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Abstract. The experimental and theoretical analyses of different regimes of argon DC glow
discharge are reported. The experiments were carried out on the argon gas tube with a plane-
parallel electrode system made from OFHC (oxygen-free high thermal conductivity) copper.
Modelling of the static breakdown voltages was performed by simple fluid model. The
applicability of fluid models for modelling of [/ —U (current-voltage) characteristics at
different values of pd (pressure times inter-electrode distance) is tested. The formative time
delays are determined from experiment and compared to modeled values obtained by [1D] and
[2D] fluid models. The memory curve ¢, (7) (the dependence of the mean value of breakdown

time delay on the relaxation time) is presented and the main processes responsible for the
memory effect were determined by applying the analytical and numerical models.

1. Introduction

The application of all types of gas discharges in various fields of technology is very common, like for
plasma etching, deposition and implantation of thin films, surfaces cleaning from the oxides, metallic
and organic contaminants, laser and light sources technology, gas switches development, medical
treatment, etc [1-7]. Beside the experimental research, different analytical and numerical models are
used very commonly for better understanding of physical processes in various types of gas discharges.
Numerical models used for glow discharge modelling can be classified as fluid, particles and hybrid
models. Numerical modelling by computer was used for the first time for discharge simulation in 1958
[8] and after that its applicability has rapidly increased [9-12]. The investigation of breakdown time
delays is also very useful for the analysis of glow discharges. The information about kinetics of atomic
and molecular species remaining from the preceding glow and reactions rate coefficients may be
estimated by the analysis of memory curve (the dependence of the mean value of breakdown time
delay on the relaxation time #; (z )).Memory effect in inert (argon) and molecular gases (nitrogen) was
explained by long lived metastable states remaining from the preceding glow [13, 14]. However, the
effective lifetimes of metastable states are very short due to quenching and memory effect was
explained by the process of surface recombination of nitrogen atoms on the tube walls, while
secondary electrons initiating breakdown are produced on the cathode surface [15-17].

The results of measurements and modelling are presented in this report. The theoretical description
of different fluid models is presented in section 2, while the details of the experiment are given in
section 3. In section 4, Paschen curve modelling is performed by simple fluid model and results are
compared to experimental data. The applicability of different fluid models for /-U characteristics
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modelling is analysed in section 5. The different analytical and numerical models are applied for the
modelling of formative time delays and results are presented in section 6. The analysis of memory
curve is given in section 7 and finally, short conclusion is presented in section 8.

2. Different fluid models

Different fluid models are often used for glow discharge modelling and the most common are simple
and extend fluid models [18-20]. In the simple fluid model electron transport and kinetic coefficients
are the function of reduced field [19], while in the extended fluid model these coefficients are the
function of mean electron energy [20]. Although the fluid model with nonlocal ionization agrees very
well with experiments and hybrid models [21], it is used less frequently than the previous mentioned
models.

The simple fluid model consists of continuity equation and Poisson’s equation:
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where n is the number density of electrons and A4r* ions, I' is the flux of particles, S is a source
term, ¢ is a potential and ¢ is the dielectric constant. The source term S is expressed by relation:

S = arele _’Bnelenion , 3)

where « is Townsend ionization coefficient and £ is the coefficient of recombination.

The extend fluid model, beside the continuity and Poisson’s equations, has the electron energy
balance equation:
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where u%¢is mean electron energy, Ff,le is the electron energy flux, Eis the electric field, k;is

ionization rate coefficient, u"" =15.8 eV is the ionization energy of argon atoms and N is number

density of neutral gas.
The equations for fluid model with nonlocal ionization are the same as for the simple fluid model (1,
2). The ionization by fast electrons is included in this model and the source term has the form:

““(0)a exp(a x) forx<d,

S e (X) = { e 5)
I'*(0)aexp(ad, )exp(—(x—d,)/ 1) forx>d_,

where T'“?(0) is the electron flux at cathode, x is the distance from cathode, A is the decay constant
and d, is the length of cathode sheath region where the electric field is strong. The ionization
coefficient « used in equation 5 is a function of reduced field over the cathode sheath [21].The decay

constant is calculated from the relation A = ¢(d, ) /[(pC —d)(ad,)] [21], where ¢ (d) is the cathode

sheath voltage and C is the constant. The values of the transport and kinetic coefficients of electron
and argon atom ion using for the modelling are taken from [19, 20, 22].
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3. Experimental details

The measurements of static breakdown voltages, current-voltage characteristics and time delays are
performed on gas tube presented in fig.1. The tube was evacuated down to 107 Torr, baked at 600K,
and then filled with argon with an impurity level below 1 ppm (Matheson Co.) at pressure p =1.5Torr.
The gas tube is made of borosilicate glass, with volume of V' = 60cm3 and the plane-parallel
cylindrical OFHC copper electrodes. The radius of electrodes is R = 11mm, while the inter-electrode

distance d is variable.
/I

Figure 1. Schematic cross section of the discharge tube:
1- borosilicate glass and 2 — copper electrodes

==

4. Paschen curve modelling

The minimum voltage required for breakdown is the static breakdown voltage U;. For the breakdown
occurrence, the condition y (exp(ad) —1) >I must be fulfilled , where yis the secondary electron yield.
The simple fluid model is applied for the calculation of static breakdown voltages and the results are
compared to the experiment. The equations 1 and 2 are partial differential equation and for solving
them finite difference method is used. After discretization, these equations in one and two dimension
cases have the following form:
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where i and j are the spatial indices, £ is the time index, p is the charge density , Az is the time step and
Az and Ar are the spatial steps. Flux terms in equations 6 and 8 are expressed in exponential form
introduce by Sharffeter and Gummel [23].The equations (6-9) present the system of linear equations
and for solving them successive over relaxation method is used.
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The values of electron transport coefficients and argon atom ion mobility are function of reduced
field [19, 22], while the diffusion coefficient of argon atom ion is calculated from relation
D™ =200/ p[cmzs_l] [19]. Based on the temporal evolution of Ar atom ion number density, the

static breakdown voltage is determined. When the applied voltage U, is equal to or greater than the
static breakdown voltage U, the number density of argon ion increases with increasing time (fig. 2).
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Figure 2. The temporal evolution of atomic
argon ion when applied voltage is equal to or
greater than the static breakdown voltage
U, 22U, (Ug=214V)

Figure 3. The temporal evolution of atomic
argon ion when applied voltage is lower than
the static breakdown voltage U,, <U;
(Us=2147)

In the cases when the applied voltage is lower than static breakdown voltage, the breakdown
condition is not fulfilled and the number density of argon ion decreases with increasing time (fig.3).
The modelling of Paschen curve is carried out for different values of secondary electron yield and the
results are compared to the experimental data. The best agreement is achieved by using the variable
secondary electron yield obtained from the breakdown condition for different values of pd (fig. 4a).
The values for first Townsend ionization coefficient used for calculation of secondary electron yield is
obtained by fitting the experimental data [24]. The agreement of secondary electron yield with data
from literature [25] is given in fig. 4b.

400 T 10
380
360
340 - 10" n
320 *
300 4 © .
w0 L ] }
= % RUE
D’. 260 = " 1 2 d .
240 ~
% ¢
220 Mmoot ooy Sl B o o= y - 2
200 S B 1 E 107
180 ~
160 \
T " T ~ m 107 — T . —
0.5 1.0 L5 2.0 2.5 3.0 10 107 0 1o 10 0
pd[Torr cm] E/N [Td]

Figure 4a. Paschen curves obtained from
experiment and models: *- experiment, O-
modelled with variable y, < -modelled with
y=10.015, ©-modelled with y=0.007

Figure 4b. Secondary electron yield in the
function of reduced field E/N: red line is
the secondary electron yield obtained from
the breakdown condition and other
symbols are from the paper [25]



27th Summer School and International Symposium on the Physics of Ionized Gases (SPIG 2014) IOP Publishing
Journal of Physics: Conference Series 565 (2014) 012016 doi:10.1088/1742-6596/565/1/012016

5. The applicability of fluid models for modelling of current-voltage characteristics

The current-voltage (/-U) characteristics of the gas tube are measured for inter-electrode distances
d=15mm, 12mm and 6mm (fig 5). In this paper the modelling of /-U characteristics is performed by
using the one dimensional models. One dimensional models are applicable if all cathode area is
occupied by glow, which is the case in the abnormal region of the glow discharge (100-600 uA), fig 5.
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Figure 5. The (I-U) characteristics of glow
discharge for different inter-electrode distances:
X -d=15mm, O - d=12 mm and - d=6 mm

The simple, extend and fluid models with nonlocal ionization are applied for /-U characteristics
modelling and comparison of modelled and experimental data for inter-electrode distances d=15 mm
and 12 mm are presented in fig.6. The values of secondary electron yield for these inter-electrode
distances are y=0.00809 and 0.00922, respectively. These values are obtained from the breakdown
condition and used for the modelling as a simple approximation, but it should be noted that many
authors have shown that secondary electron yield is not constant along I-U characteristics [26-28].
The best agreement with experiment is achieved by applying the fluid model with nonlocal ionization,
while the results from other models deviate from experimental data.
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Figure 6. The current-voltage characteristics of abnormal glow discharge (100-600 ©4) for the inter-
electrode distances d=15mm and 12mm obtained from experiment and different models:

1- experiment, 2 - fluid model with nonlocal ionization, 3 - extend fluid model and 4 - simple fluid
model
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In the case when d =0.6¢m, the region beyond the cathode space is very thick and the ionization by
fast electrons in this region can be neglected, so the extend fluid model shows good agreement with
the experiment (fig.7). However, the results from the simple fluid model still deviate from the
experimental data. The value of secondary electron yield in this case is y=0.00994.
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6. The comparison of measured and modelled formative time delays

The time that elapses from the moment of applying of voltage greater than the static breakdown
voltage U, to the breakdown occurrence, is denoted as the breakdown time delay #;. It consists of
statistical time delay ¢ (from the application of voltage to the appearance of a free electron that
initiates the breakdown) and the formative time delay ¢ (from this moment to the collapse of the
applied voltage and occurrence of a self-sustained current) [13, 14]. The time delay measurements
were carried out by applying the step pulses (fig. 8) at different overvoltages AU = U,, — U and
relaxation times (afterglow period) 7.

[ —  s---- S Y

Figure 8. The sequence of pulses applied to the discharge tube: U, -
working voltage, I, - glow current, #; - breakdown time delay, 7, - glow
time and z- afterglow period.

The electron current density from the cathode is expressed by the relation [29, 30]:
i(t)y~ig+qi(t—t;)=ig +qli(t)—t;(di/dt)], (10)

where iy is the current density of the seed electrons, #; = d/w; is the ion transit time from anode to
cathode and w; is the ion drift velocity. After integration, the current density is obtained:

-1t 1
qleXp(q —)-

q- qg ti q-1

(11)

and relation for formative time delay has the following [29, 30]:
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where ¢ is the multiplication factor of electron avalanche. The multiplication factor is expressed by the
relation:

~a ~
q=7§[exp(0!d)—1], (13)
where @ is the electron ionization coefficient with included radial diffusion loss of electrons [31]:

d=a—(D,/w,)(24/R)?. (14)

The formative time dependence on overvoltage is presented in fig. 9.
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For the calculation of formative time delays 1D and 2D fluid models are also applied. In fig. 10 the
comparison between modelled and measured formative time delay is presented. The formative time
delay calculated from one dimensional fluid model is much shorter than measured ones because the
radial diffusion of particles is not included in the model, while in case of two dimensional modelling, a
very good agreement with experiment is achieved.
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Figure 10. Comparison of formative time delay obtained from
experiment and from fluid models.
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7. The analysis of memory effect

The afterglow kinetics in argon is studied by the breakdown time delay measurements as a function of
relaxation time ¢, (7) (memory curve), fig. 11. The memory effect is the long time variation of the
electrical breakdown time delay on the relaxation time (r). The memory curve is divided in three
regimes: in the first regime (early relaxation) the main process of breakdown initiation is secondary
electron emission caused by ions, in the second regime (late relaxation) electrons are generated by
surface recombination of nitrogen atoms present as impurities [15-17] and the third regime presents
the saturation of memory curve caused by the cosmic rays and natural radioactivity.

The mean value of the statistical time delay can be expressed as:

fy=—, Y=y-T-S, (15)

where Y represents a number of generated electrons in the inter-electrode space per second (electron
yield), P is the probability of one electron to cause the breakdown [32, 15], yis the coefficient for

secondary electron yield, I" is the flux of particles and S is the front area of cathode surface. More
details about calculation of electron yield can be found in [16].
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The number densities of A7, Ar," ions and Ar" (°P,) metastable state in afterglow is determined by
solving the equation:
N pvli=s, (16)
ot
where D is the diffusion coefficient of particles and S is the term in which the processes of production
and loss of particles are included [15]. In the term S different reactions are included for which the rate
coefficients are used from [16, 33, 34]. The temporal evolution of number density of nitrogen atoms,
present as impurities, is obtained by the equation:
AN, o2, (17)
dr
where [N] is the number density of nitrogen atom and y,, is the effective second order surface

recombination coefficient on glass walls.
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In fig.12, the temporal evolution of 47", Ar,* ions and 47" (°P,) metastable state number densities
are presented. It can be noticed that the number density of A7" ion decreases due to the conversion of
Ar”into Ar>" (fig.12). In the fig. 13 the relations for electron yield cause by Ar>" and nitrogen
atoms are written [16], where C is the proportionality constant, y is secondary electron yield

cause by Ar2* ion, [Ar, ]| £ 1s the molecular argon ion mean number density in the last grid

points next to the front cathode surface, S is a front area of cathode surface, Ax is the grid
spacing, At is the numerical time step, [/N] is the nitrogen atom number density,Vc is the

inter-electrode space volume, Yo is the electron yield cause by the cosmic and background

eff

radiation and 7,7, y,¥ are the effective gas phase rate coefficients for the surface

recombination on the cathode and are first and second order, respectively. It is shown that only
the decay of molecular argon ions Ar;" can fit the experimental values for the electron yield and
explain the early memory effect in argon (fig.13). For longer afterglow times, a very good fit of the
electron yield is obtained by the surface recombination of nitrogen atoms present as impurities.

8. Conclusion

For the analysis of glow discharge many different numerical and analytical models were often applied.
The Paschen curve is modelled and the best agreement with the experiment is achieved by using the
fluid model with variable secondary electron yield. The current-voltage characteristics are measured
for different inter-electrode distances and the fluid model with nonlocal ionization gives the best
results for all inter-electrode distances. For formative time delays, the results from analytical model
with included radial diffusion of electron and 2D fluid model are in a good agreement with the
experiment. The memory effect is analyzed and it was found that the early afterglow kinetics is
dominated by the decay of molecular argon ions and after that (for longer afterglow times) nitrogen
atoms present as impurities are recombined on the cathode surface providing secondary electrons for
breakdown initiation.
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