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Abstract 

The electric field in an ionization wave discharge in nitrogen at 20-100 mbar, initiated by 

positive polarity, high-voltage, ns duration pulses, is measured by ps second harmonic generation. 

The axial electric field component is determined both during the propagation of the ionization 

wave along the discharge tube, and after the wave reaches the grounded electrode, spanning the 

entire discharge gap. The temporal resolution of the present measurements is 200 ps, with the 

spatial resolution in the axial direction of approximately 0.5 mm. The second harmonic signal 

exhibits a quadratic dependence on the Laplacian electric field but indicates that in this pressure 

range most of the signal is generated within the wall of the tube. Absolute calibration of the signal 

is obtained from the current shunt data, after the ionization wave has reached the grounded 

electrode. Comparison of the data taken at different pressures shows that the peak value of the 

axial electric field in the wave front, 8-11 kV/cm, has a fairly weak dependence on pressure, with 

the peak reduced electric field reaching ≈2000 Td at 20 mbar. Reducing the pressure from 100 to 

20 mbar, while keeping the discharge pulse voltage waveform the same, steepens the ionization 

wave front considerably, from 3.0 ns to 1.0 ns full width at half maximum. The results demonstrate 

that ps second harmonic generation may be employed for electric field measurements in low-

pressure discharges, discharges sustained in small diameter capillary tubes, and discharges 

sustained in gas mixtures with low nonlinear susceptibility, at the conditions when the detection 

of the signal generated directly in the plasma is challenging. High temporal resolution of the 

present measurements indicates a possibility of detection of non-local electron kinetics effects 

induced by a rapidly varying, high peak value electric field in low and moderate pressure ionization 

wave discharges.  
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1. Introduction 

Discharges generated by high peak voltage, ns duration pulses have been studied 

extensively over the last two decades, for applications including plasma-assisted combustion [1-

3], plasma chemical fuel reforming [4] and CO2 dissociation [5], high-speed flow control [6], and 

plasma medicine [7]. Nanosecond pulse discharges generate nonequilibrium low-temperature 

plasmas over a wide range of pressures, from below a mbar [8,9] to several bar [10,11]. At 

moderate pressures, from several mbar to several tens of mbar, the discharge develops as a Fast 

Ionization Wave (FIW), kinetics of which are reviewed in great detail in [12,13]. A recent study 

of the FIW discharge in a capillary tube in air at 30 mbar [14] demonstrates that it produces nearly 

complete dissociation of molecular oxygen, suggesting that it can be used for the efficient plasma 

chemical generation of highly reactive radical species. 

One of the most challenging aspects of characterization of kinetic processes in these 

plasmas, which occur on ns or even sub-ns time scales, is accurate diagnostics of electric field, 

electron density and temperature, and species number densities. A widely used method of electric 

field measurements in fast ionization wave discharges is by a calibrated capacitive probe [15,16], 

with a temporal resolution up to ~ 1 ns but a relatively low spatial resolution, ~ 1 cm. More 

recently, development and use of electro-optic probes has resulted in high temporal resolution (~ 

1 ns), high spatial resolution (~ 1 mm) field measurements in atmospheric pressure plasma jets 

[17]. However, the presence of the probe perturbs the plasma to some extent, especially at the 

conditions when surface charge accumulation may occur on the probe housing. Development of 

non-intrusive, field vector sensitive, high spatio-temporal resolution diagnostics is essential for 

quantitative understanding of ionization kinetics in the wave, charge transport and species 

generation in the plasma behind the wave front, and wave propagation and attenuation. 

The objective of the present work is to measure the electric field in a fast ionization wave, 

ns pulse discharge in nitrogen using the recently developed fs/ps Electric Field Induced Second 

Harmonic (E-FISH) diagnostic [18,19]. The principal advantage of this approach is sub-ns time 

resolution, limited primarily by the sampling rate of the detector and the oscilloscope. Previously, 

ps and fs E-FISH measurements have been done in atmospheric pressure ns pulse discharge 

plasmas in air, hydrogen, and argon [20-22], as well in a ns pulse discharge in 100 Torr of air [19]. 

In the latter set of measurements, the onset of the ionization wave propagating between the 

discharge electrodes has been detected. However, it appears that in these experiments the wave 

did not fully develop, most likely due to a relatively short discharge gap, 1.3 cm. In the present 

work, a ns pulse discharge in nitrogen at 20-100 mbar is generated in a quartz tube between the 

electrodes set 8.0 cm apart, such that the development and propagation of the ionization wave 

could be studied in greater detail, over a wide pressure range. 

 

2. Experimental 

Figure 1 shows a schematic of the experimental apparatus. The discharge is sustained in a 

quartz tube with an internal diameter of 20 mm, between two hollow truncated cone brass 

electrodes, as illustrated in Fig. 1. The gap between the electrodes is 8.0 cm. Nitrogen is flown 

through the tube at the flow rate of 10 sccm and the pressure of 20-100 mbar. The discharge in the 

tube is initiated using positive polarity high-voltage pulses, with peak voltage of 9.3 kV, pulse 

rise/fall time of 4 ns, and pulse duration (FWHM) of 30 ns, at a repetition rate of 10 Hz, produced 
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by an FPG 12-1NM (FID GmbH) high voltage pulse generator. The incident, reflected, and 

transmitted voltage pulse shapes are monitored by two calibrated, high bandwidth current shunts 

[24] respectively installed in the coaxial transmission line 12.5 m before the high-voltage electrode 

and 12.5 m after the grounded electrode (see Fig. 1). Each current shunt represents an 

approximately 2 cm long insertion into the coaxial cable shielding comprising of several low 

induction resistors soldered in parallel. The voltage drop across the current shunt is a time-

accurate, amplitude-scaled waveform of the actual high-voltage pulse moving along the line as 

discussed in detail in our previous work [25]. The distribution of the electric potential ),( tx  

along the discharge gap is measured by a calibrated, high bandwidth, custom-made capacitive 

probe [15,23], a capacitive divider based on a low induction coaxial capacitor. The probe is moved 

along a slit machined in a cylindrical copper screen surrounding the discharge tube. The axial 

electric field xtxtEx  /),()(   is calculated by measuring the electric potential at different 

points along the length of the tube with a step size of 1 mm.  Broadband plasma emission images 

are taken using a Princeton Instruments PI-MAX 4 ICCD camera, and the ionization wave speed 

along the discharge tube is inferred from the emission images by tracking the time evolution of the 

wave front development. The camera gate width for these experiments is set at 1.17 ns, limited by 

the performance of the camera. Sequential emission images are captured every 0.2 ns for pressures 

20, 40 and 70 mbar, and every 1 ns for the case of 100 mbar. The longer time delay chosen in the 

latter case is due to the slower ionization wave speed. The images are acquired from the moment 

of initiation of the ionization wave at the high-voltage electrode until its arrival at the grounded 

electrode, i.e. when the inter-electrode gap is closed. The position of the wave front, determined 

by locating the position of maximum emission intensity in each image, is plotted as a function of 

time, and the ionization wave speed is determined from the slope of this curve.  

The schematic of the ps E-FISH diagnostic, also shown in Fig. 1, is similar to the one used 

in Ref. [19]. Briefly, the vertically polarized 1064 nm fundamental output beam of a ps laser 

(EKSPLA PL2241, pulse duration 30 ps, pulse energy 6 mJ) is rotated to horizontal using a half-

wave plate, and is directed through the quartz discharge tube halfway between the high-voltage 

and grounded electrodes, near its horizontal plane of symmetry, as shown schematically in Fig. 1. 

The beam is focused in the center of the tube by a 20 cm focal distance lens. The confocal 

parameter of the lens, assuming a Gaussian laser beam, is estimated to be b≈1 mm. No optical 

access windows are used to pass the laser beam through the discharge tube. The laser pulse energy 

is kept sufficiently low, around 6 mJ, to prevent damage of the tube by the laser beam. A long pass 

filter, placed immediately after the first focusing lens, is used to block the stray second harmonic 

signal generated in the optical system components prior to the discharge tube. After exiting the 

discharge tube, the laser beam is collimated by a second 20 cm focal distance lens, and the second 

harmonic signal is separated from the fundamental beam using a dichroic mirror and a dispersive 

prism, as shown in Fig. 1. The intensity of the residual 1064 nm is monitored by a photodiode 

(Thorlabs DET10A, rise time 1 ns). The 532 nm second harmonic beam passes through a polarizer 

to isolate the horizontally polarized signal proportional to the square of the axial electric field in 

the discharge, and is focused with a 10 cm focal length lens into the IR H7422-50P Hamamatsu 

photomultiplier module with a rise time of 1 ns. An iris and 532 nm bandpass filter (FWHM 10 

nm) are placed at the entrance of the PMT for the purpose of stray light rejection. The photodiode 

and PMT signals are monitored by a digital oscilloscope (LeCroy WaveRunner 64Xi-A) with a 5 
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GHz sampling rate and 600 MHz bandwidth. For the lowest pressure of 20 mbar, the time-resolved 

plasma emission detected by the PMT during the discharge pulse (emission background) is 

measured with the laser turned off, and subtracted from the PMT signal measured with the laser 

on (see Section 3) .  

  In spite of attempting to achieve sub-ns synchronization, there was an approximately 30 

ns timing jitter between the laser and the high-voltage pulses. In order to address this issue, at each 

operating condition, a data acquisition strategy was employed whereby photodiode and PMT 

waveforms are saved for every laser shot (typically 40,000 shots per run). This procedure results 

in an ensemble of laser shots which are randomly distributed in time with respect to the transmitted 

high-voltage pulses. During the data post-processing, the E-FISH signal waveforms (with timing 

determined from the respective photodiode signals monitoring the laser pulses) are synchronized 

with respect to the discharge pulse by placing them into “time bins” 0.2 ns long, accumulating 

about 20 to 250 shots per time bin. Shots within each time bin are then integrated over time and 

averaged, as was done in our previous work [20,26]. This approach greatly accelerates the data 

acquisition and yields the sub-ns time-resolution of the data, in spite of the significant timing jitter 

(see Fig. 2). The stability of the laser output pulse energy, which is critical for the accuracy of the 

electric field inference from the second harmonic signal, is monitored by the photodiode. Based 

on the photodiode data (see Fig. 2), the laser pulse energy variation does not exceed a few percent. 

Care was taken to ensure that the PMT signal was not saturated. This was verified by confirming 

that the PMT voltage, as well as the temporal profile and the peak value of the signal, were within 

their acceptable limits, determined based on previous experiments. 

To verify that the second harmonic signal scales quadratically with the axial electric field, 

the setup is modified for calibration such that an axial Laplacian field is sustained between two 

circular, parallel plate electrodes placed in the discharge tube 4 mm apart, with the laser beam 

passing between the electrodes. The electric field calibration data have been taken for all four 

operating pressures, 20, 40, 70, and 100 mbar. The results of the electric field calibration indicate 

that over this pressure range, most of the second harmonic signal induced by the electric field in 

the discharge originates within the quartz wall of the discharge tube, as discussed in greater detail 

in Section 3. For this reason, two alternative calibration techniques have been tested and found to 

produce consistent results. Firstly, for all pressures, the absolute value of the electric field was 

obtained by comparing the second harmonic signal with the current shunt signals, after the 

ionization wave has reached the grounded electrode, i.e. at the conditions when the axial electric 

field distribution along the discharge gap is known to be uniform [25]. In addition, the E-FISH 

signals obtained at 20 mbar were compared to the axial electric field profile calculated from the 

distribution of the electric potential along the discharge gap, obtained from capacitive probe 

measurements. From the calibration, the detection limit of the present E-FISH measurements is 

approximately 0.25 kV/cm.  

 

3. Results and Discussion 

Figure 3(a) shows a 200 shot averaged broadband plasma emission image measured in a 

ns pulse discharge in nitrogen at P=20 mbar, 3.2 ns after the beginning of the voltage rise. The 

camera gate is 1.17 ns, and the field of view is approximately 2.5 cm x 6.8 cm. In Fig. 3(a), the 

high-voltage electrode is on the left, the grounded electrode is on the right, and the flow is left to 

right. It can be seen that the emission intensity in nitrogen is significantly higher near the discharge 

tube walls, which is illustrated further by plotting the radial distributions of the emission intensity 
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in Fig. 3(b), at the axial locations indicated by a dashed line in Fig. 3(a). This result, which is 

consistent with our previous experimental and kinetic modeling studies of fast ionization wave 

discharges in nitrogen [16,27], shows that the ionization wave is propagating predominantly near 

the walls of the discharge tube. Kinetic modeling predictions [16] reveal that this occurs due to the 

higher electric field near the wall, caused by the jump in permittivity, and due to the secondary 

photo-electron emission from the wall irradiated by the UV photons from the plasma. At higher 

pressures, when the electron transport becomes slower, this effect is more pronounced. It is 

interesting to note that such radial non-uniformity is also present in a capillary discharge sustained 

in a significantly smaller diameter quartz tube of 1.5 mm [27]. 

Figure 4 plots the second harmonic signal calibration lines obtained by measuring the 

Laplacian field maintained between two circular, parallel plate electrodes D=20 mm in diameter 

and d=4 mm apart placed in the discharge tube, at four different pressures. The voltage pulse is 

applied to the electrodes by the same ns pulse generator as was used to sustain the discharge in the 

tube. The calibration data are taken only during the voltage rise, before breakdown occurs in the 

tube. The voltage rise is determined from the incident and reflected pulses measured by the current 

shunt connected to the high voltage electrode, while the occurrence of breakdown is inferred from 

the rise of the transmitted voltage pulse, measured by the current shunt connected to the grounded 

electrode. For all four pressures, the square root of the second harmonic signal is proportional to 

the applied electric field (see Fig. 4), as expected. For a plane wave approximation and for a 

uniform electric field, the line-of-sight integrated intensity of the horizontally polarized second-

harmonic signal, 
)2( 

xI , is [28], 
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In Eq. (1), xE is the horizontal (axial) component of the electric field, 
)(

xI is the intensity of the 

horizontally polarized laser beam, 
)3(

xx  is the third-order nonlinear susceptibility (in gases, 

proportional to the number density), L is the length of the region where the electric field is applied, 

in the direction of the laser beam, and Δk is the difference between the fundamental and the second 

harmonic wave vectors. At the present conditions, the coherence length in nitrogen at P=20-100 

mbar, Lc,N2 = π/(2kω - k2ω) ≈ 60-300 cm, and in ambient air, Lc,air ≈ 6 cm, is very long, such that the 

phase matching is not expected to affect the signal in the plasma or in ambient air, where it is 

therefore proportional to L2. On the other hand, the coherence length in quartz (fused silica) is 

much shorter, Lc,FS ≈ 10 μm, such that the wall thickness strongly affects the electric field induced 

second harmonic signal generated in the wall. 

From Eq. (1), the square root of the second harmonic signal in a gas is proportional to the 

number density. However, from the data plotted in Fig. 4, it is readily apparent that varying the 

pressure in the tube by a factor of 5 has essentially no effect on the signal. This indicates that most 

of the signal is generated not in the nitrogen within the tube, but either in the quartz wall or in the 

atmospheric pressure air outside the tube, induced by the electric field extending beyond the space 

between the electrodes. The third order susceptibility of fused silica at 1064 nm is nearly 4 orders 

of magnitude larger compared to that of atmospheric pressure air, 
)3(

FS =2∙10-22 m2/V2 [29,30] vs. 

)3(

air =3∙10-26 m2/V2 [30,31]. The second harmonic signal from the ambient air would be 

comparable to that originating within the discharge tube wall only if it is produced over a distance 
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of L ~ Lc,FS ∙
)3(

FS / 
)3(

air ~ 7 cm. This is extremely unlikely, since the laser beam diameter over this 

distance is increasing from ≈ 0.5 mm at the wall to ≈ 4 mm, and since the electric field outside of 

the discharge tube is decreasing. We therefore conclude that at the present conditions, the signal 

is likely to be generated in the wall. 

This estimate is consistent with the results of Ref. [18], which show that for tight focusing 

configurations (i.e. for the lens focal distance of 15 cm and 30 cm), the second harmonic signal is 

also generated from the regions beyond the confocal beam parameter, such that the contribution 

of the electric-field induced signal from the tube wall could be dominant at the present conditions. 

Basically, the Laplacian field calibration indicates that a relatively slow reduction of the signal 

intensity with the distance from the beam focal point is offset by the much higher nonlinear 

susceptibility of fused silica. This suggests that in the present experiments the second harmonic 

signal is sensitive to the electric field generated within the wall of the discharge tube, such that the 

plane-to-plane Laplacian field calibration may well be inaccurate. 

An alternative calibration method employed in the present work is based on a significant 

body of previous electric field measurements using calibrated back current shunts [24] and 

capacitive probes [25,15]. The results of these measurements show that after the ionization wave 

has reached the grounded electrode and the discharge gap is closed, the axial electric field 

distribution along the discharge tube becomes uniform and close to the difference between the 

potentials on the electrodes divided by the discharge gap. The potential difference between the 

electrodes, after the ionization wave “touchdown”, is inferred from the two current shunt signals, 

one measuring the potential waveform in the incident and reflected voltage pulses (before the high-

voltage electrode), and the other measuring the potential in the transmitted pulse (after the 

grounded electrode). For the absolute calibration, the square root of the second harmonic signal 

intensity is matched to the electric field obtained from the current shunt waveforms during the 

pulse voltage reduction, well after the wave reaches the grounded electrode. The confidence in the 

absolute calibration of the present measurements may well be increased by comparison with 

kinetic modeling, predicting electric field distributions both in the plasma and in the wall of the 

discharge tube, as has been done previously for electric field measurements using an electro-optic 

probe [32]. 

Figure 5 plots a typical data set (square root of the second harmonic signal before the 

calibration is applied), taken in the ionization wave discharge in nitrogen at P=100 mbar. In this 

figure, black symbols indicate the raw single-shot data points taken during a 2-hour long run, and 

red symbols show the averaged data points in 200 ps time bins, obtained during the data post-

processing. The error bars indicate statistical uncertainty (standard deviation using the Student's t-

distribution) of the data. From Fig. 5, different phases of the discharge development, labeled in the 

figure, are readily identified and well understood, based on the previous lower-fidelity electric 

field measurements by capacitive probes [15,23-25], theoretical analysis, and kinetic modeling 

predictions [16]. The initial gradual rise of the signal corresponds to the Laplacian field generated 

ahead of the approaching ionization wave after it is initiated near the high-voltage electrode during 

the pulse-voltage rise. The peak occurs when the ionization front arrives at the measurement 

location, and the electric field begins to decrease rapidly, due to the charge separation in the plasma 

generated in the wave. The electric field behind the wave is reduced considerably, but remains 

above the detection limit at all pressures tested, such that the electrons created in the wave front 

are transported toward the high-voltage electrode, generating the conduction current. The 

secondary rise of the electric field occurs after the wave front arrives at the grounded electrode 
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(cathode), the secondary emission is generated from the cathode, and the discharge transitions into 

a quasi-steady-state regime. Finally, the electric field decays to near detection limit as the applied 

voltage is reduced to zero. 

Figure 6(a-d) plots time-resolved, absolute axial electric field distributions in a fast 

ionization wave discharge in nitrogen at P=20-100 mbar, shown together with the current shunt 

signal used for absolute calibration. It can be seen that the electric field waveform obtained by the 

E-FISH measurements matches the current shunt waveform after the moment when the wave 

reaches the grounded electrode (see Fig. 6(a-c), although at P=20 mbar the signal-to-noise ratio in 

the quasi-steady-state discharge becomes significantly lower (see Fig. 6(d)). At these low-pressure 

conditions, the emission from the quasi-steady-state discharge and the afterglow becomes much 

stronger, such that subtracting it from the PMT signal improves the signal-to-noise. The effect of 

the plasma emission in the afterglow is also visible but less pronounced at P=40 mbar (see Fig. 

6(c)), where it has not been subtracted from the signal. At P=20 mbar, additional comparison has 

been made with the electric field measured by a calibrated capacitive probe, the technique 

described in detail in our previous work [15,25] (see Fig. 6(d)). Note that the capacitive probe 

measurements match very well the current shunt waveform in the quasi-steady-state discharge. 

However, it is readily apparent that the electric field peak in the ionization wave front, measured 

by the capacitive probe, is not fully resolved compared to the E-FISH data (the apparent peak is 

wider and the maximum value is lower). This behavior is expected, since the effective time 

resolution of the capacitive probe (~1.5-3.0 ns), limited by its spatial sensitivity, is up to an order 

of magnitude lower compared to that of the present E-FISH diagnostic (200 ps). 

Comparison of the data taken at different pressures exhibits several dominant trends. First, 

in the entire pressure range, the peak electric field in the ionization wave exceeds the quasi-steady-

state value established after the wave reaches the grounded electrode, by up to a factor of 4 to 5. 

This is much higher compared to a relatively modest electric field overshoot, ~10%, detected in a 

ns pulse discharge generated in 100 Torr of nitrogen across a relatively short gap of 13 mm, where 

the wave does not fully develop [19]. Second, the peak value of the axial electric field in the wave 

front exhibits a fairly weak pressure dependence, Epeak=8-11 kV/cm (compare Figs. 6(a-d)). The 

highest reduced electric field, E/N≈2000 Td, is produced at the lowest pressure of P=20 mbar, as 

expected (see Fig. 7). The gas density used in computing the reduced field assumes room 

temperature, which is anticipated given the low deposited energy density of this discharge. Third, 

reducing the pressure from 100 to 20 mbar, while keeping the discharge pulse voltage waveform 

the same, steepens the ionization wave front considerably, as illustrated in Fig. 7. At 100 mbar, 

the full width at half maximum of the transient electric field peak in the wave front is 3.0 ± 0.2 ns, 

while at 20 mbar it is reduced to 1.0 ± 0.2 ns, and remains fully resolved by the present diagnostic. 

This behavior is most likely due to the faster electron impact ionization at a significantly higher 

reduced electric field in the wave, as well as the more rapid electron transport behind the wave 

front, resulting in plasma self-shielding on a sub-ns time scale. Finally, the wave speed increases 

considerably as the pressure is reduced, from V = 0.4 cm/ns at 100 mbar to V = 1.6 cm/ns at 20 

mbar. The wave speed at the present conditions was determined from the time-resolved plasma 

emission intensity distribution measurements, such as that shown in Fig. 3, with a relative 

uncertainty of 2%. The difference between the wave speed measured on the tube centerline and 

near the wall did not exceed 5%. The wave speed values are indicated in the legend of Fig. 7. 

 

4. Summary 



8 
 

In this work, non-intrusive, time-accurate, absolute measurements of the electric field in a 

fast ionization wave discharge sustained over a wide range of pressures are obtained for the first 

time. Since the present results are based on the detection of the electric field within the discharge 

tube wall, they demonstrate that ps second harmonic generation using the present approach may 

be employed for electric field measurements at the conditions when the detection of the second 

harmonic signal generated directly in the plasma is challenging, i.e. (a) in low-pressure discharges, 

(b) in discharges sustained in small diameter capillary tubes, and (c) in discharges sustained in 

gases with very low nonlinear polarizability, such as helium. These results also show that the 

contribution of the discharge cell walls into the net electric-field induced second harmonic signal 

has to be identified and accounted for, e.g. using the electrostatic calibration over a wide range of 

pressures. Since the signal generated within the wall during the discharge is induced by the electric 

field, it cannot be easily subtracted from the net second harmonic signal, unlike the zero-field 

background. 

In principle, the temporal resolution of the present measurements is limited only by the 

laser pulse duration, 30 ps, and may be improved further by using an oscilloscope with a higher 

sampling rate. In low and moderate pressure FIW discharges, this opens a possibility of detection 

and analysis of non-local electron kinetics effects in the presence of rapidly varying, high peak 

value reduced electric fields. Finally, with additional calibration, the same approach can be used 

to measure the radial component of the electric field in the ionization wave front. The present 

results can also be used for assessing the predictive capability of kinetic models of fast ionization 

waves generating breakdown on ns and sub-ns time scale. 
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Figure 1. Schematic of the experimental apparatus and ps second harmonic generation diagnostic. 

BT: beam trap; DM: dichroic mirror (532 nm reflecting, 1064 nm transmitting); DP: dispersive prism; 

PD: photodiode; FL: plano-convex lens; PB: 532 nm polarizer; ID: iris diaphragm; BF: 532 nm 

bandpass filter; PMT: photomultiplier tube; LP: long pass filter; HWP: 1064 nm half-wave plate; 

HVG: high voltage generator; BCS1, BCS2: back current shunts before the high-voltage electrode 

and after the grounded electrode, respectively. The inset shows the voltage waveform on the high-

voltage electrode, top view of the discharge tube is shown. 

Figure 2. Histograms showing distributions of 40,000 laser shots (orange) and data points where 

the EM noise was sufficiently low (purple), plotted together with the laser pulse energy 

distribution over 0.2 ns time bins (green). 
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Figure 3. (a) ICCD camera image of a broadband emission from the plasma. The electrode polarity, 

the flow direction, and the axial location where the emission intensity distribution across the 

discharge tube is plotted are shown. (b) Plasma emission intensity distribution at the indicated axial 

location. Nitrogen, pressure 20 mbar, flow rate 10 sccm, discharge tube inside diameter 20 mm, 

camera gate 1.17 ns. 

(a) (b) 
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Figure 4. Second harmonic signal calibration lines obtained by measuring the Laplacian field 

maintained between two parallel plate electrodes 20 mm in diameter and 4 mm apart placed in the 

discharge tube, at P=20-100 mbar. 

Figure 5. Typical second harmonic signal data set, taken in a ns pulse discharge in nitrogen at P=100 

mbar, before the calibration is applied. Black symbols indicate single-shot data points, red symbols 

are averaged data points in 200 ps time bins. Error bars indicate statistical uncertainty (standard 

deviation) of the data. 

 

Laplacian front 

Ionization front 

Quasi-steady-state 

discharge 



14 
 

 

Figure 6. Electric field in a fast ionization wave discharge in nitrogen at P=20-100 mbar, plotted 

together with the current shunt signal used for absolute calibration (EBCS). Electric field inferred from 

the capacitive probe measurements (ECP) is also plotted at P=20 mbar. 

(a) (b) 

(c) (d) 
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Figure 7. Reduced electric field measured in the front of a fast ionization wave 

discharge in nitrogen at P=20-100 mbar, plotted on the same scale. 
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