining ion. If NO+ were the main recombining ion in hot air (which is likely in  our  case 

[27]), then the recombination time should be on the order of tens of microseconds, as demonstrated 

experimentally for NRP glow discharges by Packan[9]. As discussed earlier, Horst [14] observed 

a similar recombination time as shown in Figure 9, except in N2. The absence of oxygen suggests 

that  a  nitrogen  species  such  as  N+ enables  a  strongly  ionized  plasma  in hot  air to  recombine 

relatively quickly. 

Electron-impact stepwise ionization may be significant because of the high temperature of 

the remaining electrons and a high density of excited O and N. The characteristic time of three-

body recombination is τne and varies from 4 ns to 90 ns in the first 100 ns of our measurement. The 

characteristic time of ionization from energy level n with population Nn is τe-n = 1/(Nn×ke-n). If 

ionization is to overtake recombination, we must have τe-n > τne.  This situation is only possible via 

stepwise ionization for t < 100 ns, if we assume densities of excited N or O are on the order of 

1019 cm-3.  Using the cross sections of the excited states of N (2D°) or N (2P°) [45] yields ke-n  ~ 

(R4) 𝑂∗ + 𝑁∗ →  𝑁𝑂+ + 𝑒 𝑘𝑁𝑂 ≈ 2 × 10−11 𝑐𝑚3𝑠−1 (𝑇𝑔𝑎𝑠 = 300 𝐾)  [41] 
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10 -11 cm3.s-1 for Te > 30 000 K. Considering the ground state of N, with our estimation of Te and 

cross-sections from Wang et al.  [45], we find ke-n < 10-12 cm3.s-1 using a Boltzmann solver 

(BOLOS2 based on Bolsig+ [24]). Thus, only stepwise ionization may enter into consideration in 

the early stages of the recombination phase (t < 100 ns), and only upon assuming the maximum 

possible density of excited atoms. The possible result would be a lower initial temperature Te0 and 

time constant τTe.  

 

5. Conclusion 

We have characterized NRP microplasmas confined in a 200-µm gap generated in air at 

atmospheric pressure and room temperature. Both Stark broadening and electrical conductivity 

measurements agreed that the electron number density reaches a maximum value of 1×1019 cm-3, 

corresponding to an ionization fraction of air of 0.5. At atmospheric pressure, ne values reaching 

1019 cm-3 have been previously reported for millimeter-scale nanosecond discharges of much 

longer pulse duration [15]. In our case, short (30 ns) pulses and a micrometric gap are used.  

After reaching its maximum value, ne decays relatively slowly with a recombination time 

of 90.8 ns. This is consistent with a slow relaxation of Te and the nearly complete ionization and 

dissociation of the gas in the microplasma. The electron temperature is measured to be 72 kK at 

5 ns after the end of the voltage pulse. It is possible that the maximum value of Te is reached 

beforehand, while the electrons are still being heated by the applied electric field. 

We modeled the electron recombination using a single reaction: three-body recombination. 

There is a strong coherence between the model and the measurements of electron number density 

and electron temperature.  The best agreement of the model with experiment shown in Figure 9 is 

for an initial value of Te that is within 20% the experimental value of 37 kK. We also used 

experimental values of ne as initial values for the model. The only true free parameter in the model 

is τTe = 186 ns.  However, this relaxation time is much longer than would be expected in a molecular 

gas [26] and is consistent with our experimental evidence of slow electron cooling due to a very 

high degree of dissociation. We also considered the possible role of ionization processes during 

the recombination phase, in particular associative and stepwise ionization stemming from the 

possibly high densities of excited O and N atoms.  

                                                 
2 https://github.com/aluque/bolos 
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Compared to its closest counterpart, the millimeter-scale NRP spark discharge, the NRP 

microplasma produces higher ne and Te throughout its volume. In future work, we plan to 

investigate the discharge dynamics, as well as other thermal, chemical kinetic, and 

electrohydrodynamic phenomena related to this NRP microplasma. In particular, we aim to study 

the electron kinetics during the post-discharge phase to improve the model of recombination. In 

particular, we neglected the production of ions and the presence of NO+ during the post-discharge 

phase. Those aspects should be investigated to fully explain ne decay in the early afterglow. 
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