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In this paper we present a one-dimensional fluid model to study the properties of very small

dielectric barrier discharges (DBD), which can be used as microchip plasma sources for analytical

spectrometry. The influence of the pressure on this kind of discharge was investigated to obtain

more insight in the variations of discharge current and the differences in particle densities that

arise when operating at different pressures. The studied discharge gas is helium and is described

with passive He background atoms, He+ and He2
+ ions, He metastable atoms, higher excited

states of He, He2
* excimers and electrons. We show that the plasma activity, expressed in

discharge current, is remarkably higher for pressures ranging from 50 to 140 mbar. For most

pressures the calculated maximum current density is about 0.1 A cm�2, whereas in the range from

50 to 140 mbar the maximum current density is about 0.3 A cm�2. We also report how the

plasma densities alter at different operating pressures, with spatially averaged densities at

maximum current ranging from about 1016 m�3 to 1018 m�3, depending on the plasma species,

and identify the main underlying processes, which are responsible for these evolutions.

1. Introduction

Miniaturization of analytical plasma devices is currently a

major subject of research, especially if these devices can be

operated on microchips. Such small plasma devices require a

smaller amount of both sample and carrier gas and therefore

they can eventually be used to construct a portable device.

Moreover if the amount of sample that has to be measured is

large, multiple parallel measuring devices can be constructed,

which considerably reduces the time cost.

The ultimate goal of this miniaturization process is the

construction of a single chip with all the necessary steps for

sample preparation integrated. If such a lab-on-the-chip can

be constructed, the analytical tool becomes more mobile and it

makes it more interesting to be mass produced, which subse-

quently lowers the cost of this analytical instrument.

There are a lot of configurations that can be used to

generate such microplasmas, ranging from direct current dis-

charges, capacitively coupled radio frequency discharges and

microwave discharges to miniature inductively coupled dis-

charges, liquid-sampling atmospheric pressure glow-dis-

charges and dielectric barrier discharges.1–6 Nice overviews

and descriptions of these different analytical microplasmas can

be found in ref. 7–9

In this framework of miniaturization, Niemax, Franzke and

coworkers have developed a microdischarge in a dielectric

barrier configuration.6,10–12 A dielectric barrier discharge

(DBD) or silent discharge is a plasma generated with at least

one of the electrodes screened using an electrical insulator or

dielectric. This inhibits the flowing of a conduction current

from one electrode to the other and necessitates the use of an

alternating voltage. The operating frequencies range from a

few Hz up to a fewMHz, but mostly they are in the kHz range.

DBDs are often operated at atmospheric pressure,13 but they

can also be sustained at lower pressure. DBDs are already

widely used as plasma display discharge cells, for industrial

ozone generators and in surface treatments.14–17

2. Description of the model

The 2-dimensional fluid model used in this paper was origin-

ally developed for the numerical description of the discharge

cells used in plasma display technology.18,19 This model has

been further developed by Brok and van Dijk20 and has been

applied to other kinds of discharges like the breakdown

phenomena in fluorescent lamps,20,21 dielectric barrier dis-

charges at low pressure (400 Pa)22 and also for the modeling

of microdischarge DBDs used for analytical applications.23

2.1 The fluid model

The fluid model employed in this work is, like similar fluid

models used for the description of low temperature plas-

mas,24–28 based on the iterative and time dependent solution

of the continuity equations for the particle density np of both

heavy particles (i.e. different ions and neutral species) and the

electrons

@np
@t
þr � Jp ¼ Sp ð1Þ

and the continuity equation of the electron energy density for

which we define we = ne�e with �e as the mean electron energy
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@we

@t
þ = � Jwe ¼ �eJe � Eþ Swe ð2Þ

In these equations Sp is the particle source term accounting for

the creation and destruction of particle p due to chemical

reactions and Swe
is the source term of the electron energy

density representing the loss and gain of the electron energy

due to collisions. The first term on the right hand side of eqn

(2), which contains the electron charge �e, accounts for the

Ohmic heating of the electrons due to the electric field. The

fluxes J in the above equations are described using the drift-

diffusion approach which leads to the equations

Jp ¼ �mpnpE�Dp=np ð3Þ

and

Jwe ¼ �
5

3
meweE�

5

3
De=we ð4Þ

for the particle flux and the electron energy density flux,

respectively. mp and Dp are the electric mobility and the

diffusion coefficient of particle p, respectively. E is the electric

field calculated from the Poisson equation

= � ðEemÞ ¼ r ð5Þ

in which em is the permittivity of the medium (used both for

plasma and the dielectric) and r is the space charge density.

The continuity equations are only solved in the discharge gap,

but the Poisson equation is also solved within the dielectrics.

At the interface of the dielectric with the discharge gas, Gauss’

law is used to account for the surface charges accumulated on

the dielectric surface.

In our model, the density and the temperature of the back-

ground gas are assumed constant, both in time and in space.

The mobility of the electrons and a large part of their colli-

sional reactions are described as parameters depending on the

electron mean energy. These dependencies are calculated using

the external Boltzmann solver Bolsig+,29 which creates look-

up tables for the mean electron energy, the electric mobilities

and the reaction rate coefficients as a function of the reduced

electric field. Consequently, the electric mobilities and the

reaction rate coefficients can be used as a function of the

electron energy. The electron diffusion coefficients are derived

using the Einstein relation.

For the ions, the local field approximation is used. The

mobilities of He+ and He2
+ in helium gas are found in ref. 30

as tabulated versus the reduced electric field. From these

values the diffusion coefficients are calculated using the

Einstein relation.

Scaled diffusion coefficients for the neutral particles are

calculated from the Chapman–Enskog equation for binary

gas systems,31 using characteristic Lennard–Jones energies and

lengths found in ref. 31 and 32. The calculated coefficients are

0.24 m2 s�1 mbar for Hem
* and He** and 0.16 m2 s�1 mbar

for He2
*.

A more detailed description of the physics used in the model

as well as a description of the numerical methods applied to

solve these equations can be found elsewhere.18,20

2.2 Chemical input

2.2.1 Chemical species. In order to solve eqn (1) and eqn

(2) it is necessary to have a consistent set of chemical reactions,

which describe the loss and creation of particles as well as the

loss or gain of electron energy due to collisions. Table 1

contains all the chemical reactions and reaction rate coeffi-

cients used in the present model. The same species and

reaction set have previously been applied in ref. 23. For the

description of the He chemistry we used, besides the electrons

and the He ground state atoms, 5 distinct types of He species,

namely, the singly charged ion He+, the singly charged

molecule He2
+, two excited states Hem

* and He** and the

excimer molecule He2
*. The excited state Hem

* is a compound

state consisting of the two metastable levels He(23S) and

Table 1 Complete set of reactions used in the model with their reaction rate coefficients. The first reaction accounts for the elastic energy losses of
the electrons due to collision with He background gas atoms. The first five reactions are all accounts for using energy dependent cross sections

No. Reaction Reaction coefficient Ref.

0 e� + He - e� + He k = f(s(�e)) 35
1 e� + He - e� + Hem

* k = f(s(�e)) 35
2 e� + He - e� + He** k = f(s(�e)) 35
3 e� + He - 2 e� + He+ k = f(s(�e)) 35
4 e� + Hem

* - 2 e� + He+ k = f(s(�e)) 35
5 e� + Hem

* - e� + He k = 2.9 � 10�15 m3 s�1 37, 39
6 e� + Hem

* - e� + 2 He k = 3.8 � 10�15 m3 s�1 37
7 He+ + 2 e� - Hem

* + e� k = 6.0 � 10�32 m6 s�1 37
8 He2

+ + 2 e� - Hem
* + He + e� k = 2.8 � 10�32 m6 s�1 37

9 He2
+ + e� + He - Hem

* + 2 He k = 3.5 � 10�39 m6 s�1 37
10 He2

+ + 2 e� - He2
* + e� k = 1.2 � 10�33 m6 s�1 37

11 He2
+ + e� + He - He2

* + He k = 1.5 � 10�39 m6 s�1 37
12 He** + He - He2

+ + e� k = 1.5 � 10�17 m3 s�1 27
13 Hem

* + Hem
* - He2

+ + e� k = 2.0 � 10�15 m3 s�1 37, 39
14 Hem

* + Hem
* - He+ + He + e� k = 8.7 � 10�16 m3 s�1 37, 39

15 He+ + 2 He - He2
+ + He k = 6.5 � 10�44 m6 s�1 37

16 Hem
* + 2 He - He2

* + He k = 1.9 � 10�46 m6 s�1 37
17 Hem

* + He2
* - He+ + 2 He + e� k = 5.0 � 10�16 m3 s�1 37

18 Hem
* + He2

* - He2
+ + He + e� k = 2.0 � 10�15 m3 s�1 37

19 He2
* + He2

* - He+ + 3 He + e� k = 3.0 � 10�16 m3 s�1 37
20 He2

* + He2
* - He2

+ + 2 He + e� k = 1.2 � 10�15 m3 s�1 37
21 He2

* + He - 3 He k = 4.9 � 10�22 m3 s�1 27
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He(21S). The excited state He** represents the higher excita-

tion levels lumped together. This approach is similar to the

approach used by Rauf and Kushner33 for the description of a

plasma display panel discharge cell, only we use two excited

states instead of one. The use of both a lower and a higher

excited compound state has also previously been applied,

albeit not for He, but for an Ar discharge.34 We chose this

approach because it provides a small correction for the

electron energy loss due to collisions with He atoms and

moreover the He** particle is the source for the Hornbeck–

Molnar associative ionization (reaction 12 in Table 1). In

section 3.2 of this paper it will be shown that the Hornbeck–

Molnar associative ionization actually becomes very dominat-

ing in the discharge, since it becomes the main production

process for the two most important charge carriers in the

discharge, namely the electrons and the He2
+ molecular ions.

2.2.2 Chemical reactions. The rates of the production and

loss processes of the different plasma species are calculated in

the model from the densities of the colliding particles and the

associated reaction rate coefficients (summarized in Table 1).

For the first five reactions, an energy dependent reaction rate

coefficient is used. These coefficients are calculated using the

previously mentioned Boltzmann solver29 with the collision

cross sections found in ref. 35 and 36 as input. The electron

impact de-excitation and dissociation reactions, i.e. reactions 5

and 6 in Table 1, are treated as independent of the electron

energy. This independence is one of the experimental results in

the detailed study of the elementary processes in high-pressure

He of Deloche et al.37 Since we based most of our chemical

description on their study, we tried to stay as consistent with

their results as possible. With respect to the excited states, our

main interest is in the particles with longer lifetimes (i.e. Hem
*

and He2
*) since they are considered the most important in

determining the plasma properties.27,28,33,38 Hem
* and He2

*

can also be excited to a radiative level and undergo radiative

relaxation, but we did not consider these processes, because

the superelastic de-excitation (i.e. reactions 5 and 6) is a much

more efficient process for destroying metastables. Indeed

Deloche et al.37 used these superelastic reactions to express

the overall destruction of the metastables due to electron

collisions, and they calculated the reaction rate coefficients

for these reactions. Moreover, the radiative decay of Hem
* is

not a very efficient process since reabsorption of the emitted

light has a very high probability. This puts nearly all the

bound electrons, which were initially excited from their me-

tastable level to a radiative state, back in their original states.

For He2
* this is of course not the issue since its molecular

ground state is dissociative.37

The experimental conditions of the research on which we

based our reaction rate coefficients are high pressure helium

afterglow studies.37,39 The plasmas investigated in these stu-

dies are in the pressure range of 6 to 130 mbar, which is

comparable with our pressure range from 25 mbar to 1.1 bar,

but since they are afterglow discharges, they have a low to zero

power transfer, while the discharges investigated in this study

have calculated power transfers of tens of mW. Therefore we

added the first five electron reactions in Table 1 (as mentioned

above). The afterglow also causes the densities of the excited

species to be low and hence the possibility arises that reactions

induced by excited states are underestimated, as is also men-

tioned in these studies. Therefore we make use of the addi-

tional reactions 12 and 21, i.e. the Hornbeck–Molnar

associative ionization and the He atom induced dissociation

respectively, to account for this effect. This is consistent with

previous research in high pressure helium discharges, in which

these reactions were found to be non-negligible.27

2.3 Model specifications

In the present paper our main interest is to study the influence

of the pressure on the possibility of stable discharge operation,

on the electric current and on the densities of the active plasma

species under the conditions of a dielectric barrier micro-

discharge.

For this purpose we chose to use a one-dimensional

model, because such a model only uses the effects such as

the gap width and the barrier thickness, which makes us able

to study the pressure influence independently from the two

and three-dimensional effects. A one-dimensional model is

indeed suitable for such purpose, but it makes comparison

with the experiment difficult, since the difference with the

experimental situation becomes much greater. The electro-

des used in the experiments are 50 mm long and 800 mm
wide,6 which is long and narrow, as is also the discharge

channel through which the plasma is transported. Experi-

mentally, this causes a considerable amount of particles to be

lost at the sides. The influence of the side walls is an

important parameter in discharge stability, since it lowers

the density of charge carriers in the discharge. This effect is

not accounted for in one-dimensional simulations and

would, in this case, require a three-dimensional approach.

For our present purposes, a one-dimensional model is more

suitable and also much less computationally expensive than

a three-dimensional model. Therefore, we were able to use a

very simple geometry for our model that requires a two-

dimensional geometrical input.

We chose a geometry with axial symmetry consisting of 104

cells in the axial direction and three cells in the radial direction,

so we basically had a one-dimensional model. For some test-

cases we implemented more cells in the radial direction to

check for variations, but in the applied ranges no variation

was observed.

The applied grid was equidistant in both radial and axial

direction and every grid distance was 10 mm. Of these 104 axial

cells, two on every end are electrodes, of which on one end the

electrode is grounded and on the other a voltage is applied.

Moving more to the middle, two cells on every end are

dielectric and the remainder in between is discharge gas. This

geometry is similar to the dielectric barrier microdischarge

studied by Miclea and Kunze,6,10–12 where also a gap of 1 mm

between the electrodes, including the dielectrics, is studied and

where each dielectric has a thickness of 20 mm.

The experimentally used dielectrics are made of glass, there-

fore we used a dielectric constant of er = 9. Similar to ref. 19,

we used a secondary electron emission coefficient of 0.2 for the

atomic and molecular helium ions and considered that the

produced secondary electrons have an initial energy of 5 eV.
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As mentioned above, the gas temperature in the model is

assumed constant in time and space. Experimental data on the

gas temperature in this He microdischarge were not directly

available, therefore we chose to use a gas temperature of

300 K.

For the ignition of the dielectric barrier discharge we

applied a rectangular voltage pulse of 750 V peak-to-peak

and a frequency of 5 kHz with a rise-time of 2 ms, as is reported
in ref. 10.

3. Results and discussion

The main goal of this paper is to clarify the influences of the

operating pressure on discharge characteristics, such as the

electric current, particle densities, and the identification of the

governing processes occurring in this kind of configuration.

Since the electric properties of the DBD are very character-

istic, and the amplitudes and widths of the current peaks tell us

a lot about the discharge, these will be the first to be discussed.

3.1 Electrical properties

Fig. 1 shows the calculated electrical characteristics of the

helium DBD operated at 87 mbar. The parameter T on the

bottom axis is the duration in time of half a period, hence 2T

= 200 ms. In the top frame the rectangular applied voltage is

shown together with the potential difference across the dis-

charge gap or so-called gap voltage. The latter is determined

both by the potentials applied to the electrodes and by the

charging effects which occur on the dielectrics. In the bottom

frame the calculated current density is shown. The graph shows

that the helium discharge event occurs once every half period

when the gap voltage has reached a value of about 360 V

and it causes a maximum current density of 280 mA cm�2.

This rather high value is due to the overvoltage in the gap-

voltage that occurs in the simulation. It is reported in ref. 40

that even a small overvoltage in a dielectric barrier discharge

in He can cause the electric current densities to become 100

times larger than in the situation where the breakdown voltage

is only just reached. The breakdown voltage of He at this

pressure and discharge gap is about 220 V.41 The gap voltage

that can be seen in Fig. 1 is 364 V. This means that there is a

significant overvoltage. In the case of sinusoidal applied

voltages, such an overvoltage leads to a multipeak discharge,

as in ref. 25 and 42. In the case of a rectangular voltage, the

voltage rise is too fast for multiple discharges to be formed and

the amplitude of the current peak rises significantly.

The value of 87 mbar has been chosen, because it lies right in

between the values of 10 and 180 mbar of which it is reported

in ref. 6 that ‘‘any kind of noble gas with a pressure value in

that range can be ignited and sustained in this kind of

experimental configuration’’. In this study of the influence of

the pressure, we have simulated far beyond this range. With

the present model, we were able to simulate periodic plasma

behavior within the range of about 15 mbar to about 1.1 bar in

helium. The origins of these pressure limits are discussed in

section 3.3. Outside this range, the model was not able to

sustain a large enough amount of charge carriers and therefore

no periodic steady state was reached. The presented results are

taken within a safe range of 25 to 1100 mbar to avoid the

influences of possible instabilities due to pressure.

The obtained results at different pressures did not always

show symmetric behavior regarding both halves of the period.

In Fig. 2 we show in the top frame the peak values of J+ and

J�, which are the positive and negative current density peaks,

respectively. For the pressures investigated, the current density

profiles were similar to Fig. 1 of the 87 mbar discharge,

considering the manifestation of a single narrow current peak

every half period. Differences in the profiles are only seen in

the peak amplitudes and in the symmetry of the peaks. There-

fore, the ratio of the positive to the negative peak values is

shown in the bottom frame of Fig. 2.

For most of the pressures investigated, a discharge sym-

metric in time has been predicted with the model. At 25 and

37 mbar however an asymmetric discharge has been obtained,

with a higher negative than positive peak. Moreover, on the

Fig. 1 Voltage applied to the electrodes (top frame, dotted line), and

potential difference between the surfaces of the dielectrics, also called

gap voltage (top frame, solid line). The current density peak, shown in

the bottom frame, always occurs right after the maximum in gap

voltage. This profile is taken for a pressure of 87 mbar and the current

density peaks have an amplitude of 0.28 A cm�2.

Fig. 2 Influence of the pressure on the discharge current density. In

the top frame the absolute values of the positive and negative current

peaks (J+ and J�, respectively) are plotted at different pressures. In

the bottom frame the absolute value of the ratio of the positive to the

negative current peak is shown. There is clearly a higher current

density in the region from 50 to 140 mbar, where also the positive

current peak seems to be significantly higher than the negative.
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other hand, at pressures from 100 to 140 mbar the negative

peak was found to be lower than the positive peak. The reason

for this asymmetry is not clear. This is probably due to the

spatial differences in the reaction rates, but this is beyond the

scope of this paper, since we are mainly considering the

spatially averaged properties.

Interesting to remark, is that the current density in the

helium plasma seems to be considerably higher in the range

from 50 to 140 mbar, which is similar to the typical operating

pressures from 10 to 180 mbar reported in ref. 6. This higher

current density is, as is shown later in section 3.2, associated

with significantly higher charged particle densities, which

indicates that the plasma may possess increased dissociative

capabilities, or plasma ‘‘activity’’. The reason for this activity

will be discussed further in section 3.2. This result is interesting

for the use of this plasma in diode laser atomic absorption

spectrometry, as is suggested in ref. 6, since the purpose of the

plasma is the dissociation of molecules and excitation

of atoms, which are processes that are determined by this

activity.

To obtain an idea of the plasma regimes that are reached in

the high current and low current density zone, a comparison of

the spatial potential distribution and the densities of the

charged particles is made in Fig. 3 for the two distinct

pressures of 120 mbar and 500 mbar. These pressures are

chosen because 120 mbar is the pressure with the highest

current density and 500 mbar is the pressure above 120 mbar

with the lowest current density, as can be seen in Fig. 2. The

positive ion density distributions shown in Fig. 3 are, of

course, the sum of the densities of He+ and He2
+. These

spatial distributions are taken at the moment immediately

after the positive current peak, because the potential distribu-

tion needs a fraction of time (about 0.25 ms in the model) to

adapt itself to the newly formed charges (see ref. 23 for more

details).

These spatial profiles are typical for dielectric barrier dis-

charges as can be seen in ref. 25 and 43, where the density

profiles of the charged particles in the vicinity of the dielectric

are even more narrow because of the atmospheric pressure.

The reason that the electron density in the 500 mbar case is not

as high in the vicinity of the dielectric as in the 120 mbar case

lies in the very fast profile variation at maximum current in

this kind of configuration, as is also reported in ref. 23. The

electron profile in the 500 mbar case has already moved

slightly away from the dielectric.

Important observable features are the positive charges near

the grounded (i.e.most negative) electrode, where the densities

are large enough to form a sheath, and the quasi-neutrality in

the center of the plasma, which forms a plasma-bulk. In the

500 mbar profile, there is also a small excess of electrons near

the powered (i.e. most positive) electrode which causes a small

rise in the potential profile, which is not observed in the

120 mbar case. These sheath and bulk formations, even with

the possibility of a small electron excess near the powered

electrode, are typical characteristics of the glow discharge

regime.44,45

In Fig. 3 there is also a very interesting difference in the

densities of the charged particles. The densities in the plasma

at 120 mbar are about 3 to 3.5 times as large as in the 500 mbar

plasma. This was of course to be expected, since it can be seen

in Fig. 2 that the current density at 120 mbar, which is the

peak value, is also about 3.5 times as large as the current

density in the 500 mbar plasma.

The behavior of the neutral particles, which are not that

closely related to the electrical plasma properties, will be

discussed in the next section.

3.2 Influence of the pressure on the plasma densities

The densities of the charged particles are, of course, very

determining for the plasma characteristics, but since in spec-

troscopic applications dissociation and excitation are the key

elements, one also has to study the behavior of the excited

species present in the plasma. In Fig. 4 the spatially averaged

densities of He**, Hem
* and He2

* are plotted as a function of

pressure. The pressures range from 25 to 1100 mbar. Hem
* is

clearly the most important excited helium-state in the entire

range with values ranging from 1.7 � 1018 m�3 to 3.6 � 1018

m�3, at pressures of 300 mbar and 1100 mbar, respectively.

This is rather high in comparison to He**, where the densities

range from 1.4 � 1016 m�3 to 4.2 � 1017 m�3, and He2
*, which

is characterized with densities ranging from 2.6 � 1014 m�3 to

8.3 � 1017 m�3.

In Fig. 5, the spatially averaged densities of the charged

particles are shown for the same pressure range as in Fig. 4. In

this figure, it is seen that He2
+ is the most important positive

ion in the entire pressure range. Only in the region from 50 to

140 mbar, where the plasma activity seems to be higher, there

is about 30% contribution of He+ to the total positive charge

density. Outside this region, He2
+ almost completely domi-

nates the positive charge.

Fig. 3 Calculated spatial distributions of the voltage profile, the

electron density and the sum of positive ion densities for two distinct

cases of 120 mbar and 500 mbar. The grounded electrode is at the left

hand side and the powered electrode at the right, which is currently at

a positive potential. From 0 to 20 mm and from 980 to 1000 mm there is

no discharge gas, since the space is filled with dielectric. Hence the

particle densities in those regions are zero. The vertical dotted lines

denote the border between plasma and dielectrics.
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Fig. 4 and Fig. 5 show that all plasma species, except for

He2
*, exhibit a significantly higher density in the range from 50

to 140 mbar. It is remarkable how the increase of the pressure

has a different effect on different species: Hem
* exhibits the

most spectacular rise in density as a function of pressure. The

He2
+ and the electron densities also show a rise, but it is less

steep. The He+ and the He** densities appear to decrease as a

function of pressure and the He2
* densities become indepen-

dent of He pressure above ca. 500 mbar. In the following we

will study this behavior in more detail to identify the governing

processes in the discharge. Therefore, we calculated the rela-

tive contributions of the chemical reactions to the total

production and destruction rate of every particle using

ai;j ¼
ci;jRi;jP

k

ci;kRi;k
ð6Þ

where ai,j is the relative contribution of reaction j to the total

production or destruction of particle i and Ri,j is the spatially

averaged reaction rate of reaction j that influences the density

of particle i and is defined by

Ri;j ¼ kj
Y

p

np ð7Þ

where kj is the reaction rate coefficient and np the density of a

reacting particle.

The coefficient ci,j in eqn (6) is the associated stoichiometric

number that accounts for the amount of particles i that are lost

or created in reaction j. Subsequently these relative contribu-

tions will be compared with the absolute reaction rates. Hence,

a thorough insight in the underlying chemical mechanisms can

be obtained.

3.2.1 Hem
*
. For every pressure it is calculated from eqn (6)

and (7) that the relative contribution of the electron impact

excitation from ground state helium (reaction 1) to the total

production of Hem
* is more than 93%. Therefore, the produc-

tion of Hem
* is completely governed by this reaction. The

relative contributions of the different reactions leading to the

destruction of Hem
* are presented in Fig. 6. This figure clearly

shows that at pressures below 650 mbar the electron impact

ionization (reaction 4) is the most important reaction in the

destruction of Hem
*. At pressures above 650 mbar metastable

induced association (reaction 16) becomes the dominating

reaction. Indeed, this reaction occurs with 2 He atoms, so it

is logical that the rate increases with the He pressure. The

other destruction processes are of minor importance in the

entire pressure range investigated.

The study of the relative contributions can only tell which

process is important and not how important it is. To obtain

information on the absolute importance of a reaction, the

absolute reaction rates also need to be studied. Therefore, we

present in Fig. 7 the absolute reaction rates of the most

important reactions in the discharge. The electron impact

excitation (reaction 1), which completely governs the produc-

tion of Hem
*, appears to be one of the two most important

reaction mechanisms in the discharge. Fig. 7 shows that for

pressures above 160 mbar the electron impact excitation

(reaction 1), is the most important reaction in the discharge

and that for pressures below 160 mbar this reaction is the

second most important reaction, after the Hornbeck–Molnar

associative ionization (reaction 12).

The electron impact ionization (reaction 4) and the meta-

stable induced association (reaction 16) do not attain values

higher than 5 � 1017 cm�3 s�1. This is much lower than the

Fig. 4 Calculated spatially averaged neutral particle densities at the

maximum positive current for pressures ranging from 25 to 1100 mbar.

Fig. 5 Calculated spatially averaged charged particle densities at the

maximum positive current for different pressures.

Fig. 6 Calculated relative contributions of the chemical reactions

leading to the destruction of Hem
*.
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electron impact excitation rates (reaction 1), as can be seen in

Fig. 7. Therefore the two important Hem
* destruction reac-

tions are negligible in comparison with the Hem
* production

reaction. In Table 1, it can be seen that the electron impact

excitation reaction is directly dependent on the He back-

ground gas pressure. This causes the rate of this reaction to

steeply rise as a function of pressure, as can be seen in Fig. 7. It

also explains the same steep rise of the Hem
* densities in Fig. 4,

since the Hem
* densities are completely governed by the

electron impact excitation (reaction 1).

In Fig. 7, we also see that in the region from 50 to 140 mbar

the Hornbeck–Molnar associative ionization (reaction 12) is

clearly the dominant process in the discharge. This reaction

boosts up the production of the He2
+ ions and the electrons.

Subsequently, the newly created electrons will produce Hem
*

excited states through electron impact excitation (reaction 1).

This explains the higher Hem
* density in the region from 50 to

140 mbar that can be seen in Fig. 4. The Hornbeck–Molnar

associative ionization (reaction 12) appears to be responsible

for the higher plasma activity in the range from 50 to

140 mbar.

3.2.2 The electrons. In Fig. 8, we present the results

calculated from eqn (6) for the relative contributions of the

chemical reactions leading to the production (top frame) and

loss (bottom frame) of the electrons. In the top frame of Fig. 8

it can be seen that Hornbeck–Molnar associative ionization

(reaction 12) contributes for 60 to 80% to the production of

the electrons at every pressure. Also, electron impact ioniza-

tion (reaction 3) has a significant influence ranging from 15 to

35% in the entire pressure range.

In the bottom frame of Fig. 8 the relative contributions of

the chemical reactions leading to the loss of the electrons are

shown. For pressures below 160 mbar the ion–electron re-

combination (reaction 7) and the ion–electron dissociative

recombination (reaction 8) both have relative contributions

of about 40 to 50%. For pressures above 160 mbar the loss of

the electrons appears to be governed by the ion–electron

dissociative recombination (reaction 9), the ion–electron re-

combination (reaction 11) and the ion–electron dissociative

recombination (reaction 8).

For every pressure, none of the above mentioned loss

processes attains a reaction rate value above 1.7 � 1017

cm�3 s�1. These rates are negligible in comparison with the

electron production rates shown in Fig. 7 for Hornbeck–

Molnar associative ionization (reaction 12) and electron im-

pact ionization (reaction 3). As a consequence Hornbeck–

Molnar associative ionization is the reaction with the largest

influence on the electron densities. In Fig. 7, the Hornbeck–

Molnar associative ionization (reaction 12) shows very high

reaction rates in the range from 50 to 140 mbar. This behavior

causes the high electron densities in that same pressure range.

For higher pressures, the Hornbeck–Molnar associative ioni-

zation (reaction 12) also shows a rise in Fig. 7 similar to the

electron impact excitation (reaction 1), but it is less steep. This

explains why the rise of the electron densities for higher

pressures (shown in Fig. 5) is less steep than the rise of the

Hem
* densities shown in Fig. 4.

For every pressure the influence of the Hornbeck–Molnar

associative ionization on the electron densities is found to be

very important. For the electrons it is shown that the high

electron densities in the range from 50 to 140 mbar are directly

caused by the Hornbeck–Molnar associative ionization

(reaction 12).

3.2.3 He2
+. The relative contributions of the different

reactions to the production and destruction of He2
+ calcu-

lated from eqn (6) are presented in Fig. 9. The top and bottom

frame show the relative contributions to the production and

destruction of He2
+, respectively. The Hornbeck–Molnar

associative ionization (reaction 12) is again clearly the most

important production reaction. However, for higher pressures

the ion conversion (reaction 15) also attains relative contribu-

tions of about 10 to 20%. The bottom frame in Fig. 9 shows

that the destruction of He2
+ is completely governed by ion–

electron dissociative recombination (reactions 8 and 9) and the

ion–electron recombination (reaction 11). These three He2
+

destruction reactions are already discussed above as electron

Fig. 7 Calculated spatially averaged reaction rates of the seven most

important reactions in the plasma.

Fig. 8 Calculated relative contributions of the chemical reactions

leading to the production and destruction of the electrons.
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loss processes and have been found negligible in comparison

with the reactions shown in Fig. 7.

The Hornbeck–Molnar associative ionization (reaction 12)

and the ion conversion (reaction 15) are both shown in Fig. 7.

It is already stated that Hornbeck–Molnar associative ioniza-

tion is clearly the most important He2
+ production process.

Therefore, the higher reaction rates of Hornbeck–Molnar

associative ionization in the range from 50 to 140 mbar (see

Fig. 7) are directly responsible for the higher He2
+ densities in

that pressure range.

The rise of the He2
+ densities as a function of pressure (see

Fig. 5), is mostly governed by the Hornbeck–Molnar associa-

tive ionization. However, since the ion conversion (reaction

15) shown in Fig. 7 rises more clearly as a function of pressure,

it attains a larger contribution in the production of He2
+ (see

Fig. 9). Since the rise of the ion conversion (reaction 15) as a

function of pressure is higher than the rise of Hornbeck–

Molnar associative ionization, the He2
+ densities also obtain

a steeper rise as a function of pressure, compared to the

electron densities.

3.2.4 He+. In Fig. 10, the results calculated with eqn (6)

for the relative contributions of the different reactions leading

to the production (top frame) and the destruction (bottom

frame) of He+ are presented at pressures ranging from 25 to

1100 mbar. This figure shows that the production of He+ is

completely governed by the electron impact ionization from

ground state He (reaction 3) for almost every pressure. The

destruction of He+, shown in the bottom frame, is completely

governed by the ion conversion (reaction 15), except for

pressures below 100 mbar.

In Fig. 5, it is shown that the He+ ions also have a higher

density in the range from 50 to 140 mbar, but for higher

pressures these densities seem to drop. The higher densities of

He+ in the range from 50 to 140 mbar are due to the higher

reaction rates of the electron impact ionization from the Hem
*

particles (reaction 4, shown in Fig. 7). The influence of the

destruction reactions is small at low pressures, since their rates

stay below 1.7 � 1017 cm�3 s�1. The high reaction rate of the

electron impact ionization (reaction 4) at low pressure is due to

the increased Hem
* and electron densities in that range (shown

in Fig. 4).

The decrease of the He+ density as a function of pressure is

due to the main destruction process, namely the ion conver-

sion (reaction 15). Fig. 10 shows that at higher pressures the

electron impact ionization of the He ground state (reaction 3)

is the main He+ production reaction and also that the ion

conversion (reaction 15) is the main He+ loss reaction. In Fig.

7, it is shown that the electron impact ionization (reaction 3)

does not significantly rise as a function of pressure. The ion

conversion (reaction 15), however, shows a significant rise as a

function of pressure. Since the main production process does

not show much influence of pressure and the main destruction

process shows a significant rise, the He+ densities shown in

Fig. 4 decrease as a function of pressure.

3.2.5 He2
*
. In Fig. 4, the spatially averaged densities of

He2
* for pressures ranging from 25 to 1100 mbar are shown.

This figure shows the He2
* densities at maximum current

density, ranging from 0.1 to 0.3 A cm�2, depending on

pressure. At the given moments in time, the current density

is very much determined by the conduction current and does

not necessarily coincide with the maximum densities of the

neutral particles. He2
* is the only plasma species that does not

achieve a maximum density at the maximum current. Indeed,

He2
* is much more important in the afterglow of the discharge.

Therefore, to study the influence of the pressure on the He2
*

density, we present in Fig. 11 the He2
* densities and the rates

of the important production and destruction processes as a

function of pressure at a later time in the discharge (about

15 ms later). Fig. 11 clearly shows that at a later time in the

discharge He2
* becomes a very important plasma species. It is

also shown that the He2
* densities rise steeply as a function of

pressure. This rise is due to the metastable induced association

(reaction 16) shown in Fig. 11. The relative contribution of the

Fig. 9 Calculated relative contributions of the different chemical

reactions leading to the production and destruction of the He2
+ ions.

Fig. 10 Calculated relative contributions of the different chemical

reactions leading to the production (top frame) and destruction

(bottom frame) of He+ ions.
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metastable induced association (reaction 16) to the production

of He2
* is more than 86% for every pressure. The three

processes that govern the destruction of He2
* are also shown

in Fig. 11. These are the metastable induced ionization (reac-

tion 18), the dimer induced ionization (reaction 20) and the He

atom induced dissociation (reaction 21). Fig. 11 shows that the

metastable induced association (reaction 16) is also much

more important than these destruction processes. This reac-

tion has a great dependency on the He background gas

pressure (see Table 1), which explains the steep rise as a

function of pressure. Therefore also the He2
* densities show

a steep rise as a function of pressure.

3.2.6 He**. It can be seen in Table 1 that the electron

impact excitation (reaction 2) and the Hornbeck–Molnar

associative ionization (reaction 12) are the sole processes

where He** is involved, therefore the production and destruc-

tion of this particle is completely governed by these two

reactions. Fig. 4 shows that the He** atoms only attain

significant densities at pressures below 150 mbar. Hence, it

appears that for pressures above 150 mbar the Hornbeck–

Molnar associative ionization (reaction 12) completely sup-

presses the production of He**.

It appears that the higher plasma activity in the range from

50 to 140 mbar is closely related to the He** densities and the

associated Hornbeck–Molnar associative ionization reaction.

Fig. 7 shows that the Hornbeck–Molnar associative ionization

has a reaction rate that is almost twice the rate of the second

most important reaction in that pressure range. It is shown

above that the high densities in that pressure range of the two

most important charge carriers He2
+ and the electrons are

also directly related to this reaction. Subsequently, the den-

sities of the other plasma species are directly influenced by

these newly formed charge carriers.

These He** densities are rather low for every pressure, but

they appear to play a crucial role in the mechanisms of the

discharge.

3.3 The stability of the discharge

In ref. 6, it is stated that in this experimental configuration any

kind of noble gas with pressures from 10 to 180 mbar can be

ignited and sustained. Our calculations show that in the range

from 50 to 140 mbar the plasma is significantly more active, as

can be seen in the profile of the current densities which are

three times as high (see Fig. 2) and in the profiles of the plasma

densities, which are also clearly higher in that range (see Fig. 4

and 5). This observation appears to confirm the choice of

operating pressures made in ref. 6.

However, the pressure range in which a merely stable

discharge can be obtained appears to be much larger in our

calculations. Indeed our calculations show that a stable dis-

charge can be obtained with pressures ranging from about

15 mbar to about 1.1 bar. The reasons for the lower and upper

limit are evident. Below the pressure of 15 mbar the He

background gas density is too low. Therefore there are not

enough collision reactions to create a stable plasma. This effect

is shown in Fig. 12, where we present the average electron

energy at maximum current as a function of pressure. This

figure shows that at low pressures there are not enough

collisions for the electrons to lose energy, and therefore at

lower pressures the energy becomes higher and higher.

Above the pressure of 1.1 bar there are too many He

background gas atoms, which causes the electrons to lose

too much energy in collisions with He particles. Therefore

the electron energy becomes too low and they are not able to

perform enough ionization reactions to create a stable plasma.

This effect is also shown in Fig. 12, where it can be seen that

at high pressures the electron energy becomes very low and

eventually too low to sustain a plasma.

4. Conclusion

We have applied a fluid model to describe a dielectric barrier

discharge that has been developed as a new plasma source for

analytical spectrometry6 and we have investigated the influ-

ence of the background gas pressure. A helium chemistry was

considered based on 7 different species, i.e.He background gas

atoms, electrons, Hem
* metastable states, He** higher excited

states, He2
* excimers, the atomic ions He+ and the molecular

ions He2
+. We have also implemented 21 chemical reactions

to account for the production and destruction processes of

these particles.

The model is applied for the same gap distance (960 mm),

dielectric thickness (20 mm), dielectric nature (glass), voltage

Fig. 11 Maximum values of the calculated spatially averaged den-

sities of He2
* and the reaction rates of the most important production

and destruction reactions.
Fig. 12 Calculated average electron energy at maximum positive

current for the different calculated pressures.
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amplitude (750 Vpeak-to-peak) and voltage frequency (5 kHz) as

is common for this plasma source.

Our results show that for this configuration in the region

from 50 to 140 mbar the plasma current density is three times

as high as outside this pressure range and that the electrons,

the ions and the excited species, except for the He2
* excimers,

also have a distinctly higher density. This shows that for

pressures from 50 to 140 mbar there is a higher plasma

activity. This appears to be in agreement with the typical

operating conditions of 10 to 180 mbar used in experiments.6

Our calculated stability range is however larger than 50 to

140 mbar. Stable discharges were obtained at pressures ran-

ging from about 15 mbar to about 1.1 bar. The lower pressure

limit is due to the lack of background gas atoms available for

collision in the discharge. The upper pressure limit is due to

the loss of the electron energy in collisions with the back-

ground gas, resulting in too low electron energies to sustain the

plasma.

In order to obtain information on the discharge regime, we

also investigated the spatial distributions of the potential and

the charge densities. For two very different cases, glow-like

profiles with distinct positively charged sheaths and quasi-

neutral plasma bulks were obtained.

The high plasma activity in the pressure range from 50 to

140 mbar has been found to be closely related to the Horn-

beck–Molnar associative ionization reaction (reaction 12).

Our calculations show that this reaction clearly has the highest

rate in the pressure range from 50 to 140 mbar. The two most

important charge carriers, He2
+ and the electrons, are directly

formed by this reaction and subsequently these species deter-

mine the formation of the other plasma species. The calcula-

tions therefore show that, although He** has a low density in

the discharge, it is an important source for the governing

Hornbeck–Molnar associative ionization.

The operating pressure is not the only parameter that can be

subjected to study. The applied voltage amplitude, voltage

profile, applied frequency, geometrical effects and the power

determine the discharge properties and are interesting subjects

for future research. Also, operating the discharge with other

discharge gases, such as argon, is interesting for future study,

since the discharge gas is a determining stability factor, but of

course is also an important cost factor, which must not be

forgotten.
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