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Time- and space-resolved visible-emission spectroscopy measurements are applied to study plasma parameters
in nanosecond electrical discharges in He gas at pressure of 10° Pa, using a 150 kV, 5 ns duration high-voltage
pulse. The plasma evolution during the discharge is investigated by applying line-shape analysis of several He I
spectral transitions, with the Stark and opacity effects accounted for. The analysis shows that the discharge plasma
is not in equilibrium and that significant electric fields of several kV/cm are present in the plasma during the
discharge. Regions of plasma with significantly different electron densities are identified and a qualitative model

of the plasma formation and evolution is proposed.
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I. INTRODUCTION

Nanosecond and subnanosecond discharge in air and
helium at elevated pressures >10° Pa is a widely researched
subject [1-6]. The common approach for formation of such a
discharge without the use of external pre-ionization sources is
the application of a high voltage (HV) pulse with amplitude
and duration in the ranges 50-300 kV and 150 ps — 20 ns,
respectively [1-3]. An important feature is the nonhomogene-
ity of the electric field distribution in the inter electrode gap,
ensured by the form of the cathode. High-energy nonthermal
runaway electrons (RAE) are generated during the discharge
and are responsible for the pre-ionization of the discharge
gap [1]. There are many experimental investigations and
analytical and numerical modelings [5,6] related to studies of
the formation of the RAE beam and the generation of optical
and x-ray emission [7-12] during the discharge. While the
emission of RAE from the cathode is a wide consensus [1-3,9],
there are also experimental evidence [11] and models [2] for
emission of RAE from the ionization front advancing from
the cathode to the anode. The latter assumes that the plasma
channel behind the ionization front has a sufficient density
and temperature in order to carry the cathode potential to the
front of the plasma channel propagating towards the anode,
and to form at its front a strong electric field sufficient for
the generation of the RAE. In order to study parameters of
the discharge plasma one can employ a nondisturbing method,
such as optical emission spectroscopy, to determine the plasma
electron temperature and density. Earlier, spectroscopic studies
of repetitive 170 ns duration pulsed discharge have been
carried out in atmospheric-pressure N, and N, /H,O mixture
[13]. Another study of repetitive pulsed discharge reports
time-averaged values of electron density in He and N, gases
at the pressure of 10° Pa [14]. Also, a pulsed-dc excited
atmospheric helium plasma jet was characterized in a study
described in Ref [15].

In this work, we present results of time- and space-resolved
spectroscopic investigation of the plasma generated during the
discharge in He gas at pressure of 10° Pa by application of
a high-voltage pulse with duration of 5 ns, full width at half
maximum (FWHM).
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II. EXPERIMENTAL SETUP

In experiments was used an all-solid-state generator based
on magnetic compression stages and semiconductor opening
switches [9] delivering HV pulses with duration of ~5 ns
FWHM and amplitude of <200 kV to a diode filled with
He gas at a pressure P = 10° Pa, with the cathode-anode
(C-A) gap dca = 2 cm [see Fig. 1(a)]. Prior to filling the
diode with the gas, the diode was evacuated to a pressure
of 0.1 Pa. The discharge voltage and current waveforms [see
Fig. 1(b)] were measured using a capacitive voltage divider
and self-integrated Rogowski coil, respectively. The cathode
was made of a stainless steel blade of 7 mm length and with
a width of several um at its emitting edge. The anode, made
of an aluminum disk of 100 mm in diameter, was located at a
distance of 2 cm from the cathode. The optical emission from
the gas discharge, observed through a Perplex window, was
focused using a lens on the entrance slit of a Chromex 500
imaging spectrograph. The lens was placed at an appropriate
focal length for each line wavelength. The entrance slit of the
spectrograph was set at 100 pm. The instrumental broadening
and the focal distance of the lens for each wavelength in the
experiment were determined using Hg, Ar, Ar, Ne, and Xe
calibration lamps. A fast framing intensified 4QuikE camera
(spectral range 350-700 nm) operating with exposure time of
1 ns was coupled to the exit slit of the spectrometer. The CCD
matrix of the camera has 300 x 780 elements, with the longer
horizontal axis corresponding to the dispersion direction. The
4QuikE camera operation was triggered by the voltage pulse
produced by the voltage divider connected to the first magnetic
compression stage in the HV generator. The time of the
beginning of each camera exposure (fy,,) Was set as the time
delay between the synchronization pulse of the camera and the
beginning of the discharge current. A time jitter of ~1 ns in
triggering of the camera allows us to observe different stages of
the discharge at different times with respect to the beginning of
the discharge current with a 1 ns resolution. The signals from
the capacitive voltage divider and the camera synchronization
pulse were recorded by a TDS 694C oscilloscope (3 GHz,
10 GS/s), and the image of the spectral lines on the camera
output CCD was recorded via the software for 4QuickE.
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FIG. 1. (Color online) (a) Experimental setup for time- and
space-resolved spectroscopy measurements. (b) Voltage and current
waveforms obtained in He, with dcy = 2 cm.

The coupled system of lens-spectrograph-4QuikE camera was
mounted on a single-piece base which was moved with a
micrometer, allowing for an observation of different sections
of the cathode-anode gap.

III. DATA PROCESSING

In order to achieve reliable results, the most intensive
spectral lines in the visible range, with a sufficient He I
signal-to-noise ratio observable on the time scale of 1 ns,
should be considered. It was found that several spectral lines,
namely 388.86, 402.62, 447.15, 492.2, 501.57, 587.56, and
667.82 nm, satisfied these criteria. The emission of these lines
was recorded along the whole cathode-edge length of 7 mm.
The emission of the spectral lines of He 11 ions was not detected,
not even when the exposure times were extended to >100 ns
and with the maximum gain of the framing camera.

The light emission of the discharge plasma in the He gas is
characterized by the formation of minor plasma channels along
the blade edge and major channels formed at its top or bottom
edge or at the both edges, where the most significant electric
field enhancement is achieved. Major channels are the ones
that advance throughout the C-A gap reaching the anode, while
minor channels deviate toward the major channel and overlap
with it at some distance from the cathode. Later in a discharge,
the major discharge channels mostly appear at the middle of the
cathode, apparently due to formation of a significant emission
centers at the cathode surface at that location [16]. Therefore,
we analyzed the spectral lines emitted from major and minor
channel regions separately. The regions of the major discharge
channel formation are presented as a broader segment of
the spectral line. The spectral line was formed by the light
collected from the spatial region of a 2 mm width along the
C-A direction. In the experiments, the entrance slit of the
spectrograph was imaged at distances of 1 and 5 mm with
respect to the cathode emitting edge (d¢), so the light emission
was collected from the 0-2 and 4-6 mm segments along the
C-A axis, respectively. On average, about 150 generator shots
were carried out for acquisition of each spectral line by the
4QuickE camera at the output of the spectrometer for each
value of d¢. Each recorded shot was assigned its time delay
(z1) with respect to the earliest shot where the spectral line
had distinct shape and intensity sufficient for analyzing. The
values fgo for shots with 7, = 0 were approximately equal
for all spectral lines obtained and analyzed, meaning that all
recorded spectral lines appear almost simultaneously in the
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FIG. 2. (Color online) Typical time evolution of several spectral
lines at dc = 5 mm, represented by time average of spectral lines
over 1 ns intervals. (a) 388.87 nm; (b) 447.15 nm; (c) 492.2 nm;
(d) 587.56 nm.

discharge process. The intensities of the obtained spectral lines
diminished to the noise level after 6-9 ns. For the processed
shots a vertical segment of ~1 mm length from major and
minor channel regions separately was averaged in the vertical
direction to obtain the line shape [see Fig. 2(a)]. The spectral
lines were averaged for a 1 ns interval, so that the 0—1 ns time
interval, for instance, would be represented by the averaged
spectral line profile resulting from 7-10 profiles which belong
to 0 <, < 1 ns. In Fig. 2 some of the time intervals were
selectively omitted for the sake of clarity.

IV. ANALYSIS

A. Preliminary processing of the experimental results

In total, seven He I spectral lines were analyzed: singlet
2s-3p (388.86 nm), triplet 2s-3p (501.57 nm), singlet 2p-3d
(667.81 nm), triplet 2 p-3d (587.56 nm), singlet 2 p-4d (492.20
nm), triplet 2p-4d (447.15 nm), and triplet 2p-5d (402.62
nm). Because of the high density of the neutral He atoms
(~2 x 10"cm™3), the opacity (self-absorption) affects the line
shapes. One can see in Fig. 2(d) that, for the singlet 2p-3d
(667.81 nm) and triplet 2p-3d (587.56 nm) transitions which
are the strongest lines among the observed ones, the opacity
is so strong that the self-reversal effect on the line intensity is
very pronounced. This effect indicates inhomogeneity of the
emissivity and absorption coefficients of these spectral lines
along the line of sight in the observed plasma regions. Thus,
the use of the emission line widths to determine the plasma
density becomes unreliable because of the opacity, yielding
only an upper limit of the density. It was suggested [17,18]
instead to determine the plasma density using the separation
between the allowed (A) and forbidden (F) components of
spectral lines 447.15 and 492.20 nm. Due to the mixing of
the upper levels by the plasma microfields, the energies of
the levels shift depending on the plasma density, while being
largely insensitive to the opacity and plasma temperature.

As was previously indicated the 587.56 nm (2 p-3d triplet)
and 667.81 nm (2p-3d singlet) spectral lines exhibit strong
self-reversal features. However, the absorption profile can be
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FIG. 3. (Color online) Electron density evolution. Density was
calculated using the widths for the 388.86, 501.57, and 402.62 nm
lines; using the width of the absorption curve in the line profile for
the 587.56 and 667.8 nm lines and using the distance between the
forbidden and allowed components for the 492.2 and 447.15 nm lines.

used to calculate the absorbing plasma density by applying
the tabulated data in Ref. [19]. Spectral lines 402.62, 388.86,
and 501.57 nm do not show strong absorption features,
therefore the influence of the opacity on the line profile is
uncertain. Thus, these spectral lines together with the data in
Ref. [19] were used to calculate the upper limit of electron
density. The time evolution of electron density n, obtained
using this analysis is shown in Fig. 3. In the analysis we
have also considered the effects of van der Waals (VdW)
and resonance broadening on the line widths. The explicit
calculations of the broadening due to these mechanisms are
shown in Sec. IV B. For calculation of density from the widths
of lines 388.86, 501.57, 402.62, 587.56 nm, and 667.81 nm we
assumed 7T, = 2 eV (see Sec. IV B for estimation of electron
temperature). One can see that there are two groups of spectral
lines representing two different values of electron density
which can be related to different factors (plasma nonuniformity
and nonequilibrium, existence of external electric field, etc.)
which influence the spectral line profile in different ways.
To explore these effects a precise analysis of the obtained
spectral lines was carried out. This analysis is described in
Sec. IVB and it includes opacity effect, Stark broadening,
external low-frequency electric field, and collision-radiative
(C-R) modeling which also accounts for existence of nonther-
mal electrons.

B. Spectral lines at dc = 5 mm

Let us start with the opacity effect. With the plasma
density determined from the F-A separation, the ratio between
the allowed and forbidden component intensities allows us
to determine the opacity. Assuming a homogeneous self-
absorbing plasma slab, the observed spectrum is given by

H(w) ~ T {1 — exp[—t p(»)]}, (1)

where Io(w) is line shape calculated in the optically-thin-
plasma limit (peak-normalized to unity), and 7 is the (peak)
line opacity. If the opacity effect is strong, applying Eq. (1)
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may slightly alter the F-A separation, in which case n, and ©
need to be reevaluated. Typically, one such iteration suffices
for convergence.

A criterion for sustainability of the analysis should be a
good fit to the entire line shape, within the expected error
bars which depend on the signal-to-noise ratio (SNR) of the
recorded spectrum. If the best fit of the experimental data is not
good enough, the model of the plasma needs to be extended,
e.g., assuming plasma not in the thermal equilibrium (i.e.,
different temperatures of electrons, ions, and neutral radiators),
or the existence of macroscopic electric fields. Indeed, in
addition to the plasma microfields, the F-A separation is, in
general, also sensitive to any other AC or DC electric fields
that may be present in plasma. With a sufficiently high SNR
level of line-shape data, the effect of such electric fields can
be distinguished from that of the plasma microfields [20,21].

Two of the seven spectral lines considered in the present
study, namely, the singlet and triplet 2 p-4d, are suitable for this
approach. The calculations were performed using the computer
simulation method described in Ref. [22] with the NIST atomic
data [23]. The Stark broadening parameters of the He I lines,
including the F-A separation and ratio, have been previously
tabulated [24,25]; the agreement between these calculations
and our results is within 10% for the plasma parameters
considered in the present study.

In addition to the two main line broadening mechanisms, the
Stark effect and the opacity, the Doppler effect and broadening
due to the neutral perturbers, i.e., the resonance and van der
Waals (VdW) broadening, were considered. The resonance
broadening FWHM in atomic units is given by (m, =h =
e =1)[26]

8s Jai

2
8i Eig

2w; ~ 4w N,

where N, is the particle density of the He atoms in the ground
state, and g, and g; are, respectively, the degeneracies of
the ground and either the initial or the final state of the line
connected to the ground state by a dipole-allowed transition
having the absorption oscillator strength f,; and energy E;,.
With N, expressed in cm™ and energies in cm ™', this reads

8s Joi

207 ~9 x 107N,
8i Eig

3)

For a weakly ionized plasma, the vast majority of atoms are in
the ground state (confirmed by our calculations, see Sec. V),
which is a singlet s state. Thus, only transitions from or to
a singlet p level are affected by this mechanism. The VdW
broadening, expressed in atomic units [26]

(R2 - R%)*®

Zw;}dw ~ 2nNgv3/51E+, “)
p

where v is the thermal perturber velocity in the center-of-mass
frame, E, is the its excitation energy, and R; and R are the
radii vectors of the radiator in states i and f, respectively. The
bars over v¥/> and R? stand for averaging over the thermal
velocity distribution and the atomic states, respectively. The
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value of R? is approximately evaluated as [27]
R2 = 7*[5;11 +1 =311+ 1)]. (5)

Here, the effective principal quantum number 7, is 1/4/21;,
where [; is the ionization energy of state i, and [ is its orbital
momentum. With energies in cm™!, the temperature of the
neutral gas 7,, in eV, and R in units of the Bohr radius, Eq. (4)
can be rewritten as

)y @
if

” T, (6)
where u is the reduced mass (2 for He). Due to the low plasma
ionization degree (~1073, see below) and short time scale of
the emission (<10 ns), the neutral atoms remain practically at
room temperature. This can be shown by assuming the heating
is mainly due to the collisional energy loss of the plasma
electrons. Indeed, the electron-ion thermal relaxation rate in
atomic units is [22]

20, ~ 2 x 107'°N, (

82 Zizn,- In A
A 2

Vei =

amounting, for n, =n; =2 x 10! cm™ and T, =2 eV, to
Vi &~ 3.1 x 107 s~!. Here m; is the ion mass, n; is the ion
density, and In A is the Coulomb logarithm of the electron-ion
collisions. The electron-neutral relaxation rate in atomic units
is

Ven = 2O-ennn Tel/z/mia (8)

where o,, is the electron-neutral collisional cross section.
Assuming for the latter o,, = ”R%/dw where the He I van der
Waals radius Ryqw =& 1.4 x 10~8cm [28], we obtain for the
same physical conditions v,, &~ 2 x 108 s~!. Therefore, the
total thermal relaxation rate from electrons to heavy particles
is approximately 2.3 x 10 s~!. In other words, during the
entire discharge time of 10 ns, at most 2.3 x %Te =69 eV
per electron can be transferred to neutrals.! However, since
the amount of neutrals exceeds that of electrons by three
orders of magnitude, the thermal energy of each He atom is
increased only by 6.9 meV, corresponding to heating by about
50 K. Therefore, for the Doppler and VAW broadening effects,
T,, = 0.03 eV was assumed.

The results are presented in Table I. As seen, the Doppler
broadening is negligible for the conditions of this study. For the
analysis, the calculated Stark line shapes were convoluted with
the total Lorentzian due to the resonance and VdW broadening
effects, then the opacity was accounted for [Eq. (1)], followed
by convolution with the Gaussian due to the instrumental
broadening.

Ions may gain additional energy by accelerating in the
low-frequency electric fields present in the discharge plasma.
Fields of the order of 10-20 kV /cm (see below) result, on the
scale of the ion mean free path ~10™ cm, in an energy gain
of about 0.1-0.2 €V. (Here we assumed a He*-He charge-
exchange process with a cross section of 25 x 10'3 cm? [29]

'Evidently, this assumes the electrons are kept at a constant
temperature by an external mechanism.

PHYSICAL REVIEW E 88, 013107 (2013)

TABLE I. Instrumental, resonance, VdW, and Doppler broaden-
ing FWHMs of the He I transitions used for diagnostics. Also given
are the total Lorentzian (L'') widths. All values are in units of cm™".
The calculations were performed assuming n, = 2 x 10" cm™3 and

T, = 0.03 eV (see the text).

Transition A (nm) Instr. Resonance VAW Doppler L
25(3S)-3p(’P) 388.86 4.0 0 0.52 0.16 0.52
2p(P)-5d(*D) 402.62 3.7 0 1.26 0.15 126
25CP)4d(’D) 447.15 2.8 0 084 014 0.84

2p('P)-3p('D) 49220 2.1 168 084 0.2 252
2p(18)-3p('P) 501.57 2.0 0.41 053 012 094
2p(P)-3d(’D) 587.56 1.3 0 045 010 045
2p('P)-3d('D) 667.81 1.5 1.68 044 009 2.12

as the dominant contribution to the neutral-ion relaxation.)
The time scale of this process (0.1 ns) is well below the
discharge time, i.e., one can consider a steady-state balance
between the acceleration in the electric field and collisional
de-acceleration, resulting in an average kinetic energy gain
of 0.05-0.1 eV per ion. Therefore, for the Stark broadening
calculations 7; = 0.1 eV was assumed.

An example of line-shape analysis is given in Fig. 4, where
the experimental data of the triplet 2p-4d line averaged over
a time of 1-2 ns are presented, together with the calculated
spectra under different assumptions. The best fit for the F-A
separation and F/A ratio is obtained at n, ~ 7 x 10" cm™3
and an optical depth of 2.4. However, as seen from the
figure, this line shape strongly overestimates the measured line
wings; in addition, the dip between the allowed and forbidden
components is too shallow. The source of the extraneous
broadening is electrons: In order to fit the line wings, a
significantly lower (n, = 4 x 103 cm™>) density is required;
however, the F-A separation is evidently too small in this case.
The F-A separation is mainly determined by the slow (ionic)
component of the plasma micro field, therefore, one needs to

500 T T ' T '
o Expt. data,t=1-2ns
r Y —— ne:7><1015,‘r:2.4 |
400 4y - n=4x10"1=30 7
| i - n,=7x10"%,T, = 100 ¢V, 1=3.7]
) \
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g
2
& 200
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|
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FIG. 4. (Color online) An example of the He I triplet 2p — 4d,4 f
data analysis. The experimental data are averaged over t = 1 — 2 ns.
The plasma parameters used for the calculations are indicated in
the legend. Unless explicitly mentioned 7, =2 eV, T; = 0.1 eV and
T, = 0.03 eV was assumed (see the text).
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FIG. 5. (Color online) An example of the He I triplet 2p-5d, 5f,
S5g data analysis. The experimental data are averaged over t =5 —
6ns. T, =2eV,T; =0.1eV and T, = 0.03 eV were assumed for the
line shape calculations, with other parameters indicated in the legend.

keep the magnitude of this component while diminishing the
electron broadening.

One possibility of achieving this is to significantly in-
crease the electron temperature since the electron broaden-
ing decreases with T,, reaching, for sufficiently high 7,
the impact-limit ~ 1/,/T, asymptote [19]. Indeed, assuming
nonequilibrium plasma with 7, =100 eV gives a fairly good
fit to the measured spectrum. (We note that simultaneously
increasing 7; and/or T, would result in a complete smearing
of the entire allowed-plus-forbidden line structure, due to the
ion dynamics). The other possibility is addition of a DC or
low-frequency (<10 GHz) electric field.” Indeed, assuming
such a field with a root-mean-square (RMS) magnitude of
~10 kV/cm allows one to achieve a good fit.

The same analysis was carried out for the singlet 2p-4d
(492 nm) data, resulting in similar conclusions. In addition,
we also analyzed the triplet 2 p-5d (402 nm) transition. Due to
the higher principal quantum number of the upper states, the
energy separations between the 5/ levels are smaller, while the
Stark mixings are larger, than those of the 4/ levels. As a result,
for the plasma densities relevant for this study, the 5d, 5 f, and
Sg states strongly intermix, with the total line shape lacking
the clearly identifiable F-A signature of the 2 p-4d transitions.’
Furthermore, the intensity of this line is rather weak, with
a worse SNR of its measured line shapes. Nevertheless, the
line-shape analysis of these data also disfavors the simple
model of an LTE plasma, suggesting, similar to the 2p-4d
singlet and triplet data, the presence of a low-frequency electric
macro field. Examples of the calculations are shown in Fig. 5.

Although the line-shape analysis does not allow for dis-
criminating between the two possibilities (7,>>10 eV and a
~10 kV/cm low-frequency or DC electric field), the first
one can be ruled out based on the plasma kinetics consid-
erations. To this end, we performed calculations based on

The electric fields having too high frequency would result, not
unlike the ion dynamical effect, in additional line broadening.

3In addition to these levels, the triplet 55 and 5p levels were also
included in the Hamiltonian for these calculations.
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FIG. 6. (Color online) Results of C-R calculations obtained under
two stationary conditions: LTE and optically-thin CRE He plasma. In
both cases, a constant mass density of 0.18 mg/cm® of He gas was
assumed. (a) electron density; (b) peak opacity of the 587 nm line per
unit length.

the collisional-radiative (C-R) model described in Ref. [30],
assuming a plasma mass density of 0.18 mg/cm®, which
corresponds to He gas at P = 10 Pa at room temperature.
Two limiting cases were considered: local thermodynami-
cal equilibrium (LTE) and collisional-radiative equilibrium
(CRE) for optically-thin plasma. The results are presented
in Fig. 6(a), where the plasma electron density versus the
plasma temperature is shown. Evidently, results for a realistic
steady-state plasma must lie in the area between these two
curves. Therefore, in order to satisfy plasma densities inferred
from the Stark analysis, the temperature of a steady-state
plasma should be in therange of 1 < 7, < 3 eV. The rather low
temperature of the plasma is further confirmed by the absence
of the strong 468.56 nm He 1I spectral line in the observed
spectrum. As the C-R calculations show (Fig. 7), this line
should be prominently seen for 7, > 3.5 eV. We note that the
much weaker nearby He 1471.31 nm line was observed. Thus,
we conclude that the presence of a low-frequency ~ 10 kV /cm
electric field is very likely, while the hypothesis of the plasma
having 7, > 10 eV is unjustified. (It should be stressed,
however, that this conclusion is related to the bulk of plasma
electrons; a minor fraction of electrons may be very energetic.)

The resultant inferred time histories of the electron density
n, are shown in Fig. 8(a). An electron temperature 7, = 2 eV
was assumed; however, as was mentioned above, the results

013107-5



YATOM, STAMBULCHIK, VEKSELMAN, AND KRASIK

T T T T T T T T T T T

1 — T=3eVLTE|
—- T=4¢VCRE| |

et

o0
T
|

He Il -

o
=
T

N
'S

Intensity (arb. units)

0.2

\ \ L&
450 500 550 600 650
A (nm)

FIG. 7. (Color online) C-R calculations of the visible spectrum
of the 3 eV LTE and optically thin 4 eV CRE He plasmas with
n, = 10' cm™3. The spectra are peak-normalized. For the sake of
clarity, the spectral lines are assigned fictitious equal widths.

are largely insensitive to the electron temperature: e.g., the
differences between the inferred values of n, assuming 7, =
1 eV and 4 eV are less than 10%. It is seen that the time
histories of n,, as inferred from the analysis of three spectral
lines, are in reasonable agreement [see Fig. 8(a)], with the
average density ~5 x 10" cm™ and a tendency to slightly
increase over time. In contrast to the moderate change of
the plasma density, the intensities of the three lines show
significantly more pronounced dynamics, changing by almost
an order of magnitude during the same time. We note that
the relative (normalized to the values at the beginning of the
observation) intensities of the lines, shown in Fig. 8(b), are
corrected for the opacity according to Eq. (1) and are, therefore,
equal to the relative changes of the populations of the upper
levels (4d>D, 4d' D, and 5d° D for the 447, 492, and 402 nm
lines, respectively). The fast asynchronous changes of closely
spaced levels (the energies of the 4d> D and 4d' D levels differ
by less than 1 meV) strongly indicate a highly transient and
nonequilibrium character of the plasma studied.

We note that the inferred opacities of different spectral
lines are consistent. The optical depth is proportional to the
population of the lower level, the absorption oscillator strength
f, and the plasma depth along the line of sight, and inversely
proportional to the thin-plasma-limit line width w (in the
energy units). Thus, if two lines share the same lower level
and are emitted from the same plasma volume, one should
expect

nhie ©)

. fho
(the equality is approximate because the line shapes of the
two lines are, in general, different; if both are, e.g., Gaussians,
the expression becomes exact). This is the case for the 2p-4d
(447 nm) and 2p-5d (402 nm) triplets. Approximating the
width by the dominant Stark broadening and using the Stark
FWHM at n, = 5 x 10" ¢cm™3, one obtains

T2 0.12. (10)

T447 nm
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FIG. 8. (Color online) Time evolutions of the plasma electron
density (a), relative line intensities (b), peak line opacities (c), and
low-frequency electric field (d), inferred from the time-resolved
measurements of the He 1 2p-4d triplet (447 nm), 2p-4d singlet
(492 nm), and triplet 2p-5d (402 nm) line shapes.

This value is in a good qualitative agreement with the inferred
data [see Fig. 5(c)], further confirming validity of our data
analysis.

Finally, in Fig. 8(d) we plot the low-frequency electric
field E;¢. We note that the slight decrease of the electric field
corresponds to the respective increase of n,.

For the plasma parameters of interest here, the Stark
broadening of all n =2 to n =3 He I transitions is well
described by the impact approximation, with the Lorentzian
line shape and its width proportional to n,. Our calculations
of the proportionality coefficients, which are rather weakly
dependent on T,, agree within 5%—10% with the previously
tabulated ones [19]. We can now apply Eq. (9) to derive
time-dependent opacities of the 2p-3d singlet (667 nm) and
triplet (587 nm) transitions based on those of the singlet
(492 nm) and triplet (447 nm) transitions [shown in Fig. 6(c)],
respectively. Evidently, the Stark broadening of the 2 p-3d line
is smaller while the oscillator strength is stronger than those
of its 2p-4d counterpart. As a result, the inferred values of
T of the 587 and 667 nm lines are of the order of 100. It is
important to note that these values of peak line opacity can be
considered as a strong indication of the nonstationary plasma
state. Indeed, our C-R calculations show that even the opacity
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FIG. 9. (Color online) An example of the He 1 triplet 2p-3d
(587 nm) data analysis. The experimental data are averaged over
t = 4-5 ns. The best fit made according to Eq. (11) corresponds to
Nen & 2.5 x 10'® cm™ of the outer layer.

of the strongest, triplet 2p-3d (587 nm) line [see Fig. 6(b)]
should not exceed ~1 for either LTE or CRE plasma with
n, ~ 10'® cm~3 and size ~1 cm along the line of sight. This
value is two orders of magnitude smaller than the opacity
inferred from the preceding data analysis.

Huge optical depths for the 587 and 667 nm lines make mea-
surements of the plasma density using these lines impractical.
However, this could be turned to advantage for studying plasma
regions beyond the main radiating bulk. Indeed, radiation
from even a tiny amount of a more dense but moderately
opaque plasma would dominate the shape (except perhaps
for very far line wings) of these lines. To account for the
observed self-reversal of these lines [Fig. 2(d)], we employed
a simplified two-layer plasma model, in which the first (inner)
layer emits and absorbs the light, while the second (outer)
layer only absorbs it:

I(w) ~ rl_'{l —expl—1i1L(y1.d1; w)]}

x expl—12L(y2,d2; )], (11)
where
e
Liy,d,w) = —————— 12
i) = s (12)

is the peak-normalized shifted Lorentzian line profile. For
simplicity, the thermal Doppler effect and the instrumental
broadening were neglected because of their minor contribu-
tions. Based on the Stark calculations, the best-fit y; and y»
give n, of the inner and outer layers, respectively. An example
of such a fit is presented in Fig. 9.

As expected, the opacity t; of the inner layer is of the order
of few tens for the both 587 and 667 nm lines. Due to the
significant opacity of the inner layer, @, and hence n, | have
very large uncertainties; however, n, > can be inferred with a
reasonable accuracy. As seen in Fig. 10(a), both 2p-3d lines
give qualitatively similar values of the plasma density, with
the average one around ~2.5 x 10'® cm™ which is almost
constant over time. In order to infer the plasma density in the
inner layer n, ;, we use the relative shift dyp, — dy; between
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FIG. 10. (Color online) Time evolutions of the plasma electron
density (a) and relative line shifts (b), inferred from the time-resolved
measurements of the He I 2p-3d triplet (587 nm) and 2 p-3d singlet
(667 nm) line shapes.

the line shapes of the first and second layers, shown in
Fig. 10(b). In general, this shift can be due to the different
densities and temperatures (resulting in the Stark shift),* or
bulk velocities (resulting in the Doppler shift) of the two layers,
or a combination of these two factors. The rather significant
variation with time of the shifts is likely an artifact due to
very small values of the shift (< the pixel size). However,
as seen from Fig. 10(b), the relative shifts of the 587 and
667 nm lines have opposite signs, which rules out the Doppler
effect. One can see that the relative shift of the 667 nm line
is 2-3 times larger than that of the 587 nm line, close to the
expected Stark shift ratios of the lines. From our calculations,
at T, =2 eV we obtain dggrnm/dsg7 ~ —1.8. If we assume
equal temperatures of 2 eV of the both layers, the measured
relative shifts correspond to n, 1 — n,2 ~ 10'® cm=3.

C. Spectral lines at d¢c = 1 mm

Spectral line profiles near the cathode edge show qual-
itatively similar behavior to the spectral line obtained at
dc = 5 mm. However, in a minority of the generator shots an
“anomalous” line broadening was observed. Namely, in these
shots all spectral lines at 7, > 4 ns have an “anomalously
broadened” region, as shown in Fig. 11. At later times
(tz > 10 ns) the broadened segment remains while the rest

“In contrast to the widths, the Stark shifts of these lines have a more
pronounced dependence on the plasma temperature.
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FIG. 11. (Color online) Anomalous broadening of the 587.56 nm spectral line at ¢, = 6.3 ns. (a) The normal line segment is highlighted
with a red rectangle at the top of the image and the corresponding line profile is shown at the bottom. (b) The anomalous broadened segment
is highlighted with a red rectangle and the corresponding spectral line profile is shown at the bottom.

of the spectral line is no longer detectable. The time of the
appearance of the anomalousregions was rather random, i.e.,
the line-width’s evolution cannot be traced chronologically. In
most anomalous shots the spectral line profile representing
the broadened segment could not be fitted with a Voight
profile. In the shots in which it could be fitted, densities
calculated according to the Stark broadening yield values
of ~10'-10' cm™3 [19]. The latter can be related to the
appearance of bright and “hot” spots on the edge of the
cathode [16]. Such a hot spot is apparently a very dense and
hot plasma region emitting very broad spectral lines, and this
spot remains for long times.

V. DISCUSSION

From the spectral line analysis one infers two distinctive
groups of lines representing two significantly different values
of the electron density. Namely, spectral lines of the singlet
and triplet transitions 2p-4d (492 nm) and (447.15 nm) and
the triplet transition 2p-5d (402 nm) are emitted from the
plasma with density 5 x 10" cm™3 (which henceforth will be
referred to as a low-density region), and lines of the singlet and
triplet transitions 2s-3 p (388 and 501 nm) and 2 p-3d (587 and
667 nm) are emitted from the plasma with density 3 x 10!
cm™ (which henceforth will be referred as a high-density
region); see Table II.

Before we start discussing these results, let us recall
the main findings from Ref. [16]. In that study the same
experimental setup for gas discharge was used. In the first
stage of the discharge (f < 1 ns with respect to appearance of
light emitting plasma on the edge of the cathode) the emission

from the plasma and, respectively, plasma formation, appears
on the top and bottom edges of the cathode and its vicinity due
to the electric field enhancement at these locations. In majority
of the shots, a dominant discharge streamer is formed on the
top and/or bottom edge and propagates towards the anode,
bridging the gap dcs = 2 cm within ~1-1.5 ns with respect
to the beginning of the discharge current. After ~1.5 ns, the
high-voltage pulse is not terminated in spite of the C-A gap
being filled with a light emitting plasma. The latter indicates a
high resistance of this plasma. Further development of the gas
discharge is governed by the appearance of explosive emission
centers in the form of “hot” bright cathode spots at random
locations along the cathode edge. These spots serve as origins
for new bright discharge channels extending towards the anode
and bridging the C-A gap within <2 ns. These new channels
also do not short-circuit the C-A gap and, consequently do not
terminate the high-voltage stage of the discharge. Also, it was
observed in a single 1 ns frame that two channels can coexist

TABLE II. Summary of the analysis of the spectral lines.

Plasma A (nm) Transition State
High density plasma 501.57 2s-3p triplet
~3 x 10'%cm™3 388.86 2s-3p singlet
587.56 2p-3d triplet
667.81 2p-3d singlet

Low density plasma 402.62 2p-5d triplet
~5x10%cm™3 447.15 2p-4d triplet
492.2 2p-4d singlet
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simultaneously, with one channel extending all the way from
the cathode to the anode and the other channel extending to
only ~30% of the C-A gap length. The conclusion is that these
channels consist of resistive plasma with lifetime <2 ns.

Now let us discuss the results of the present spectroscopic
research of the parameters of the discharge plasma which
strongly indicates an existence of two regions with different
electron densities. Whatever the explanation for the presence
of two different density regions is, the main question is why
all the n =4 — n = 2 transitions show no signs of plasma
with density greater than 10'® cm™3. This question also can
be formulated as why the n =4 energy levels appear to
be populated in the 5 x 10> cm™ plasma and not in the
3 x 10'® cm™3 plasma, while the n = 3 energy levels are
populated in the 3 x 10'® cm™3 plasma.

A possible reason for population of the excited levels may
be nonthermal electrons present in the plasma. These electrons
should have a sufficient energy to excite n =4 and n =5
levels, and the duration of this electron flux has to be short
enough in order not to allow significant ionization of He I
atoms resulting in the appearance of He Il ion lines, which were
not observed in the experiment. Since the excitation energies
of He 1 and He 11 are similar, electrons sufficiently energetic to
excite He 1 will also excite He 11. The influence of nonthermal
electrons on the population dynamics of different atomic levels
was checked using C-R simulations. In these simulations,
an initial CRE of neutral He atoms, with a density of
2 x 10" cm~? at T = 1eV that resulted in the plasma electron
density n, ~ 5 x 10" cm™3, was assumed. At r =1 ns, a
nonthermal electron beam with density 7, = 3 x 10'% cm™3,
T, = 50 eV electron temperature, and duration of 1 ns was
“switched on.” The dynamics of population of He 1n = 2, 3,
and 4 levels is shown in Fig. 12. One can see that when the
electron beam is switched on, the plasma density increases up
to ~2.5 x 10'° cm~3 within 1 ns, with further “slow” increase
up to ~3.5 x 10'® cm~3. Another important result is that the
energy levels with higher n reach their peak population earlier
with respect to the onset of the electron beam. Therefore, the
levels with higher n have maximum population in the plasma
with lower electron density, e.g., the peak populations of the
n = 4 levels are reached in the beginning of the electron beam
when n, = 5 x 10" ¢cm3. In addition, one can see that, for
the same value of n, triplet energy states are populated and
decaying slower than the respective singlet states, and these
differences are more strongly pronounced for lower n values.
Indeed, this qualitatively agrees with the experimental results,
showing that the triplet 2p-4d and 2p-3d transitions “see”
higher n, than their singlet counterparts [see Figs. 8(a) and
10(a)].

Let us now consider a possible reason for the appearance
of a short outburst of energetic electrons with a duration of
1-2 ns. The results of the recent research [ 16] showed existence
of several resistive plasma channels in the CA gap with a
lifetime of ~2 ns. The evanescence of a channel is followed
by generation of a new channel from a different emission center
on the cathode shortly before or after the first channel ceases to
exist. Due to a high resistivity of these channels, there appears
a radial electric field similar to the case of exploding wires in
vacuum [31]. This radial electric field could be responsible for
acceleration of plasma electrons in the radial direction leading
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FIG. 12. (Color online) Time evolution of atmospheric pressure
non-LTE He plasma. (a) electron density (b)—(d) relative level
populations of He I. Electron beam with temperature 7 = 50 eV
is acting during 1 ns starting from ¢ = 1 ns. Here we assumed density
of He atoms ny, ~ 2 x 10" cm™ at temperature T = 1 eV.

to formation of the low-density plasma region with highly
populated n > 4 He 1 energy levels.

An additional source of such a radial electric field could
be electrons injected into already existing resistive plasma
channels from the explosive emission plasma formed at the
edge of the cathode. The injection of electrons into a plasma
channel leads to fast radial ejection of plasma electrons from
the channel due to appearance of a radial electric field [32].
A qualitative presentation of the discharge plasma formation
with low outer and higher inner plasma densities is shown in
Fig. 13.

One can assume that these energetic electrons, accelerated
in the radial direction, form a wave that causes the previously
described population dynamics. This wave advances in the
radial direction through the low-density plasma and populates
excited levels of He I atoms. In the wake of the wave front, the
plasma density continues to grow to ~3 x 10'® cm~3, but the
population of energy levels withn > 4 decreases (see Fig. 12).
Thus, one obtains a wave in the form of a cylindrical shell
creating the “low-density” plasma that predominantly emits
the 447.15, 492.20, and 402.62 nm photons. In the wake of the
wave, the bulk plasma channel builds up with an increasing
density, due to the discharge current. This dense plasma has
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FIG. 13. (Color online) Development of a single channel struc-
ture: (a) fast energetic electrons are injected from an explosive
emission center on the cathode edge into the gap filled with a low
density, resistive plasma; (b) space charge of the injected electrons
creates a radial electric field towards the “channel’s axis”; (c) radial
electric field accelerates plasma electrons in the radial direction
generating an excitation wave in a form of cylindrical shell, (d) radial
wave of electrons populates the n > 4 levels in plasma with density
n, ~ 5 x 10" cm~3, behind the wave front a bulk of denser plasma
(n. ~ 3 x 10'° cm™3) produced.

lower populations of the n > 4 levels and predominantly
emits photons from the n = 3 levels, including 587.56 and
667.81 nm. These photons undergo self-absorption further
away from the axis. In spite of the absorption, the intensities
of these lines are comparable to those of the 447.15 and
492.2 nm lines, apparently due to relatively large volume of the
bulk. The 388.86 nm (3 p-2s singlet transition) and 501.56 nm
(3p-2s triplet transition) photons are emitted from the bulk
plasma and are absorbed as well, but do not exhibit strong
self-reversal due to the lower absorption oscillator strengths

PHYSICAL REVIEW E 88, 013107 (2013)

of these lines. The lifetime of such an excitation wave should
not exceed 1-2 ns in order to avoid populating excited He 11
levels. This duration is consistent with the lifetime of the hot
spots, whose depletion terminates the radial electric field and,
therefore, terminates the radial wave of electrons. However, on
the same time scale other explosive centers form somewhere
else on the cathode edge, followed by a similar development
of the discharge channel [16].

VI. SUMMARY

Time- and space-resolved spectroscopy study shows that
the plasma formation in a nanosecond electrical discharge in
He gas at atmospheric pressure is characterized by formation
of discharge channels with nonuniform electron density
distribution, namely a dense ~3 x 10'® cm™3 inner and a
low-density outer ~5 x 10" cm~ plasma layer. The electron
temperature of these layers was found to be ~2 eV. In order to
be consistent with the spectroscopic data, the lifetime of these
discharge channels should not exceed 2 ns, which agrees with
the an earlier study [16]. Also, the obtained spectroscopic data
and analysis strongly indicates an existence of short-duration,
radial flux of nonthermal energetic (>10 eV) electrons ejected
outwards from the main discharge channel and a presence of a
quasistatic ~10-20 kV /cm electric filed. Finally, a qualitative
model explaining the evolution of the plasma formation was
suggested. The model fits the experimental data from both fast-
framing photography [16] and optical emission spectroscopy.
Nevertheless, further research is required in order to improve
the reliability of this qualitative model.
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