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Time-Resolved Measurements of Plasma Parameters
for Nanosecond-Pulsed Argon Plasmas

Connie Y. Liu™, Morris B. Cohen

Abstract— This article aims to understand the physics of pulsed
plasmas by investigating the ionization and recombination of
pulsed plasmas on the nanosecond timescale and how oper-
ating conditions affect the time-resolved electron temperature
and electron density of a pulsed plasma. A nanosecond-pulsed
argon plasma discharge was generated at various pulse fre-
quencies, widths, and pressures. The argon emission lines were
analyzed with a time-synchronized, intensified charge-coupled
device (ICCD) spectrometer assembly that gated at 4 ns, and
relative intensities of strong argon neutral and ion lines were
used in line-ratio calculations. These experimentally determined
ratios were compared to theoretical ratios generated from
PrismSPECT, a collisional-radiative spectral analysis software,
to obtain time-resolved electron temperature (~1 eV) and electron
density (10'% =105 em™3) over the various operating conditions
as well as to discover trends of these plasma parameters over
the lifetime of the pulsed plasma. Increasing pulse repetition
frequency of the plasma increased the value of maximum 7,
shortened the 7T, rise and decay times, and increased the excited
argon neutral population. While n, was relatively independent of
pulse frequency, higher pulse frequencies resulted in a faster n,
decay. Maximum 7, and n, were weakly dependent on applied
discharge voltage, but both parameters decayed sooner in time
with increasing voltage. Lastly, 7, was inversely proportional to
pressure, but n, was approximately linear. All three pressures
had similar but time-shifted temporal profiles for .. Plasmas in
all operating conditions had ionization and recombination times
in the tens of nanoseconds.

Index Terms— Argon plasma, electron density, electron tem-
perature, nanosecond-pulsed discharge, optical emission spec-
troscopy (OES).

I. INTRODUCTION

HERE has been renewed interest recently in
nanosecond-pulsed plasma discharges in enhancing
and stabilizing combustion (i.e., shortening ignition

delay times, extending extinction limits, improving flame
stabilization, increasing flame speed, and suppressing soot
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formation) [1], [2], biochemical decontamination by removing
harmful gases via plasma [2], [3], and material processing
and surface treatment applications such as depositing, etching,
and coating [3]-[5]. Nanosecond-pulsed discharges can be
used to effectively produce a stable plasma with a high
concentration of metastable species, ions, and high-energy
elections [1], [S], and pulsed discharges require less input
power—up to 250 times lower—than steady discharges to
produce a plasma with the same electron density [3]. These
types of plasma also provide more flexibility than steady
plasmas because of the ability to control plasma parameters
such as electron temperature and electron number density by
changing the characteristics of the input voltage pulses.

In order to customize a pulsed plasma for the aforemen-
tioned applications, there is a need to understand the physics
and dynamics through the lifetime of the plasma. This, there-
fore, requires knowledge about the nanosecond behavior of
the plasma, such as time-resolved measurements of electron
temperature and electron density. However, to date, there have
not been any direct, time-resolved measurements of electron
density and electron temperature for low-pressure (=1 Torr),
nanosecond pulsed (NSP) argon discharges. Similarly, there
have only been a limited number of pulsed plasma dynamics
experiments and theoretical models to simulate nanosecond,
pulsed operation of low-pressure argon and to determine the
evolution of plasma parameters during a pulse period [5], [6].

The focus of this article is on time-resolved measure-
ments of electron temperature and electron density in
nanosecond-pulsed argon discharges via optical emission spec-
troscopy. Argon was chosen for this article because of its
inertness and low breakdown voltage, which allowed for a
greater range of discharge voltage test conditions. The plasma
discharge was generated in between two dome electrodes in
a custom-made, Pyrex plasma cell, and the argon plasma
emission light was analyzed with an intensified charge-coupled
device (ICCD) camera—spectrometer assembly, designed to
capture emission lines in 4-ns snapshots. The main objective
of this article is to improve the current understanding of the
plasma dynamics of nanosecond-pulsed plasmas through mea-
suring the time evolution of electron temperature and electron
density over the lifetime of a pulsed, argon plasma discharge.

II. EXPERIMENTAL SETUP

The experiments were conducted in a custom-made plasma
cell and the corresponding vacuum components are shown
in Fig. 1.

The handblown, Pyrex plasma cell had a 2.25-in outer diam-
eter and was 9-in long with glass-to-steel ISO-type flanges
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Fig. 1.

on either end. The cell was attached to a 6-way and 4-way
cross with 4.5-in ConFlat (CF) flanges, through which all the
electrical connections were fed. The experimental setup was
placed on a 3 ft x 4 ft vibration-isolated optical table from
Thorlabs. Nanosecond-pulsed argon plasma discharges were
generated within the plasma cell via voltage breakdown.

The electrodes were fashioned from 5/32” x 1/2” domed,
anodized aluminum rivets threaded into rectangular, Macor
ceramic plates (1.6” x 17 x 0.25” thick) and set 1 cm apart
in a Macor mount with four 1/16” diameter alumina ceramic
rods. The electrode assembly, seen in Fig. 2, was painted with
Ceramabond 569 to lock the assembly together and to cover
any exposed metal components as well as to provide additional
insulation protection to the assembly. Slots were designed in
the support structure to fit the high-voltage 22-AWG Cicoil
wire.

Pressure in the plasma cell was monitored by a
Kurt J. Lesker 375 Series Controller and a 275 Pirani
gauge. An argon-calibrated 247D MKS Mass Flow Controller,
a 200-sccm flowmeter, and an Arduino microcontroller con-
trolled ultrahigh purity (99.999%) argon flow into the plasma
cell.

An Eagle Harbor Technologies NSP-120-20F NSP capable
of pulsing up to 10 kHz and supplying up to 20 kV with
a minimum pulsewidth of 20 ns was used to generate the
nanosecond-pulsed plasma. While the pulsewidth of the NSP
was being fixed at 20 ns, the discharge voltage and pulse
repetition frequency could be individually adjusted.

A. Time-Resolved Diagnostics

This article dealt with the design and implementation of
a new plasma diagnostics system to temporally sweep and
obtain nanosecond, time-resolved electron number density and
electron temperature measurements of the plasma.
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Fig. 2. Rivet electrodes in its Macor housing.

Current techniques to obtain time-resolved plasma parame-
ters from a pulsed plasma include Langmuir probes, optical
emission spectroscopy, laser diode spectroscopy, and Thom-
son scattering [4]. Thomson scattering gives direct insights
into plasma properties with excellent spatial and tempo-
ral resolution, is noninvasive, and does not necessitate an
equilibrium plasma [4]. It has been used in time-resolved
measurements of nanosecond-pulsed discharges but requires
specialized equipment and a hot (e.g., T, > 2 eV), dense
(e.g., above 10'3 cm™3) plasma [2], [4], [7]. The experimental
plasma was predicted to have n, ~ ©O(10'* cm™3) and
T, ~ O(1 eV), just within the range of Thomson scattering,
but the necessary laser equipment was not available.
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Langmuir probes are easy to build and implement but
difficult to analyze and are intrusive diagnostic tools. The
calculated electron density and temperature depend heavily on
interpretation of Langmuir probe data, so high uncertainties
are common [8].

Several groups have used tunable diode laser absorption
spectroscopy (TDLAS) for time-resolved temperature and
number density measurements in a pulsed argon plasma from
the absorption spectra. However, those measurements were
taken on a metastable argon species, and a detailed model was
used to estimate or calculate electron temperature and electron
number density [9]-[12]. TDLAS is an accurate diagnostic
when looking at specific densities and gas temperatures of
species or molecules but not as useful for n, or 7, measure-
ments [1], [9].

Optical emission spectroscopy (OES) is an established diag-
nostic that does not require extensive equipment, and line
ratio techniques can determine n, and 7,. However, there
is more uncertainty in the measured quantities due to the
inexact determination of spectral peaks [9]. With the available
resources and predicted plasma operating regime, OES was
selected as the main diagnostic tool.

1) ICCD Camera/Spectrograph Assembly: PI-MAX from
Princeton Instruments is a fiber-optic coupled, ICCD camera
(512 x 512 pixels) capable of a 4-ns gate. The quantum effi-
ciency cutoff for the photocathode and P43 phosphor coating
on the PI-MAX intensifier limited the measurable plasma light
wavelength to 350-750 nm [13].

Mounted behind the ICCD detector is an Acton SP-308
triple-grating spectrograph. It has a focal length of 0.300 m,
an overall spectral range of 185-1100 nm, a resolution
of 0.1 nm at 435.8 nm, and an accuracy of +0.2 nm. All
emission spectra were taken with a 600 gpm (grooves per
millimeter) diffraction grating blazed at 500 nm. The slit width
of the SP-308 was set to 50 xm. The light collection volume
was approximately 240 mm?.

The ICCD-spectrograph assembly is shown in Fig. 3, and
both the camera and spectrometer were fully controlled by
the WinSpec software. The assembly measured the full emis-
sion spectra of a given plasma averaged over 4 ns. At the
same plasma conditions, the ICCD trigger was incrementally
delayed to capture the full spectra at a given time ¢ later. This
will be further discussed in Section II-B. For every emission
spectra, a line ratio analysis with spectral modeling software
was conducted to determine n, and 7, at that given instant
in time. Doing this analysis over the entire plasma turn-on to
turn-off duration provided the time-resolved electron temper-
ature and density for a given set of operational parameters.

For data collection, 20 scans of the plasma emission spectra
were taken with a 4-ns gate at each given instant in time for
each operating condition and averaged. For higher intensity
counts and a lower signal-to-noise ratio, the ICCD was set to
20 gates/spectra.

2) Calibration: The spectrometer was wavelength cal-
ibrated with an Ocean Optics HG-1 Mercury-Argon
light source to obtain the wavelength correction factor
that related the spectrometer-measured wavelength to the
NIST-determined wavelengths. An intensity calibration was
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Fig. 3. Schematic of PI-MAX camera connected with an Acton SP-300i
spectrograph for OES; adapted from PI-MAX manual [13].

performed with a StellarNet SL1-CAL 2800-K tungsten lamp
to obtain the intensity transfer function that related the
spectrometer-measured intensity to the StellarNet-provided
calibration intensity values.

Due to limitations in the SP-308 field of view, a built-in
stitching function (“Step and Glue”) was used. The step and
glue data collection range was from 250 to 900 nm with
a 10-nm overlap. The final glued spectra were comprised
of 13 individual exposures.

3) Photodiode: A 400-MHz, low-light capable, ultralow
noise avalanche photodetector (ThorLabs APD430A2) was
used to track the optical emission output over the lifetime
of the plasma. Schwirzke et al. used a fast photodiode to
measure the delay between the initiation of a voltage wave-
form and the formation of pulsed plasma [14], and Chan
and Singletary used the APD430A2 photodiode in similar
experimental setups to investigate the pulse repetition rate on
plasma rise time for a nanosecond-pulsed argon plasma [15],
[16]. This article utilized the photodiode trace as verification
that the generated pulsed plasma was repeatable. Like spectral
emission lines, photodiode traces were tracked over several
lifetimes of the pulsed plasma. Differences in traces provided
qualitative information about how the plasma changed with
each pulse.

4) Optical Setup: As seen in Fig. 1, an N-BK7 plano-
convex lens (&75.0 mm, f = 85.0 mm) was placed between
the plasma cell and the camera—spectrometer assembly to
gather and focus a greater amount of emitted light into the
spectrometer to ensure spectral peaks could be clearly distin-
guished at a 4-ns gate. Optical rails and carriages were used for
precise alignment of the plasma cell, lens, [CCD-spectrometer
assembly, and photodiodes. Spectral intensity was further
boosted by commanding the camera to take 20 spectra for
every desired delay time, to gate 20 times/exposure, and
to set a region of interest (ROI) instead of using the full
512 x 512 CCD array on the PI-MAX.

To verify the assumption that the ICCD-spectrometer
assembly was capturing the same plasma with every gate,
a series of tests at different operating conditions was
conducted. The NSP voltage waveform, PI-MAX gate
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Fig. 5. Timing synchronization setup.

monitoring signal, and photodiode signal were monitored by
the oscilloscope. Fig. 4 shows the results of a test where
20 exposures, each with 20 gates/exposure was taken for
a 16-kV, 4-kHz plasma at 1 Torr. While the oscilloscope
was only fast enough to capture 34 of the 400 gates, Fig. 4
indicates that the measured voltage pulse, plasma light
emission as measured by the photodiode, and 4-ns gate
window were all consistent and repeatable. Thus, it was
reasonable to assume that the voltage waveform was consistent
from pulse to pulse and that the camera gated at the same
time window for every pulse. It was also reasonable to assume
that the plasma, as analyzed by total light emission intensity,
was the same for every voltage pulse and spectral shot.

B. Timing Synchronization

Fig. 5 shows the timing setup used to synchronize the pulser,
ICCD-spectrometer assembly, and photodiode. A Berkeley
Nucleonics Corporation Model 577 pulse delay generator was
used as the master clock. A representative timing diagram
is shown in Fig. 6. A 500-ns pulse was sent to trigger the
NSP as soon as the delay generator began running. The NSP
continuously pulsed at 7y set by the delay generator. Another
300-ns pulse was sent to trigger the PI-MAX camera with a
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time delay Zgelay from the NSP trigger pulse. There was an
inherent, constant PI-MAX time offset before the 4-ns gating
signal was triggered. By forcing both the pulser and the camera
to trigger off the same master clock, #gelay could sweep across
the voltage pulse to capture light emissions at different parts
of the plasma evolution and thus collect time-resolved data of
the plasma independent of the NSP.

The pulse from the delay generator to externally trigger
the NSP was received by the Eagle Harbor Fiber Transmitter
(FT-1), which had a fiber-optic output and a 50 Q-terminated
BNC input that required a smooth, 5-V input trigger signal
provided by the Model 577 [17]. The NSP’s pulse frequency
was controlled by the pulse generator, but the pulsewidth and
voltage discharge were manually set on the NSP front panel
by the user.

The delay between the trigger pulse and the actual start of
the high-voltage pulse was consistently measured to be 230 ns.
Specific time delays due to cable lengths were not explicitly
calculated, but those delays were incorporated in determining
the initial #4e1ay for each operating condition.

C. Voltage Measurements

Pulser discharge voltage was measured with a Teledyne
Lecroy HVD3605A high-voltage differential probe connected
to a Teledyne Lecroy HDOG6104A oscilloscope. Voltages
greater than the 6-kV maximum for the differential probe were
used, so a resistive voltage divider was implemented. Adapted
from [18], the divider consisted of 5 x 1000 Q HVR RT series
resistors. With the NSP internal series resistance of 1170 €,
a single resistor gave a nominal voltage division of 1:6.183.

1) Mitigating Voltage Reflections: To minimize stray capac-
itive coupling and therefore ringing and noise prevalent
for high-voltage pulses for accurate voltage measurements,
the power leads, voltage divider, and probes were lifted off
the metal optical table by at least 6 in. The NSP output cable
length was 70 in long, so the propagation time of a signal
through the cable (& 5.8 ns) was short compared to the signal’s
rise time (measured average of ~24.6 ns), and all diagnostics
and leads were laid out, so no cables crossed or looped around
each other. The resulting voltage waveform shown in Fig. 7
was deemed clean enough for testing. Due to the high voltage
and short pulsewidth, the rise and fall times of the pulser
dominated, and the 20 ns was the “steady-state” portion of
the pulse.

III. SPECTRAL ANALYSIS

To translate spectral measurements into time-resolved
plasma properties, the plasma population densities needed to
be calculated with a valid model. This section discusses the
validity conditions of the four plasma equilibrium models and
explains how an intensity line ratio analysis coupled with a
collisional-radiative simulation software was used to calculate
the experimental 7, and n,.

A. Equilibrium Plasma Models

There are a number of elementary processes that change
the distribution of atoms and ions in a given energy state.
A selection of processes for an argon plasma is detailed below.
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1) Electron-impact (collisional) excitation and
de-excitation:
Ar(i) +e = Ar(j) +e, j > i

2) Electron-impact (collisional) ionization:
Ar(i)+e— Arf +e+e.
3) Three-body recombination:
Arf +e4+e— Ar+e.
4) Photoionization and radiative recombination:
Ar+hv = Art +e.
5) Photoexcitation and spontaneous/stimulated emission:
Ar(i) + hv = Ar(j), j>i.
Using local thermal equilibrium (LTE) validity conditions,
Griem proposed a widely accepted criterion later modified

by Numano to give the LTE critical electron number density
in cm™3 [19]-[21]:
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Timing relationship of the delay generator, pulser, and PI-MAX-SP-308 assembly.

where Ep, is the ionization energy of a given atom from the
ground state to the first ionized state in eV and E {’ is the first
ionization energy of hydrogen in electronvolt.

Based on previous work with similar plasmas, the electron
density is expected to be several orders of magnitude too low
for LTE, but higher than what is typically valid to use the
coronal approximation (1010/01113 ) [16], [20], [22]. Therefore,
a collisional-radiative model (CRM) was used to calculate the
theoretical spectral line intensities.

B. Collisional-Radiative Model

In CRMs, densities of excited states are purely determined
by collisional and radiative processes and balanced rate equa-
tions [23]. No specific equilibrium needs to be assumed, but
most CRMs assume a Maxwellian electron velocity distribu-
tion [22]-[25].

CRMs solve coupled differential equations that describe
densities of an excited state j in the plasma with collisional
and radiative processes and calculate n, and T, [23]:

on(j o
na(t]) + V. (n(jwp) = ( r;(t]))c,r .

)

All changes in excited-state population density due to col-
lisional (c¢) and radiative (r) processes are encompassed on
the right-hand side of the equation. More detailed discussions
and reviews of CRMs and the major collisional and radiative
processes for different argon excited states are found in
literature [19], [22]-[30].

C. Line Ratio Analysis

n, can be directly determined from peaks of the
OES-measured spectra. However, the accuracy of this method
is highly dependent on how well a given fit profile (i.e.,
Gaussian, Lorentzian, single-Voigt, etc.) matches the data
profile for a peak [9], [31]. Linewidth broadening effects
such as Stark broadening [19], [26], [27], [32], [33], Doppler
broadening [34], instrumental broadening [35], van der Waals,
and resonance broadenings [31] need to be considered and
included in the fit.
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An alternative analysis for n, and 7, is to take ratios of
spectral line intensities. This method removes the difficult task
of accurately determining line-broadening parameters and only
involves intensity ratios of different wavelengths. Calculated
n. and T, values from the line ratio analysis have been similar
to those calculated directly from a spectral line fit [26], [27].

Under CTE or LTE, the intensity ratio between two spectral
lines, usually chosen to have the same lower level, directly
gives plasma electron temperature [5], [36]:

h_Awih (_ E, — Ez)
L Axgal kT,

where I is the relative or absolute intensity from an emission

spectral line, A is the tabulated Einstein coefficient (transition

probability), g is the tabulated multiplicity, and E is the energy

associated with the upper energy level. Relative intensity is

typically used to avoid a lengthy absolute calibration.
Rearranging 3 gives

N I1Argohr 1
hA1g142 kT,

The slope of the semilog plot of 4 is —AE/T,. Electron
temperature can, therefore, be directly calculated from the
experimental spectral lines using the Boltzmann relations if
the plasma is in CTE or LTE [37]. If the plasma is in partial
LTE or is in nonequilibrium, the correction factors or a differ-
ent model like a CRM must be used. From a CRM, theoretical
spectral line intensities can be calculated, and the measured
spectral intensity line ratios can be matched to calculated line
ratios to determine the experimental n, and 7, [24].

Using 1 and E|, = 15.76 eV for argon, n* ~ O(10'?) cm3
for LTE to be valid. Based on similar plasmas in liter-
ature, the experimental electron density was predicted to
be O(10'°—-10'2) cm™® « n¥. LTE thus did not apply to this
plasma, but n, was too high for the coronal model, so CRM
was used. For this article, the intensity ratio of emission lines
from the ICCD-spectrometer measurements were matched
to results generated from the collisional-radiative simulation
software PrismSPECT.

3)

1

(E1 — E2). “)

D. PrismSPECT

PrismSPECT is a commercial software that uses a CRM and
user-based inputs such as gas mixture, background gas pres-
sure, plasma geometry, and electron temperature to generate
theoretical emission spectra for LTE and non-LTE plasmas.
For the theoretical argon emission spectra, PrismSPECT takes
into account collisional ionization, recombination, excitation
and de-excitation, photoionization and stimulated recombi-
nation, photoexcitation and stimulated emission, spontaneous
decay, radiative recombination, autoionization, and electron
capture [38]. Electron density as a function of electron tem-
perature and background gas pressure is directly calculated by
PrismSPECT using a CRM.

A zero-width, optically thin, non-LTE plasma was
assumed. As suggested in literature, simulations used a
single-temperature Maxwellian electron distribution [20], [24].
The density model was calculated by fixing an argon pressure
in the plasma cell, assuming the ideal gas law, and allowing the
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gas temperature to respond within the set volume of the plasma
cell. Low-temperature spectroscopy was used as the modeling
mode as the other spectral modes were more suitable for hot
plasmas such as those seen in fusion reactor experiments.
Results from each simulation included the generated emission
spectra, ion population, and line intensities for user-selected
wavelengths.

IV. RESULTS AND DISCUSSION

This section details the nanosecond-pulsed plasma tests
that were conducted and the OES line ratio analysis coupled
with the PrismSPECT collisional-radiative software to obtain
electron temperature and electron density. Trends in the time
evolution of electron temperature and electron density at
various operating conditions were discussed, as well as the
uncertainties associated with the results.

A. Test Matrix

Pressure (1-3 Torr), discharge voltage (8-20 kV), and pulser
repetition frequency (0.5-8 kHz) were the main experimental
parameters modified to investigate their effects on plasma
properties. An example test matrix for a frequency study at
1 Torr, 8 kV would be to set pulser frequency at 0.5, 1, 2, 4,
and 8 kHz. At each test operating condition, the delay times
were swept from the onset of a photodiode signal to ~20 ns
past the end of the voltage pulse unless otherwise noted. The
delay time difference between two consecutive gates was 2 ns
for the first 80% of the sweep and 4 ns for the last 20%.

B. NSP Voltage Waveforms

Fig. 8 shows the sample waveforms from the six discharge
voltage conditions that were used for nanosecond-pulsed
plasma testing. Each set of discharge voltage waveform cor-
responded to 60-74 gates. While the rise time of all sets
of voltage waveforms were consistent, the fall times were
dependent on the voltage. Lower voltages (8 and 10 kV) had
longer fall times. The 14-kV condition was the bounding case.
Table I lists the desired NSP voltage, actual outputted voltage,
and rise and fall times of the voltage pulse, defined as the
interval between 10% and 90% of the peak amplitude [5].

The long RC time decay at lower voltages could be because
the energy going into the plasma cell load first charged the
capacitance of the load and then drained through the NSP’s
internal resistors after the pulse. At higher voltages, the energy
went directly into the plasma or was high enough that it caused
a breakdown in the capacitance of the load. This could explain
why the 14-kV condition seemed to generate the most visually
“unstable” and flickering plasma. This discharge voltage was
just high enough that some voltage pulses were going directly
into the plasma while others were charging and discharging the
plasma cell capacitance. This can be seen in Fig. 8§ where the
voltage decay of the 14-kV condition was distinctly separated
into a fast and a slow decay. Note that increasing the discharge
voltage brought fall times closer to the rise times, potentially
because the capacitive discharge did not occur.

The voltage seen by the plasma cell load was not the
same as what was requested from the NSP because of the
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TABLE I

VOLTAGE WAVEFORM PROPERTIES FOR NANOSECOND-PULSED PLASMA GENERATION

Discharge Measured % Difference Rise Fall Time
Voltage (kV) | Voltage (kV) Time (ns) (ns)
8 2.20 72.5% 27.6 306.0
10 2.73 72.7% 26.0 169.2
12 2.99 75.1% 24.8 98.8
14 3.31 76.4% 23.6 80.4
16 3.68 7% 22.8 43.2
20 4.37 78.1% 22.8 38.0
TABLE 11

SELECTED ARGON NEUTRAL SPECTRAL LINES FOR LINE RATIO CALCULATIONS OF NANOSECOND-PULSED PLASMA

Ar I Air Wavelength (nm) Rel. Intensity Transition Agi (s71)  Energy Levels (eV) [39]
696.5431 10000 4p°[1/2]1 — 4s%[3/2]2  6.40 x 10° 11.5484 — 13.3279
706.7218 10000 4p?(3/2]2 — 4s[3/2]2  3.80 x 106 11.5484 — 13.3022
727.2936 2000 4p?[1/2]1 — 4s%[3/2]1  1.83 x 106 11.6236 — 13.3279
738.3980 10000 4p?(3/2]2 — 4s[3/2]1  8.50 x 106 11.6236 — 13.3022
750.3869 20000 4p?[1/2]0 — 4s%[1/2]1  4.50 x 107 11.8281 — 13.4799
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Fig. 8. Comparison of low-voltage and high-voltage pulses on the NSP.

short 20-ns pulsewidth and the resistive plasma cell load.
However, there was a proportional difference in the desired
output to measured voltage, so meaningful trends could still
be observed. Similarly, although the voltage pulse was set
to 20 ns, the NSP only reached steady state for 5-8 ns,
which was enough for 1-2 emission spectra to be captured,
so changes in plasma behavior could still be established with
these voltage pulses.

C. OES Analysis Overview

The Ar I and Ar II lines selected for line ratio calculations
are listed, respectively, in Tables II and III. Lines within the
PI-MAX wavelength range and at least 2 nm away from other
argon neutral and ion +1 peaks in the NIST database were
chosen to minimize any peak matching errors. The transitions
for each wavelength, transition probabilities (A;), and energy
levels (E; — Ey) for the transitions are given as reference

from [39]. Transitions are written as electron configuration,
term, and angular momentum J, and energy levels are given
to four decimal places.

Three PrismSPECT simulations were run, one at each test
pressure of 1, 2, and 3-Torr argon. Each pressure simulation
had a different electron temperature range, but all ran with a
resolution of 0.005 eV.

Images of the plasma (taken with a Nikon D90 at
f718 aperture and 1/30 shutter speed) are shown in Figs. 9-11.
As discharge voltage and pulse frequency increased,
the plasma became brighter, as demonstrated by the increased
maximum intensities in the emission spectra (Fig. 12). As pres-
sure increased, the plasma column between the two electrodes
visibly narrowed. At 1-Torr argon, the plasma looked like
a glow discharge around the positive (bottom) electrode.
At 2 Torr, the plasma started to bridge the gap to the negative
electrode in a funnel shape. By 3 Torr, the plasma had
formed a narrow and focused beam across the two electrodes.
As seen in Fig. 12, the wavelengths of the emission spectra
corresponding to excited argon neutrals and argon +1 ions
had a large boost in intensity as pressure increased due to the
additional atoms available for excitation and ionization.

D. Line Ratio Comparison

At each time delay, wavelengths in Tables II and III were
used for line ratio calculations. Each Ar II wavelength peak
in a given emission spectrum was compared to each Ar I line.
Each experimentally determined 7, and n, from line ratios
was averaged to calculate a representative 7, and n, at a time
delay for an operating condition.

The range of electron temperatures (1-2 eV) and densities
(10 — 105 ¢cm™3) from all line ratio calculations at dif-
ferent operating conditions corresponded well to experimen-
tally determined and modeled values of similar plasmas in
literature [24], [26], [27], [40].
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TABLE III
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SELECTED ARGON ION +1 EMISSION SPECTRAL LINES FOR LINE RATIO CALCULATIONS OF NANOSECOND-PULSED PLASMA

Ar IT Air Wavelength (nm) Rel. Intensity Transition Ap; (571)  Energy Levels (eV) [39]
404.2893 288 4p°D 3/2 — 4s*D 3/2  4.06 x 107 18.4265 — 21.4924
407.2004 708 4p®°D 5/2 — 4s>D 5/2  5.80 x 107 18.4541 — 21.4980
413.1723 891 4p°P 1/2 — 45D 3/2  8.50 x 107 18.4265 — 21.4265
427.7528 1995 4p?P 3/2 — 4s*P 3/2  8.00 x 107 18.4541 — 21.3518
434.8064 1995 4p*D 7/2 — 4s'P 5/2  1.17 x 108 16.6439 — 19.4945
440.0986 8710 4p*P 5/2 — 3d*D 7/2  3.04 x 107 16.4065 — 19.2229
442.6001 1514 4p*D 5/2 — 4s'P 3/2  8.17 x 107 16.7485 — 19.5490
454.5052 1738 4p°P 3/2 — 4s*P 3/2  4.71 x 107 17.1400 — 19.8672
460.9567 2291 4p°F 7/2 — 45D 5/2  7.89 x 107 18.4541 — 21.1431
465.7901 1445 4p°P 1/2 — 4s*P 3/2  8.92 x 107 17.1400 — 19.8011
472.6868 23442 4p°D 3/2 — 4s*P 3/2  5.88 x 107 17.1400 — 19.7623
476.4864 2344 4p°P 3/2 — 4s*P 1/2  6.40 x 107 17.2658 — 19.8672
480.6020 1820 4p*P 5/2 — 4s*P 5/2  7.80 x 107 16.6439 — 19.2229
487.9863 2239 4p°D 5/2 — 4s*P 3/2  8.23 x 107 17.1400 — 19.6800
501.7163 7413 4p°F 5/2 — 3d*D 3/2  2.07 x 107 18.6565 — 21.1270

(a) (b) () (d)

Fig. 9. Nanosecond-pulsed plasma at different pulse frequencies, 10 kV, and 1 Torr. (a) 1 kHz. (b) 2 kHz. (c) 4 kHz. (d) 8 kHz.

(a) (b) (c) ()

Fig. 10. Nanosecond-pulsed plasma at different discharge voltages, 2 kHz, and 1 Torr. (a) 8 kV. (b) 12 kV. (¢) 16 kV. (d) 20 kV.

Figs. 13-17 show the time-resolved electron temperature
and electron density of the nanosecond-pulsed plasmas gener-
ated with selected operating conditions to demonstrate trends
in plasma behavior. Representative error bars were shown on
every Sth data point to prevent over-cluttering the plots. The
x-axis spans from 5% of the maximum voltage pulse on the
rising edge to 15% of the maximum photodiode signal on the
falling edge or to the last test taken for the lower voltage
(i.e. 8 and 10 kV), lower pulse repetition (i.e. 0.5 and 1 kHz)

conditions. Time at O is defined as the time of the maximum
voltage pulse to normalize the different tests.

E. Effects on Electron Temperature

As pulse frequency increased, the value of maximum 7,
was larger, and the time of that maximum 7, shifted leftwards
in time (i.e., T, rose and decayed faster in time). For example,
in Fig. 13, the 500-Hz case took almost 40 ns past the peak

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on May 11,2020 at 17:32:04 UTC from IEEE Xplore. Restrictions apply.



1068

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 48, NO. 4, APRIL 2020

(a)

Nanosecond-pulsed plasma at different pressure conditions, 20 kV, and 4 kHz. (a) 1 Torr. (b) 2 Torr. (c) 3 Torr.

Fig. 11.

voltage pulse to reach maximum 7,, while the 8-kHz case
reached maximum 7, about 35 ns before peak voltage. This
indicates that a large distinction in the plasma dynamics of
high- and low-frequency pulsed plasmas is how the intensities
of argon neutrals and ions rise and fall. Line ratio was defined
as neutral intensity to ion intensity, so higher ion counts with a
similar neutral count gave a lower line ratio and thus a higher
T,. At lower frequency plasmas, Ar I dominated the emission
spectra. Both Ar I and Ar II initially increased as delay time
was increased. However, Ar I counts were initially 2-3 times
larger than Ar II counts, so more argon neutrals were ionized
and the Ar II counts increased, the line ratio dropped, and T,
thus increased with time. Eventually, Ar II counts began to
decrease, while Ar I counts increased, and 7, dropped.

For high-frequency plasmas (i.e., 4 and 8 kHz), T, started
close to a maximum value because ion emission was stronger
than neutral emission at the low voltage. With time (as the
voltage pulse increased), more neutrals were excited, thus
continuously increasing the intensity of Ar I and decreasing 7.
No rise was seen in these high-frequency plasmas, potentially
because the ICCD/spectrometer was not sensitive enough.
Alow T, (< 1 eV) required Ar II counts 100—-1000-s times
smaller than Ar I counts. These extremely low intensities
occurred before 5% maximum voltage pulse where the spectral
signal-to-noise ratio was ~1 and was therefore too low to
calculate an accurate line ratio.

While electron temperature varied temporally for the voltage
studies, similar to the pulse frequency studies, the maximum
T, was only weakly dependent, if not independent, on the
applied voltage. Electron temperature decayed faster with
increasing discharge voltage, similar to simulation results
observed by Liu er al. [40]. Lower voltages, such as the
8-kV case in Fig. 14, gave a more steady 7, output for
longer, which was directly correlated with the longer voltage
pulse fall times of lower voltages shown in Table I. However,
conducting the voltage study at a high pulse frequency like
4 kHz in Fig. 15 demonstrated that all voltages, even lower dis-
charge voltages, reached their maximum 7, before maximum
voltage. This was additional evidence that increasing pulse
frequency shifted maximum electron temperature leftwards in
time.

The pressure effect on electron temperature was the least
obvious. All plasmas in the pressure study groups had a rise

(b)

(c)

and decay in electron temperature, but the different pressures
time-shifted these events such that higher-pressure plasmas
reached maximum 7, and began decaying soonest in time.
There was also a trend of electron temperature being inversely
proportional to pressure, which correlated with results from
literature [41]. There was a shorter mean free path at the
increased pressure conditions. The resulting, more frequent
collisions led to greater thermal energy loss and therefore a
lower T, as well as increased energy transfer and therefore
higher 7, rise and decay rates.

Note that the maximum 7, and n. for the 3-Torr test
conditions are not seen in the resulted figures (Figs. 16 and 17)
as they occurred before 5% maximum voltage. With a high
starting density of argon neutrals, a small discharge voltage
could create a high argon ion density and intensity and
therefore a maximal T7,.

F. Effects on Electron Density

While the maximum electron density of a plasma was
relatively independent of pulse frequency, higher frequencies
started at a lower 7, at a given time and had a faster decay rate.
The visual results in Fig. 9 show that a significantly brighter
plasma was generated as pulser frequency was increased,
but an independence in n, from the time-resolved results
indicated that while higher pulser frequencies introduced more
electrons to the plasma system, more argon neutrals were not
ionized. Instead, the dominant process and the cause of the
increased visual intensity in the plasma was a large increase
in excited argon neutral population. The faster n, decay rate at
higher pulse frequencies could be a result of more three-body
recombination processes occurring as more electrons were
pushed through the plasma more often.

The electron density profile was also relatively invariant
with respect to voltage, but higher discharge voltage conditions
led to n, decaying sooner after maximum voltage pulse, sim-
ilar to the 7, response. Therefore, changing discharge voltage
changed how soon recombination processes occurred in the
plasma, with higher voltage plasmas recombining sooner. The
n. decay rates were approximately constant across the voltage
cases.

In general, for the 1-Torr cases, maximum n, was tem-
porally later than maximum voltage pulse. This time delay
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Fig. 12.  Emission spectra of nanosecond-pulsed plasma at different operating conditions. (a) and (b) Increasing discharge voltage. (c) and (d) Increasing
pulser frequency. (e) and (f) Increasing pressure. All spectra shown were taken at the gate time corresponding to maximum voltage pulse. (a) 1 Torr, 8 kV,
1 kHz. (b) 1 Torr, 20 kV, 1 kHz. (c) 1 Torr, 16 kV, 1 kHz. (d) 1 Torr, 16 kV, 4 kHz. (e) 1 Torr, 10 kV, 4 kHz. (f) 3 Torr, 10 kV, 4 kHz.

could be attributed to the dependence of ionization rate to
electron temperature. The argon neutral and ion population
fraction at a given pressure from PrismSPECT was used as an
indicator of ionization rate (i.e., higher populations of a given
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ion imply higher ionization rate for that ion). The crossover
between argon neutral and 41 ions at 1 Torr is 1.15 eV (shown
in Fig. 18), and n, for Figs. 13-15 began to decay when
T, ~ 125 — —135eV.
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Fig. 15. Time-resolved results of voltage study at 1 Torr, 4 kHz.

The effect of pressure on electron density was
approximately linear (Figs. 16 and 17). n, for all three
pressures followed similar but time-shifted temporal profiles.
In Fig. 16, where additional tests were taken for the 1-Torr
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case past the voltage pulse, n, displayed the same behavior
as the 2-Torr and 3-Torr cases, but the time scales for the
constant, drop, rise, and slow decay of n, were significantly
longer. This faster temporal response at higher pressures
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could be attributed to greater recombination at higher
pressures.

G. Ionization and Recombination Times

From the data provided and with reference to PrismSPECT
simulations of argon neutral and ion populations, plasmas
in all operating conditions had ionization times in the tens
of nanoseconds based on the difference in time between
the crossover point of Ar I and Ar II populations and the
initiation of the voltage pulse. Although longer than ionization
times, the plasmas also had recombination times in the tens
of nanoseconds (10-100 ns). Higher discharge voltages and
higher frequencies led to faster electron density decay, which
suggested faster recombination times.

H. Uncertainty Analysis

The time-resolved electron temperature, electron density,
and plasma frequency values were obtained from several
averaging steps, and this section breaks down the uncertainties
involved in data collection and analysis.
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respective maximum values) of argon neutrals (Ar I) and ions (Ar II) as a
function of electron temperature for a 1-Torr plasma.

The camera—spectrometer setup necessitated the collection
of emitted light from a spherical volume of the nanosecond-
pulsed, argon plasma discharge. This light was collectively
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passed into the spectrometer slit as a spatial average. There-
fore, the emission spectra contained no information about
a specific, spatial location in the plasma but rather of the
spatially averaged, volumetric plasma discharge.

While there was uncertainty associated with spatial inho-
mogeneities and spatial averaging, the averaged emission
spectra are representative of the overall plasma, as shown in
literature [22], [26], [27], [32], [35]. Accordingly, the spatial-
averaged light was sufficient for the results presented herein,
which were results for the overall plasma. However, it was
important to analyze the uncertainty due to spectral and
temporal averaging used in data processing.

The averaged dark-subtracted spectrum was used for the
experimentally determined line ratios rather than the raw
emission spectra. The average spectrum, representative of all
emission spectra at each given time in the plasma’s lifetime,
was generated by averaging 20 raw light spectra and subtract-
ing the average of 20 raw dark spectra. To investigate the
effects of spectra emission averaging, over 10000 different
light and dark spectra were analyzed—20 raw emission spectra
for 51 time delays of ten randomly chosen test conditions.
Fig. 19 shows the example light and dark spectra, each with
20 raw emission spectra and the calculated average spectra.
A bound on maximum uncertainties of 12% and 3% were
calculated for the average light and dark spectra, respectively,
by looking at the worst case differences between the average
and raw spectra. The overall uncertainty for spectra averaging
is <12%, as calculated with a geometric mean for uncorrelated
uncertainties [42].

The other critical averaging step was in the line ratio
analysis where the 7, and n, values corresponding to each
Ar I to Ar II intensity line ratio of a given time (as detailed
in Tables II and IIT) were averaged to obtain the time-resolved
T, and n,. An analysis was conducted to determine bounds
on the effect of averaging the emission spectra and line
ratios on the final 7, and n, values. It is important to note
that different line ratios have differing sensitivities to 7, and
ne [24]. Therefore, the collective uncertainty was determined
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Twenty individual raw emission spectra at a given delay time and the averaged emission spectra (in black) to demonstrate repeatability and low
variation of the individual emission spectra. (a) Light spectra. (b) Dark spectra.

empirically using an analysis that tracked five test conditions
through the entire process to calculate the maximal effects
averaging would have on 7, and n.. Results of the tracked
process for the 12 kV, 1 kHz, 1 Torr test condition (Group 4
in Fig. 14) are detailed in Fig. 20.

Fig. 20 illustrates the electron temperature and electron
number density calculated from the averaged line ratio of each
of the 20 individual emission spectra for a given delay time.
The error bars represent the standard deviation calculation of
individual line ratios for each spectrum. The 7, and n, values
and standard deviation of individual line ratios as calculated
from the average emission spectrum (i.e., 1.39 eV£0.041 eV
and 5.45 x 10 cm™3 £+ 7.80 x 10'2 ¢cm™3) are shown as
solid red and dotted lines, respectively. The solid red line also
represents the values of 7, and n, used in the time-resolved,
nanosecond-pulsed plasma results.

In all tests analyzed, >95% of the electron temperature and
number density from all individual spectra were within the
standard deviation bounds of the calculated values from the
averaged emission spectra. That is, each individual emission
spectrum was within the error bound for the average value
with a probability P > 0.95. It was, therefore, justified to
use the averaged emission spectra for 7, and n, line ratio
calculations with confidence to within the standard deviation.
The averaged result was used to help suppress random errors in
this measurement. The maximum uncertainty bound was 11%
and 8% for electron temperature and density, respectively.

Another analysis was conducted for the uncertainty bound
in line ratio averaging. The T, and n, values were calculated
for each individual line ratio of a dark-subtracted emission
spectrum. Fig. 21 shows the results from a single emission
spectrum from the same test condition (12 kV, 1 kHz, 1 Torr)
as above. The mean and standard deviation of the electron
temperature and density values for individual line ratios were
represented by the red solid and red dotted lines, respectively.
Greater than 75% of all analyzed T, line ratio sets and
>85% of n. line ratio sets were within the standard deviation
bounds of the averaged line ratio. With a maximum uncertainty
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the averaged line ratio (solid and dotted red lines).

bound of 14% and 7% for electron temperature and density,
respectively, it was justified to use 7, and n, measurements
from the averaged line ratio instead of individual line ratios
for the time-resolved analysis.

The following additional uncertainties were estimated from
literature: spectra distortion through the glass tube (~5%),
wavelength and intensity calibration source and actual calibra-
tion (~3%), intensity calibration source and actual calibration
from 300 to 750 nm (~ 5%), instrument broadening (1%), peak
wavelength-matched intensities (5-10%), and PrismSPECT
modeling (1-10%) [24], [26], [27], [38]. From all the uncer-
tainties listed in this section, a maximum bound on the overall
uncertainty for 7, and n,, was, therefore estimated to be 27%
and 23%, respectively.

V. CONCLUSION

This article explores the ability to use an ICCD-
spectrometer assembly to obtain time-resolved spectroscopy
data for nanosecond-pulsed plasmas. The emission data
were analyzed with the line ratio method to determine the
nanosecond time evolution of electron density and electron
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temperature. The plasmas were generated using a wide range
of operating conditions with varying discharge voltage, pulse
frequency, and argon pressure. Results indicated that all gen-
erated plasmas had ionization and recombination times in the
tens of nanoseconds, and trends about electron density and
electron temperature were discovered.

While using OES with line ratio analysis to calculate plasma
parameters is not new, using it to research plasmas on the
nanosecond timescale is. The major contribution of this article
was to measure and analyze the time evolution of plasma
parameters through the lifetime of a pulsed, argon plasma
discharge to increase understanding of nanosecond-pulsed
plasma dynamics.
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