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We have investigated the plasma processes in an atmo-
spheric pressure glow discharge (APGD) in He used for
analytical spectrometry by means of fluid and Monte Carlo
(MC) simulations. Typical results include the potential
and electric field distributions in the plasma, the density
profiles of the various plasma species throughout the
discharge, the mean electron energy, as well as the rates
of the various collision processes in the plasma, and the
relative importance of the different production and loss
rates for the various species. The similarities and differ-
ences with low-pressure glow discharges are discussed.
The main differences are a very small cathode dark space
region and a large positive column as well as the dominant
role of molecular ions. Some characteristic features of the
APGD, such as the occurrence of the different spatial
zones in the discharge, are illustrated, with links to
experimental observations.

Glow discharges (GDs) at reduced pressure (typically 50—500
Pa) are widely used for the analysis of (mainly solid) materials.?
In recent years, however, there is increased interest for the
analysis of liquids and gaseous samples. For these applications,
GDs operating at atmospheric pressure (so-called APGDs) appear
to be particularly useful. Various groups have proposed different
plasma designs, and several review papers have been published
on these APGDs and microplasmas, not only for analytical
applications (e.g., refs 3—6) but also for materials processing,
environmental, and biomedical applications.”® The miniaturized
direct current (dc) GDs (e.g., refs 9—13) are based on similarity
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laws, which state that the gap between the electrodes must be
reduced when pressure is increased. They have been applied for
instance for dc microplasma “on a chip” gas chromatography.'°~13
Also the use of microhollow cathode dc discharges (MHCDs) has
been investigated for analytical applications.!* Besides dc dis-
charges, radiofrequency (rf) powering schemes have also been
applied, such as in ref 15. This rf powering is often combined
with dielectric barrier materials at the surface of one or both
electrodes, i.e., so-called dielectric barrier discharges (DBDs),
which can operate both at atmospheric pressure and reduced
pressure. %17

Hieftje and co-workers have been particularly active in recent
years in developing new designs for APGDs. The so-called annular
GD,® maintained in atmospheric pressure He between a tubular
cathode and a rod-shaped anode, was developed for solution
analysis. For gaseous analysis, the Hieftje group reported on a
versatile direct current (dc) APGD in He interfaced with a time-
of-flight mass spectrometer.'®?° A very stable APGD could be
maintained between a rod-shaped cathode and anode, separated
by 1 cm distance. The anode was characterized by a conical end,
which appeared to help in stabilizing the discharge in the high-
pressure regime. This APGD was characterized in ref 20 by means
of electrical and spectroscopic measurements. It could be deduced
from the presence of He™ ions in the mass spectrum that a
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significant amount of energy was available for the ionization
of gaseous analyte species. When this detection system is
coupled with hydride generation, the analytical performance
becomes comparable to that of an inductively coupled plasma
source.'®

This APGD has also been modified by Andrade et al.?*?? to
be used in the flowing afterglow mode as a chemical ionization
source for organic mass spectrometry: the ions and excited species
generated by the APGD, such as the He* metastable atoms, are
transported outside the discharge chamber. They create a high
flux of reagent ions, such as protonated water clusters, nitrogen
dimer ions, and oxygen ions, which can efficiently ionize analyte
species that are placed within the afterglow region. This so-called
flowing atmospheric pressure afterglow (FAPA) source has been
applied both for the ionization of compounds in the gas phase®!
as well as for desorption—ionization for the direct analysis of solid
compounds.?

Other plasma sources, besides FAPA, that are developed in
recent years for ambient desorption—ionization mass spectrometry
(ADI-MS) or simply ambient mass spectrometry (AMS) include
the direct analysis in real time (DART),? dielectric barrier
discharge ionization (DBDI),?* and plasma-assisted desorption/
ionization (PADI).?® In general, all these techniques allow the
direct desorption/ionization of a broad range of samples, with no
sample preparation.? They produce simple mass spectra with little
or no fragmentation. They are attractive because of high sample
throughput, ease of use, low initial costs, and low operating
expense.?® In ref 27, Shelley et al. made a detailed comparison
between the FAPA and DART. Although both sources appear to
be similar at first glance, they seem to operate in different regimes,
i.e., corona-to-glow transition for DART and glow-to-arc transition
for the FAPA source.

Furthermore, Shelley et al. coupled the FAPA source with laser
ablation to be used for molecular mass spectral imaging,?® and
Schilling et al. applied it for elemental analysis through hydride
generation.?® This study demonstrated the ability to use an
ambient mass spectrometry source, commonly used for molecular
analysis, for the detection of gas phase elemental species with
the possibility of performing speciation by coupling with a
separation technique.

To optimize the applications of these APGDs, a thorough
characterization of the GD plasma is desirable. This can be done
by experiments, such as electrical characterization and optical
emission spectrometry, as is demonstrated in ref 20. Other
measuring techniques that can in principle be applied include
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Langmuir probes (which give information on electron and ion
densities, the electron temperature and electron energy distribu-
tion, and the plasma potential) as well as laser absorption or
scattering techniques (which can provide information on species
densities or the electron and gas temperature). However, because
of the small dimensions, measuring inside the plasma is not always
practical. Moreover, measuring the number densities of the
various species present in the plasma is not so straightforward.
In this respect, computer modeling can be very useful.

There exist several papers in the plasma physics literature
about modeling APGDs.?*~33 Most commonly, fluid approaches
are applied,?® 32 although the particle-in-cell Monte Carlo tech-
nique has been used as well.*® Most studies concern DBDs
because of their increasing applications in materials processing,
environmental, and biomedical applications.>**> We have also
studied a reduced pressure DBD used as a microchip source for
analytical spectrometry,®® and we have investigated the effect of
pressure in the discharge.®” Shi and Kong have published a simple
hybrid model for a dc APGD in He used for material processing
applications.®® The model was based on a so-called kinetic
description in the cathode fall region and a hydrodynamic model
in the rest of the discharge. The calculation results confirmed
many characteristics of GDs, and correlations were made with
low-pressure GDs, in terms of the manifestation of the structural
characteristics, especially in the formation of the nonequilibrium
cathode fall and a nearly neutral positive column.

In the past decades, we have developed comprehensive models
to describe the plasma behavior of reduced pressure GDs used
for analytical spectrometry (e.g., refs 39—41). However, these
insights cannot directly be transferred to APGDs because of the
different operating conditions. Indeed, the high pressure gives
rise to more collisions and also to other types of collisions (such
as three-body collisions, formation of molecular ions, etc).
Moreover, the structure of the GD is also different in both cases,
i.e., at the low pressure case, the positive column region is typically
absent, whereas this region can become the dominant one at
atmospheric pressure. This was very nicely demonstrated in ref
20. Therefore, the present paper focuses on modeling efforts for
an APGD used for spectrochemical analysis. As a case study, the
APGD described in refs 19 and 20 is investigated, but the results
can be transferred also to other APGD designs.
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Table 1. Reactions Included in the Model With Their Rate Coefficients?

no. of reaction reaction

1 e +He—e + He,*

2 e + He — 2 + He"

3 e + He,*— 2 + He"

4 2 + He' —e + He

5 2 + He" —e + He,*

6 e + He,” — He, *+He

7 e +N,"—-N+N—N,

8 e + N —N,+ N,

9 He® + 2He — He,” + He
10 He,"+N, — He,*+N,"
1 N,"+2N, — N,*
12 N,"+N, + He — N, + He
13 N,"+N, — N," + 2N,
14 N," + He — N," + N, + He
15 He *+2He — He,*+He
16 He,*+He,* — He" + He + e~
17 He,*+He,* — He," + ¢~
18 He,*+N, — He + N," + ¢~
19 He,*+M — 2He + M
20 He,*+He,* — He,” + 2He + e~
21 He,*+N, — 2He+N," + e~

rate coefficient (or cross section) ref
a(e) 61
o(e) 61
o(e) 61
3x 1072 (T,/T)* cm® s? 69
3x 102 (T,/T)* cm® s? 69
89 x 1079 (T/T)* cm® st 30
4.8 x 1077 (T/T)* cm® s7! 30
2x 1078 (Ty/T)* cm® st 70
11x 103 cm® s7! 30
1.4 x 107 cm® s7! 30
1.9 x 1072 cm® s7} 71
1.9 x 107 cm® s7! 71
2.5 %1071 cm® s7! 70
2.5 %1071 cm® s7! 70
2x 1073 cmb s7! 30
1.5x 107 cm?® s7! 69
1.5 x 107 cm?® s7! 30
5x 1071 cm® s71 30
1074 st 30
1.5x 1079 cm?® 57! 30
3x107 M em? s7! 30

“The electron impact reactions are described with energy-dependent cross sections. The last column gives the references where the rate
coefficients and cross sections are adopted from. In the MC model, the electron-impact reactions (eqs 1—3) are included as well as electron impact
excitation of the N, impurities to the lowest rotational and vibrational levels.

DESCRIPTION OF THE MODELING WORK

General Overview: Models Used and Species and Reac-
tions Considered in the Model. To describe the APGD, we
make use of a fluid model, as well as Monte Carlo (MC)
simulations. Fluid modeling is particularly useful for describing
plasmas at atmospheric pressure. Indeed, at high pressure, the
plasma species have high number densities and they take part in
many collisions and to describe these species and all their
collisions with a kinetic model (e.g., MC simulations) would be
very time-consuming. Moreover, at high pressure, the plasma
species can lose much of their energy by collisions, so that a fluid
approach is generally acceptable, because the gain of energy by
the electric field is more or less balanced by the loss of energy
due to collisions. However, this is not really true for the electrons
because they gain more energy from the electric field than they
lose by collisions. Therefore, we have also developed a MC model
to describe the behavior of the electrons in the APGD.
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The APGD under study is the one described in refs 19 and
20. It operates at 1 atm helium (99.999% purity). Because some
nitrogen peaks are detected in the UV—vis emission spectrum,?®
we have included 10 ppm nitrogen in the calculations. The species
included in the model comprise the background gases He and
N,, the ions He™, He,*, N,*, and N, ¥, the metastable He atoms
(He,,*), and the He excimers (He,*), as well as the electrons.
Atomic N, N*, and N3* ions are not taken into account because
they play a minor role in the plasma.*? Other impurities, related
to oxygen or hydrogen, are also not included, although OH
and O (I) emissions were also observed in ref 20 but at a lower
intensity. In later work, we plan to extend the number of plasma
species to provide a more detailed picture of the plasma
chemistry.

(42) Martens, T.; Bogaerts, A.; Brok, W. J. M.; van Dijk, J. gebiitimbeli. 2008,
92, 041504.



The reactions considered in the model are presented in Table
1 as well as their rate coefficients and the references where these
data are adopted from. For the electron induced reactions, energy
dependent cross sections are used. In order to include the electron
energy loss associated with the rotational and vibrational excitation
of N,, we included excitations to a rotational level at 0.02 eV
and to two vibrational levels at 0.29 and 0.291 eV as additional
energy loss terms in the electron energy continuity equation.

Description of the Fluid Model. The fluid model is based
on solving a continuity equation (with different production and
loss processes) (eq 1) as well as a transport equation (based on
diffusion and migration in the electric field, for the charged
species) (eq 2) for all the species:

A 1
o =S ey

In these equations, #; and J; stand for the densities and fluxes
of species i, S; represents the net production rate, determined
by different production and loss terms, as given by the reactions
in Table 1. As mentioned above, the flux term is defined by the
drift—diffusion approximation. D; and y; are the species diffusion
coefficients and mobilities, respectively, and E represents the
instantaneous electric field. The (+)-sign in the first term of
eq 2 applies to the positive ions, whereas the (—)-sign corresponds
to negative ions and electrons.

Besides these two equations for every type of species, an
energy conservation equation was solved for the electrons (eq
3):

ow,
ot

-+ Vi, =-dE+S, ®d)

w, is the electron energy density, defined as w. = #n.g, with &
the mean electron energy. J,, is the electron energy density
flux:

wE — §Dvee

I 3

_ 5
w, _glue
Further, S,, 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 eq 3 accounts
for the Ohmic heating of the electrons due to the electric field.
For the other, so-called heavy particles, no energy conservation
equation needs to be solved because these species can be
considered more or less in thermal equilibrium with the back-
ground gas.

These equations were solved together with the Poisson
equation in order to obtain a self-consistent electric field distribu-
tion (eq 4):

V-(Ee) = p )

where ¢ is the permittivity of the plasma and p is the space charge
density obtained from the ion and electron densities.

The fluid model applied for this study forms part of the
PLASIMO modeling framework developed at Eindhoven Univer-
sity.** The electron impact reaction rate coefficients as well as
the electron mobility were described as parameters dependent
on the mean electron energy. These dependencies were calculated
with the BOLSIG+ Boltzmann solver,** which provides reference
tables for the electron mobility and the reaction rate coefficients
as a function of the mean electron energy. During the calculations,
the mean electron energy was calculated from eq 3, and this
energy directly determines the value of the electron mobility and
reaction rate coefficients. For the ions, the local field approxima-
tion was used and mobilities were adopted from refs 45—47. The
diffusion coefficients of the ions and electrons were calculated
from their mobilities using the Einstein relation. For the neutral
species, experimental diffusion coefficients were used, adopted
from ref 48.

The boundary conditions for the equations were described
using flux expressions. At the sides where there is no electrode
or insulating tube present, homogeneous Neumann boundary
conditions were employed, meaning that the derivative of the
quantities in the direction perpendicular to these boundaries were
assumed to be zero. At the sides where there is an electrode or
an insulator present, the flux expressions were determined by zero
densities for ions and excited species due to neutralization and
de-excitation, respectively. For the electrons, the boundary condi-
tion was mainly determined by secondary electron emission from
the ions using a secondary electron emission coefficient of 0.092
for the helium ions and 0.01 for the nitrogen ions. The coefficients
were chosen as such to match the experimental discharge current
measured in ref 20.

The coupled differential equations were solved by the so-called
“modified strongly implicit method”*® using an extra stabilization
method, as explained in ref 50 until convergence was reached.

Description of the Monte Carlo (MC) Model for the
Electrons. As mentioned above, we have also developed a MC
model for the electrons to describe their behavior in more detail,
as they are not really in equilibrium with the electric field. The
MC model is based on following the behavior of a large number
of individual electrons. It is not possible to follow all electrons in
the plasma within a reasonable time scale because of the typical
number densities of 108 electrons per m?; see below. Therefore,
the real electrons were replaced by so-called superelectrons,
which represent a fixed number of real electrons as defined
by their weight. Typically, around 10° superelectrons are
followed to obtain good statistics.

The behavior of these superelectrons was described, one after
the other, as a function of time. During successive time steps,
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their trajectory under the influence of the electric field in the
plasma was calculated by solving Newton’s laws. The probability
for a collision during that time step, Prob.,y;, was calculated with
eq 5 and compared with a random number between 0 and 1:

Prob.; = 1 — exp(—As Y, (10,5(E))) ®)
As is the distance traveled during the time step, while #» and
o.on(E) are the densities of the target particles and the cross
sections of the different collision types of the electrons with
energy E. If the probability is lower than the random number,
no collision occurs. If the probability is higher, a collision takes
place and the kind of collision that takes place needs to be
determined.

The collisions taken into account in the model are elastic
collisions with He atoms, electron impact ionization and excitation
from the He ground state atoms, and the He,,* metastable levels.
Most electron impact collisions with the N, molecules were
neglected, as these species are only present as an impurity (10
ppm). However, electron impact excitation to the lowest
rotational and vibrational levels of N, was included because it
can be important to determine the electron energy distribution
function in the low energy range.*>°! The references where the
cross sections of these processes are adopted from were presented
in Table 1 above.

To determine which collision takes place, the partial collision
probabilities of the various collisions were calculated based on
the individual cross sections. The total collision probability, which
is equal to 1 because it is the sum over all partial collision
probabilities, was subdivided in intervals with lengths correspond-
ing to these partial collision probabilities. A second random
number between 0 and 1 was generated, and the interval into
which the random number falls determined the collision that takes
place. Then, the new energy and direction after collision were
also defined by random numbers based on energy and angular
differential cross sections.

This procedure of calculating the trajectory by Newton’s laws
and treating the collisions by random numbers was repeated
during successive time steps until the superelectron was lost by
recombination at the cell walls. Then, the next superelectron was
followed. It should be noted that some new superelectrons can
be created by ionization collisions. These additional superelectrons
were also followed with the same procedure.

RESULTS AND DISCUSSION

Cell Geometry and Operating Conditions. The fluid and
MC model are applied to the APGD setup described in refs 19
and 20. A schematic diagram is presented in Figure la. The
discharge chamber is a 10 cm cubic aluminum cell. The anode
and cathode are located on opposite faces of the cell. The cathode
is a 3 mm diameter tungsten rod with a flat, polished end
surrounded by a 3 mm internal diameter and 6.35 mm outer
diameter alumina tube to limit the cathode area. The anode is a
cylindrical 2.5 cm diameter brass rod with a conical end with a
half angle of 60°. The gap between the anode tip and the cathode
is 1 cm. For the simulations, only the region between the anode

(51) Brok, W. J. M.; Bowden, M. D.; van Dijk, J.; van der Mullen, J. J. A. M.;
Kroesen, G. M. W. pudibballis. 2005, 98, 013302.
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Figure 1. Schematic diagram of the APGD source under study (not
completely to scale) (a) The shaded box gives the simulated area.
Because of the cylindrical symmetry, the calculation results will be
presented in only one-half of this box, as indicated in part b.

and cathode is important, where the plasma is most intense.
Therefore, the calculation results will be presented only in the
shaded box illustrated in Figure la. Moreover, because of the
cylindrical symmetry of this region, only one-half of this box is
sufficient to present the results because the data can be projected
to the other side of the axis of symmetry. Hence, Figure 1b
presents the details of the simulated area.

The calculations are performed for typical conditions of this
APGD as reported in ref 20, i.e., a He pressure of 1 atm with 10
ppm of N, as the impurity gas and a dc discharge voltage of
650 V. Secondary electron emission coefficients of 0.092 for
helium ions and 0.01 for nitrogen ions and a gas temperature
of 1350 K®° are assumed. These conditions provide for a
discharge current of 30 mA, which is also obtained in the
experiments.*°

Potential and Electric Field Distributions. Figure 2 il-
lustrates the calculated potential distribution (part a) and (axial
and radial) electric field distributions (parts b and c) in one-half
of the cell as calculated with the fluid model. The cathode is found
at the left end of the figure (z = 0 cm), whereas the anode cone
is at the right. The symmetry axis is at » = 0 cm. As can be
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Figure 2. Calculated 2D electric potential distribution (a) and axial (b)
and radial (c) electric field distributions in the cell geometry illustrated in
Figure 1b. The cathode is found at the left (z = 0) whereas the anode
cone is at the right. The symmetry axis is atr = 0.

observed from Figure 2a, the potential drops very quickly from
—650 V at the cathode to about —300 V at a distance of 0.25 mm
from the cathode. This small region can be seen as the cathode
dark space (CDS) region. It is much thinner than the CDS in
reduced pressure GDs, where typical values of a 0.5—5 mm are
reported for pressures in the range of 50—700 Pa.®2~5* However,
it is in the same range as the CDS width of 0.2 mm calculated for
a needle cathode in atmospheric pressure helium® and a CDS
width of 0.4 mm calculated for a DBD operating in the same gas.>°
This is logical because it is generally known that the CDS
thickness drops with increasing pressure.®?

(52) Bogaerts, A.; Gijbels, R. kbbbl 1995, 78, 6427-6431.
(53) Bogaerts, A; Gijbels, R.;; Goedheer, W. junfsisienisldig. 1996, 68, 2296—
2303.

(54) Bogaerts, A; Gijbels, R. | N NN 1998, 53, 437-462.

Another difference with reduced pressure GDs is the behavior
of the potential in the rest of the discharge. Indeed, in the present
case, the potential remains negative in the entire discharge region
and it increases only gradually from —300 V at the end of the
CDS to zero at the anode. This is completely different from the
reduced pressure case, where the potential is slightly positive
(typically a few up to 10 V) and almost constant in the largest
part of the discharge (i.e., the so-called negative glow (NG) region)
before it returns to zero at the anode.’*** Such a NG region is
not clearly observed in the atmospheric pressure case. Therefore,
we can conclude that the APGD consists of a small CDS and a
large positive column (PC), which fills most of the discharge
region, whereas this PC is typically absent in reduced pressure
GDs used for analytical spectrometry.®>° It is indeed generally
accepted that with increasing pressure (or larger distance between
anode and cathode) a PC is formed and can become the largest
region in the discharge.®>°® Hieftje and co-workers have also
clearly demonstrated by means of photography the growing
importance of the PC region in the APGD under study here when
raising the pressure from a few Torr to atmospheric pressure.?
The presence of a PC is also observed in other publications on
APGDS.29_31’38

The potential distribution presented in Figure 2a gives rise to
an axial and radial electric field distribution illustrated in parts b
and c of Figure 2, respectively. In the CDS, the axial electric field
is 3.8 x 10° V/m, which was also found by Shi and Kong for
similar conditions in a parallel plate setup,®® and it is about
2—3 times higher than the obtained values for atmospheric
pressure DBDs of 1.1—1.8 x 10° V/m.2?3° The calculated value
is about 5 times higher than the reduced pressure GD value of
about 8 x 10° V/m obtained for both dc and pulsed dc
discharges.®”*® However, it remains high (i.e., in the order of 3
x 10* V/m) in most of the discharge region, which is different
from the reduced pressure GD situation. It points out the
importance of the PC region, i.e., to ensure a sufficient flux of
electrons toward the anode by accelerating them in the electric
field and hence to maintain the electrical current throughout
the discharge.®>™ Indeed, it appears that at atmospheric pressure,
the electrons lose so much of their energy by collisions that they
would not be able to reach the anode unless they are accelerated
by this electric field in the PC region. The radial electric field is
presented in Figure 2c. It is very localized next to the alumina
tube with values slightly above 10° V/m. Since the alumina tube
is charged by the plasma also in the radial direction, a rather
strong electric field is formed. The radial field is not so
important since there is no electrode in this direction, and the
distance to the wall of the discharge cell is 5 cm.

Mean Electron Energy. The mean electron energy, as
calculated with the MC model, is plotted in Figure 3, again in
one-half of the cylindrically symmetrical discharge region. In the
CDS, the electrons gain a lot of energy from the electric field,

(55) Francis, G. In Handbuch der Physik, Vol. 22; Fliigge, S., Eds.; Springer-
Verlag: Berlin, Germany, 1956.

(56) Chapman, B. Glow Discharge Processes; John Wiley and Sons, Ltd.: New
York, 1980.

(57) Graves, D. B.; Jensen, K. F. | NN 1986, 14, 78-91.

(58) Kutasi, K.; Hartmann, P.; Donké, Z. | . 2001, 34, 3368
3377.

(59) Bogaerts, A. Mathematical Modeling of a Direct Current Glow Discharge
in Argon. Ph.D. Dissertation, University of Antwerp, Wilrijk, Belgium, 1996.
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Figure 3. Calculated 2D profile of the mean electron energy.

but they also lose most of this energy again by inelastic collisions
(i.e., ionization and excitation of the He gas). Therefore, their
mean energy is only in the order of 50 eV. This is considerably
lower than in reduced pressure GDs, where the mean electron
energy at the end of the CDS can be as high as 500—800 eV (for
1000—1200 V discharge voltage, depending on the pressure).**
This difference is of course explained by the fact that at low
pressure the electrons do not lose so much energy by collisions.

However, because of the significant axial electric field in the
PC region, the mean electron energy remains considerable (i.e.,
about 6 €V) in the largest part of the discharge and it increases
again to almost 10 eV at the anode cone. These results are very
similar to the results obtained by Shi and Kong for a dc parallel
plate setup in atmospheric pressure helium.*® In their work, a
mean electron energy of 40 eV at the cathode is obtained together
with a bulk energy of about 10 eV as well as a small increase at
the anode reaching 15 eV. This profile has important conse-
quences for the electron impact collision rates, as will be illustrated
below.

Electron Impact Collision Rates. Figure 4 presents the two-
dimensional (2D) distributions of the electron impact collision
rates as obtained from the MC calculations. The wire surfaces
present the data on a linear scale, while the flat surfaces in the
plane of the R and Z axes present the data on a logarithmic scale.
In this way, an estimate of the order of magnitude of the bulk
values can be given. Light tints represent low values and dark
tints represent high values. Figure 4a illustrates that the mean
electron energy is only sufficient to produce ionization from the
He ground state atoms in the CDS region. Indeed, this process
requires 24.6 V. This is in the range of the mean electron energy
calculated at the end of the CDS but is much higher than the
mean electron energy of 10 eV in the PC. However, the logarithmic
scale demonstrates that the calculated ionization rate in the PC
is not zero. This is because the electrons are characterized by an
energy distribution with a tail ranging to much higher energies,
and the latter can give rise to these inelastic collisions. The
electron impact ionization rate reaches a peak of almost 4 x 10%
m~? s~1, which is several orders of magnitude higher than the
ionization rates obtained in reduced pressure GDs, typically
in the order of 102—10% m™3 s~1.%® However, it is still about 4
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orders of magnitude below the ionization rates reported for a
dc APGD in H,%° in a rod to plane setup.

These high localized ionization rates are again due to the
atmospheric pressure, giving rise to many collisions until the
energy becomes too low for ionization, which occurs already at
the end of the CDS. This is important because it prevents an
ionizing cascade, which would lead to an arc as is also discussed
in ref 20. Integrated over the entire discharge region, the overall
ionization rate of He will therefore be quite moderate.

The rate of electron impact excitation (Figure 4b) also reaches
a maximum at the end of the CDS (or the beginning of the NG),
but in contrast to the electron impact ionization rate, it is clearly
nonzero in the region between the cathode and anode, with again
a small peak near the anode tip. This is explained by the increase
in mean electron energy as was anticipated above. Note that
Figure 4b presents the electron impact excitation rate to the He,*
metastable levels. The maximum value appears to be compa-
rable to the maximum in the electron impact ionization rate.
However, the total electron impact excitation rate from the He
ground state atoms is about twice as high as the excitation
rate to the He,,* metastable levels as it includes also excitation
to all other levels. It is not shown here because it looks
qualitatively very similar to Figure 4b, with a pronounced
maximum in the CDS, small but nonzero values in the region
between cathode and anode, and a second maximum near the
anode tip. The reason that the total excitation rate is twice as high
as the ionization rate, in spite of the fact that the cross section is
lower,®! is due to the lower threshold for excitation compared to
ionization (i.e., 19.8 vs 24.6 €V). This also explains the nonzero
values in the region between the cathode and anode on the linear
scale and the small maximum near the anode tip.

Finally, it should be noted that the most significant contribu-
tions in the excitation rate (visible on the linear scale) occur only
for a radial position up to about 2.5 mm from the cell axis. This
corresponds to the radius of the cathode and some part of the
insulating tube around the cathode (cf. Figure 1). Indeed, when
the electrons are emitted from the cathode, they can move slightly
in the radial direction, away from the discharge center, but mostly
they are accelerated in the forward direction by the axial electric
field. Therefore, there are not many electrons present at radial
distances further than 2 mm from the discharge axis and,
consequently, not many electron impact collisions will occur in
this region.

The calculated electron impact excitation rate profile is in
excellent agreement with the spatial distribution of Hel lines as
measured by Hieftie and co-workers,?® which exhibit also a
pronounced peak near the cathode, very low values in the gap
between the cathode and anode, and a second, smaller maximum
near the anode. Moreover, our calculation results compare
favorably with the photographs taken of the APGD.?° Indeed,
Hieftje and co-workers observed a very bright thin layer on the
cathode surface (called the NG), followed by a small dark region
(the Faraday dark space or FDS), and a very diffuse cylinder of
light, corresponding to the PC region, with a diameter slightly
larger than the cathode diameter and with the maximum intensity
close to the anode.?’ This is exactly what is predicted with our

(60) Farouk, T.; Farouk, B.; Staack, D.; Gutsol, A.; Fridman, A. st ety

Seibeldal 2007, 16, 619-634.
(61) Bogaerts, A.; Gijbels, R. ntbibalis 2002, 92, 6408-6422.
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Figure 4. Calculated 2D profiles of the electron impact collision rates: (a) ionization of He ground state atoms, (b) excitation to the Hey*
metastable atoms, (c) ionization from the He,* metastable atoms, and (d) rotational—vibrational excitation of the N, molecules. In part b, different
spatial zones of the GD, as obtained from the excitation (or emission) intensities, are also schematically indicated.

MC simulations presented in Figure 4b. The different spatial zones
are therefore also schematically indicated in this figure.

Although electron impact ionization from the He ground state
atoms is found to be almost negligible in the largest part of the
discharge, ionization from the He,,* metastable atoms appears
to be possible in the region between the cathode and anode
and especially near the anode tip, as is clear from Figure 4c.
Indeed, a much lower amount of energy is required to ionize the
He,* metastable levels, as they are already excited to 19.8 V.
Hence, only 4.8 eV is needed to ionize them, compared to 24.6
eV for ionization of the He ground state atoms. Comparing the
absolute values of parts a and ¢ of Figure 4 tells us that the
ionization rate from the He,* metastable levels is almost 2
orders of magnitude lower than ionization from the He ground
state. Nevertheless, this illustrates again that ionization from
the He,,* metastable levels is more efficient (due to the lower
energy threshold) because the He,,* metastable atom density
is more than 5 orders of magnitude lower than the He
background gas density (see below, Plasma Species Number
Densities).

Finally, Figure 4d illustrates the rate of rotational and vibra-
tional excitation of the N, gas. We included excitations to one
rotational level at 0.02 eV and to two vibrational levels at 0.29
and 0.291 eV as additional energy loss processes. Note that
the N, density is also 5 orders of magnitude lower than the
He density, at an impurity level of 10 ppm, and hence
comparable to the He,* density. Nevertheless, the rate of
rotational and vibrational excitation of the N, gas is consider-
able because the cross section reaches a maximum between 1
and 5 eV, which is close to the mean electron energy in the
discharge (cf. Figure 3). This process is important as it
determines the electron energy distribution function in the lower

Figure 5. Calculated 2D electron number density profile.

energy region, where the other inelastic processes with He
(ionization, excitation) do not occur. Indeed, the threshold for
rotational and vibrational excitation is assumed to be 0.02 eV,
which is significantly lower than the threshold for ionization and
excitation of He (i.e., 24.6 and 19.8 eV, respectively).

Plasma Species Number Densities. The 2D electron num-
ber density profile is plotted in Figure 5. The results shown here
were obtained with the fluid model, but the MC simulations
yielded almost exactly the same profile, which can be considered
as a validation of both models. The electron density reaches a
maximum of about 3.5 x 10'® m™ at a distance of 0.35 mm from
the cathode, which corresponds to the end of the CDS region.
This is quite similar to low pressure GDs, although in that case
a much broader maximum is observed, which fills most of the
NG region.>®>* Indeed, in the present case, the density drops
quickly by about a factor of 2 and maintains values of about 1.4 x
10'® m~2 throughout the gap between the cathode and anode,
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Figure 6. Calculated 2D number density profiles of the He™ (a), He,™ (b), N,* (c), and N, (d) ions.

until it increases again to values around 3 x 10'® m™ near the
anode cone (.e., at the end of the PC region). As was
anticipated above, the density becomes negligible at radial
distances further than 2.5 mm from the discharge axis because
the electrons emitted from the cathode are mainly accelerated
in the forward direction. The two maxima in the electron
number density profile correspond to the two maxima in the
electron impact ionization rate (at least for ionization from the
He,,* metastable levels) and are characteristic for an APGD,
where the PC region plays an important role.

We believe that this second maximum in electron density and
in electron impact ionization and excitation rates is partly induced
by the conical end of the anode rod. Indeed, Figure 2a demon-
strated two important effects that influence the electrons. The cone
shaped end with a half angle of 60° creates an active region where
the distance between the electrodes decreases and consequently
the electric field slightly increases. In this way a funnel-like
potential distribution is created, as can be seen in Figure 2a, which
confines the discharge toward the axis of symmetry of the setup
and can be an important effect to maintain and stabilize the
discharge. The second effect is the already mentioned potential
gradient in the PC region. While in reduced pressure GDs the
electrical potential in the plasma bulk is often slightly positive
without any gradient, in this APGD setup there is clearly still a
potential gradient in the plasma bulk. This provides for a weak
electric field that pushes the electrons toward the anode. Since
there is no strong electric field at that location, a population of
electrons with rather low energies is accumulated, as can be seen
in Figure 3. Hence, there is a significant population of electrons
near the anode in order to ionize the He,,* metastable levels,
but the population of electrons with enough energy to ionize
ground state He is rather small. This explains the two maxima
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for the ionization rate of He,* and the single maximum for
the ionization rate of ground state He.

Comparing the absolute values of the electron number density
between the APGD and reduced pressure GDs (where values of
10'7—10% m™ are commonly reported®>°%) tells us that the
electron density is in the same order of magnitude, in spite of
the higher gas pressure in the APGD. From the ideal gas law,
the He background gas density at 1 atm and 1350 K can be
estimated in the order of 10® m™. This indicates that the
ionization degree in the APGD is very low, i.e., in the order of
1077 (compared to 10~°—1072 for reduced pressure GDs*%?).

Figure 6 presents the 2D number density profiles of the various
ions in the plasma. The He' density (Figure 6a) reaches a
pronounced maximum of 2.3 x 10'® m~ near the cathode and a
second maximum of about 10® m~ near the anode tip, but in
between, the density is virtually zero in most of the plasma
region. This is different from the He,™ density (Figure 6b),
which exhibits also two maxima in the same order of magnitude
as the He' density, but the second maximum is clearly higher
(up to 2.5 x 10 m~®) and broader, and more importantly, the
density does not drop to zero in between these maxima but
remains in the order of 10'® m™3 throughout the discharge, at
least for radial distances up to 2.5 mm from the discharge axis.
Therefore, the He,™ density is characterized by a similar profile
as the electron density (cf. Figure 5).

Hence, from parts a and b of Figure 6, it can be concluded
that the He,™ ions are present at a higher density in the plasma
than the He™ ions. At first sight, this might be a bit unexpected,
as the He" ions are directly formed by electron impact
ionization from the He background gas, whereas the He," ions
can only be formed by secondary reactions (i.e., reactions 7,

(62) Bogaerts, A.; Gijbels, R. digbalebi 1996, 68, 2676-2685.
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14, and 17 of Table 1; see also Production and Loss Processes of
the Plasma Species). Nevertheless, it is quite common in APGDs
that the molecular ions are more important than the atomic
iOnS.42'63'64

Parts ¢ and d of Figure 6 illustrate the N,™ and N,© number
density profiles. These ions are not characterized by a second
maximum near the anode, but the first maximum near the
cathode is followed by a gradual decrease in density throughout
the discharge. It is also apparent from these figures that the
maximum is shifted slightly off-axis. Comparing the absolute
values tells us that the N, ion density is only slightly lower
than the He' and He," densities, in spite of the fact that the
N, gas density is 5 orders of magnitude lower than the He gas
density. This is because the N," ions are easily produced by
secondary reactions (i.e., reactions 8, 11, 12, 15, and 18 from
Table 1), as will also be explained later. Hieftje and co-workers
also observed intense emission from the APGD attributed to No*
bands.?° For the N,* ions, on the other hand, our calculations
predict a density about 2 orders of magnitude lower than the
other ion densities and, hence, it does not really contribute to
the space charge.

In a previous paper, we have investigated the effect of N,
impurities in a He DBD.*? It was demonstrated that the He* ions
were negligible for all N, impurity levels investigated (0—2000
ppm). The He,™ ions were only dominant for impurity levels below
1 ppm. In the region between 1 and 17 ppm of N, the N, ions
appeared to have the highest density, whereas for higher impurity
levels, the N,* ions became predominant.*? Naturally, the operat-
ing conditions were different in that study (i.e., a parallel plate
DBD with a sinusoidal applied voltage of 2.6 kV amplitude and
10 kHz frequency), but it illustrates that it is indeed not so
unexpected that the N, (and even N,*) ions can play an important
role in dc powered He APGDs, even with small N, impurity levels.
To validate the calculated results for the APGD under investiga-
tion, it would be interesting to study the importance of N,* ions
in this kind of plasma by experiments.

Comparing the N,* ion density with the N, gas density (of
about 10% m™ at 10 ppm impurity level) tells us that the
ionization degree of N, is significantly higher than the He
ionization degree, i.e., in the order of 1073—1072. This finding
is important for analytical applications because it suggests that
the APGD in He can also in general efficiently ionize gaseous
analytes or aerosols for detection with mass spectrometry, as
is demonstrated in the papers cited in the introductory material
(e.g., refs 18—22 and 26—28. In the future, we plan to include
also analyte species in the model to investigate this in more detail.

Figure 7 depicts the total positive ion density (i.e., sum of all
ions from Figure 6), as well as the electron density, as a function
of distance from the cathode on the axis of symmetry. It is
observed that the total ion density is more or less equal to the
electron density so that there exists charge neutrality in most of
the discharge region, except in the CDS, where only the ions are
present and the electron density is virtually zero, leading to a
positive space charge region. This characteristic is typical for a
(reduced pressure) GD. Figure 7 explains the potential distribution
on the axis of symmetry of the setup. Since the positively charged

(63) Shon, J. W.; Kushner, M. J. inddiibltlilg 1994, 75, 1883-1890.
(64) Yuan, X; Raja, L. L. guiesbiesemiagli 2002, 81, 814-816.

Figure 7. Calculated 1D profiles of the total positive ion number
density (i.e., sum of He™, He,™, N,, and N4 ions; solid line) and
electron density (dashed line) taken at the discharge axis.

sheath is very small and the region with charge neutrality is very
big, the cathode potential is not able to rise up to a zero or slightly
positive value. Since the rest of the discharge has charge neutrality
and cannot disturb the electric field, the electric potential
continues to rise linearly up to the grounded anode. These features
are typical for a glow discharge. On the other hand, if we compare
this result with an atmospheric pressure DBD in the Townsend
regime where the total positive ion density is typically significantly
higher than the electron density (even up to 2 orders of
magnitude,®®~ % while in our case most of the discharge exhibits
charge neutrality, we can conclude that the discharge under study
in this article is definitely in the glow mode.

Finally, in Figure 8, the 2D density profiles of the excited He
species (i.e., the He,,* metastable atoms (part a) and the He,*
excimers (part b)) are plotted. The He,* density reaches a
pronounced maximum near the cathode and a second smaller
maximum near the anode. It has a considerably lower density
in the bulk, but this value is still quite high in the order of 10'
m~2, as can be seen on the logarithmic scale in Figure 8a. This
is in correspondence with the electron impact excitation rate (cf.
Figure 4b). The He,* excimers are characterized by a similar
profile as the electrons and He,™ ions, with a pronounced
maximum near the cathode but still fairly high values in the
gap and rising again to a second (broader but smaller)
maximum near the anode. The maximum in the He,,* density
is 5 orders of magnitude lower than the He gas density (which
is about 102 m™> at 1 atm and 1350 K, see above), but the
overall fraction of metastables is of course lower because the
density is almost zero in the rest of the discharge, whereas
the He gas density has a nearly constant density distribution.
The He,,* metastables are in the sheath clearly dominant over
the excimer molecules, while in the plasma bulk their densities
are of the same order, as can be seen by comparing the
logarithmic surfaces of Figure 8a,b.
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Figure 8. Calculated 2D number density profiles of the He,* metastable atoms (a) and the He,* excimers (b).

Production and Loss Processes of the Plasma Species.
As stated in ref 20, quantitative models for analytical APGDs have
not yet been developed and the authors found it difficult to provide
detailed explanations for the results they obtained, more specifically
about the role of various processes and mechanisms.?’ For instance,
it is generally established?®®® that N,* ions in He discharges can
be formed through Penning ionization by He,* metastable atoms
as well as by asymmetric charge transfer of He," ions, but it is
not possible to determine a priori which of these reactions will
be dominant in the APGD under study.”® Therefore, Table 2
presents the calculated relative contributions of the most important
production and loss processes for the different plasma species
obtained by integrating over the entire discharge region.

The He" ions are mainly formed by electron impact ioniza-
tion of He ground state atoms as well as from the He,*
metastable levels. Hornbeck—Molnar ionization by collisions
of two He,,* atoms contributes for about 10%. The major loss
mechanism is conversion into He,"™ ions, although electron-
ion recombination (leading to either He ground state or excited
atoms) also contributes for about 12%. All these production and
loss rates are characterized by a maximum near the cathode
and a second maximum near the anode tip but virtually zero
values in between.
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(70) Kossyi, I. A.; Kostinsky, A. Yu.; Matveyev, A. A,; Silakov, V. P. Blasmg

S 1092, 1, 207-220.
|

(71) Albritton, D. L. 1978, 22, 1-101.

9106 Analytical Chemistry, Vol. 81, No. 21, November 1, 2009

The He," ions are mainly created by Hornbeck—Molnar
associative ionization, i.e., due to collisions of two He,,* atoms,
although conversion out of He™ ions is also quite important.
The rate of Hornbeck—Molnar associative ionization is plotted
in 2D in Figure 9a. It is clear that this rate exhibits a pronounced
maximum near the cathode, but the values in the entire gap
between the cathode and anode are still rather high (see
logarithmic scale). This explains why the He," ions are also
characterized by fairly high density values in the entire region
between cathode and anode (see Figure 6b), in contrast to the
He™ ions (cf. Figure 6a), for which the dominant production
process (i.e., electron impact ionization) showed a pronounced
maximum near the cathode and was almost zero in the gap
between cathode and anode (see Figure 4a,c).

The loss of He," ions is almost exclusively due to charge
transfer with N,, giving rise to N, ions as appears in Table 2.
This is also the dominant production mechanism for the N,* ions.
Other important production processes are Penning ionization of
N, due to collisions with either He,,* atoms or He,* excimers,
which both contribute for roughly 10%. The rate of this dominant
production process is depicted in Figure 9b. It is characterized by
two (nearly equal) maxima near the cathode and the anode and fairly
high values in between explaining the N,* density profile shown
in Figure 6¢ (except for the maximum near the anode, which has
disappeared in the N,* ion density profile as a result of the loss
processes). The loss of N," ions is mainly attributed to recom-
bination with electrons, although conversion into N,* ions upon
collision with He gas atoms also contributes for 11%.
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Table 2. Calculated Relative Contributions (in %) of the Production and Loss Processes for the Various Plasma

Species, Taken into Account in the Model®

He™ production processes %

electron impact ionization from He® (2) 63
electron impact ionization from He,* (3) 27
Hornbeck—Molnar ionization from 2 He,,* (16) 10

He," production processes %

Hornbeck—Molnar associative ionization (17) 57
conversion from He™ (9) 41
ionization from 2 He,* (20) 2

N,* production processes %

charge transfer between He,™ and N, (10) 77
Penning ionization of N, by He,,* (18) 13
Penning ionization of N, by He,* (21) 9
conversion from N, ions (14) 2

N,* production processes %

conversion from N,* ions (12) 100

He,,* production processes %

electron impact excitation (1) 99
electron—He™" recombination (5) 1

He,* production processes %

charge transfer between He,* and N, (10) 73
conversion from He,* (15) 27

He™ loss processes %
conversion into He,™ (9) 88
recombination with electrons (4,5) 12
He," loss processes %
charge transfer with N, (10) 99.9
recombination with electrons (6) 0.1
N, loss processes %
recombination with electrons (7) 89
conversion into N, ions (12) 11
N, loss processes %
recombination with electrons (8) 81
conversion into N, ions (14) 19
He,,* loss processes %
Hornbeck—Molnar associative ionization (17) 41
Hornbeck—Molnar ionization (16) 24
electron impact ionization (3) 32
conversion into He,* (15) 2
Penning ionization of N, (18) 1
He,* loss processes %
dissociation upon collision with third body (19) 58
Penning ionization of N, (21) 33
9

“The numbers in parentheses correspond to the reactions given in Table 1.

The latter process is entirely responsible for the creation of
N, ions as is clear from Table 2. The rate of this process is
presented in Figure 9c. It exhibits the same profile as the N,*
ion density and can also explain the N, ion density profile.
The N, ions mainly get lost by recombination with electrons,
although conversion into N,* ions upon collision with He gas
atoms (i.e., the opposite from the production process) also
contributes for nearly 20%.

Figure 9 illustrates that not all reaction mechanisms exhibit a
pronounced peak near the cathode and a smaller peak near the
anode, with very low values in between (like the electron impact
collision rates), but can also be characterized by fairly high values
in the entire PC region. This is in qualitative agreement with emission
maps presented in ref 20 for some molecular species.

As far as the excited species are concerned, the Hep,*
metastable atoms are almost exclusively created by electron
impact excitation from the ground state, whereas they get lost
by severalmechanisms, the mostimportantbeing Hornbeck—Molnar
(associative) ionization, giving rise to both He,* and He™ ions,
as well as electron impact ionization from the metastable level.

Finally, the He,* excimers are mainly formed by charge
transfer between He," ions and N, (which appeared also the
dominant production process for the N, ions; see above) as

well as by conversion of He,,* metastables into He,* excimers
in a three-body collision with He gas atoms. The most important
loss mechanisms for the He,* excimers are dissociation upon
collision with a third body as well as the collision among two
He,* excimers, yielding ionization of one and dissociation of
the other excimer. Finally, dissociation due to the collision with
N, molecules also contributes for about 10%.

CONCLUSIONS

Fluid and MC simulations are applied to quantitatively character-
ize an atmospheric pressure glow discharge (APGD) in He used for
analytical spectrometry. The calculation results include the potential
and electric field distributions in the plasma, the density profiles of
the various plasma species throughout the discharge, the mean
electron energy as well as the rates of the various collision processes
in the plasma, and the relative importance of the different production
and loss rates for the various species. The similarities and differences
with low pressure glow discharge are discussed.

From the potential distribution as well as from the electron impact
excitation rate profile, the different spatial regions in the discharge
can be distinguished. The positive column is dominating the
discharge, in agreement with experimental observations.?’ Electron
impact ionization is only occurring near the cathode, i.e., in the small
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Figure 9. Calculated 2D reaction rate profiles of the dominant production mechanisms of (a) the He," ions (i.e., Hornbeck—Molnar associative
ionization), (b) the N,* ions and He,* excimers (i.e., charge transfer between He," and N,), and (c) the N,;* ions (i.e., conversion from N,* ions). The
dominant production mechanisms for the He™ ions and He,,* metastable atoms are electron impact ionization/excitation for which the rates were

presented in Figure 4a,b.

CDS and NG regions, and it becomes negligible at further distances,
when the electron energy has dropped to too low values. This is
important to limit the amount of ionization and to prevent the
transition into an arc discharge. The He," ions appear to be the
dominant positive ions. They are present in the entire discharge
gap, in contrast to the He™ ions, which are almost only observed
near the cathode and anode. The N, ion density is only slightly
lower than the He,™ and He" ion densities, in spite of the much
lower N, density (i.e., assumed to be present as impurity of 10
ppm). This indicates that N, gas molecules are more efficiently
ionized, mainly by asymmetric charge transfer of He," ions as
well as by Penning ionization due to He,,* metastable atoms and
He,* excimers. This suggests that the APGD has good potential
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as an ionization source for the analysis of gaseous compounds.
In future work, we would like to extend this model to describe
also the flowing afterglow because of its interest for analytical
spectrometry, such as ambient mass spectrometry.?1-*
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