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Study of the Weak to Heavy-Current Transition in
High-Frequency Dischargein Nitrogen

Iliycho Iliev and Snezhana Gocheva-llieva

Abstract: Variety of electron, ion and plasma technologies as wellasdischarge

devices operate in fixed form of the discharge. The tramsiiiom weak to heavy-

current in radio-frequency low-current discharge leadsstabilities in physical pro-

cesses and it is very critical for the normal functionalifytiee technology or device.
In this paper by means of Townsend criterion the influencéefihcoming electric

power and voltage on this transition in a cross-section efischarge is numerically
simulated. The calculations show a possible change ofeppksigned power up to
32% without weak to heavy-current transition. It is alscaped that the rise in 40%
of the pressure can change the critical breakdown powengiig 12%. These results
are in agreement with the simple analytical one-dimensioaels and experimental
data.
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1 Introduction

During the usage of various high-voltage devices (transformators;gdugter ca-
bles, commutators), as well as during the evaluation of the outside condikoms (
perature, moisture, pressure, dust loading, voltage peak) spacksarad plasma
columns, have appeared, which cause the deterioration of the devicamBen

of electron, ion and plasma technologies and gas-discharge devideateostrict
form of the gas discharge. Any transition into another form of the digeharay
cause a violation of its normal technological conditions and can finish by mpakin
the technology or device unusable. It is necessary that the gas djsatharices
can operate in the given form of a gas discharge without entering arsitte.
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Because of this the theoretical and experimental evaluation of the resisthiine

gas discharge devices is an actual task. This problem involves the dettomiof
admissible borders of variation of the outside parameters in which the fothe of
discharge does not change. Studying the physical processestadilityg helps to
develop new engineering methods in order to improve the operational stalility o
the gas discharge devices.

One of the forms of the gas discharge is the high-frequency capadiisiesnige
(f=13.56 MHz). It is applied in a number of gas discharge devices (gasda
and metal vapor lasers), in plasma technologies for production of thinslafger
exploring the chemical components of the materials. This type of dischasye ha
a number of advantages compared to the other discharges: high volunee pow
density (up to 400 mA/cR), high current density (up to 30 W/ stability of the
discharge, simple and reliable constructions of the devices.

The high-frequency capacitive discharge exists in two forms: wealeicudis-
charge @ discharge) and heavy-current forjndischarge). The weak-current form
is described by a small volume density (5-30 W#yiand weak-current density (1-

10 mA/cn¥t). It is characterized by the effect of a constant current densitg Th
thickness of the charged particles layer in the electrode region (eledayeld is

in order of 0.3 cm. The conduction current is dominant. It can be also metion
that the relative part of the positive ions is very small and is about #i@m the

total current. Thex discharge is used as a working environment for gas lasers and
metal vapor lasers, as well as for production of thin layers. The wagalert form

has a number of advantages: it works at lower currents on the elestibgegas
discharge is easily controlled (electron density, electrical power), ésgminimal
losses of electrical power in the electrode layers.

The heavy-current form is characterized by a bigger curreniiygsl2 A/cnt)
and a bigger power density (400 W/8n In these conditions the law of the cur-
rent’s permanent density is not valid. The thickness of the charged|pariiyer
in the electrode region is smaller (0.05 cm). The ion current is significanthtere
and comes up to 20-25% from the total current.

By increasing the electric power, a transformation of ¢hdischarge occurs.
The current rapidly increases and the discharge is tightened in a fimaglad-
umn. A fast increase of the conduction and displacement currents isvetis@he
local temperature around the electrodes increases. This leads to addritvac-
tion of the discharge and an amplification of the thermo-ionization processes.
the molecular gases (also in nitrogen) a bigger part of the electron eimitighty
is used for stimulation of the fluctuating levels of the molecules. After that, due to
the fluctuating relaxation this electron energy transforms into a thermal fcem (
the increase of the thermal velocity of the molecules is gained).

For the nitrogen the time of the fluctuating relaxation is relatively long (0.12



Study of the Weak to Heavy-Current Transition in high Frequency ... 211

s) and the time for the diffusion is of order of - 103 s. This means that in

a particular case, depending on the geometric design, a part of they eaergive

up the discharge volume’s bounds, and this can influence on the stabilitg of th
nitrogen discharge. However, the experiments in conditions similar to thevelose
ones show that the fluctuating relaxation succeeds in completing itself and only
neglected part of the energy can leave outside of the discharge [1].

The processes of the secondary electron emission from the electyodes (
cesses) are strengthened. A heavy-current fortigcharge) occurs [1]. For this
reason the condition for the transition between thand y regimes of the dis-
charge is a subject of experimental and theoretical studies (see [thartere
quoted literature). The examined there theoretical studies are one-dimansio
which considerably simplifies the given task and does not all a full utetedig
of the processes, connected with the instability of the discharge.

Here we set the task to investigate the condition for the transition betaween
andy regimes as a function of the incoming electric power. This problem occurs
mostly during the usage of gas discharge devices. An accidental encarof a
peak current usually causes ion instability, which may causes the gasmjsch
device deterioration. Other important applied characteristic is an approxiteate
termination of the borders of stability in an accidental rise of the electric power

2 Subject of Study

Without loss of community, we observe a real gas discharge device jngoirk
the conditions of a high-frequency capacitive discharge [1]. Its maomg¢rical
design is shown on Fig. 1. The device consists of two tubes: an outer, @hade
guartz, and an inner, made A, O3. The pressure of the inert gas nitrogempis 5
Torr, the powering frequency is= 13.56 MHz.

The main task of the presented model is to optimize the described system. The
reaction of the system is evaluated by changing the initial parameters (gaometr
sizes, type and pressure of the inert gas, electric power). The gmat&imate
the relative impact of each parameter on the general behavior of thensyatthis
way it is possible to determine the most probable parameters for the optimal work
of the device. This gives opportunities for engineer’s effort automatioorder to
raise the efficiency of the scientific research by winning time and reduoistg.c

The transition between weak and heavy current regimes is investigatedimg me
of the Townsend’s criterion [2]:

/Ia dl — In(l—i—%/) 1)
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al as

Fig. 1. Geometrical design of the cross-section of a discharge déviexternal
electrodes; 2,03 tube; 3-quartzous tube.

wherea is the volume ionization coefficieny; is the secondary emission coeffi-
cient,l is the line of the maximum electron amplification.

In order to apply the criteria (1) the values of the electric field intensity in the
cross section of the gas discharge are needed. Their determinationon@sgttly
described in [3, 4], this is why we will not pay special attention to it here. We
will briefly describe the method for solving the problem and we will use part o
the results (see Fig. 2 and Fig. 3). The proposed here model for daigulbe
electric field is of a hybrid-theoretically-experimental type. It is based erflthd
model while there is a vast usage of experimental data: drift velocity, sitffu
coefficients, volume ionization, heat conductivity, distribution of the chengar-
ticles in the cross-section of the discharge. This approach differstfieraxisting
theoretical models (see for instance [1] and the quoted there literature).

The intensityE of the electric field is defined by the formula
E(Xa y) = _gradU (Xa y) (2)

Here the distribution of the scalar potentik(x, y) in the cross section of the gas
discharge is carried out by solving the two-dimensional Poisson quaseissay
equation

2°U (x,y) N 2°U (x,y)

%2 ay2 == E_eo[ni (X,Y) —ne(%,Y)], (3)
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wheree s the electron chargey is the dielectric constanty (x,y) andng(X,y) are
the concentrations of ions and electrons, respectively.
The solution was found under the next mixed boundary conditions:

e along the outer metal body casing:
Ur =0, 4)

¢ along the two outer electrodes respectively:
U, =0, (5)
Ur=0, (6)
¢ at the border between the walls of the two tubes:
&Ein = &jEjn. @)

Boundary condition (4) presents the fact, that the gas discharge dieverens
of electrical safety is placed in a metal body casing, which is groundethamnad
constant potential of zero. Boundary conditions (5)-(6) show, tteleth electrode
is grounded, while the right is the rf-powered electrode. Condition (ff¢ats
the criteria for the field intensity at the borders of two dielectrics. Hggeand
Ejn denote the normal components of the electric field, anahd &; denote the
dielectric permittivities of the materials of the walls.

Some numerical results for the potential and the intensity are represented in th
next Fig. 2 and 3 [3] .

Fig. 2 shows the distribution of the scalar potential in the cross section of
the gas discharge at mean volume powggt= 4.5W/cn? and mean density =
5.8mA/cn?. Fig. 3 shows the distribution of the intensity of the electric field
between the two electrodes along the lide- a2 (see Fig. 1).

We did not dispose of enough reliable literary data for the values of the elec
tric field intensity concerning our described configurations. It is knovat the
classical methods using sondes are impracticable because of the disaslyan
the measuring appliances, caused by the high frequency of the incomiey.po
Alternatively, indirect methods can be used to explore the parameters gathe
discharge: optical methods (photography), laser spectroscopyeositekiced flu-
orescence (LIF) method and laser optogalvanic (LOG) method. Thes@aseth
in principle don't allow sufficient accuracy to determine the values of thetride
field.

The obtained results for the electric field intensity have a good quantity coin-
cidence with respect to the results from simple one-dimensional models and ex
perimental results for discharges, operating at similar conditions, givids, ifp],
and [6].
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Fig. 2. Distribution of the potential iV
at mean volume powen, = 4.5W/cn? and
mean densityj = 5.8mA/cn?.

Fig. 3. Distribution of the electric field intensity
at mean volume powey, = 4.5 W/cn® and mean
densityj = 5.8mA/cn?.

3 Numerical Discussion of the Transition between a and y Regimesin
the Cross Section of the Device

We apply criteria (1) by setting the value pf= 0.01, for the nitrogen aE/p =
27--200V/(cm Torr) anda /p = 8.8exp(—275p/E) [7]. Numerical calculations
show, that the line for the maximum electron amplification is the shortest distance
between the electrodes along the central éihe- a2 (Fig. 1, differencell).

Given the initial value of the poweg( = 4.5W /cm®) the criteria (1) will not be

valid, which shows, that the device works well at this power in the givggas dis-
charge form. During the following computer simulations we raise the mean power
density while maintaining a regime of constant current dengity 6.8mA/cnt).
For every intermediate power value the input condition (1) is verified. Finotvs
the functiony = J, a df(qy). The equality (ly = fa dl =In(1+1/y) = 4.615
stays valid at relative increase in the volume power demgitgyo ~ 1.32, as with
the breakdown poweg,, = 5.94W/cn?,

For a rf-nitrogen discharge, working in similar conditionqs=£ 25Torr) an ex-
perimental voltage breakdown ldj; = 270V have been adduced in [1]. For the
same discharge also in [1], by means of a one-dimensional analytical riadel
value of the voltage breakdown @, = 330V have been established, giving an
error of 22% with regard to the experimental one.

In our geometric configuration (see Fig. 1) and a nitrogen pregssr&Torr
for a breakdown powet, = 5.94W/cn? the breakdown voltage & 3 = 310V
was obtained, so the relative error is of 10%. This result is in a gooddetoe
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Fig. 4. Dependence of= J, a dl as a function of the relative power increase.

to the upper ones from [1], as well to our previous results in [8]. Thisvshthat
our developed model is precise and effective to describe the mutuahaiemee
of the processes in the gas discharge and can be used in reasonatils foy its
optimization.

4 Analysisof the Results

The suggested method allows preliminary determination of the approximate elec-
tric power that is critical for giving rise to ion instability aradto y transition. In
our considerations an accidental rise in designed power over 32% islciatiche
reliable work of the device. In the case where the device is needed tatepsr
higher power than projected, the suggested method can be applied icadvan
der to test different engineering solutions. In example, an increase prelssure
of the inert gas always makes ion instability less likely to occur because ef a d
crease in the kinetic energy of the electrons in consequence of the etdiitions
with the molecules of the inert gas.

The possibility of a relative increase in breakdown power at relativeinise
nitrogen pressure (under initial conditiopg= 5Torr, Gypo = 5.94W/cn?) is shown
in Fig. 5. An increase in pressure by 40% causes a rise in critical bveakd
power by only 12%. The larger pressure can change the temperatfile pf
the discharge, energetical and gas-kinetical characteristics of thragkasd alter
the technological characteristics of the device, rendering it uselespjtinds it
operating inar discharge conditions. It is for this reason, that the suggested method
has limited capabilities.
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Fig. 5. Variation of the relative breakdown power as a function of theivelase
of the nitrogen pressure.

5 Conclusion

The suggested two-dimensional model, based on the beforehand cafcofatie
potential and intensity of the electrical field, allows the most probable boynda
of stability work of the gas-discharge device to be defined. The calcutatiane
shown that the effective operation of the device at an alteration in pawglys
within 32% is possible. The suggested method provides greater possibilities tha
the demonstrated ones. It has some universality and can easily be modiftad.
certain finishing touches it is possible that it not only measures the influemites

gas pressure, but also on the change in geometrical design, theqare$eiiferent
add-ons to the main gas, and extra constructive elements on ionization stability o
the device.
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