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Abstract

:

In the post-transient stage of a 1-Torr pulsed argon discharge, a computationally assisted diagnostic technique is demonstrated for either inferring the electron energy distribution function (EEDF) if the metastable-atom density is known (i.e., measured) or quantitatively determining the metastable-atom density if the EEDF is known. This technique, which can be extended to be applicable to the initial and transient stages of the discharge, is based on the sensitivity of both emission line ratio values to metastable-atom density, on the EEDF, and on correlating the measurements of metastable-atom density, electron density, reduced electric field, and the ratio of emission line pairs (420.1–419.8 nm or 420.1–425.9 nm) for a given expression of the EEDF, as evidenced by the quantitative agreement between the observed emission line ratio and the predicted emission line ratio. Temporal measurement of electron density, metastable-atom density, and reduced electric field are then used to infer the transient behavior of the excitation rates describing electron-atom collision-induced excitation in the pulsed positive column. The changing nature of the EEDF, as it starts off being Druyvesteyn and becomes more Maxwellian later with the increasing electron density, is key to interpreting the correlation and explaining the temporal behavior of the emission line ratio in all stages of the discharge. Similar inferences of electron density and reduced electric field based on readily available diagnostic signatures may also be afforded by this model.
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1. Introduction


Experiments and testing facilities can be used in combination with theory, modeling, and simulation to decipher, relate, quantify, and predict in nature the mechanisms that are operating and the processes that are occurring. This combination can extend the ability to document and achieve accuracy in representing variables, conditions, processes, and dynamics well beyond the inference of a physical parameter from a single sensor interpreted with the help of theory. Such a computationally assisted diagnostic technique leads to higher measurement precision and improved process interpretation [1].



Passive optical diagnostics that are non-invasive and non-perturbative, like the 420.1/419.8 nm argon-emission line-height-ratio technique [2,3,4], are desirable because they can be implemented in real time and can be used to determine metastable-atom density [2,5] and effective electron temperature [4]. Emission spectra have been shown to correlate with high energy electrons [2,3,6,7]. The technique described here represents a computationally assisted argon emission line ratio technique to infer electron energy distribution and determine other plasma parameters in pulsed low-temperature plasma.



The 420.1/419.8 nm emission line ratio is suitably sensitive to (neutral) metastable-atom density because the upper state associated with 419.8 nm emission (3p5 in Paschen’s notation or 5p[1/2]0 in Racah’s notation) is populated almost entirely by direct excitation via electron-impact from the ground state while the upper state associated with 420.1 nm emission (3p9 in Paschen’s notation, 5p[5/2]3 in Racah’s notation) is populated both by direct excitation and stepwise excitation via electron-impact from the 1s5 metastable state (4s[3/2]2 in Racah’s notation). The relative efficiency of direct, compared to stepwise, excitation is strongly influenced by the electron energy distribution f(E) because the cross section for direct excitation increases significantly as the effective electron temperature increases, while low energy electrons are mainly responsible for stepwise excitation. For example, the stepwise excitation cross section has its peak near 3 eV, whereas the direct-excitation cross section increases two orders of magnitude from E = 3 eV to E = 10 eV. Note that, regardless of the variation in the direct-excitation cross section with incident electron energy E, the stepwise excitation cross section is still larger by orders of magnitude. The expression for the 420.1/419.8 nm emission line ratio derived previously [2] reflects its direct proportionality to the metastable-atom density for an argon positive column:


R=I420.1I419.8≈n0k420.10+nMk420.1n0k419.8≈1+nMn0k420.1k419.8



(1)




where R is the observed 420.1/419.8 nm emission line intensity ratio, I420.1 and I419.8 are the observed intensity (W/m2) of 420.1 nm and 419.8 nm emission, nM is the metastable atom density, n0 is the neutral argon density, k419.8 is the direct excitation rate from the ground state into the 3p5 state (the upper state for 419.8 nm emission), which is equal in magnitude to the direct excitation rate from the ground state into the 3p9 state (the upper state for 420.1 nm emission) [2,3], and k420.1 is the stepwise excitation rate from the 1s5 metastable state into the 3p9 state. While the approximations made to obtain the final form expressed by Equation (1) are particular to the neutral argon transitions of interest, emission line pairs for neon, krypton, and xenon with similar sensitivity to the presence of metastable atoms are presented elsewhere [3] and may be used to expand the emission line ratio technique to other noble gases [8].



The utility of the 420.1/419.8 nm emission line ratio has been demonstrated in previous work [2,6]. The proximity of the two lines is an advantage, but the convenience of using closely spaced emission lines becomes a hindrance when expanding diagnostic capabilities to lower-budget or high-throughput laboratories that lack high-resolution spectrometers. Specifically, the advent of the affordable ICCD camera allows for multiple emission lines to be recorded and fully resolved simultaneously—the trade-off being that the wider bandwidth observed comes at the cost of reduced spectroscopic resolution. Replacing the 420.1/419.8 emission line ratio with another emission line ratio that does not require a high-resolution spectroscopic measurement represents an economical alternative for the plasma scientist. In this paper, either emission line pair is treated as an ingredient in a computationally assisted argon emission line ratio technique aimed at inferring electron energy distribution and at determining other plasma parameters in pulsed low-temperature plasma.



To exploit the utility of the 420.1/419.8 nm emission line ratio method, there are some experimental limitations that must be overcome. First, the use of this emission line ratio is limited to those experiments that have sufficient spectroscopic resolution to faithfully implement the method. The spectral lines of interest are separated by only three angstroms requiring a high-resolution spectrometer to suitably sample spectral line intensity at wavelength intervals much smaller than its full-width at half-maximum. Complicating matters, any mechanism that results in emission line broadening imposes a more restrictive resolution requirement, as the broadening causes the emission lines to overlap. An additional limitation in applying this emission line ratio method to high-pressure (P > 10 Torr) discharges is the apparent cross section for excitation to an upper state can be strongly dependent on pressure.



It is with those three limitations of the 420.1/419.8 nm emission line ratio in mind that the substitution of 425.9 nm emission for 419.8 nm emission is noted for making use of an additional 420.1/425.9 nm emission line ratio method. This new emission line ratio relaxes the requirement on spectroscopic resolution by choosing a pair of emission lines separated by over 50 angstroms. To this end, experiments and analysis performed with either line pair have been conducted. We replace the 419.8 nm emission line with the 425.9 nm emission line to quantify direct electron-impact from the ground state, while continuing to use 420.1 nm emission as a measure of metastable density in the plasma [9]. The 425.9 nm emission line is spectroscopically isolated from neighboring lines and comes from the 3p1 upper state (5p’[1/2]0 in Racah’s notation), which has been shown to exhibit less pressure dependence than the 3p5 state that leads to 419.8 nm emission [10]. In this paper, we demonstrate that there are regimes wherein the temporal behavior of 425.9 nm and 419.8 nm emission resemble each other in terms of being sensitive to changes in metastable-atom density, electron density, and reduced electric field. Thus, it may be advantageous for researchers to observe a 420.1/425.9 nm emission line ratio if it can be shown that 419.8 nm emission intensity is equal to 425.9 nm emission intensity in a certain parameter space. In this paper, electron density, metastable density, and reduced electric field are all varied experimentally. The 419.8/425.9 nm emission line ratio was monitored to illustrate when the 420.1/425.9 nm emission line ratio might serve as a useful diagnostic technique. When the 425.9 nm line and the 419.8 nm emission line behave identically, the 425.9 nm emission intensity can be used in place of the 419.8 nm emission intensity in Equation (1).



Wavelengths referenced in this paper (name them by wavelength) were observed with those in agreement.




2. Excitation of 3p States


Radiative transitions from the 3p states to the 1s states are responsible for the blue end of the visible emission spectrum of argon. A significant fraction of the 3p population arises due to direct excitation via electron-impact from the ground state, which occurs at a rate:


ki,j0=∫σi,j02Emef(E)dE



(2)




where σi,j0 is the cross section for direct excitation, E is the energy of a colliding electron belonging to the electron energy distribution function, f(E), and me is the electron mass. The bounds of integration must include all electrons with sufficient energy to excite the transition to state i from the ground state; the lower bound is defined by the minimum energy required for an electron to excite the transition in question and the upper bound is defined by the most-energetic electron in the electron energy distribution function (EEDF). The EEDFs can be measured experimentally as in [5] or evaluated numerically as in [8]. Emission at 419.8 nm, 420.1 nm, and 425.9 nm [11] contains information about plasma parameters and atomic kinetics that can be extracted via emission line ratio techniques [8]. The 420.1/419.8 nm emission line ratio is sensitive to stepwise excitation via the 420.1 nm emission and the presence of metastable atoms: initially R = 1, and the ratio will increase when a sufficient number of metastable atoms are present such that the 3p9 state is populated by both direct and stepwise excitation. The ratio should be less than unity only in the presence of a significant population of high-energy (>30 eV) electrons, as argued in [2,3,6] and shown in [7]. Alternatively, the emission line ratio can be used in combination with the measured metastable atom density (e.g., by tunable diode laser absorption) to determine the EEDF by comparing the measured emission with the predicted emission for different EEDFs.



This work focuses primarily on the relative population of the 3p1 and 3p5 states, which are the upper states for 425.9 nm and 419.8 nm emissions, respectively. The cross sections for excitation to these states are similar in the fact they (1) are zero below approximately E = 13 eV (i.e., electrons with energy below 13 eV have no direct effect on the rate at which the excited states are populated) and (2) have comparable values for incident electron energies above 20 eV. Qualitatively, the cross sections of interest have the same shape for a wide range of incident electron energy; however, the 3p1 cross section is larger than the 3p5 cross section between 13 and 20 eV. Thus, the 425.9/419.8 nm emission line ratio should never be less than unity under ideal conditions and should be expected to be greater than unity when a significant population of electrons with energy between 13 and 20 eV are present. The cross sections for electron-collision induced direct excitation to the upper states of the emission lines studied in this work are reproduced in Figure 1.



In order to properly model the intensity of emission from an excited state, one must consider that the population of an excited state can result from a combination of excitation and relaxation processes. Considering 420.1 nm emission from the 3p9 state for example, the coronal model, which considers only direct excitation via electron-impact from the ground state to the 3p9 state, underestimates the intensity of 420.1 nm emission by over a factor of two. By extending the coronal model to include step-wise excitation via electron-impact from the 1s5 metastable state to the 3p9 excited state, the predicted intensity of 420.1 nm emission matches the observed intensity of emission closely, despite the fact that there is only approximately one metastable argon atom for every 106 ground state argon atoms in the plasma. This dependence on the density of a metastable state introduced by extending the coronal model was key in the development of the emission line ratio method for determining metastable atom density demonstrated in previous work [2]. Examination of the direct and step-wise excitation cross sections and some knowledge of the electron energy distribution can help distinguish the valid regimes for application of the coronal model versus an extended coronal model. Generally, the coronal model is applicable to low-pressure discharges, while the extended coronal model provides a better description for higher pressure discharges [8]. Direct excitation cross sections decrease to zero quickly as the incident electron energy decreases below the onset energy of the excited state of interest, while the stepwise excitation cross sections remain non-zero as the incident electron energy decreases below the excited state energy because metastable atoms are in an excited state (11.5 eV above ground state).



As mentioned above, relaxation processes, or cascade contributions to the population of the excited state of interest, should also be considered. In fact, radiative cascades into a state of interest are accounted for in the apparent excitation cross section (as opposed to the direct excitation cross section that only accounts for excitation to the state of interest from lower energy states). Another option is to use optical emission cross sections that include the branching ratio from selected higher-energy states down into the excited state of interest for the emission line ratio model. The excitation rates used in previous experiments [2,6] were calculated [3] using optical emission cross sections that accounted for the branching ratio as well as cascades into the excited state. The cascade contribution may be accounted for in the high-energy tail of the optical emission cross sections, as a function of pressure, in a procedure outlined in [7].



It is also worth noting that, similar to the dipole selection rules, electron impact excitations follow specific excitation patterns, namely ΔJ = 1, 0; however, J = 0→0 is forbidden. This helps explain why the metastable states may populate the 3p9 state, but would not populate the 3p5 to 3p1 states. The metastable state 1s5 (J = 2) can be easily excited into the 3p9 state (J = 3) but not into the 3p5 or 3p1 states (both J = 0). The second metastable state, 1s3 (J = 0) (4s’[1/2]0 in Racah’s notation), involves negligible coupling to the 3p5 and 3p1 states because the J = 0→0 transition is dipole-forbidden. It is natural to assume that neither the 3p5 nor the 3p1 states (therefore neither the 419.8 nm and 425.9 nm emission lines) are affected by the metastable-atom density of the plasmas.




3. Experiment


The setup, shown in Figure 2, is similar to that described in [2,6]; minor differences will be explained here. The argon positive column is produced by a 20 μs duration and a square wave voltage pulse at 300 Hz provided by a 1.0 kW power supply. The supply is operated in current-limited mode, and experiments were performed for current limits between 2.0 and 10.0 mA. Multiple diagnostics [2,6,13] were employed to sample plasma synchronously at the same position on the cylindrical axis. A hole in the top surface of the microwave resonant cavity was utilized for collection of optical emission and holes in the sides of the cavity provided a line of sight across the plasma column for the diode laser absorption measurement.



Light from the positive column region was collected by a collimator inside the body of the microwave cavity, transmitted via fiber optic, and injected into a 0.5 m Jobin Yvon spectrometer with a 2400 grooves/mm diffraction grating. Spectra were collected by an Andor iStar ICCD camera with a 200 ns gate. The combined dispersion of the spectrometer/ICCD system was better than 0.01 nm per pixel, which was small enough to allow all of the emission lines in question to be resolved fully while, at the same time, the spectral span was large enough to capture the 419.8 nm, 420.1 nm, and 425.9 nm emission lines simultaneously, as shown in Figure 3a. When a 1200 grooves/mm diffraction grating is used in the same system, the 419.8 nm and 420.1 nm emission lines overlap, as shown in Figure 3b.



A tunable diode laser is used to monitor three absorption lines between 790 and 820 nm to determine the densities of three excited states in the plasma: the 1s5 and 1s3 metastable states and the 1s4 resonant state (4s[3/2]1 in Racah’s notation). Radiative transitions from metastable states are dipole-forbidden, so metastable-atom density increases until non-radiative effects (e.g., collisional quenching) dominate and the states are quenched. Radiative transitions from the resonant states to the ground state are allowed. However, due to radiation trapping, the density of the 1s4 resonant state approaches that of the metastable states for the pressure range studied here. Due to the shorter relative lifetime of the resonant state compared to the metastable states, the population decay of the resonant state proceeds quicker.



Microwave Resonant Cavity


Electron density and electron collision frequency were determined by using a microwave cavity operating in TM010 mode. While the details are partially described in previous work [2,13], the principles of operation are reproduced here for clarity. A microwave signal generator drives an antenna placed near the outer-edge of the 5-cm-radius microwave resonant cavity (MRC), and the frequency is varied from 2.0 to 3.2 GHz. The cavity’s resonant frequency (vacuum resonance f0 = 2.02 GHz) increases in the presence of free electrons, abundant in the plasma, according to


Δff0=12∫η(1+γ2)E02dv/∫E02dv=12⟨η⟩(1+γ2)



(3)




where Δf is the shift in resonance frequency, f0 is the vacuum resonance frequency, η=ne2/mε0ω2, e is the elementary charge, ε0 is the permittivity of free space, and γ=νm/ω where νm is the momentum transfer collision frequency.



While the magnitude of γ is small and often ignored, the factor is accounted for in this work by measuring the degradation of the cavity quality factor according to


1Q−1Q0=∫γη(1+γ2)E02dv/∫E02dv=γ⟨η⟩(1+γ2).



(4)







Measuring both the shift in the cavity resonant frequency as well as the degradation of the cavity quality factor Q gives us information about electron density and the electron collision frequency in the plasma. Representative data for a 1-Torr discharge with a 20 μs voltage pulse applied at 300 Hz are presented in Figure 4. If the distribution of electrons is assumed to be Maxwellian, the observed collision frequency can be used directly to determine the electron temperature. While this assumption is not necessarily valid for the discharges being analyzed, we present in Figure 4c electron temperature calculated as if it were.



Collision frequency further distinguishes the three stages of the discharge introduced in previous work [2], defined by the slope and magnitude of the 420.1/419.8 nm emission line ratio. The initiation stage is defined by the constant R = 1 emission line ratio (dR/dt = 0) and high collisionality (green squares in Figure 5). The first few microseconds of the discharge are dominated by electron-neutral collisions that depopulate the high-energy tail of the electron distribution via production of 1s5 metastable atoms or (slow) free electrons. When a sufficient population of 1s5 metastable atoms has been generated, we observe a transition into the transient stage of the discharge (blue circles in Figure 5), which is defined by the 420.1/419.8 nm emission line ratio increasing with time (dR/dt > 0). The enhanced 420.1 nm emission, due to stepwise excitation from the 1s5 to the 3p9 state, indicates the presence of metastable atoms. After the emission line ratio increases, it saturates around R = 3 and remains constant for the remainder of the discharge (the post-transient stage). During this stage, the collision frequency is low compared to the initiation stage, as the voltage pulse has sustained the plasma through several collision instances. We find that the three regimes can be distinguished, as shown in Figure 5, across a wide range of discharge current, neutral fill pressure, square-pulse duration, and pulse frequency.



The results from Pack et al. [14] are used to determine the reduced electric field in the argon positive column based on the observed electron drift velocity, which is proportional to the ratio of the plasma current density (measured by high-voltage probe) and electron density (measured by an MRC resonance shift). The reduced electric field and electron density are used in combination with the 420.1/419.8 nm emission line ratio to determine metastable-atom density, as described in [2]. For a more detailed description of the measurement technique, see [2,6,13]. If the metastable atom density is known (e.g., measured via tunable diode laser absorption), Equation (1) shows that the emission line ratio is sensitive to changes in the EEDF through the excitation rates. The ratio of excitation rates in Equation (1) can be calculated as a function of reduced electric field as in [8] for various combinations of ionization fraction and EEDF to generate an effective look-up table. The excitation rate ratio determined from the observed emission line ratio can be compared with a database of calculated excitation rate behavior to determine the most probable EEDF that was present in the experiment.





4. Discussion


Supply current to the hollow cathode was operated between 2.0 and 10.0 mA. Larger values of plasma current within this range correlate with greater electron density, consequently changing the current-voltage characteristic of the plasma. This provides a one-dimensional parameter space, across which the densities of excited species and electrons are varied, to investigate the relative behavior of 425.9 nm emission compared to 419.8 nm emission. A representative example of the observed 425.9/419.8 nm emission line ratio is presented in Figure 6. The qualitative behavior of the emission line ratio indicates the direct correlation predicted in Section 2, that is, the ratio should be constant and only increase in the enhanced presence of a population of electrons in the 13–20 eV range, which could occur as the electron density and temperature begins to stabilize approximately 10 μs into the discharge. However, there is quantitative disagreement, as the ratio is not unity during the initiation stage nor does it exceed unity at any point during the 20 μs discharge. The quantitative disagreement between our predicted behavior of the 425.9/419.8 nm emission line ratio and the observed ratio could be ascribed to uncertainty in the optical emission cross sections (Figure 1). Our prediction was based on the apparent convergence of the cross sections near 13 eV where there are relatively few data points and relatively high slope, increasing the uncertainty of the prediction. This highlights the utility of the computationally assisted aspect of the technique as numerically calculated EEDFs can be used to generate synthetic emission spectra for comparison with the observed emission to determine the observed EEDF.



The 425.9/419.8 nm emission line ratio behaved similarly for all values of discharge current considered in this study, confirming our hypothesis. To reinforce this finding, the double-pulse method described in [15] is implemented in this work to test the robustness of the emission line ratio behavior over a broad range of reduced electric field, electron density, and metastable-atom density. The first pulse in the double-pulse method generates a positive column identical to the discharges already discussed in Section 3 and previous work [2,6]. The second pulse of the double-pulse method is used for control of the species density and/or reduced electric field. The time delay between pulses determines if the second pulse modifies the reduced electric field independent of species densities, as illustrated in Figure 7. The time delay between pulses and the amplitude of the second pulse were systematically varied, and each case was documented to generate a database of accessible species densities and reduced electric fields. That database allows a discharge to be tailored to a desired set of parameters by looking up the corresponding combination of delay between pulses and amplitude of the second pulse.




5. Conclusions


Striking a balance between optimal and practical contributes to identifying the best application of diagnostics. The 420.1/419.8 nm emission line ratio described is an effective diagnostic that requires high-resolution optical emission spectroscopy, which limits its practical implementation in many laboratories. Regarding the proposed alternative of using the 420.1/425.9 nm emission line ratio to remove the requirement for high-resolution spectrometry, the results presented here indicate that success is achievable when careful work is done to implement the new emission line ratio method faithfully.



The first apparent complication is the low-resolution spectrum obtained by a typical 1200 grooves/mm diffraction grating (Figure 3b). The peak of the 420.1 nm emission line will be systematically high, due to the overlap with the 419.8 nm emission line profile; thus, the 420.1/425.9 nm emission line ratio will also be systematically high. The correct 420.1 nm emission intensity is obtained only after subtracting the 419.8 nm emission line profile from the emission signal that results from the overlapped emission line profiles. Motivating this approach, the 425.9 nm emission line mimics closely the 419.8 nm lineshape and is spectrally isolated, providing a ready surrogate of the aforementioned subtraction process.



In this analysis, a pseudo-Voigt profile was used to fit the observed 425.9 nm emission in order to account for various broadening mechanisms associated with Lorentzian or Gaussian emission profiles. The fit to the 425.9 nm emission was multiplied by an amplitude-correction factor based on the observed 425.9/419.8 nm emission line ratio and then subtracted from the emission profile due to overlapping 420.1 nm and 419.8 nm emission. The difference between the overlapped emission profile and the amplitude-corrected pseudo-Voigt profile is the 420.1 nm emission profile that should be used when implementing the 420.1/425.9 nm emission line ratio method.



In practice, the 420.1/425.9 nm emission line ratio method, as presented, lacks precision due to the unpredicted behavior of the 425.9/420.1 nm emission line ratio. This weakness is overcome by numerical calculation of the excitation rates responsible for the production of 425.9 and 420.1 nm emission. The calculated excitation rates can be used in the expression for the emission line ratio (e.g., Equation (1)) in combination with the observed emission line ratio to predict metastable-atom density.
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Figure 1. Optical emission cross sections for direct excitation resulting in 419.8 nm (green crosses), 420.1 nm (blue circles), and 425.9 nm (red stars) emissions taken from [12]. Cross sections were obtained from LXcat. 
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Figure 2. Experiment located at Sandia National Laboratories, Albuquerque, New Mexico, USA. 
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Figure 3. Raw images of the argon spectrum, time-integrated over the entirety of the 20 μs pulse. The image recorded on the CCD is vertically binned to produce the plots. Note the difference in resolution between the top and bottom spectra; in the bottom spectrum, the 419.8 nm emission line overlaps with the 420.1 nm emission line, which complicates the implementation of the 420.1/419.8 nm emission line ratio technique. 
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Figure 4. Representative data for a 1 Torr argon positive column generated by 20 μs duration and a square wave voltage pulse at 300 Hz (a current-limited power supply of 7.2 mA for these data). Microwave resonant cavity provides time-resolved measurement of (a) electron density and (b) electron collision frequency, the latter of which is used to determine (c) electron temperature, provided the electron distribution is Maxwellian. 
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Figure 5. Three stages of the discharge are distinguished by the collision frequency and change in emission line ratio with respect to time. The initiation stage (the first few microseconds of the discharge) is identified by high collision frequency and constant (in time) emission line ratio R = 1. The transient stage of the discharge was named due to the transient nature of the emission line ratio during the middle stage of the discharge (dR/dt > 0). The collision frequency decreases during the transient stage. The post-transient stage is identified by a constant (in time) emission line ratio R ≈ 3 and low collisionality compared to the initiation stage since the voltage pulse has sustained the discharge for many collision instances by this stage. 
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Figure 6. Typical 425.9/419.8 nm emission line ratio for the single-pulse experiments. The observed ratio is not unity during the initiation stage of the discharge but does increase during the discharge. 
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Figure 7. The double-pulse method allowed the emission line ratio method to be tested over a wider range of reduced electric field and species densities than the single-pulse discharges allowed. In the left column, the time delay between pulses and the amplitude of the second pulse was chosen such that the reduced electric field and electron density could be reproducibly enhanced at different times in the discharge. The right column demonstrates that reduced electric field can be modified without significant perturbation to the species densities. (a) The plasma is generated by the primary pulse (t = 0 μs) and the discharge is modified by a secondary pulse (examples are shown for secondary pulses that begin at t = 15, 20, and 25 μs). (b) The reduced electric field is modified for the duration of the secondary pulse. (c) The electron density increases when the secondary pulse is applied. (d) The metastable atom density increases when the secondary pulse is applied. (e) The plasma is generated by the primary pulse (t = 0 μs) and the discharge is modified by a secondary pulse at t = 35 μs (examples are shown for three different amplitudes of secondary pulse). (f) The reduced electric field is modified for the duration of the secondary pulse. (g) The electron density is negligibly affected by the secondary pulse. (h) The metastable atom density is negligibly affected by the secondary pulse. 
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