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Abstract:

This paper deals with the results of a numerical simulation of the fast
atmospheric pressure discharge in a strongly non-uniform configuration of
a tip-to-plane diode filled with a nitrogen and oxygen mixture. The
simulation is based on the advanced hydrodynamic plasma discharge
accounting also gas photoionization. It was shown that, in the absence of
photoionization, discharge develops similarly to the case with
photoionization, except the case of reversed voltage polarity. The
theoretical results correspond to the existing experimental data for the
spatial  discharge structure and the current/voltage discharge
characteristics.
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Introduction

Various gas-filled diodes are widely used in modern electro-technical
devices. The tip-to-plane electrodes system represents probably the
most common design of a gas diode unit with a strongly non-uniform
configuration of an electric field. Namely, they are used as spark-gap
high-voltage switches (Shaefer et al, 1990) as well as the main
component of technological devices for the discharge plasma surface
treatment (Akishev et al, 2001). Therefore, major theoretical problems of
discharge development in such a system are intensively investigated by
using various theoretical simulation approaches (Eichwald et al, 2011).

The discharges in gas-filled diodes are attractive due to the non-
trivial switching characteristics and the low-temperature plasma
parameters. Among the switching parameters, the breakdown formation
time and the corresponding voltage amplitude are the most important.
The plasma parameters, e.g. its spatial structure or its plasma-chemical
composition are also of great importance, especially w.r.t. time-
dependent studies. While the switching characteristics can be easily
measured experimentally, the measurement of plasma parameters is
much more complicated. That is the main reason to perform a theoretical
simulation of gas discharge.

At present, we have a rather extensive base of experimental studies
of this type of discharge, including those performed with picosecond and
subnanosecond time resolutions, as well as with time synchronization of
measured signals. As part of the series of experimental studies done by
groups of Russian and Chinese researchers (Shao et al, 2013), a
comparison can be made with the results of actual theoretical studies.

In this paper, we use a two-moment “liquid” discharge plasma model
(Gogolides & Sawin, 1992) implemented in the Plasma module of
COMSOL Multiphysics 5.2 software. It allows modeling the time-
dependent discharge propagation from the metal non-uniform electrode
(tip) towards the second electrode (plane) accounting for all necessary
plasma-chemical reactions. The main aim here is to simulate
nanosecond gas discharge and accurately obtain the spatial discharge
structure evolution.The introduction is an introductory part of the article.

Experimental setup

The experimental setup is represented in Figure 1. The triggering
pulse from 1 provides a signal that the voltage pulse generator 2
transforms into a negative polarity voltage pulse with the amplitude
values in the range of Uy =27-30 kV with the rise time t;= 200 ns. The
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cathode here is a thin needle with a diameter of 0.4 mm having the tip
curvature radius of 0.1 mm (medical syringe needle), while the anode is a
simple plane electrode made of aluminum foil. The distance between the
electrodes is equal to d =9 mm. The nitrogen at 1 atm pressure with
small (~2 %) oxygen admixture is used as the operating gas.

An ICCD camera was used to obtain a sequence of instant images
of the discharge dynamics (depicted in Figure 2). The images from an
ICCD camera are an integral picture of the glow of non-stationary
discharge, which, to a certain extent, can be compared with the
distribution of the discharge plasma at a given point in time. Based on
this comparison of experimental and theoretical data can be done in the
present work.
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Figure 1 — The experimental setup: 1 — triggering pulse generator, 2 — pulsed voltage
source, 3 — capacitive voltage divider, 4 — current shunt resistor, 5 — storage oscilloscope,
6 — output window, 7 — ICCD camera, 8 — personal computer, 9 — metal tip cathode,
10 - plane anode electrode
Puc. 1 — Cxema akcriepumeHma: 1 — 3anyckarouwull 2eHepamop, 2 — UMMyJ/bCHbIU
UCMOYHUK HanpsKeHus!, 3 — eMKOCMHbIU 0eniumerib HanpsikeHusi, 4 — mokoebilt wyHm, 5
— yugbpoeoli 3arnomuHarowuli ocyusrnogpag, 6 — ebiX0OHOE OKHO, 7 — CKOpOCMHasi

kamepa, 8 — komnbromep, 9 — ocmpuliHbil kamod, 10 — nnockuli aHod
Cnuka 1 — lNocmaska ekcriepumeHma: 1 — 2eHepamop okuOHoe umryrica, 2 — nysacHU
u380p HaroHa, 3 — kanayumueHu pa3desiHUK HaroHa, 4 — waHm omnopHUK, 5 —
MeMopujcku ocyusnockor, 6 — 3awmumHu nposop, 7 — kamepa ULLLL, 8 — nuyHU
padyHap, 9 — kamoda — memarHu 8px, 10 — aHoO0a — obuyHa rnno4acma efekmpod
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a) 71-74 ns b) 74-77ns c) 77-80 ns

Figure 2 — Instant photographs from the ICCD-camera (grey areas depict the electrodes)
Puc. 2 — MeHoseHHbIe homoepaghuu ceeyeHusi, Mosy4YeHHbIe CKOpocmHoU Kamepou
(obnacmu, ommeyeHHble cepbiM Ugemom 0b603Haqyarom 351eKmpoobi)

Cnuka 2 — UHcmaHm ¢gpbomoepacpuje dobujeHe kamepom MLILY/ (cuse 30He
npedcmasrbajy enekmpooe)

Theoretical model

For the simplicity reasons, a real three-dimensional diode in the
model is substituted by a two-dimensional axisymmetric structure (Figure
3).

The gas discharge model is based on the two-moment “liquid” model
where the movement of charged particles is covered by the drift-diffusion
approximation (Gogolides & Sawin, 1992). Since the discharge
characteristic time is short, the model implements only three important
plasma-chemical reactions: electron impact ionization e + N, — 2e + N,",
molecular nitrogen dissociation e + N,—> e + 2N and photoionization
hv+N,—> e+ N2+.

The photoionization model we implement is based on the
assumption (Kulikovsky, 1995) that the major contribution to the
photoionization rate is produced by the radiation in the spectral range
980-1025 A, where the radiation absorption by nitrogen N, can be
omitted. The wavelength of 1025 A is the natural threshold for the
molecular oxygen photoionization reaction. Below 980 A, the radiation is
strongly absorbed by nitrogen providing insignificant contribution to the
production of photoelectrons. Taking into account the fine structure of the
oxygen absorption spectrum, in the integral over the wavelength range
980-1025 A in the general expression for the rate of photoionization was
calculated and adopted for further computations.

604




Anode

Figure 3 — The computational domain configuration (h = 1.6 mm, | =4 mm, d =9 mm)
Puc. 3 — Cuémmnasi obnacme npocmparHcmea (h = 1.6 mm, | = 4 mm, d = 9 Mm)
Cnuka 3 — KoHgpuzypauyuja obrniacmu uspadyHasara (h = 1,6 mm, | = 4 mm, d = 9 mm)

We also draw the attention to the importance of taking into account
the molecular nitrogen dissociation reaction as the main factor leading to
electron energy losses (Cosby, 1993). Other plasma-chemical reactions
typical to nitrogen, e.g. involving ions of atomic nitrogen, are omitted due
to their smaller contribution to the fast discharge development. For the
same reasons, we also exclude different kinds of neutral excited species.
The electron component is described by the following equations system:

M v.r =R
at

(1)
antg ‘V.I.+ET,=R

where n, is the electron number density, n. is the electron energy density,
t is the time variable, and E is the electric field strength. The source
coefficients Re and R, are defined by

R, =k, (€)N,0, +S

ion ph?

R, =k, (€) 0,0, + Ky (£) 0,1 (2)

on n e’
where k,, (€) is the ionization rate as a function on the mean electron
energy, €=n_/n,, n, is the total neutral number density, Kk, (€) is the

dissociation rate coefficient, and S, is the photoionization rate.
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The ion component is described by

ar.|i —
EJFVT" =R, (3)

where N. is the N, number density.

The electron, the electron energy and the ion density fluxes I',, I,
and I'; respectively, are given by the expressions

I',=-nuE-DVn,

I', = 2 n.uE 2 D.Vn,
3 3

&

(4)
I =-nuE-DVn,

where 1, and g; are the electron and ion mobilities, and D, and D; are the
electron and ion diffusivities.

The electric field is accounted self-consistently in the model by
implementing the Poisson’s equation:
&V-E=—-q(n,—n,) 5)

where, q is the elementary charge, and & is the electrical constant.

The photoionization rate Sph is implemented in the “differential”

formulation i.e. based on the numerical solution of the Helmholtz
equations set (Bourdon et al, 2007).

2 -2 _
VoS = AwS, =GR, (©6)
Here, A, is the effective photon path length, Gy is the coefficient of

the conversion of the ionization rate R, into photon radiation. The percent
of oxygen admixture was set to 2 % (15 Torrs in the equivalent partial
pressure units).

We use uniform plasma number density not exceeding 10° cm™ and
the zero electric field and the photoionization rate S,, as the initial
conditions. The boundary conditions are given in terms of generalized
expressions for the particle and the electron energy density fluxes on the
solid electrode walls (Kozhevnikov et al, 2015)
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Fe-n:%neve—)/(l“i-n)+,uene(E-n),

r,.-n:%nivi + N, (E-n),

(7)

)

r -nzéngve—(?-y(l“i-n),

where n is the normal vector to the wall surface, v, and Vv, are the

electron and ion thermal velocities, respectively, and y=0.1 is the
secondary electron emission coefficient of the ion-wall interaction in
nitrogen.

The simulation also accounts the contribution of the field emission
(autoelectronic emission) from the cathode surface due to the increase of
an electrostatic field near the emission centers formed by the metallic
surface roughness. This electron flux is given in terms of a convenient
Fowler-Nordheim expression (Kozyrev et al, 1987).

The complete discharge plasma system of equations (1)-(4) is
solved in the COMSOL Multiphysics software with Plasma Module
implementing the above two-moment model DC-discharge physics. Prior
to this, the ionization rates and the electron mobility were calculated
using the BOLSIG+ solver (Hagelaar & Pitchford, 2005) except the
dissociation rate coefficient that was taken from another source (Cosby,
1993).

We compare the simulation results according to two discharge
models. In the first one (I), photoionization was not included, while the
second model (lI) implements all enlisted elementary processes. The
following simulation results of the calculations are the refinement of the
preliminary computations of a similar discharge type presented in the
conference paper (Kozhevnikov et al, 2018). The effects of oxygen molar
fraction increasing in nitrogen (more than 2%) and gas diode parameters
variations on the gas discharge dynamics have not been studied focusing
on the configurations close to the experimental one.

Results of the simulation

The comparison of the voltage - time profiles is shown in Figure 4
(switching characteristics) for both discharge models. We assume the
breakdown formation to be a time point having the maximum voltage at
the discharge gap.The breakdown occurs at tyeakdown =92 NS
(Upreakdown = 12 kV) for both simulation regimes (with photoionization and
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without it). The presence of photoionization just slightly reduces the
breakdown voltage value by no more than 50 V. Such difference is
negligibly small, so we can assume that the switching characteristics of
two modes are practically identical.
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Figure 4 — Discharge voltage- time profiles
Puc. 4 — KommymauuoHHble xapakmepucmuku pa3psida
Cnuka 4 — lNpogpunu npaxrerHa HarloH—epeme

The discharge evolution is demonstrated in the sequence of the
static images in Figure 5. In both cases, the discharge initiation occurs
approximately at the time point of t = 50 ns. The movement of the plasma
channel begins with the expansion of the initial cathode formation in both
spatial directions. After that, approximately from the time point of
t = 80 ns, the formation of a plasma tip on the spherical plasma cloud
surface occurs. This tip is the main channel of the discharge which
slightly expands in the radial direction during the motion. The formation of
the initial spherical distribution is associated with the intense losses of
the electron energy in the electron impact N, dissociation reaction. After
the electric field exceeds the Lozansky-Firsov criterion threshold value,
the rapid ionization wave development starts from the 0.5-1.0 mm
spherical layer surface. The process ends with the discharge gap
switching stage at the time point of the gap intersection with the
ionization wave channel (t=90ns). The gap voltage drop and the
corresponding significant increase of the total discharge current
accompanies this.

The comparison of calculations with photoionization and without it
shows that the effect of the latter on the development of gas discharge is
insignificant if the electron impact dissociation reaction of molecular
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nitrogen is included in the model. Also, the quantitative characteristics of
the plasma do not change. The significant increase of the oxygen partial
pressure in the photoionization model, and hence the fraction of oxygen
in gas mixture will probably lead to a visible change in the spatial
discharge structure, but also the simulation will require a more accurate
plasma-chemical reaction set. Nevertheless, one of this paper's aims is
to investigate the influence of a minor electro-negative mixture to the
discharge formation and evolution.
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Figure 5 — Spatial distribution of the electron number density (scale in cm'3) for gas
discharge a) without and b) with the photo-ionization process for the same time points
Puc. 5 — lNpocmpaHcmeeHHbIe pacripedenieHusi KOHUeHmpayuu 31eKmMpoHO8 (8
eduHuyax 8 Kyb.cm.) 8 2a3o8om pa3pside a) 6e3 u b) ¢ y4émom npouecca
¢omouoHu3ayuu 8 00UHaKO8bIe MOMEHMbI 8peMeHU
Cnuka 5 — lpocmopHa ducmpubyyuja 2ycmuHe 6poja enekmpoHa (ckana y cm'a) 3a
npaxmere 2aca: a) 6es npoueca ghomojoHusayujeda ucme epemeHcke mayke u b) ca
rpouyecom ¢homojoHu3ayuje 3a ucme 8peMeHCKe mayke
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Additionally, the parameters of runaway electrons have been
calculated in order to discover their influence on the discharge dynamics.
The calculations were based on the “hybrid” theoretical approach,
involving the principles of physical kinetics described earlier (Kozyrev et
al, 2016). The results show that the runaway electron current passing
through the anode is too small compared to the full discharge current, so
the influence of the runaway electrons on the discharge is negligible.
Such conclusions are connected with the long rise time (more than
100 ns) of the operating voltage pulse.

Conclusion

The simulation of the gas-filled diode breakdown in the tip-to-plane
electrodes configuration shows good agreement with the existing
experimental data. The current theoretical study shows that gas
photoionization insignificantly affects the discharge spatial structure for
the positive polarity of the anode voltage. It was also shown that, in gas
mixtures containing a valuable amount of nitrogen, the electron impact
dissociation plays an important role in the formation of the spatially-
inhomogeneous discharge structure.

Our theoretical study of gas discharges of submicrosecond duration
substantially complements the existing experimental base. The obtained
information about the time-spatial discharge structure allows studying the
generation of runaway electrons and X-rays under the atmospheric
pressure. This opens up broad prospects for the creation of high voltage
power supplies for UV and VUV excilamps as well as for the application
in the fields of industrial X-ray radiography.
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CYBMMKPOCEKYHOHbIN PA3PAL ATMOC®EPHOIO JABNEHUSA
C HEOOHOPOAHOIO 3NEKTPOLA (OCTPUA) B HAMNPABJIEHUN
MNOCKOIro aNeEKTPOAA
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Pe3some:

B OdaHHOU pabome paccmampugaromcsi pesysibmambl 4YUC/TEHHO20
modernuposaHus bbicmpo2o paspsida npu ammocghepHoOM dasrieHuUU 8
CUIIbHO HEOOHOPOOHOU KoHpuaypayuu duoda «O0Cmpue-ryI0CKOCMby,
3arioflHeHHO20 CMechbito azoma U Kucropoda. ModenuposaHue
OCHOBaHO Ha cospeMeHHoU audpoduHamudeckol modenu paspsidHoul
nnasmbl, ydumblgarouleli makxe omouoHu3ayuro easa. bbino
foKkasaHo, 4mo rpu omcymcmeuu OomouoHuU3auuu  paspsio
passusaemcsi aHa/loeu4yHO cryyar C  ¢homouoHu3ayuel  (3a
UCKIIoYeHUeM  criydasi obpamHol  rofsipHOCMU  MPUSIOKEHHO20
HanpskeHus)).  Teopemuyeckue pe3ysfibmambl COOMEemcmeyom
cywecmsyowuM aKcrepuMeHmarsibHbIM 0aHHbIM O CmpyKmypsbl
npocmpaHcmMeeHHO20 paspsida U Ol 8pPeMEeHHbIX Xapakmepucmuk
moka / HarpskeHus pa3psoa.

Knoyessie crosa:  nnaasma, yucrieHHoe  ModernuposaHue,
ammocgbepHbie pa3psiobi.
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OBNACT: dusuka nnasme

BPCTA YJTAHKA: opyruHanHu Hay4Hu pag
JESNK YJTAHKA: eHrneckm
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Caxemak:

Y pady ce pasmampajy pesynmamu Hymepudke cumynauyuje 6p3oe
npaxreHa rnpu ammocghepCcKoM MPUMUCKY Yy 8UCOKO HEXOMO2EHO]
KoHuaypauyuju duode mura epx—pasaH HaryH-eHe cMeuwoM asoma u
KUCEOHUKa. Cumynauuja ce 3acHusa Ha caspeMeHOM
XUOpPOOUHaMU4YKOM MOOESTy fpaxHera niaasme, Koju makohe ysuma y
063up ¢pomojoHusayujy eaca. [lokasaHo je Oa ce, y odcycmsy
¢omojoHuU3yjyhea npaxHera, OH passuja C/U4YHO Kao U Koo
gomojoHu3ayuje, ca U3y3emKOM HaroHa UHEep3He ronapusayuje.
Teopujcku  pe3ynmamu Cy KOH3UCMEHMHU ca nocmojehum
eKkcriepumeHmarnHumM  nodauuma 3a  [POCMOPHY  CMPYKmypy
MpaxreHba U 3a Kapakmepucmuke rpaxreHa HaroHa/cmpyje.

KreydHe peuu: nnasma, HymMepuyka cuMynauyuja, ammocghepcka
npaxrera.
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