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Abstract A model developed for a dielectric barrier
discharge (DBD) in helium, used as a new spectroscopic
source in analytical chemistry, is presented in this paper.
The model is based on the fluid approach and describes the
behavior of electrons, He™ and He2+ ions, He metastable
atoms, He atoms in higher excited levels, and He, dimers.
The He ground-state atoms are regarded as background gas.
The characteristic effect of charging/discharging of the
dielectrics which cover both electrodes is also simulated.
Typical results of the model include the distribution of
potential inside the plasma (and the potential drop across
the dielectrics), the electric current and gap voltage as a
function of time for a given applied potential profile, the
spatial and temporal number-density profiles of the differ-
ent plasma species, and the relative contributions of the
mechanisms of their production and loss.
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Introduction

In recent years there has been increased interest in
miniaturization of analytical instrumentation and methods,
also called “lab-on-a-chip”. In this respect, much attention
has been devoted to miniaturized plasma sources. These so-
called microplasmas have several advantages, including
cheaper instruments and operation, because smaller
amounts of sample and reagents are used. High-throughput
measurements might also become possible if several
plasmas are used in parallel. Finally, if the instrumentation
can be made portable, it can be used outside the laboratory.
Microplasmas exist in a variety of configurations, operating
either at atmospheric or reduced pressure, for instance
based on direct-current (dc) glow discharges used as
molecular emission detectors [1—4], capacitively coupled
radio-frequency (CCRF) discharges [5-10] including fur-
nace atomization plasma excitation sources [11-16], micro-
wave-induced plasmas based on the microstrip technology
[17-19], miniature inductively coupled plasmas [20-22],
electrolyte-as-cathode glow discharges (ELCAD) [23-27]
and liquid-sampling atmospheric-pressure glow discharges
(LS-APGD) [28-31], dielectric barrier discharges (DBDs)
[32-36], microstructured electrode discharges (MSD) [34,
37, 38], and some other variations [39]. Several good
review papers giving an overview and a description of these
different types of analytical microplasma can be found in
the literature [40—43]. Microplasmas in a variety of
configurations are also of great interest for other than
analytical spectrometry applications [44].

In the work discussed in this paper we investigated, by
numerical simulation, the plasma characteristics of a
microplasma, more specifically a DBD, as developed by
Niemax and coworkers [32-35]. A DBD is typically
formed between two parallel electrodes with a gap distance
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of the order of 0.1-10 mm. Because one or both electrodes
are covered with a dielectric barrier, the DBD cannot be
operated with direct current (dc), because of dielectric
charging issues. Typically they are operated with sinusoidal
wave currents, square wave currents, or pulsed wave forms
with a frequency ranging from a few Hz to MHz, usually in
the kHz range [45]. The dielectric constant and thickness of
the dielectric determine the amount of displacement current
that can be passed through the dielectric. In most
applications the dielectric limits the average current density
in the gas space and guarantees that no spark or arc can
occur in the discharge gap. DBDs are often operated at
atmospheric pressure but are strongly non-equilibrium
plasmas. They have unique features and characteristics
which have provided the basis for a host of applications, for
example ozone generation, gas treatment, excimer lamps,
plasma display panels, and surface engineering, including
cleaning, activation, and coating deposition [46—54].

Niemax and coworkers developed a DBD operating at
reduced pressure (~10-180 mbar) and used it as a
microchip source in analytical spectrometry [32-35]. This
type of DBD was characterized by a dielectric layer on each
electrode. It was shown to be a small, low-electric-power
(<1 W), low-gas-temperature (~600 K) plasma source, with
excellent dissociation capability for molecular species. It
has been used in plasma modulation diode laser absorption
spectrometry of excited chlorine and fluorine, with,
typically, helium or argon as the plasma gas.

To obtain more insight into the plasma characteristics of
the DBD we have developed a fluid model that describes
the behavior of the different plasma species. In the next two
sections this model will be explained in more detail.
Typical calculation results will then be presented and a
conclusion and outlook for future research will complete
the paper.

Description of the model

The fluid model applied for this purpose was originally
developed by Hagelaar for a DBD used in plasma display
panels [55]. It was later transformed and extended by Brok
and van Dijk, and integrated into their Plasimo code [56—
59]. Tt consists of a set of continuity equations and flux
equations, one of each for each type of species incorporated
in the model. The model is applied here to a DBD in
helium. The species included in the model are electrons,
He" and Hej ions, He ground-state atoms, He, dimers, He
atoms excited to metastable levels (i.e. He(2’S) and He
(2'S), combined into one level with a threshold energy of
19.82 eV; denoted He?)), and He atoms in higher excited
levels, lumped together into one effective level with a
threshold of 20.61 eV (denoted He**). This method of
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combining several levels into an effective level is com-
monly used in modeling to limit the complexity of the
calculations, when the focus is on the general plasma
characteristics rather than on the detailed behavior of the
excited levels [60].

The continuity equations describe the production and
loss of the different species:

61‘1,'
ot

+ v ._ﬂ = Rprod,i - Rloss,i

where 7, j and R denote species number density, flux, and
production or loss rate and the index i refers to the different
species. The flux equations describe transport based on
diffusion and on migration in the electric field (for the
charged species):

i = ,uiniE — DiVni

where E is the electric field, and p and D denote the
mobility and diffusion coefficient of the different species.
Note that the mobility is taken as a positive value for the
positive ions and a negative value for the electrons (and
negative ions, if included in the model). For the neutral
species, the first term is zero.

For the electrons an energy-balance equation is also
solved, on the basis of energy gain from the electric field
(first term on right-hand side) and energy changes because
of collisions (second term on right-hand side):

awe = - =

W+VQJW: —ej, o E+ Ry

where we=n.&. is the electron energy density and j, is the
electron energy flux density, given by [61]:

— 5

_ 5 _
Jw = gﬂeWeE — gDeVWe

Note that the energy changes are usually loss of energy
(i.e. ionization and excitation) but gain of energy can occur
as a result of superelastic collisions (e.g. reaction 5 of
Table 1).

For the ions and neutral species no energy-balance
equation needs be included, because these species can be
regarded as being at the same energy (temperature) as the
background gas. The gas temperature is assumed to be
300 K, uniformly distributed over the discharge. For these
species, moreover, the local field approximation can be
used, i.e. the mobility and diffusion coefficients of the
heavy particles are taken to be functions of the local
reduced electric field (local field divided by pressure). The
values used are taken from Ref. [62].

Together with these continuity and flux equations and
the electron-energy-balance equation the Poisson equation
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Table 1 Overview of the different processes taken into account in the model

Reaction No. Name Reaction equation Rate constant or cross-section Ref.
1 Electron-impact excitation ¢ tHe—e +He! o(E) [64]
2 Electron-impact excitation e tHe—e +He** o(E) [64]
3 Electron-impact ionization e +tHe—2 e +He" o(E) [64]
4 Electron-impact ionization e +He!—2 e +He" o(E) [65]
5 Electron-impact de-excitation e +He; —e +He k=2.9x10" m*s! [66, 67]
6 Electron-impact dissociation e +tHe,—e +2 He k=3.8x10" m*s! [67]
7 Ton—electron recombination He'+2 e —»He*+e k=6x1072m°s™! [67]
8 Ton—electron dissociative recombination He; +2 ¢ —He*+Hete k=2.8x10* m®s! [67]
9 Ton—electron dissociative recombination He; +e” + He—He*+2 He k=3.5%x10 m° s [67]
10 Ton—electron recombination Hej +2 ¢ —Heyte k=12x10"" m° s [67]
11 Ion—electron recombination He; +e +He—He,He k=1.5%x10" m°® s [67]
12 Hornbeck—Molnar associative ionization He**+He—He; +e~ k=15x10" m®s™! [60]
13 Metastable—metastable associative ionization He;, +Hej,—He, +e” £=2.03x10"" m* ¢! [66, 67]
14 Metastable-metastable ionization He;, +Hey —He +Hete k=8.7x10""m?s! [66, 67]
15 Ton conversion He'+2 He—He; +He k=6.5x10"** m° ¢! [67]
16 Metastable-induced association Hej,+2 He—He,+He k=1.9%x10* m° s [67]
17 Metastable-induced dissociative ionization He; +He,—~He'+2 Hete k=5x10""m*s™" [67]
18 Metastable-induced ionization He; +He,—He, +Hete k=2x10"" m’ s [67]
19 Dimer-induced dissociative ionization He,+He,—He™+3 Hete™ k=3x10"m? ¢! [67]
20 Dimer-induced ionization He,+He,—He; +2 Hete™ k=12x10" m*s™! [67]
21 He-atom-induced dissociation He,+He—3 He k=4.9x102 m® s [60]

The electron-impact ionization and excitation processes are treated with energy-dependent cross-sections, which are depicted in Fig. 1. The
reactions between ions and/or neutral species, electron-impact de-excitation and dissociation, and electron—ion recombination reactions are
described with a rate coefficient, which is also presented in the table. The references to the papers from where the cross-sections and rate

coefficients were adopted are also included

is solved within the same time-step, to furnish a self-
consistent electric field distribution:

(S
VzV = — 5_0 [nHe+ + HHe;r — ne}

The reactions taken into account in the model, which
define the production and loss processes of the different
species, are summarized in Table 1, with reference to the
rate coefficients or cross-sections used. Note that for most
of the electron-induced processes the reaction rates are
calculated on the basis of energy-dependent cross-sections,
and with a separate program, called BOLSIG+, which is
based on a Boltzman equation [63]. In this program the
exponential spatial growth model was used, as is recom-
mended [63]. This program is applied for a wide range of
different, fixed reduced electric fields. For each value of the
reduced electric field the average electron energy, the
mobility of the electrons, and the rates of the different
electron-induced processes are tabulated. By use of these
tables, the rates, mobilities, and diffusion coefficients
(derived from the mobilities using the well-known Einstein
relationship, assuming the bulk electrons are Maxwellian),
will be applied; this corresponds to the electron energy
calculated with the above electron-energy-balance equation.

The cross-sections of the electron-induced reactions are
plotted as a function of electron energy in Fig. 1. Beside
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Fig. 1 Cross-sections of the different electron-induced processes as a
function of electron energy. The labels correspond to the numbers in
Table 1. (/) Electron-impact excitation to the He metastable levels
He;, (2) Electron-impact excitation to the higher excited He levels
(He**). (3) Electron-impact ionization from the He ground state.
(4) Electron-impact ionization from the He metastable level. The label
(a) denotes the electron elastic cross-section for He atoms, which is
also included in the Boltzman model, but not in the fluid model,
because it yields no production or loss of species. These cross-sections
were adopted from Ref. [64] except for the cross-section of reaction 4,
which originates from Ref. [65]
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two electron-impact ionization reactions (solid lines) and two
electron-impact excitation reactions (small dashed lines), the
cross-section of the electron-induced elastic reaction is also
plotted (large dashed line), because this reaction is also
included in the Boltzman model. It is clear that the electron-
impact excitation and ionization reactions from the He ground
state have a lower value and a higher threshold energy than the
electron-impact ionization reaction from the He;, level. The
latter process, however, only occurs with He metastable
atoms, which usually have a much lower number density in
the plasma than the He ground-state atoms, so this process is
not so important, despite the larger cross-section (see also the
“Results” section).

For reactions between ions and/or neutral species, also
called heavy particles, a rate coefficient is used in the model,
because these species are assumed to be thermal (see above).
The same applies to the electron-induced de-excitation and
dissociation reactions (nos. 5 and 6 in Table 1) and the
electron-ion recombination reactions (nos. 7—11), because
such reactions occur with low-energy electrons. On the basis
of the detailed report of Deloche et al. [67] dissociative
Hej —electron recombination is included in the model as a
three-body process, with either electrons or He atoms as the
third bodies (reactions 8 and 9, respectively). We have,
however, repeated our calculations using a simple two-body
dissociative recombination reaction, with a rate constant of
107" m?® s' [68] and this yielded the same results. In
addition to dissociative recombination we have also included
three-body non-dissociative electron—He; recombination
giving rise to He, dimers. The other reactions included in
the model are between heavy particles, and represent
association, dissociation, (associative or dissociative) ioniza-
tion, and ion conversion.

The model explained above seems very similar to the fluid
models developed earlier by our group for gas discharge
plasmas [69, 70]. There are, however, distinct differences
for a fluid model for a gas discharge between two
conducting electrodes. Indeed, the effect of the dielectrics
covering the electrodes must be taken into account. The
Poisson equation is, therefore, solved not only within the
plasma but also inside the dielectrics, where it is reduced to:

V2V =0

because no species are present inside the dielectrics.
The effect of charge accumulation on the dielectric
materials is also considered, by using Gauss’s law:

E dielectric Edielectric * Un — l‘l_gasEgas Uy =0
where Egieteotic and Egys are the electric field inside the
dielectric and in the gas discharge, respectively, U, is the

unit vector pointing normal to the wall where the charge
accumulation occurs, and ¢ is the surface charge density on
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the dielectric, calculated from the charged particle flux
directed to the surface.

The boundary conditions of the electrons are largely
determined by secondary electron emission from the ions.
Following the procedure of Hagelaar et al. for a plasma-
addressed liquid-crystal (PALC) display cell with glass
dielectric plates [71] we use a constant secondary-electron-
emission coefficient of 0.2 for the helium ions and also
consider that this ion-induced secondary-electron emission
produces electrons with a mean initial energy of 5 eV.
Reflection at the walls is neglected and electron desorption
from the dielectrics is not considered, because it has been
stated [72] that the latter process is very unlikely to happen.

The coupled differential equations are solved by the so-
called “modified strongly implicit method”, developed by
Schneider and Zedan [73], and using an extra stabilization
method, as explained elsewhere [55], until convergence is
reached within every time-step of the periodic cycle, and
periodic behavior over the discharge cycles is obtained.

Setup and conditions

The model was applied to the DBD described elsewhere
[32]. Tt consisted of two flat glass plates, each with a 50-
mm-long aluminium electrode. Both electrodes were
covered by 20 um-thick glass layers, i.e. the dielectric
layers, as illustrated schematically in Fig. 2. The distance
between the electrodes, including the dielectric layers, was
1 mm. A rectangular voltage pulse of 750 V (peak-to-peak)
was applied at the powered electrode, with a rise-time of
2 us, whereas the other electrode was grounded. The
frequency is typically of the order of 5-20 kHz, and we
used a value of 20 kHz. In the experiment the average
power was very low, between 0.5 and 1 W. It has also been
reported that any kind of noble gas at pressures between 10
and 180 mbar can be ignited and sustained. As mentioned
in the section “Description of the model”, we applied the
model to a helium DBD, and the gas pressure and
temperature chosen were 80 mbar and 300 K, respectively.

Results and discussion
Electrical characteristics
Figure 3 shows the applied potential as a function of time

(dashed line), for typical conditions of 80 mbar He
pressure, 20 kHz, and 750 V (peak-to-peak), the calculated

Fig. 2 Schematic diagram of Al
the setup glass 1 20 um
1 mm plasma
glass 1 20 um
Al
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Fig. 3 Potential applied to the electrodes (Vp1, black dashed line, left
axis) and calculated electric current density (red line, right axis), as a
function of time, at 80 mbar, 20 kHz, and 750 V},,. The calculated
voltage over the discharge gap (so-called gap voltage, Vg,p) is also
plotted (black solid line, left axis), because this determines the plasma
characteristics. (a) shows the temporal periodicity over a long time
whereas (b) is a magnification of one period, consisting of a positive
and a negative voltage polarity. In (b) the solid circles on the gap
voltage profile denote specific moments in time, related to Fig. 4

electric current density (red line), and the calculated
potential drop over the discharge gap (so-called gap voltage;
solid black line). The latter arises as a result of the applied
voltage and because of charging/discharging of the dielec-
trics. Indeed, the applied potential causes a rise in the gap
voltage until breakdown is reached, which seems to occur at
a gap voltage of 230 V. A plasma is formed, the discharge
gas ionizes, and the charged particles migrate toward the
electrode which bears an opposite charge. In this way charge
accumulation occurs on the dielectric surface and the
electric field in the discharge gap (or gap potential)
diminishes, because it is the sum of the field induced by
the applied potential and the opposite field created by the
accumulated charges. This stabilizing effect makes DBDs so

popular in producing controlled atmospheric pressure dis-
charges, because it prevents formation of an arc [74].

Figure 3a shows the periodic behavior of voltage and
current over a long time period and Fig. 3b focuses on one
period, consisting of a positive and a negative potential
polarity, to visualize the detailed behavior of voltage and
current. Note that some points are marked at the gap
voltage profile; this is related to the discussion given below
in respect of Fig. 4.

Whereas the applied potential has an amplitude of 750 V
(peak-to-peak, denoted V},,), the resulting gap voltage has
an amplitude of 460 V},, during the applied voltage rise-
time and decreases to approximately 40 V,, during the
plateau, before the powered electrode switches polarity.
Note it is the gap voltage which determines the plasma
characteristics. This is illustrated in the time-profile of the
electric current density (red curve in Fig. 3) which peaks
exactly at the peak of the gap voltage and drops to low
values as soon as the applied potential reaches its steady-
state value. This typical electric current profile is also found
in experiments and simulations of the more frequently
studied atmospheric pressure DBDs in helium [60, 75, 76].

Kunze et al. also measured the electric current in their DBD
[33], although with argon as discharge gas. They also
observed a peak, although the latter was somewhat wider
than in our calculations. The width depends on the electrical
circuit, however, for example the capacity of the electrode
configuration. The operating conditions were also different,
for example use of argon rather than helium as discharge gas,
and different frequency (5 kHz rather than 20 kHz) and
pressure (below 50 mbar rather than 80 mbar). It is reported
in the literature that use of different discharge gases in DBDs
gives rise to different plasmas, which have their own
characteristic electric current profiles, some with wide
current peaks (N, Townsend discharge) and some with
narrow current peaks (He glow discharge) [77-80]. More-
over, a discharge cannot always be ignited in every type of
discharge gas under similar electrical conditions. The
properties of argon discharges in dielectric barrier config-
urations have not yet been subjected to such extensive
studies as for He or N, discharges, so comparison is much
more difficult. In our model we assumed a pure He discharge
yet in the experiments gas impurities are always present and
it is recognized that the presence of these impurities can lead
to alteration of the electrical characteristics of the discharge
[76, 81]. Exact comparison is, therefore, not possible, but at
least the characteristic behavior of rise and extinguishing of
the electric current, which is typical of DBDs, is found in our
calculation results.

The potential drop across the electrodes is depicted in
Fig. 4, at several moments in time, as indicated in the
legend. Figure 4a (left; solid lines) illustrates the situation
just before and during the positive applied potential polarity
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Fig. 4 Calculated voltage drop, or potential distribution, between the
electrodes at several moments in time (legend), both when the
powered electrode is negative (a, solid lines) and positive (b, dashed
lines) under the same discharge conditions as in Fig. 3. The arrows

whereas Fig. 4b (right; dashed lines) refers to the situation
when the applied potential polarity is (or will soon become)
negative. These time-moments are also marked on the gap
voltage profile of Fig. 3. The grounded and powered
electrodes (GE, PE) are situated at the left and right
borders, respectively, of Fig. 4. To explain the gap potential
drop, or potential distribution inside the plasma, on the
basis of the applied potential, the voltage drop across both
dielectrics is also included in the figure. Note that the
electrodes are separated from each other by a distance of
1 mm; both dielectrics have a thickness of 20 um, hence the
total discharge gap is 960 um or 0.96 mm.

From Fig. 4a it is clear the potential distribution is
constant in time from 340 us to 348 us, i.e. when the applied
voltage is still negative. The grounded electrode (left) is at
0 V, and the powered electrode (right) is at =375 V. This
voltage drops almost completely, however, in the dielectrics
adjacent to the left and right electrodes. Indeed, the potential
drop over these two dielectrics is approximately —180 V
(each) whereas the potential drop over the plasma (so-called
gap potential) is only approximately —20 V. This is also clear
from Fig. 3b (solid black line).

As soon as the applied potential starts changing polarity,
however, the potential distribution changes drastically, as
visualized by the red, blue and cyan curves in Fig. 4a. After
348.7 us (red curve) the applied voltage is only —125 V but
the potential drops across both dielectrics are still approxi-
mately —180 V; hence the potential drop (or, better, increase)
across the discharge is now approximately +230 V. This
value corresponds to the maximum value of the gap potential
reached as a function of time, as is also apparent from
Fig. 3(b). Consequently, at this moment, the electric current
also reaches its maximum (Fig. 3b).

After 349.3 us (blue line) the applied potential is +125 V
and the potential drop across the electrodes is very small
(approx. 10-20 V), because of the process of discharging.
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represent the time evolution of the potential distribution. The positions
of grounded electrode (GE) and powered electrode (PE) are also
indicated. Note that not only the potential distribution inside the
plasma but also the potential drop across the dielectrics is depicted

The surface charges on the dielectrics (not shown here) also
switch polarity, albeit about a microsecond later than the
applied voltage. During the switching of the applied voltage
and after a slight delay, therefore, a smaller potential drop
across the dielectrics is seen. Hence, the gap potential at that
time is approximately +150 V. At this moment, the potential
distribution inside the plasma mostly resembles that of a
direct current glow discharge in which the potential is almost
constant and slightly above the potential of the most positive
electrode (here at the right) in the largest part of the
discharge, called the bulk plasma or negative glow, and
drops strongly in front of the most negative electrode,
characterizing the sheath or cathode dark space.

After 350 us (cyan curve), the potential distribution
inside the plasma has the same shape as that at 349.3 s,
and the total gap potential is again approximately +150 V.
Now the applied potential has reached its (positive-polarity
steady) value of +375 V, however, hence the remaining
potential drop is now again found across both dielectrics
(approx. 100—120 V each).

At later times, until 373 us, the applied potential remains
constant at +375 V but the potential drop across both
dielectrics increases slightly, so the gap potential gradually
decreases, as is clear from the green, pink, and orange curves
in Fig. 4a, and from Fig. 3b. This situation corresponds also
to the black dashed curve (representing 373 us) in Fig. 4b.

After 373.7 us, however, the applied potential starts to
decrease again, to change polarity. At this moment there is
still a large potential drop across the dielectrics, so the gap
potential reaches its maximum negative value (i.e. =230 V;
red dashed curve). After 374.3 ps the applied potential has
become slightly negative (=125 V), the drop over the
dielectrics is very small (because of the process of
discharging as a result of the large electric current), and
the gap voltage is still significant (approx. —150 V; blue
dashed line). After 375 us, and later, the applied potential
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has reached its steady negative polarity of =375 V and the
potential drop across the dielectrics starts to increase again,
and so the gap potential gradually starts to decrease again
as a function of time (or, better, become less negative), as is
also found in Fig. 3b.

Note that the orange dashed curve in Fig. 4b coincides
more or less with the black solid curve in Fig. 4a, so the
cycle can be repeated when the applied potential starts
changing polarity again. Note also that the second half
period (Fig. 4b) is approximately the mirror image of the
first half period (Fig. 4a), because of the symmetrical
electrode configuration. To summarize, the arrows in
Fig. 4a and b visualize the time evolution of the potential
distributions.

Densities of the plasma species

Figure 5 illustrates the number density profiles of the
electrons at different times corresponding approximately to
the same times as in Fig. 4 and under the same discharge
conditions as in Fig. 3. Note the logarithmic scale of this
y-axis, which was necessary to fit all the curves on one plot.

After 348 us (black solid line in Fig. 5a), i.e. just before
the applied potential changes polarity and the gap voltage
and electric current start to rise, the electron density is a few
times 10'* m™>; the profile is asymmetric and reaches its
highest value near the grounded electrode (which is the
more positive electrode at this time; cf. Fig. 4a).

As soon as the applied potential starts changing polarity
the electron-density profile changes drastically. After
348.7 ps (red solid curve in Fig. 5a) the absolute values
of the electron density are still approximately the same, but
the maximum shifts completely toward the other (i.e.
powered) electrode. After 349.3 us (blue solid curve in
Fig. 5a) the electron density has increased dramatically by
almost three orders of magnitude, to values of a few times
10"7 m™ and the maximum is more spread over the entire
discharge gap.

1x10
1x10"
& 1x10%°
E 1x10%
P 14
Z 1x10
1x10*
1x10%

0 02 04 06 08 1
z (mm)

After this time the electron density starts to decay again,
as is visualized by the cyan and green solid curves in
Fig. 5a, and the profile becomes again more asymmetric,
with its maximum near the powered electrode. The density
profile shown after 361 us (green solid curve in Fig. 5a) is
more or less retained until 373 s, symbolized by the black
dashed curve in Fig. 5b.

At 373.7 us the applied potential starts changing polarity
and the electron density again changes drastically, with first
a shift toward the other (grounded) electrode (red dashed
line in Fig. 5b), followed by a dramatic increase and
spreading of the maximum over the entire gap after
374.3 us (blue dashed curve) and then, again, a decay and
more asymmetric profiles after still later times (cyan and
green dashed curves). The green dashed curve in Fig. 5b
again coincides more or less with the black solid curve in
Fig. 5a, illustrating that the cycle is repeated when the
applied voltage again switches polarity.

The spatially averaged electron density is plotted as a
function of time in Fig. 6 (red curve), with the spatially
averaged densities of the other plasma species, for the same
operating conditions as in the previous figures. As was
already illustrated in Fig. 5, the electron density increases
sharply after 349 us, i.e. when the applied potential is
switching polarity and the electric current reaches its
maximum. After this (spatially averaged) maximum value
of 5x10'7 m™ is achieved the density decays rapidly to
values of the order of 10'> m™ in approximately 5 s, and
then more slowly to values of the order of 10'* m™, before
it starts to increase again when the applied voltage switches
polarity.

The spatially averaged densities of the He" and He; ions
(black and blue curves, respectively) have profiles similar
to those of the electron density. Their (spatially averaged)
maximum values are calculated to be 2.3x10'7 and 4.2 x
10'7 m3, respectively.

The neutral plasma species have different time profiles.
The He metastable (He],) density (cyan curve; ten times

(1) 348 s 18
(2) 348.7 us 1x10 b -=mTTTes -8
(3) 349.3 s 1x10"" ¢ /* N
\
& 1x10' 4/ N
l -—— \
£ 1x10™ T e
(6)373us = 14 T T TS o
(7) 373.7 us 1x10™ 3 /é/ 7N
3 . Sy
(8) 374.3 us 1X101 :,, '
12 7
1X1O | T T T T T T T T T

{
|
|

0O 02 04 06 08 1

z (mm)

Fig. 5 Calculated electron number density profiles inside the plasma, at approximately the same moments in time as in Fig. 4, and under the same
discharge conditions. Note the logarithmic scale of the y-axis, which was necessary to visualize all curves on one plot
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340

360
t (us)

Fig. 6 Calculated spatially averaged number densities of the different
plasma species as a function of time, under the same conditions as in
Fig. 3. Note that the He;, density was divided by 10, to enable its
inclusion in the same figure as the other curves

380

reduced to fit in the same plot) also increases sharply when
the electron density reaches its maximum but it decays very
slowly before it starts rising again when the potential
switches polarity. The (spatially averaged) maximum is
approximately 3.7x10'® m>, and the minimum value is
still above 10'® m™>. This slow decay illustrates that the
metastables have a longer lifetime than the charged plasma
species. Note that the density of these He; atoms is
approximately an order of magnitude higher than the
densities of the other plasma species. Their density is,
however, still about six orders of magnitude below the He
ground-state atom density (which is approx. 10** m > under
the conditions studied).

The He atoms excited to higher levels (He**; green
curve), on the other hand, are characterized by a much
faster drop and, moreover, they have a very low density,
with a (spatially averaged) maximum of only 5x10'¢ m>.
Hence, they are clearly less important in the plasma than
the He metastable atoms.

Finally, the He, dimers (pink curve) are characterized by
a nearly constant density (~5%10'® m>) throughout time
and are, hence, almost unaffected by the switches of applied
potential polarity. Their density is the lowest of all the
plasma species included. They can, however, become more
important when the gas pressure increases, as is commonly
the case for He DBDs used for technological applications
[60, 66].

The spatial density profiles of these plasma species,
plotted at 349 us (i.e. when they reach their maximum
density as a function of time) are illustrated in Fig. 7. The
charged species are represented by solid lines and the
neutral species by dashed lines. The electron density (red
solid line) has a typical profile, which is also more or less
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Fig. 7 Calculated number-density profiles of the different plasma
species, at the peak of their temporal evolution (i.e. at 349 ps), for the
same discharge conditions as in Fig. 3. The charged particles are
represented with solid lines whereas the dashed curves stand for the
neutral species. Note that the He! density was divided by 10, to
enable its inclusion in the same figure as the other curves

characteristic of a dc glow discharge between conducting
electrodes, with low values in the sheath near the cathode
and much higher values in the bulk plasma. Note that this
density profile is obtained after 349 us, when the potential
distribution was indeed found to resemble that of a dc glow
discharge (blue line of Fig. 4a). At other moments in time
the potential distribution and hence the electron density
profile behave differently (Fig. 5).

The He" and Hej ion densities (black and blue curves,
respectively) also reach a maximum in the so-called bulk
plasma, where the electrons reach their maximum density,
but they are also characterized by a second maximum in the
sheath near the grounded (i.e. most negative) electrode. For
the He" ions this maximum is even slightly higher than the
maximum in the bulk plasma. This illustrates that the
plasma only resembles a dc glow discharge (at this time-
moment) but is still different. At other times, moreover,
there is a clear distinction from the behavior in a dc glow
discharge (Figs. 4 and 5).

The He;, and He** density profiles (cyan and green
dashed lines, respectively) also reach a maximum in the
sheath, because they are predominantly formed by electron-
impact excitation (see below), which is mainly important in
this region, because here the electrons can gain sufficient
energy from the electric field. Note that the He}, density
profile is reduced by a factor of 10 to fit in the same figure.
The density of excited He’ atoms (~7x10'® m™ at the
maximum of the profile) is, therefore, a factor of 40 higher
than that of He** (~1.8x10'7 m™>).

The density of He, dimers is still lower, approximately
7.6x10'"® m™, but they are more uniformly distributed
throughout the discharge gap (pink curve).
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Table 2 Calculated relative contributions of the different production and loss processes, for each of the different plasma species, both at the peak
(i.e. 349 ps) and during the plateau time (i.e. 360 ps), at the same discharge conditions as indicated in Fig. 3

Process

Relative contribution (%)

At peak During plateau

(349 us) (360 us)
Production of electrons
(3) Electron-impact ionization from He ground state 39.3 0.1
(4) Electron-impact ionization from metastables 2.5 2.2
(12) Hornbeck—Molnar associative ionization 58.2 1.64
(13) Metastable—metastable associative ionization 0.07 65.7
(14) Metastable—metastable ionization 0.03 28.1
(17) Metastable-induced dissociative ionization of He, ~0 0.4
(18) Metastable-induced ionization of He, 0.002 1.8
(19) Dimer-induced dissociative ionization of He, ~0 0.008
(20) Dimer-induced ionization of He, ~0 0.03
Loss of electrons
(7) He" ion—electron recombination 447 0.6
®) He;r dissociative recombination with e as third body 35.8 0.5
) He:2+ dissociative recombination with He as third body 12.6 69.3
(10) He; recombination with €™ as third body 1.5 0.02
(11) Hej recombination with He as third body 5.4 29.6
Production of He" ions
(3) Electron-impact ionization from He ground state 94 6.9
(4) Electron-impact ionization from metastables 5.9 0.3
(14) Metastable—metastable ionization 0.07 91.3
(17) Metastable-induced dissociative ionization of He, ~0 1.5
(19) Dimer-induced dissociative ionization of He, ~0 0.03
Loss of He" ions
(7) Ton—electron recombination 94 ~100
(15) He'" to Hej ion conversion 6 ~0
Production of Hej ions
(12) Hornbeck—Molnar associative ionization 99.3 2.2
(13) Metastable—metastable associative ionization 0.1 88.8
(15) He" to He;r ion conversion 0.6 6.5
(18) Metastable-induced ionization of He, 0.003 2.4
(20) Dimer-induced ionization of He, 0.004 0.04
Loss of He; ions
(8) Dissociative recombination with e as third body 64.7 0.5
(9) Dissociative recombination with He as third body 22.7 69.7
(10) Ion—electron recombination with ¢ as third body 2.8 0.02
(11) Ion—electron recombination with He as third body 9.8 29.8
Production of He], metastable atoms
(1) Electron-impact excitation 99.9 ~100
(7) He™—electron recombination 0.03 ~0
(8) Hej —electron dissociative recombination with e~ as third body 0.02 ~0
(9) Hej —electron dissociative recombination with He as third body 0.008 0.002
Loss of He;, metastable atoms
(4) Electron-impact ionization 94.9 2.0
(5) Electron-impact de-excitation 0.7 9.2
(13) Metastable-metastable associative ionization 2.7 60.7
(14) Metastable—metastable ionization 1.2 26.0
(16) Metastable-induced association 0.4 9.2
(17) Metastable-induced dissociative ionization of He, 0.02 0.4
(18) Metastable-induced ionization of He, 0.06 1.7
Production of He** atoms
(2) Electron-impact excitation 100 100
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Table 2 (continued)

Process

Relative contribution (%)

At peak During plateau
(349 ups) (360 ps)
Loss of He** atoms
(12) Hornbeck—Molnar associative ionization 100 100
Production of He, dimers
(10) Hej ion—electron recombination with e as third body 5.9 ~0
(11) He; ion—electron recombination with He as third body 20.9 ~0
(16) Metastable-induced association 73.2 ~100
Loss of He, dimers
(6) Electron-impact dissociation 19.4 0.06
(17) Metastable-induced dissociative ionization 13.6 16.9
(18) Metastable-induced ionization 54.7 67.7
(19) Dimer-induced dissociative ionization 0.2 0.3
(20) Dimer-induced ionization 0.9 1.1
(21) He atom-induced dissociation 11.3 13.9

Importance of the production and loss processes
of the different species

The characteristic temporal and spatial density profiles of
the different plasma species can be explained by studying
their production and loss mechanisms. It was found that all
the electron-related processes (i.e. electron-impact reactions
(1-6 in Table 1) and electron—ion recombination reactions
(7-11 in Table 1)), and Hornbeck—Molnar associative
ionization (reaction 11) and ion conversion (reaction 15)
give a strong and narrow peak at approximately 349 us.
The He! metastable-induced reactions (13, 14, 16-18 in
Table 1) are, in contrast, characterized by a strong increase
at 349 ps but a slow decay, similar to the He, density
behavior (Fig. 6). Finally, the He, dimer-induced reactions
(19-21 in Table 1) seem to be nearly time-independent, in
correlation with He, density behavior.

The calculated relative contributions of the different
production and loss processes for the various species,
obtained both at their peak density (349 us), and during
the plateau of the gap voltage (at 360 ps) are summarized in
Table 2. The results for the peak and plateau of the opposite
polarity are not given, because they were found to be
exactly the same. The electrons are primarily formed from
He ground-state atoms, by electron-impact ionization, and,
at the peak of their density, by Hornbeck—Molnar associa-
tive ionization, whereas metastable-metastable (associative
and normal) ionization is the most important production
mechanism during the plateau. Indeed, by that time the
electron density has already dropped to low values whereas
the density of He' metastable atoms is still substantial
(Fig. 5). As far as loss of electrons is concerned,
recombination with He" ions and dissociative recombina-
tion with He; ions seem to be nearly equally important

@ Springer

processes at the peak. During the plateau both dissociative
and normal recombination with He; ions were calculated to
be the main loss mechanisms, but with He atoms as third
body, because the electron density has dropped to low
values, making these species less important as a third body.

The He' ions are mainly created from the He ground
state, by electron-impact ionization, at the peak and by
metastable-metastable ionization during the plateau. They
are predominantly lost by electron—ion recombination. He"
to Hej ion conversion seems to be of minor importance,
especially during the plateau.

Hornbeck—Molnar associative ionization was found to be
the dominant mechanism of production of the Hej ions at
the peak whereas during the plateau time metastable—
metastable ionization was most important. This is expected,
because the He! metastables are characterized by a much
longer lifetime than the highly excited He** atoms. Loss of
He; ions occurs mostly by dissociative recombination at
the peak and by dissociative or normal recombination, but
with He atoms as a third body, during the plateau time, by
analogy with the loss mechanisms for the electrons.

The He], atoms are almost exclusively produced by
electron-impact excitation, both at the peak and during the
plateau. The dominant mechanism of loss of these species
is electron-impact ionization at the peak and metastable—
metastable (associative or normal) ionization during the
plateau. This again is expected, because the density of
electrons is much higher and can more easily give rise to
electron-induced processes at the peak whereas the density
of metastables is still substantial during the plateau.

The He** atoms are formed by electron-impact excita-
tion only, and are destroyed by Hornbeck—Molnar associa-
tive ionization, both at the peak and during the plateau,
because these are the only production and loss mechanisms
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included in the model for these species. Note that this is an
approximation, because radiative decay will in reality also
be responsible for loss of the He** atoms. To describe this
accurately, however, different He** atomic levels would
have to be considered separately in a type of collisional—
radiative model [82], and this is beyond the scope of this
study. The density of the He** atoms would, in any event,
be much less than, for example, that of He; metastable
atoms, so they would not be very important under the
conditions studied.

Finally, the He, dimers are predominantly produced by
metastable induced association; at the peak of the densities,
however, He; ion—electron recombination is also impor-
tant, especially with He atoms as a third body. Loss of the
He, dimers occurs mainly by metastable induced (dissocia-
tive) ionization and, to a lesser extent by He atom-induced
dissociation. Electron-impact dissociation seems to be
important only at the peak of its density, which again is
expected, because of the rapid decay of electrons as a
function of time.

Conclusion

We have presented results of a fluid model developed for a
dielectric barrier discharge (DBD) in helium, used as a new
source in analytical spectrochemistry. The model describes
the behavior of electrons, He" and He;j ions, He metastable
atoms (He},), He atoms at highly excited levels (He**),
and He, dimers. Characteristic of a DBD is that one or both
electrodes are covered with dielectrics, which substantially
affects the electrical behavior of the DBD. Indeed, the
potential difference applied between the electrodes, drops
not only inside the plasma, but also across the dielectrics,
so the so-called gap potential (or potential difference across
the plasma) is clearly different from the applied potential. It
is the gap potential which determines the plasma character-
istics. Consequently, the electric current profile follows the
gap voltage profile more closely than it follows the applied
voltage profile.

In addition to the electrical characteristics and the
potential distribution inside the plasma as a function of
time, the model also calculates the spatial and temporal
number-density profiles of the different plasma species. It is
found that, in addition to the He ground-state atoms, He
atoms at metastable levels (Hefn) are the plasma species
with the highest number density (at least an order of
magnitude higher than the densities of the other plasma
species). The temporal behavior of the Hej, atoms is also
different from that of the other plasma species. Indeed, the
electrons, ions, and highly excited He** atoms reach a
maximum density when the applied potential switches
polarity, and their density drops again rapidly as a function

of time. The density of metastable He, atoms, on the other
hand, decays very slowly as a function of time. Finally, the
density of the He, dimers seems to be roughly time-
independent, and they are of less importance than the other
plasma species. This situation will change when the DBD is
operated at much higher (e.g. atmospheric) pressure.

The relative contributions of the different production and
loss mechanisms of the different plasma species were also
determined, both at the peak of their densities (i.e. when the
applied potential switches polarity) and during the plateau
time of the applied voltage profile. It is illustrated that
different production and loss mechanisms can become
dominant at different moments in time.

In future work we would like to extend this model to
other discharge gases (for example argon) and also to
perform a detailed study on the effect of pressure, power,
frequency, and gap width, to determine the optimum
operating conditions for the analytical DBD and to assist
experimental studies with this new type of plasma source.
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