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Abstract

Stark polarization spectroscopy is used to investigate the temporal evolution of the electric field
distribution in the cathode region of a nanosecond pulsed discharge in helium at 120 Torr. The
measurements are performed on the He I transition at 492.19 nm, during the early stages of the
discharge formation. The experimental results are compared with the predictions of a 1D fluid
model. Time-resolved ICCD images show that the discharge develops as a diffuse, cathode-
directed ionization wave with a Townsend-like feature before transitioning to a glow-like structure.
Near anode instabilities characterized by filament formation were observed near the high voltage
electrode. Within 30 ns, a reduction of the sheath thickness to about 250 pm is observed, coinciding
with a gradual increase of the discharge current and proportional increase in electric field at the
cathode. The cathode electric field corresponding to this sheath with a thickness of 250 um is about
40 kV cm!. A subsequent steep increase of the discharge current leads to a further reduction of
the sheath width. The electric field evolution as obtained by the fluid model is in excellent
agreement with the measurements and shows that an enhanced ionization near the cathode is
causing the space charge formation responsible for the increase in electric field.

1. Introduction

Sheaths are space charge regions at the boundary of a gas phase plasma with a solid surface, whose
purpose is to balance the losses of negative and positive particles to walls. At sufficiently low gas
pressures, the sheath can be collisionless and the sheath electric fields accelerate positive ions to
surfaces resulting in ion energies of several eV up to 100s of eV [1]. However, at near atmospheric
pressure, the ion collision mean-free path becomes significantly smaller than the sheath thickness
and ions have close to thermal energies [2]. Nonetheless, the significant macroscopic electric fields
generated by positive space charges in the sheath remain at atmospheric pressure and will
significantly influence the plasma dynamics [2,3].

Many sheath models have been developed including analytical models like the matrix sheath and
Child law sheath model [1]. A significant effort of models and measurements have been devoted
to developing Bohm velocity criteria for the ion energy when ions are entering the sheath [1, 4].
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This has been particularly challenging in the case of plasmas with multiple positive ions and in
electronegative gases. As an example, Gottscho ef al performed a comprehensive experimental
study of the effects of the presence of electronegative gases, the discharge repetition frequency
and the plasma power deposition on the sheath thickness, the electric field profile and motion of
the plasma-sheath boundary in glow discharges at 0.3 Torr [5].

A cathode sheath in a dc driven discharge is responsible for the acceleration of electrons generated
by ion-induced secondary electron emission on the metal cathode and hence the sustainment of the
discharge [1]. Den Hartog et al reported spatially resolved electric field measurements in the
cathode sheath of a dc driven helium discharge at 3.5 Torr between two metal electrodes [6]. In
RF discharges, the sheath thickness varies with the RF cycle and at low pressure stochastic heating
becomes an important heating mechanism of electrons by the sheath [1]. A relatively recent review
of the sheath theories provides an overview of sheaths in both laboratory and space plasmas [7].

Most of the experimental and computational studies of the electric field profiles in sheaths have
been performed in dc and radiofrequency-driven glow discharges [6-11]. The transition from a
Townsend to a glow discharge, coinciding with the formation of a sheath, has also been studied
extensively [1,12,13]. However, most of the work involved fast imaging and modeling. Ito ef al
performed electric field measurements in parallel plate electrode geometries near breakdown
showing a diffuse breakdown on nanosecond time scales inconsistent with a Townsend breakdown
mechanism [14]. The breakdown has many similarities with a streamer breakdown but is not
filamentary. This diffuse breakdown is enabled by high pre-ionization densities. In this case
avalanches overlap and suppress steamer breakdown by smoothing out the electric field, enabling
a homogeneous breakdown [2].

The characterization of the formation of a sheath structure in the transition from a Townsend to a
glow discharge particularly for nanosecond pulsed discharges, the focus of this work, has received
little attention to date. Massines et al showed that dielectric barrier discharges (DBDs) could
exhibit the features of either Townsend or glow discharges depending on the maximum current
density [15, 16]. Through numerical modelling, it was demonstrated that the spatial structure of
the obtained atmospheric pressure glow discharge is very similar to that of low-pressure glow
discharges displaying cathode fall, negative glow, positive column and anode layer regions.
Nonetheless, the dielectric barrier limits the current and does not allow for a full transition to a
normal glow discharge [16]. Often, in this context, the glow discharge is referred to as a sub-
normal glow. Martens et al. concluded that an intermediate regime between Townsend and glow
discharges is also possible [17]. A modelling study of a DBD in Xe shows that space charge
formation is caused by a fast increase in the ionization rate due to stepwise ionization [18].
Interestingly, Adamovich et al developed an analytic 1D model for repetitively pulsed nanosecond
discharges in dry air in the presence of a dielectric barrier. Among other physical parameters, the
developed analytic model was able to predict the electric field distribution in the plasma and in the
sheath as well as the sheath location [19], in excellent agreement with experimental data collected
using four-wave mixing [20]. Wang et al reported simulations of an atmospheric pressure DC
micro-plasma in helium between metal parallel plates, a discharge without dielectric barrier. The
simulations showed a similarity of the pd scaling law (pressure — sheath size) for the atmospheric
pressure micro-plasma with the often-reported scaling laws for low pressure glow discharges [21].
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From a fundamental perspective, electric field profiles in the sheath are essential for determining
sheath properties as the electric field provides direct information of the space charge responsible
for the sheath structure. Knowledge of the electric field in the sheath advances the study of
discharge nonlinearities and contributes to testing plasma models and sheath theories.
Understanding sheath formation and identifying conditions for stable glow discharge formation
and instabilities have the potential to enable advances in diffuse discharge formation at
atmospheric pressure with an enhanced control capability for plasma-substrate interactions.

Many in-situ and non-intrusive techniques have been previously employed for electric field
measurements. At low pressures, most of the laser techniques rely on probing the electric field-
induced Stark shifting and mixing of the atomic or molecular Rydberg states using optogalvanic
[6,22] or fluorescence detections [23,24]. Such techniques can measure field strengths as low as
10 V/cm when using probe species such as NaK or BCI [5]. A fluorescence detection instead of
the optogalvanic detection enables improved temporal and spatial resolution. Czarnetzki et al
developed another approach to measure electric fields in plasmas named fluorescence dip
spectroscopy [11]. Despite being powerful to probe electric fields at low pressures, the previously
listed diagnostic techniques suffer from fluorescence trapping and from the overlapping of Stark
components of the Rydberg states at higher pressure due to collisional broadening. This led to the
development and implementation of other diagnostics for electric field measurements that are
compatible with a high collisional environment. One approach is electric field-induced coherent
Raman scattering (CRS), a technique that is favorably applied at elevated pressures. Electric field-
induced CRS has been applied by several researchers to investigate different plasmas [14,25,26].
Nonetheless, the technique is limited to Raman active gases and has been mainly used in N, and
H; plasma. More recently, electric field-induced second harmonic (EFISH) generation has shown
to be a powerful and versatile technique for electric field measurements in plasmas. The only
requirement is that the gas has a reasonable polarizability and so can be used in most high-pressure
plasmas. The time resolution of the measurement is limited only by the laser pulse duration. Unlike
CRS, EFISH is species-independent and can be self-calibrating [27,28]. In spite its lower
sensitivity in He (due to the small polarizability of He) EFISH was successfully applied to measure
electric fields in atmospheric pressure He plasma jets [29]. Nonetheless, many of the reported
EFISH measurements have been performed in highly complex electrode geometries and in non-
homogeneous molecular plasmas making the fundamental analysis of the results and sometimes
even the interpretation of the measured line integrated electric field challenging [29,30].

A range of different optical emission diagnostics have been developed for electric field
measurements. Stark polarization emission spectroscopy is a relatively simple technique for the
determination of electric fields for light atoms such as H and He. It is based on the polarization-
dependent Stark splitting and shifting of atomic emission lines. The wavelength distance between
the components is determined by the local electric field strength and the radiation from the plasma
is polarized in the axial electric field direction [31]. This method has been applied to different
plasmas [31-33]. Stark splitting of a hydrogen Balmer line has been similarly used for the
measurement of the E-field in the cathode layer of a dc glow discharge [34].

Electric field measurements can in principle be obtained from line ratio methods as excitation in
plasmas is highly dependent on the reduced electric field. For instance, using the ratio of the singlet
lines at 667.8 nm and 728.1 nm Ivkovic ef al performed 1D measurements of the electric field in
the cathode fall of a 16 kHz atmospheric pressure dielectric barrier discharge in helium [35].
However, line-ratio techniques have always a limited validity range and require a detailed
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collisional-radiative model to include collisional processes that impact the emission intensity in
high pressure plasmas.

In this work, we report time and spatially resolved axial electric field measurements in the cathode
fall region of a nanosecond pulsed helium discharge in a parallel plate geometry at 120 Torr. The
measurements are performed using nanosecond time-resolved Stark polarization spectroscopy.
The experimental results are compared with results from a 1-D fluid model enabling to discuss the
mechanisms behind the space charge formation.

2. Experimental setup and Stark polarization spectroscopy

Figure 1 shows a schematic of the experimental setup including an image of the plasma discharge
in operation. The discharge is generated between two parallel aluminum plate electrodes (22 mm
x 13 mm) separated by a 3.5 mm gap. The gap distance is fixed using two plastic spacers placed
between the supports of the upper and lower electrodes (see figure 1(b)). These spacers are
positioned a few millimeters from the plasma region to avoid any disturbance of the plasma. The
electrodes are enclosed in a vacuum vessel with ample optical access to the discharge area. High-
purity (99.9995% pure) helium gas flows through the vacuum vessel with a flow rate fixed at 1
standard liter per minute (slm), controlled by a mass flow controller to avoid the accumulation of
impurities. The pressure inside the vacuum cell was kept at 120 Torr. This was achieved by an
adjusted needle valve inserted between the vacuum chamber and the vacuum pump (Edwards
nXDS61) and monitored with a piezoelectric pressure transducer (MKS Instruments 902B-11010).
The vacuum vessel was mounted on a three-axis translation stage to enable precise alignment of
the setup with the optical diagnostics.

The electrodes were connected to high voltage vacuum feedthroughs mounted on the vacuum
vessel to allow for grounding and suppling high voltage pulses. The upper electrode from figure
1(a) was powered by an externally triggered high voltage pulse generator (DEI PVX-4130), which
produced positive square voltage pulses with an amplitude of 1.3 kV, a pulse width of 200 ns and
a repetition frequency of 4 kHz. The lower electrode was grounded. The pulse generator was fed
by a high voltage power supply (Spellman SL150) and the pulse width and repetition frequency
were controlled by a function generator (Tektronix AFG2021). The voltage and current waveforms
were measured with a high voltage probe (Tektronix P6015A) and a Rogowski coil (Pearson
electronics 2877) connected to a digital oscilloscope (LeCroy WaveSurferl0) with a 1 GHz
bandwidth.

Figure 1 shows the optical detection system used for electric field measurements using Stark
polarization spectroscopy which is identical to the setup used in [36]. Two plano-convex lenses (f;
= 180 mm and f; = 100 mm) were used to project the plasma emission on the entrance slit of a 1-
m focal length Czerny-Turner spectrometer (Acton Research Corporation, model AM-510)
equipped with a 1800 grooves mm! grating. The slit width was fixed at 50 um. A plastic plate
linear polarizer on a rotation mount was inserted between the imaging lenses and the entrance slit
of the spectrometer to ensure the collection of only n-polarized radiation. The polarizer is oriented
so that only vertically polarized light is transmitted, enabling the measurement of electric field
components perpendicular to the surface of the electrodes. The spectrometer was backed by an
Intensified charge coupled device (ICCD, Andor Technology, iStar DH340T) consisting of 512 x
2048 pixels (pixel dimension: 13.5 um x 13.5 um). The present configuration yields a spectral
resolution of about 40 pm (Gaussian instrumental function) as measured by the mercury line at
546 nm from a low-pressure mercury-argon pen lamp. The ICCD is externally triggered by the



TTL output of the same signal generator triggering the high voltage pulse generator and time-
resolved measurements are performed using the internal delay generator of the ICCD camera. The
gate size is fixed at 3 ns and each data point consists of an accumulation of about 4x10° to 2.4x10°
spectra. The spectra are on chip accumulated and not binned. The spatial resolution of the present
measurement is 22 pum (corresponding to 1 pixel). In this work, we used Stark polarization
spectroscopy to measure the evolution of the electric field during the plasma pulse. Particularly
we used the He I (2p!'P? — 4d'D) transition with its forbidden component He I (2p'P? — 4f'F)
emitting at 492.2 nm. We used the n-polarized components (in the direction of the electric field
and perpendicular to the electrode surface) for Stark shifting [33]. The electric field strength as a
function of the distance between the allowed transition and its forbidden counterpart for the
transitions at 492.2 nm is given by [36]:

E= (—58557 + 18.116 X Adsp + 3130.96 X Adur? + 815.6 X A1,p3)05 (1)

where E indicates the electric field strength in units kVem! and Al the distance between the
peaks of the allowed and forbidden lines in units nm. Equation (1) is valid for electric field values
between 1 and 100 kV cm!. To determine the electric field, we performed a fit of the line profile
using three line profiles to represent the allowed, forbidden and field-free lines. The uncertainty
on the electric field values inferred from the fit is estimated by evaluating the upper and lower
bounds of electric field values for which the fits satisfy R? > 0.95. R? being the coefficient of
determination of the fit obtained from the fit residual norm. This approach is described in detail in
[36]. All the spectroscopic measurements were performed by imaging the middle of the discharge
onto the vertical slit of the spectrometer.

3. Fluid model

The Townsend to glow transition in the parallel plate nanosecond pulsed discharge in helium was
investigated using a one dimensional (1D) multi-species and multi-temperature fluid model. The
1D assumption is justified by the uniform and diffuse nature of the discharge in the early phase
evident from ICCD images that are presented in the result section. The computational domain is
the 3.5 mm gap distance. The pressure and temperature of the background helium gas (He) are
assumed to be 120 Torr and 300 K, respectively.

The fluid model used in the present work includes time dependent continuity equations with drift-
diffusion flux approximation for neutral species (He ground state atoms, He* excited metastable
atoms (He(2'S) and He(23S)), and He,* excited metastable molecules: He,(a’X, ")), electrons, and
ions (He" and He;").
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n; is the species density for species with index label i. I'; is the species drift-diffusion flux and R;
the species generation rate through gas phase chemical reactions with other species j. D;, u;, and E
are the species diffusivity, mobility and the electric field. ¢; being the charge number of the particle
i, sgn(q;) is positive (+) for ions, negative (-) for electrons and nil for neutral species.

The continuity equations are coupled with the electron energy equation and Poisson equation
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with ¢, I',, D,, e, Ky, j, AE;, me, Mpe, Ko, kp, Ty €9 and @, the electron mean energy, electron drift
diffusion flux, electron diffusivity, elementary charge, rate coefficient for inelastic collisions of
electrons with species j, the energy exchange during inelastic collisions, electron mass, gas species
mass, electron-neutral transfer frequency, Boltzmann constant, gas temperature, vacuum
permittivity and electric potential, respectively. We do not solve the energy equation for heavy
particles and assume that their temperature is equal to the gas temperature during the first 50 ns of
the voltage pulsed that was modelled. Equations (2)-(4) are solved using the finite element method
of the COMSOL Multiphysics software.

Table 1 shows the list of reactions included in the model together with their reaction rate
coefficients. In the model, ionization of He atoms occurs by electron impact from the ground
electronic state and by stepwise ionization of excited metastable states. Electron—electron
collisions and superelastic collisions of electrons with He" metastable atoms have been neglected
because of the low electron density during the early stages of the discharge development. The
reaction rate coefficients for the electron impact reactions are included as functions of the mean
electron energy in COMSOL. The transport coefficients (mobility and diffusivity) for electrons
and reaction rate coefficient for reaction 1, 2 and 3 were computed using BOLSIG + [37] using
the cross sections set from the Morgan database on the open access LXCat website [38]. The
diffusion coefficients for ions and neutrals are computed using the Chapman-Enskog theory
combined with mixture-averaged diffusion formulation [39]. Ion mobility was calculated from
their diffusion coefficients using the Einstein relation [40].

Table 1 Reactions set considered in the model together with their rate coefficients.

No. Reactions Rate coefficient (m3s!, mfs) E;lsetr?gv) Ref.
1 etHe—et+He Seave) 0 [41]
2 etHe—etHe" S€ave) 19.8 [41]
3 etHe—2e +Het Aeave) 24.58 [41]
4 e+He*—e+He 1.7633x107169.31 -19.8 [42]
5 etHe*—2e+He" 1x10B3e0.0exp(-7.175/eayg) ~ 4.78 [42]
6 e+He,"—»2e+He," 7.28x10716e07 Lexp(-5.1/eavg) 3.4 [42]
7 2et+He"—et+He Tx10732 g3 / [43]
8 2e+He,"—»et+2He Tx10732 g3 / [43]
9  e+HetHe,"—3He 2x1039T,; 25 / [43]
10  etHetHe,"»2Het+He®  5x10%T,,! / [43]
11 2e+He'—et+He" 6x10°2T, / [43]
12 e+He,*»>He"+He 1x10327,4 / [43]




13 2etHe, vetHe,' 3x107°2 / [43]
14 et+He,">He+He" 8.9x10- 15T 15 / [43]
15 He"+2He—He,"+He 1.3%10745 / [42]
16  He*+2He—He,"+He 1x1043 / [42]
17 2He'—>HetetHe" 2.7%x10-16 / [43]
18  2He"—etHe,' 1.05%10-15 / [44]
19  He,"tHe"—>2HetetHe™ 5x10°16 / [43]
20  He,"+tHe"—Hetet+He," 2x10°1° / [43]
21 2He,'—3He+e+He' 31016 / [43]
22 2He,"—»2Hetet+He," 1.5x10°13 / [44]
23 2He+He*—>He+He,* 2x1046 / [44]
24 He,"+He—3He 4.9x1022 / [43]

“eave (€V) 1s the average electron energy. 7. (eV) is the electron temperature. T, is the
electron temperature divided by the gas temperature.

The boundary conditions imposed on the electrodes are as follows. Flux boundary conditions of
electrons and electron energy at the solid surfaces are given by the following equations [45,46]:

1 I8k,T
[,-n= Ene b e_asne#eE'n_Zyi(n' ry) #(5)
m,
5  [8kyT,
n-Ir,= gns — ANl E-n— yigi(n ) ri) #(6)
M,

where n is the normal pointing towards the solid surface, m, is the electron mass, y; and &;are the
secondary electron emission coefficient and the mean energy of secondary electrons emitted from
the cathode electrode of species i, respectively. a; is depends on the product of E and n as Equation
(7), so that the field-driven ion flux at the surface is non-zero only when the electric field directs
ions into the surface.

_ (1(sgn(z,)E-n>0)

s = {0(sgn(zi)E n<0)*(7)

where z; is the charge of the considered species. The flux of heavy ions and metastables at the
electrodes are given by:

8k,T;
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where m; is the mass of the heavy ions and metastables. 7; is the temperature of heavy ions, and it
is assumed to be equal to the gas temperature 7,. The second term on the right-hand side of
equation (8) represents the loss of ions due to the movement driven by the electric field, and it is
zero for the neutral species. The secondary electron emission coefficient for ions (He* and He,")
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varied from 0.005 to 0.25 in literature [45,47]. Our simulation results show that the discharge
current magnitude increases with the secondary emission coefficient, and the simulated current
magnitude is in best agreement with the measured current magnitude when the secondary electron
emission coefficient is 0.135. The initial densities of electron and ions (He™ and He,") are set to be
1019 m3, 5x10°m3, and 5x10° m-3, respectively. The experimental voltage waveform at the anode
is applied as voltage boundary condition. We modelled first a voltage pulse and let the plasma
produced species recombine for 250 ps, the time at which the subsequent voltage pulse is applied
in the experiment. The species densities obtained at the end of this simulation were introduced as
initial conditions in the second period to consider for pre-ionization that leads to a pulse-to-pulse
memory effect. A steady-state solution is obtained after four discharge periods, and all results
presented in this paper are from the fifth discharge period.. Different time steps were used in the
model for the voltage pulse and the inter-pulse time. Based on the Courant Friedrichs Lewy (CFL)
criterion, the maximum time step was set to be 10712 s during the voltage pulse, and it was 10® s
during the inter-pulse time. Under the constraint of the maximum time step, time steps are
automatically determined by specified relative (0.001) and absolute (0.001) tolerances. The
tolerances control the allowable error in each integration step in a way that the step is accepted if
the estimated local errors satisfy both tolerances. A minimum mesh size 0.6 um was used near the
anode and cathode electrodes and the mesh size was increased following a geometric progression
to 5 um in the middle of the gas gap. The calculation consisted of a total of 1500 mesh elements
in the 3.5 mm discharge gap.

4. Results and discussion

Figure 2 shows the experimentally measured voltage and current waveforms. The maximum
voltage and current are about 1.3 kV and 8 A, respectively. The current waveform has a FWHM
of about 70 ns. The first two peaks in the current waveform are due to the displacement current
with a maximum of 0.7A. The displacement current is neglegible for the remainder of the voltage
pulse. The voltage is decreasing with increasing current and starts to decrease much faster at /=0
s, the time corresponding to the maximum of the current. This fast reduction in voltage causes a
significant reduction in the discharge current. The coupled pulse energy is about 0.6 mJ, however
during the initial development before ¢ = -50 ns, the time domain of interest for the development
of the space charge region, only 57 pJ of energy is dissipated. Figure 2 also shows the current
waveform predicted by the kinetic model, using the experimental voltage waveform as input. The
solid line, part of the current waveform up to ¢ = -50 ns corresponds to the time domain of interest
for the present study. While the model can reproduce the shape and amplitude of the experimental
current waveform, the plasma conditions for ¢ > -50 ns lead to a very thin sheath and excessive
large electric field which are not consistent with the local field approximations made in the model.
Other observed differences between the measured and predicted current waveforms could arise
because the fluid model cannot account for stochastic variations and effects of impurities on the
pre-ionization, which were previously shown to be of importance during the initiation stage of the
discharge development [48,49,50].

Figure 3 shows time resolved broadband ICCD plasma emission images illustrating the dynamics
of the discharge development. Figures 3(a)-(b) are taken with a large camera gate (1 us) enabling
to record all the plasma emission produced during the entire discharge pulse. Figure 3(a) displays
a single-shot image while figure 3(b) is averaged over 50 discharge pulses, nonetheless the images
are nearly identical showing that the investigated discharge has a good shot to shot reproducibility.
The large intensity near the cathode suggests the presence of a near cathode space charge region



while the near anode region has an increased intensity exhibiting non-uniformity. The entire
discharge pattern is consistent with the emission pattern of an atmospheric pressure glow discharge
[15,48,51].

Nonetheless, the dynamics of the discharge shows some atypical features of a glow discharge.
Figure 3(c) shows the dynamics of the discharge with a 5 ns camera gate, the signal accumulated
over 20 discharge pulses each. It is readily apparent that the discharge develops as a cathode-
directed diffuse ionization wave. At ¢t = -80 ns the weak emission front of the ionization wave is
located about 1 mm from the anode, near the mid-gap position. At ¢ = -75 ns, the ionization has
gained intensity and the front is located about 0.6 mm above the cathode surface. 5 ns later the
ionization front has reached the cathode and a bright emission zone near the cathode is formed. At
longer time scales, an increase in intensity near the anode is observed which triggers the launch of
a second ionization wave towards the cathode. However, this second ionization wave never reaches
the cathode and its development is accompanied with plasma instabilities as illustrated by the
formation of filamentary structures extending from the anode into the discharge gap. These
filaments have a typical radius around 300 um result most likely from an anode instability. Such
instabilities occurring in the vicinity of the anode were observed by Akishev et al, in pin-to-plane
discharges in air at high pressures (up to atmospheric pressure) during a glow-to-spark transition
[52,53]. The high current density anode spots are triggered by the presence of high electric fields
in the anode layer and the negative differential resistance of the layer which is prone to instabilities
[2,52,53]. The plasma emission intensity near the high-voltage electrode increases due to the
presence of the filaments formed from the anode spots. Simultaneously, the light intensity near the
cathode increases, resulting in a dark intermediate area from ¢ = -40 ns onward. The growth of the
high intensity filamentary anode part is limited by the duration of the pulse which prevents
excessive heating and a thermal ionization instability which will lead to spark formation for larger
pulse widths [2]. The remainder of the paper is focused on the diffuse and uniform discharge for t
<-50ns.

Figure 4 plots the time evolution of the spatial profiles of emission at 492.2 nm of the He I (2'P —
4'D) transition recorded through the spectrometer with a 3 ns camera gate. The ionization wave
reaches the cathode within about 9 ns consistent with the image in figure 3 (c¢). This corresponds
to an average speed of about 4x10° m s'!. The dynamics of the changes in light intensity within
the gap are more apparent, including the decrease in light intensity after the ionization wave
reached the cathode and the near cathode space charge region is formed. At the current peak (¢ =
0), most of the light collected originates from the bright cathode layer. Similar spatial structure
and discharge dynamics were observed by Luo et al/ for an atmospheric pressure AC-driven
dielectric barrier discharge in helium between two parallel plates [51]. The diffuse and uniform
emission was attributed to a Townsend discharge and the transition to inhomogeneous emission
patterns was associated with a Townsend to a subnormal glow discharge. The dielectric barrier
prevents the transition to a normal glow discharge because of the charging of the dielectric which
reduces the electric field in the electrode gap and leads to a reduction in the discharge current.
Because of this reduction in the electric field, the second cathode directed ionization wave and
near anode instabilities were not observed in the case of a dielectric barrier discharge [51].
Similarly, Huang et al [48] observed the same dynamics for a nanosecond pulsed discharge in
helium at atmospheric pressure sustained between two parallel plate metal electrodes separated by
a 1 mm gap. However, because of the combined effects of the small discharge gap and the larger
speed of ionization waves at increased pressure the time resolution of their imaging apparatus,
might not have allowed to capture the dynamics of the secondary ionization wave.



Figure 5 shows Stark polarization spectra recorded in the gap near the cathode, during the
discharge at different moments in time, together with fits of the allowed, forbidden and field free
line components following the procedure detailed in [36]. A reference field-free line was measured
at the peak of the discharge current in the bulk plasma where the field is expected to be very low
allowing to determine the line position (492.19 nm) and the line width (full width at half maximum,
60 pm). The electric field magnitudes were inferred from the line profile fits either from the
distance between allowed and field-free spectral components at low field magnitudes (see e.g.
figure 5(a)) or from the distance between the forbidden and allowed components for electric field
amplitudes that lead to a significant forbidden line component (see figures 5(b)-(d)). The detection
limit of the technique for the present conditions is estimated to be about 4-5 kV ¢cm!. The unshifted
field-free line appears to be the most prominent spectral component for all the depicted sample
spectra. This is likely because our measurements are line of sight integrated and the electric field
might have a non-uniform distribution along the line of sight due to the rounded electrode edges.
The presence of high-intensity field-free lines in sheaths has been previously reported in sheaths
of atmospheric pressure RF discharges and was attributed to the limited spatial resolution of the
measurement [9,54]. Nonetheless for high electric field magnitudes, large wings of the Stark
spectra are observed because of the significant shift of the allowed and forbidden components (see
figure 5(c,d)). Wang et al suggested that for electric field values of several 10s of kV cm-! another
forbidden component (2'P — 4!P) appears however this line component has a larger shift than the
spectral range shown in Figure 5 [9] and was not observed.

While the nitrogen impurity level was low enough not to observe significant nitrogen emission for
times ¢ < 0 ns, it was possible to measure the spectrum of the second positive system N, (C—B)
(0,0) at the current peak. The gas temperature was inferred by comparing the measured spectrum
with a synthetic spectrum from Specair [55] yielding a gas temperature of 310 + 20 K. The minor
gas heating is consistent with the combined low energy density coupled to the gas by the discharge.
While the electric field is reported in this work, one can obtain the reduced electric field in good
approximation assuming that the gas temperature remains at room temperature.

Figure 6(a) shows the experimental time-resolved electric field profiles as obtained from the
experiment and the fluid model during the transition from the Townsend to the glow regime for
times ¢ as -77 ns < ¢ < -50 ns. The intensity of the He emission line at 492.2 nm for # = -80 ns is
too weak for determining the electric field during the cathode directed ionization wave. The
increase in electric field occurs within 500 pm from the cathode. Moving forward in time during
the propagation of cathode-directed the ionization wave, we observe that the thickness of the
region with high electric field decreases from about 500 um to 250 um whereas the peak electric
field obtained at the cathode increases from ~10-12 kV cm! to 40 kV cm!'. The significant
uncertainty on the electric field close to the cathode is due to the strong field-free component in
the spectrum which significantly reduces the accuracy of fitting the forbidden and allowed lines
(see also figure 5 (d)). While the model predicts the same trend and electric field amplitudes as the
experiment, the model does not capture accurately the location of the sheath boundary.

An additional insight obtained from these modeling results is the reduction in the electric field at
the sheath boundary compared to the electric field near the anode, which is consistent with the
dark zone as observed in Figure 3. Actually, at t = -59 ns, 0.7 mm from the cathode an electric
field reversal (negative electric field) is obtained. The electric field reversal at the edge of a sheath
region, in the negative glow has been predicted by modeling calculations in a DC glow helium
micro-plasma at atmospheric pressure [21] and in low pressures DC and RF discharges in argon
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and helium [56]. Measurements of an electric field reversal were previously reported by Gottscho
et al in low pressures DC discharges in argon and obtained by using laser optogalvanic detection
[57]. Similarly, Schultze et al reported field reversals in RF discharges in argon using phase-
resolved optical emission spectroscopy [58]. At atmospheric pressure, the electric field reversal
was detected experimentally in the positive column of DBDs in air by four-wave mixing [26].
Electric field reversal in a negative glow region enables current continuity in the sheath region at
high current density and is expected to be most significant at higher current densities as is the case
in Figure 6(b).

The increase in electric field near the cathode is coinciding with a transition from a Townsend to
a glow discharge due to an increasing electron density and hence the formation of a space charge
region or cathode sheath. Most of the applied voltage is across the cathode sheath in a glow
discharge, which for a 250 um sheath would lead to a ~ 50 kV ¢cm™!, which is observed in the model
while 40 kV c¢cm! is observed in the experiment. Figure 6 (a) shows consistently that a reduction
in sheath size by a factor 4 leads to an increase in the electric field at the anode by a factor 4. For
t >-50 ns a rather fast and drastic reduction in sheath size was observed but the limited spatial
resolution of the present diagnostic was not able to resolve the electric field profiles for these
moments in time. The fast reduction in sheath size is consistent with the steep increase of the
discharge current at ¢ >-50 ns (see figure 2) suggesting a significant increase in electron density in
the positive column.

The observed decrease in sheath thickness occurs within ~ 20-30 ns, a time scale at which the
heavy ions remain static hence the formation of a space charge should be linked to enhancements
in local ionization rates. Figure 7 shows the simulated spatio-temporal contour plots of the electric
field (figure 7(a)), the electron density (figure 7(b)), the total ionization rate (figure 7(c)), and
space charge density (figure 7(d)), respectively. The modeling results are plotted for -104 ns <¢ <
-50 ns. These modeling outcomes allow us to analyze the dynamics of the space charge formation
in more detail. Figure 7(b) shows that the remaining electrons of the previous voltage pulse amount
to an electron density of 5x10'6 m- with a depletion near the electrodes. The found pre-ionization
densities are similar to densities found in other studies [59]. Once a positive voltage is applied to
the upper electrode around ¢ ~ - 104 ns, the remaining electrons drift toward the high voltage
electrode, decreasing the electron density near the cathode (figure 7(b)) and leading to an
enhancement of the local electric field (see figure 7(c)). While a significant electron depleted
region near the cathode is formed during that period, the electric field within the gap remains
relatively uniform and low (< 1 kV cm™! for t < -95 ns). Figure 7 (b) shows that a depletion of the
electron density near the cathode occurs before the electron density increases in the bulk. This
might suggest that the electrons remaining from the previous discharge pulse might facilitate
sheath formation. The inhomogeneity in electron density leads to the formation of a sheath with
enhanced ionization at the sheath edge. At that time, secondary electron emission upon ion impact
does start to contribute to the process due to the enhanced electric field as a He* ion needs about
60 ns to cross a 250 um sheath which is similar to the time scale of sheath formation. The increase
of the ionization rate S, at the sheath edge, results in the formation of a space charge density of
similar magnitude as the electron density in the bulk of the plasma coinciding with a significant
increase in the electric field (figure 7(a)). This ultimately does lead to an increase of the electron
density in the bulk plasma. At ¢ = -60 ns, n. = 2.4x10!'7 m3, a factor of 5 higher than the pre-
ionization level. This increase in electron density matches the observed gradual increase of the
discharge current. The increase in electron density in the bulk plasma results in a decrease in the
sheath thickness (see figure 7(d)) correlating with the expected decrease in the Debye length. With
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most of the applied potential being across the sheath, a further increase in electric field in the
sheath occurs which ultimately which lead to run away behavior if the applied voltage would not
be reduced. Interestingly, experimentally an instability is found to develop at the anode (see above)
and not at the cathode suggesting that the anode layer is more unstable at elevated pressure and
current than the cathode sheath.

A cathode sheath in a dc driven discharge is responsible for the acceleration of electrons generated
by ion-induced secondary electron emission on the metal cathode and hence the sustainment of the
discharge [1]. Den Hartog et al reported spatially resolved electric field measurements in the
cathode sheath of a dc driven helium discharge at 3.5 Torr between two metal electrodes (See
Figure 1) [6]. Their results showed a linear decrease of the electric field in the cathode fall region
consistent with the electric field in a matrix sheath. The non-homogeneous space charge (ion
density) found in Figure 7 is inconsistent with a matrix sheath. The shape of the electric field found
in Figure 6 is more like the electric field distribution found in a high current micro-glow discharge
at atmospheric pressure by Wang et al [9]. The non-linear dependence of the electric field
distribution in the sheath was found to be more pronounced for a larger discharge current density
(~ 40 mA mm<?) compared to the 13 mA mm case of which the current density is more similar to
the case investigated in this paper (~ 10 mA mm=2). The collision-dominated high voltage ion
sheath has an analytical solution referred to as the Mott-Gurney law or sheath model [60]. In this
case, the electric field scales with x/2, x being the distance from the sheath edge, not unlike the
electric field profile found in Figure 6. Similarly scaling the sheath thickness with the pd scaling
law leads from a sheath thickness of 50 um at atmospheric pressure to ~ 300 um at 120 Torr similar
to our findings. This scaling is however valid for a normal glow discharge [61]. With increasing
current density, the electric field increases, and the sheath thickness reduces [61]. The rapid
increase in current starting at ~ -50 ns leads to a rapid increase in the electric field and a collapse
of the sheath thickness which requires diagnostics with higher temporal and spatial resolution than
used in this work and hence is outside of the scope of this paper.

5. Conclusion

The dynamics of a nanosecond pulsed discharge in helium at 120 Torr between two metal
electrodes was investigated using spatially and temporally resolved Stark polarization
spectroscopy complemented with 1D fluid model. Time-resolved ICCD images show that during
the breakdown process, the discharge transitions from a weakly luminous, diffuse and uniform
cathode-directed ionization front to a glow discharge structure. The electric field measurements
using the He I transition at 492.19 nm show the development of a space charge region near the
cathode and are in excellent agreement with the modeling results. The space charge is generated
on time scales of 20-30 ns by an enhanced ionization rate near the cathode which is self-enhanced
by the coinciding increase of the electric field. The reduction of the sheath size with increasing
current density results in a further increase of the electric field at the cathode. An electric field of
40 kV cm! due to accumulated space charge was measured 30 ns after the start of the Townsend
discharge. Interestingly, while the largest ionization occurs near the cathode, the experiments show
that an instability is developing near the anode as can been seen from the formation of filamentary
structures that are growing towards the cathode over time.
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Figure 1. (a) Schematic of the plasma and the optical emission spectroscopy setup. (b) Photograph of
the plate-to-plate discharge at 120 Torr. The gap distance is 3.5 mm.
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Figure 2. Experimental pulse voltage, current, and predicted current waveforms in the plate-to-plate
discharge. The first two maxima in the current waveform are capacitive current.
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Figure 3. Broadband ICCD images of the parallel plate helium discharge. (a) Single-shot, 1us gate. (b)
50-shots averaged, 1us gate. (¢) Time-resolved images with camera gate of 5 ns. Each image is an
accumulation of 20 discharge pulses. The time delays relative to the moment when the peak of the current
waveform occurs are shown in the images. The dash lines indicate the location of the electrodes surfaces.
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Figure 4. Relative intensity distributions of the 492.2 nm He line along the electrode gap. The camera
gate is 3 ns. Peak intensity distribution for the corresponding times.
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Figure 5. Stark polarization spectroscopy spectra recorded at 120 Torr for different moments in time and
locations together with fits. The camera gateis 3 ns. (a) E=6+£3 kV/cm. (b)) E=12+2kV/cm. (¢) E=
20+ 2 kV/em. (d) E =40 + 5 kV/cm. Aha is the distance between allowed and field-free lines. AAar is
the distance between allowed and forbidden lines.
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Figure 6. (a) Experimental and predicted electric field profiles during the voltage pulse for selected
moments in time. (b) Electric field profiles as obtained from the fluid model. The axis on the experlmental
profile and model only covers 0.5 and 2 mm and the electrode gap distance is 3.5 mm.



(a) (b)
_ E [kV/cm] n, [0 m?
e & il |
E£.30 E.30. i
L o)
Q 2.5 5 225 0.6
§ 20 ¥ ® 20- 0.1
25
e 0.05
9 1.5 20 g 1.5 0.02
y— o
@ 1.0 13 10 0 0.01
o) 0 o 0.005
= c
S 0.5 5 @ 054 0.002
0 v @ 1E-03
0 0.0 O 0.0
-110 -100 -90 -80 -70 -60 -50 -110 -100 90 -80 -70 -60 -50
Time [ns] Time [ns]
(c) (d)
S_[10®m®s™ Q/e [10"7 m?]
,g 35 e E‘ 3.5
£330 . 4 Eap
0.3 QO
& ©
B 25 003 @ 25
£ 0.003 % -
g 20 2604 O ©
€15 2E-05 g 15
£ 2E-06 2
9 1.0 1507 @ 1.0
& 05 108 S s
o 1E-09 %5
Aa 0.0 —— — Q 0.0

110 -100 -90 -80 -70 -60 -50
Time [ns]

-110 -100

-90 -80 -70
Time [ns]

-60 -30
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