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Low-Pressure DC Air Plasmas. Investigation of Neutral and lon Chemistry
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The neutral and charged species present in a direct current (dc) hollow cathode, gas flow, air reactor are
experimentally studied by quadrupole mass spectrometry. The degree of ionization of the plasma and the
electron mean temperature with decreasing air pressure, for constant discharge current, are measured with a
double Langmuir probe. The chemical composition of the plasma changes appreciably over ftge3to

5 x 102 mbar range investigated: at the lowest pressures studigdis€ociation is up to 60% and the
concentration of NO is half that of Nconcerning ions, NOand N are dominant for the whole pressure

range. A kinetic model of the plasma including electrons, neutrals, and positive ions is developed to account
for the experimental observations; it is consistent with energy balance and predicts that heterogeneous processes
are the main source of NO and that the contribution of ions to the global chemistry of neutrals is of minor
significance even for the lowest pressures.

Introduction changes in the predicted resuitsSimilarly, ions are usually
o ) neglected too in the chemistry of neutrals for pressures higher
Low-pressure nonequilibrium plasmas of air and/Q4 than 0.1-1 mbar32 due to very low ionization rates<(10~4) in

mixtures are currently attracting the attention of many scientific this kind of plasma. In any case, careful diagnostics of cold
groups™’ due to their relevance in different fields, from the ,jasmas of these species at different pressures would be very

study of the Earth's ionosphéré” to the reactivity in the  conyenient to identify and characterize the processes playing
boundaries of hypersonic vehiclésor the sterilization of the key role for each pressure region.
surgical equipmenrt Therefore, many efforts have been devoted
to the experimental investigation and to the modétff-2!
of these plasmas, characterized by gas temperatures close t
300 K (Ty < 0.05 eV) and comparatively high electron
temperaturesIi > 1 eV). Under these conditions, the collisions
of energetic electrons with neutral precursors cause the formation
of active species (atoms, radicals, ions, and excited molecules),[he two nitrogen oxides other than the precursor in each
that initiate th_e chemical reactions and lead to the appearance. .. Similarly, a discharge of natural air studied under
of other transients gnd secondary products. conditions close to those of the,®, plasma& showed the
Hollow cathode discharges (HCD) have a number of advan- t5rmation of very small concentrations of NO angN as
tages over radio frequency (RF) and microwave (MW) reac- compared with those of the Nand G precursors. A simple
tors?223 They provide a good geometrical resolution in posi- kinetic model including electrons and neutrals, and the essential
tioning of different zones of the discharge. The easy control of physicochemical processes, was also developed to explain the
the size and shape of discharge regions along with a suitablegpserved data. Most reaction rate constants, especially those
design of the reactor and adjustment of discharge conditionssq, homogeneous reactions among neutrals, were taken from
gives a great flexibility for many purposés.?®In contrastwith 5 hjished databas@éRate coefficients for many of the low-
RF, MW discharges and the positive column of ordinary low- energy electron impact dissociation processes and for some of
pressure dc discharges, HCDs have a negligible electric field {he heterogeneous reactions could be estimated from the time-
in the enlarged negative glow region, which may be of interest ;ggolved datd:36
in some specific studies, like those related with the chemistry In the present work, we have extended the investigations with

of |onosph§res. o . air plasmas to a much lower pressure range (downxol® 3

Concerning the kinetic modeling of N+ O and NOy mbar) and have used a reactor100 times larger than that in the
plasmas, more than 400 concurrent processes have beemjgher pressure study. Under these conditions of low collision-
advanced in the literatufe:'® nevertheless, the efforts made to ity the electron temperature and the plasma ionization ratio
identify the key processes and to reduce the number of reactions, ¢ higher for a similar supply of electrical power and the
considered are generally Welcorr_]ed, to construct more intelligible (g|5tive importance of surface to gas-phase processes changes
and manageable modéfsIn this respect, most three-body  appreciably. As a result, the plasma chemistry is significantly
reactions can be disregarded at low pressures without noticeablgyggified. In the following, we describe the experimental
characterization of these low-pressure air plasmas and use an
~ *Corresponding author. Fax:+34.91.5645557. E-mail address:  improved version of the kinetic model, including ionic processes,
'taQ?rzrscig'tg“:j'ng‘;‘;Jﬁﬁ-:fj-e la Materia (CSIC) to account for the chemical composition observed in the plasma
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Glasnevin, Dublin-9, Dublin, Ireland. chemistry.

10.1021/jp051318m CCC: $30.25 © 2005 American Chemical Society
Published on Web 06/28/2005

In former works, the authors studied with time-resolved
spectrometric techniques the neutral, atomic, and molecular
gpecies produced in modulated hollow cathode discharges of
N,0,2433.3¢NO 35 and NQ,%¢ at pressures-0.1-1 mbar and
effective plasma volumes0.02 L, verifying the formation of
N, and Q as major products, and of minor proportions of
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QMG112, working as residual gas analyzer, equipped with a

l—’—J ::::::r,as Faraday cup detector. It was previously calibrated for the
H’[‘ Monitor mgasurement of absolute concentrations of the individual gases
= of interest (N, Oz, NO, N;O, NGO;).35:36
pump X Mass The measurement of ion fluxes was performed with a Plasma
-L j Sy ProcessMonitor, Balzers PPM421, consisting of electrostatic
Langmuir | ™ focusing system, a cylindrical mirror energy analyzer (the upper
Probe E J,mz) H limit was 510 eV) and a quadrupole mass spectrometer with a
Cathode [ ] § sk i |l secondary electron multiplier in the counting mode. Both mass
= spectrometers were installed in independent vacuum chambers,
fG(DI;'g} o — ZI—\*"“L.=IE:3t communicating with the reactor by means of 200 and 260
holes, respectively. The chambers containing the mass spec-
PLASMA —1 Butterfly trometers were differentially pumped down to~I0mbar by
—— Valve turbomolecular pumps backed by mechanical pumps. The ion
flux ratio for eachm/q*™ value was calculated by integrating its
ikl individual ion energy distribution. The relative sensitivity of
Figure 1. Experimental setup. the PPM 421 to differentwqt signals was calibrated by

) measuring its individual response in the detection mode of

Experimental System neutrals to known pressures of noble gases and hydrogen,

The experimental setup used for plasma generation andsupplied separately to the reactor chamber without discharge.
diagnostics is shown in Figure 1. A stainless steel dc glow The sensitivity of the secondary electron multiplier was
discharge reactor, consisting basically of an enlarged hollow calibrated too for the different ion masses by comparing its
cathode cell with a grounded Cy'indrical vessel (10 cm diameter, response (integrated in energy) to ions generated in discharges
34 cm length) and a central anode, was used to achieveof the above-mentioned species, with that of a Faraday cup
comparatively large plasma volumes. Differentially pumped ayailable as secondary detector in the plasma monitor. Both
quadrupole mass spectrometers for neutrals and ions and &alibration methods led to a common sensitivity dependence
double Langmuir probe were used for plasma diagnostics.  for jons proportional to (m%?), in agreement with former

The reactor was continuously pumped by a 450 L/s turbo- |iterature result$? except for the smallestVqt value, where
molecular pump to a background pressure offlthbar. A H* showed a slightly lower efficiency than,H
butterfly vacuum valve at the exit of the reactor, nearly closed  \when the discharge was on, the signals of neutrals detected
during plasma operation, and a needle valve at the gas inputyih the PPM421 plasma monitor decreased uniformly by a
allowed the pressure control of the discharge. Gas pressures iGactor of 10 approximately, as compared with discharge off
the range 3x 107% to 5 x 1072 mbar, measured with a  gjgnals, probably due to space charge effects in the ionization
capacitance manometer, were used for plasma generationyegion associated with direct flux of ions from the plasma; this
Residence times in the reactor were measured with dischargeaffect prompted the use of the plasma monitor only to detect
off,_ be_fore and_ after ea_ch set of plasma measurements, bYions and the appliance of the QMG112 spectrometer for
switching off quickly the air feed to the chamber and measuring systematic detection of neutrals, because its sensitivity is not
the time evolution of then = 28 amu mass spectrometric peak gffected by the discharge.
of N, using a digital oscilloscope. The results were always 2s  pe m/g* ratios of the energy integrated current signals for
-£20% for a fixed position of the butterfly valve at the exit of he gifferent ionic species were transformed to relative ion
the reactor, independent of pressure, indicating in all cases agensities in the plasma volume using the calibration dependences
molecular gas flow regime. The measurement of residence times,ocorded beforehand. Absolute concentrations of ions (ions
allowed an estimate of the different flow rate values, which were cm3) were obtained by scaling the total sum of the relative

found to span the-0.4—7 sccm range for the different discharge jon densities to the measured mean charge density.
pressures.

The reactor was electrically fed by a 0.2 A, 2000 V, dc source
through a 10@2 ballast resistor. The maximum electric potential
of the source was not high enough to turn on the discharge at The kinetic model used in this work is based on the numerical
the low operating pressures of the experiments; therefore, ansolution of a system of coupled differential equations accounting
electron gun built in the laboratory was used for ignition of the for the time evolution of various plasma species, from the
plasma. It consisted basically of a coiled tungsten filament (120 ignition of the discharge until the attainment of its steady state.
um diameter,~3 Q) heated  a 2 A, dc,—2000 V source, Stable molecules are considered to be homogeneously distributed

' Plasma Kinetics

isolated of ground. Steady-state plasma currgnts 150 mA throughout the reactor. Atoms, ions, and electrons are assumed
in the abnormal glow discharge conditions were maintained to be confined to the negative glow with homogeneous
during the experiments. concentrations. From the edge of this glow region, atoms diffuse

The radial distribution of electron density and electron mean and ions are accelerated toward the cathode wall through the
temperature in the cylindrical plasma volume were measured plasma sheath. Throughout this work the gas temperature is
by means of a double Langmuir probe designed in our assumed to be typically 298228 and the electron energy
laboratory?* The approximation of orbital limited motion in a  distribution is approximated by a Maxwellian function charac-
collision-free probe sheath for electropositive plasma was ttsed. terized by a temperatui&. Initial concentration of the precur-
The mass of the ions was approximated to a mean value of 30sors, gas flow rate, electron mean density, and electron
amu for calculations of charge densities. A Maxwellian electron temperature, all of them determined experimentally, are used
energy distribution was also supposed. as input parameters.

Molecular species were detected by means of an electron The present model is an extension of a former one initially
impact ionization quadrupole mass spectrometer, Balzers developed to describe the behavior of the neutral species found



Low-Pressure DC Air Plasmas J. Phys. Chem. A, Vol. 109, No. 28, 2006257

TABLE 1: Reactions Included in the Kinetic Model2

process rate constant ref process rate constant y ref
Electron Impact Disocciation Charge Transfer
Di: No+e — 2N+ e 1.0 x 10°8T Y2167, 42 Ti: No™+ N,O— N,O"+ N, 5.0x 10710 19
Dy O,+e — 20+ e 4.2 x 107 %556, 41 T NP +0,— 0" +N; 6.0x 107 19
D3 O, +e — O+ O(D) + e~ 5.0 x 10 8¢ 840 41 T3 N +O—NO"+N 1.3x 1070 19
Ds NO+e —N+O+e 7.4 x 1079650, 3 Ta& N +NO—NO"+N; 3.3x 1070 19
Ds: N, O+e —N,+O0+ e 1.4 x 10 % 167 3 Ts N+ N,O—NO"+N,+N 4.0x 10 19
Ds: N2O+e — N+ O(D) + e 1.2x 10 % 364 3 Te O;F +N—NO"+O 1.2x 10710 19
D7 N;O+e —NO+N+e 1.0 x 10 10g=4.937, 3 T O + NO— NO"+ O, 4.4x 10710 19
Dg: NO, + & —NO+ O+ e 5.6 x 107% 3117, 3 Tg O;f + NO,— NO;* + O, 6.6 x 10710 19
Electron Impact lonization To: NOF + NO—NO"+ NO, 2.9x 1071 19
I No+e — Nzt + 2e 1.1x 10°8TM2e 172 57 T N, OT+NO—NO"+N,O 2.9x 10710 19
I O +e — 0O, +2e 3.6 x 10 9T 2% 58 Tiip Nt + O, — N+ Op" 2.8x 1070 19
Is: N2O+ e — N,O" + 2e 1.4x 10°8T V%129 59 T;0 NT+0,—NO™+ 0O 2.5x 10710 19
I NO+ e — NO* + 2e” 9.0x 10°°TM%e 121 59 T3 N*+O—N+OF 10712 19
Is: NO;+ e — NO;" + 2e 2.6 x 1079T 2100 59 T;;; N*+ NO— N+ NO*t 8 x 10710 19
le: NO,+e —NO"+0+2e 81x 10T e 129 59 Tz N+ O0,— 0"+ NO 2.8x 10711 19
Iz O, +e — 0"+ 0+ 2¢e 5.4 x 107 10T V%17 58 T NF+NO—N;" + 0O 3x10% 19
lg: No+e —N*+ N+ 2e 4.2 x 10710T %28 57 Ty72 NT+ N, O— NO* + N, 5.5x 10710 19
l: N+e — N+ 2e 1.0x 108 T 145 60 Tig O + Np— NO" + N 1.18x 1072 19
lio O+e — O+ 2e 1.7 x 10°8T Mg 86T 61 Tig OF+0,— 0"+ 0O 2x 1071t 19
l12: NO+e —O"+ N+ 2e 2.4 x 107 9T % 2%e 59 T,; O+ NO—NO"+ O 2.4x 1071t 19
liz2 NO+e — O+ N* + 2e” 2.4 x 10T e e 59 Ty OF +NO—Oz" +N 3x107% 19
Electron Impact Neutralization T2 OF + NO, — NO;* + O°P 1.6x 10°° 19
Ni: NO;" +e —NO+ O 2.0x 1077(0.026M)¥2 19 Toz OT + N,O— N,O" + O 4x 10710 19
N2 N2OT +e — N+ O 2.0x 1077(0.026M)? 19 T,z OF + N,O— NO' + NO 2.3x 10710 19
N3: Nt +e —N+N 2.8x 1077(0.026M)¥2 19 T OF + NO— Oy + N» 2x 101 19
Ns Ot+e —0+0 2.0x 1077(0.0261T) 19 Wall Neutralization
Ns: NOt+e —N+0 4.0x 1077(0.026M¢)%2 19 P Ny +wall— N, eq4
Homogeneous Reactions P,: O,f +wall— O, eq4
Gi: N+NO—N,+ 0O 3.0x 101t 37 B NO' +wall—NO eq4
Gz O+ NO+M —NO,+M 1.0x 1073 37 PR NO," + wall — NO, eq4
Gs: O+ NO,—NO+ O, 9.7x 102 37 B N,O" + wall — N,O eq4
Gs N+ NO,—NO+ O 12x 1071 38 R:NT+wall—N eq4
Gs. O('D) + NO— O, + N 8.5x 1071 37 P:O"+wall—O0 eq4
Ge: O(*D) + N,O — 2NO 7.2x 10711 37 Heterogeneous Reactions
Gz O(*D) + N;O— N, + O, 49x 101 38 Wi O+ wall— O(s) (0.01P+1.4x 104t 1 31
Gg: O(*D) + NO,—NO + O 3.0x 10°% 37 W,: O+ 0O(s)— O, 29 4.2x10°° 32
Quenching of Excited States W3 N + wall (s)— %N, 2.6 0.07 54
Qi O(*D) + NO— O°P+ NO 15x 10°1° 37 Wi N+ O(s)— NO 29 4.9x 103 32
Q2 O(D) + N, — O°P + N, 26x 10°% 37 Ws: NO+ O(s)— NO; 0.01 2.0x 10 35
Qs: O(*D) + O, — O°P+ O, 40x 101 38 W N2+ O(s)— N0 6.9x 104 1.3x 107 35
Wy O(D) + wall — O (0.01P+14x 104t 1 33

2 Rate coefficients are in units of émolecule® s™* for electron impact and two-body homogeneous reaction$nuotecule? s for trimolecular
reactions and s for wall reactions. P is the pressure in mbBris the electron temperature in eV. O is®@) atom except when @) or O(s) are
indicated explicitly.

in dc and low-frequency modulated hollow cathode discharges dence of these coefficients with electron temperature (see
of nitrogen oxides (B0, NO, N&,)33-3¢ and aird at pressures  discussion in ref 36). In our previous studies, electron impact
in the ~0.1—1 mbar range. These plasmas were generated in adissociation of N was always a minor channel and only an
reactor considerably smaller than that used Rémmnd with upper limit estimated from selected time-resolved measurements
electrical charge densities up t0>5 10'° cm~3. The original was considereé?3® In the present work, where electron tem-
model considered electron impact dissociation, two-body col- peratures can vary appreciably, an approximate Arrhenius
lisions between atoms and molecules, and heterogeneousiependence for the corresponding rate coefficient was derived
reactions. It did not include ions, because the degrees offrom the electron impact dissociation cross sections of Cé5by.
ionization of those plasmas werel0~° and ions were not  For the derivation of this rate coefficient, the measured cross
expected to influence appreciably the chemistry of neutta¥s. sections for collision energies50 eV were fitted to a rigid
In the present work, devoted to air discharges with much lower sphere line-of-centers modelwith effective sizexzd? and
pressures but with similar charge densities, the ionization ratios thresholdEy. The corresponding rate constant is given by
are some orders of magnitude higher than before, and the
influence of ions on the global chemistry cannot be disregarded
a priori; therefore, ionic processes have been incorporated to
the model. The new complete set of reactions is shown in Table
1. whereT, is the electron temperature in units of energy, and
Rate coefficients for low-energy electron impact dissociation is the reduced mass of the colliding partners which, in this case,
of nitrogen oxides, unavailable previously in the literattfre, can be approximated by the mass of the electron. The resulting
were estimated in our previous studies from steady-state andrate constant is expressed asiD Table 1. The measurements
time-resolved studies of dc dischargé8>3¢In analogy with of Cosby*? suggest that predissociation to form?Rj + N(*S)
the work of Lee et at! on oxygen plasmas, an Arrehnius is the most likely outcome of the collision process, but the
functionality, ko = A expEd4Te), Was assumed for the depen- contribution of the N{S) + N(*S) and NEP) + N(*S) channels

8T \1/2
= 2 _e —Eo/Te
K(T) = nd (W) e 1)



6258 J. Phys. Chem. A, Vol. 109, No. 28, 2005 Castillo et al.

is also possible. For simplicity we have considered in the model The recombination probability of nitrogen on the wal,
only one kind of nitrogen atoms, labeled N, irrespective of their has been increased markedly from the previous model Value,
initial electronic state. This should not be a bad approximation, in agreement with recent experimental 4 obtained from
taking into account that the reactivity of IY) and N@P) with pure N discharges on clean stainless steel. Nevertheless,
the major molecular species present in the plasma is not toonumerical predictions carried out carefully with the former and
high 4 the present value show no difference for the present air plasmas,
The gas-phase reactions of neutral species included in theneither for the previous discharges ofdy and air, because N
model are the same as in previous wotksjth identical heterogeneous formation turns out to be a minor reaction channel

expressions for the rate coefficients. Electron impact may also 54 compared to gas-phase fdrmation through reaction G
cause significant excitation of atoms and molectl&8:46The Regarding ion processes, included presently to improve

role of excited atoms and molecules in the kinetics of plasmas theoretical arounds of the m red concentrations of maior
containing N and Q*” was addressed in detail by Loureiro and . eo g C.a g ounds of the . easured concentra .o S of majo
ons, ionization by electron impact;(tl), recombination of

co-workers (see refs 4, 5, and 48 and references therein), whd | L h
showed that internal excitation can affect significantly the ©/ectrons and positive ions {N- Ns), two-body homogeneous

chemical composition of the plasma, specially at relatively high "€action between ions and neutrals{T2s), and neutralization
pressures (above 1 mbad749 However, the contribution of ~ N the wall (R—P;) are taken into account. Because electron
excited states for the present low-pressure plasmas is expecte@ensity is assumed stationary from the very ignition of the

to be small and, except for the very reactivel@)( atoms discharge, electron multiplication by ionization processes should
produced directly by @electron impact dissociation, which has  balance all types of electron loss, and to fulfill charge neutrality,
proven to play a key role in the kinetics of these plasfm4s36 ion composition at the ignition of the discharge is assumed to
nonexcited states have been considered. be N;* and Q7 scaled to their respective parent molecules

Concerning heterogeneous reactions)(We have used the  concentrations with [ ]o + [O2"]o = [e7], their concentrations
same scheme as in our previous works. When the recombinationchanging afterward by the kinetic processes (alternative tests
probabilities are low enough to represent the limiting stage as with different No™/O,™ initial ratios gave identical stationary
compared to diffusion, the rate coefficientg, have been ion distributions). The possible appearance of oxygen containing
estimated by taking into account the new reactor geometry andnegative ion¥4156has not been taken into account, because
ANV ratio in the expressichs0 for the presenT, values, the main process of formation of O

_ (the most abundant negative ion in, @lasmas), which is

kWi[Xi]V_ [XilwiyiA4 dissociative electron attachment t@,@s roughly 1 order of
magnitude less probable than'Qproduction by electron impact,
and because Qtrapped in the negative glow, is very effectively
neutralized by @ and Q™ or & impact (rate coefficients 107
cn? s71). Previous estimations found in the literature concerning
pure Q glow discharge8 provide ratios of O to electron
densities~1072 at O, partial pressures and electrical power
surface densities equivalent to the present ones. Ozone, which
parameters, explained the observed appearance ,6f iN is a common product of higher pressure air discharges, has not
previous NO discharges and the formation of NO an®Hh been deteqted in our plasma. In higher pressure discharges, three-
air plasmag®3and have not been modified in the present work. Pody reactions involving oxygen atoms and molecules can lead

Regarding the wall reactivity of oxygen, maximum prob- o the formation of @, but these reactions are irrelevant under
abilities for OBP) adsorption (W) and O{D) de-excitation (W) the present conditions. We are also not aware of the efficient
have been assumeg(y7 = 1), in agreement with refs 31 and ~ Process of @generation on metallic surfaces. Apart from these
32. At the relatively high pressures (above 0.1 mbar) used in possible sources, the formation of; @olecules in oxygen
our previous works$;243536diffusion was the limiting process ~ containing gas discharges results mainly from the following
and W, and W, were inversely proportional to pressure, in homogeneous reactions:
agreement with Fick's laf and Chantry’s modé® with a
negligible dependence gn For the present discharge pressures, O~ + Oz(alAg) — 0, +ek=3.0x 10 cm s * (ref 19)
both diffusion and recombination in the wall contribute signifi-
cantly. The joint contribution of the two processes can be 0, + OCP)— O, + ek=1.5x 10" cm s (ref 19)
expressed in terms of their respective characteristic timgs,

= Taitt  Twall interaction 1€ Therefore, the absence ofzGupports further the present
—1_ A2 -1 assumption of a low negative ion concentration.
(K K o+ = A + (@0, AlAV) pron o ganve fon coneente: |
Rate coefficients for electron impact ionization reactions (I
where A is the characteristic diffusion length ami is the

[Xi] is the concentration of each species andis its mean
velocity at ambient temperaturd;is the reactive wall area and
V is the discharge volume; is the recombination probability
per individual collision in the stainless steel surfaces for each
process.

The recombination probabilitiesy;, for NxO, formation
(reactions W—WS,) on stainless steel, proposed as constant

l12) have been calculated from published experimental cross

diffusion coefficient. Recent experimental values of the single Sections in the same wéas for electron impact dissociation
step recombination probability of oxygen atoms on clean Of N2(D4) (see eq 1 and Table 1), assuming a Maxwell electron
stainless steel (@ wall — O,/2) in a pure oxygen plasma have ~€nergy distribution. Cross sections were expressed in analytic
also been reported:54 In our work, the recombination of O  form by fitting the rigid sphere line-of-centers model to the low-
atoms in the wall is modeled as a two-step process througheénergy regions of the available cross section data from refs 57
reactions W and W to contemplate simultaneously the 61. Alternative values for the ionization cross sections may be
recombination of oxygen atoms and the formation of nitrogen found in refs 41 and 6266 and references therein. Discrep-
oxides, whose mechanisms are strongly entangled in our plasmasincies of the order of 25% are usually found among them. Cross
(see Table 1). sections for direct dissociative ionization ob,ND,, and NO
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(reactions 4, lg, l11, l12) were not found in the literature. The
available dat&¥—5° consist of global ionization cross sections
through two or more join processes like

0,+e —2e + (0", 0,7 (ref 58)
N,+e —2e + (N*, N,2") (ref 57)
NO+ e —2e + ((O"+ N), (O+ N")) (ref 59)

As a result, the rate coefficients for reactiopamd k to produce
O™ and N have been obtained by fitting the “line-of-centers”
to these two first dependencese i.e., by neglecting the
production of @?" and N?*, and those ofih and h, have been
obtained by assigning one-half of the total cross section of ref
59 to each channel (O+ N) and (O+ NT). These rough
approximations limit the precision of the predicted ions con-
centrations.

Rate coefficients for the recombination of electrons and
positive ions (N—Ns), which depend on electron temperature,

and those for homogeneous reaction between ions and neutrals

(T1—T2s) assuming the gas temperature of 300 K, have been
taken from ref 19. Other data on iemeutral reactions can be
found in the compilations of Anicich (see ref 67 and references
therein) and data for reactionss™NNs are reported in ref 68,
but they do not differ much from the data of ref 19. Several of
these reactions involve only minor species in the present air
plasmas, like MO or NGO, but they may be significant in

plasmas of nitrogen oxides. Three-body homogeneous reactions

involving ion species are neglectéef

To calculate the wall loss rate coefficienks,, for each ionic
species (processesP;), a constant concentration of ions in
the glow, equal to electron concentration, has been imposed.
Therefore, net ion generation per time unit in the gas phase
assumed to be the difference between the total ionization through
reactions {—l1> (Ii = k,[Xi][e"]V,) and the total neutraliza-
tion through reactions N-Ns (N; = ky[X;"][e7]Vp), must
be compensated by the total ion flux to the cathode wall
through processesiPP; (P, = kp[Xn1]Vp), which represent
the net contribution of positive chargek,to the total electric
current.

7 12
Pn= II_

5

@)

n= 1=

lon mobility depends on the discharge conditions (plasma
electric fields, electron and ion mean temperatures, reactor
geometry, wall conditions, ...) which globally determine
some plasma characteristics such as ambipolar diffusion or
ion velocities at the sheath edgfeNevertheless, these dis-
charge conditions are the same for all ionic species and could
be taken into account through a unique fact@t thdependent

of the ion identity. On the other hand, in agreement with the
Child-Langmuir law, ion mobility is inversely proportional to

't
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Figure 2. Experimental dependence of electron densigywith radial
position in the cylindrical hollow cathode reacteor, measured with

the double Langmuir probe (circles). Error bars indicate the uncertainties

in the Langmuir probe results. Solid line: approximate theoretically
predicted dependence of charge density with radial position, calculated
as a zero-order Bessel functiam(r) = ne(0) Jo(2.405/R), with R =

5 cm (see text).

and the rate coefficients for neutralization in the wil, are
given by the expression

12
k[X e ] -

5
3 kol Tl
2

n

(4)

mﬁi{x SIYm

The rate constant&p,, depend exponentially ofe through the
ionization coefficients; (and, to a much smaller extent, through
ky,). Despite their markedly larger rate coefficients, ion neu-
ralization in the gas phase turns out to be, in general, much
less significant than ionization of neutrals by electron impact
and ion loss in the wall and provides a minor contribution to
the ion kinetics £1%) for ionization ratios<1073.70 Charge-
transfer reactions have not been included in equatidiecause
they do not contribute to the net sink of electric charge density,
because the chemical composition of ion flux bombarding the
cathode surface was assumed not to change noticeably in the
sheath zone due to very low gas pressure in the discharge
chamber.

Results and Discussion

Figure 2 shows the radial distribution of electron dengity,
obtained for a 140 mA, 4 103 mbar air discharge. It reaches
maximum value at the symmetry axis1.5 x 10'°cm=3) and
decreases toward the cathode wall. The mean electron temper-
ature in the glow is approximately constant along the radius,
within the experimental uncertainty~4.2 + 0.4 eV, for this
pressure). The radial distribution of charge densities was
measured at two different positions relative to the symmetry
axis of the reactor;v15 cm apart one from each other and one
of them at the anode height, supplying identical results. The

the square root of the mass of each ionic species. The ratiosiagial resolution of the measurements is limited by the 8 mm

between the individual Frate coefficients an&P, (n = 1-7)
are

P

n

AWM ke XTIV,
= 3)
:

ZPH ﬁi[x,,*]vp/m izli—ij

active length of the Langmuir probe (see Figure 1). Uncertainties
in ne are mainly due to electrical noise in the characteristic curve
of the double Langmuir probe. These charge distributions were
very similar for all discharge pressures in the range 0-003
0.05 mbar; their mean value, Te= 10'° cm—3, was assumed

to be the electron density in the “zero-order dimensional” kinetic
model#1:31.32The solid line in Figure 2 displays a zero-order
Bessel function scaled to the maximum electron density at the
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0.003 0.01 0.05 Figure 4. Bar-graph partial mass spectra of experimental molar
P (mbar) fractions and model predictions displaying the three major neutrals and

. . jons, obtained in a 140 mA, 0.0065 mbar, 1 sccm, air discharge.
Figure 3. Dependence of electron mean temperature with gas pressure

on a 140 mA air discharge. (circles) Experimental data with bar . . . .
uncertainties from Langmuir probe. (solid line) Theoretical predictions, charge neutrality holds for quasi-neutral plasmas, if the negative

assuming that cathode current is completely due to ions; dashed Iines'of1 density Increases,.the' elgctron density should go down. In
display theT, predicted variations justifying a change in discharge this case, the overall ionization rate would also decrease and

current up to 20%. the electron temperature should increase to compensate it.
Figure 4 displays molar fractions of the major three neutrals
discharge axis and to the reactor radi@s< 5 cm). Assuming (left panel) and ions (right panel) recorded in our experiments
that the ion mean free path and sheath thickness are both smal(gray bars) and predicted by the model (white bars). These data
as compared tdR, this function would correspond to the were obtained for a 140 mA, 0.0065 mbar, air discharge. The
approximate steady-state solution for charge density in a relative ion fluxes)J, calculated by integrating individually the
cylindrical discharge at the “high-pressure” diffusion lirffit. m/q* ion energy distributions detected by the plasma monitor,
Figure 3 shows the dependence of electron mean temperaturewere scaled to absolute densities in the glow by using the
Te, On the gas pressure. Circles, with error bars, are the Child—Langmuir law and normalizing to the mean electron
experimental data measured with the Langmuir probe, for the density.
discharge curreni = 140 mA. The solid line corresponds to
the Te needed to reproduce the experimental current (ap- Zi‘]i\/a =[n. ]
proximated as the cathodic ion current) with the kinetic model:
Maximum contributions from the sum of minor neutral and ion

7 J products to these signals are less than 5%. The similarity of
ZPn =— = (140mAq") (5) the NO concentration to that of,nd a NO molar fraction
n= q comparable to that of N (and much higher than that of,0

are the most remarkable results. A reasonable agreement
Note that the current is strongly dependenfigra 5% reduction between measured and calculated data is found at this pressure.
in Te leads to a decrease in the ion current larger than 20%. It  Figure 5 displays the theoretical predictions for concentrations
is known that it is impossible for ions to carry absolutely all of all gas species included in the model as a function of
the current in the cathode sheath, because secondary electronslischarge pressure, at constant gas residence time (2 s), charge
created by ion impact at the cathode, are required to sustain thedensity ([e] = 10'° cm~3), and electric current (140 mA). The
dischargeé®® The neglect of the secondary electron current theoretical predictions correspond to a 5 s delay from the ignition
implicit in eq 5 would thus be within a reasonable uncertainty of the discharge, corresponding to the steady state, which is
in the model estimate fofe (dashed lines in Figure 3). This reached in a times2 s. The upper panel shows the neutral
uncertainty can justify the appearance of secondary electrons,species and the lower panel displays the ions. Contrary,to N
not included in the model, as well as the power balance of the and Q, which decrease close to linearly with pressure, a nearly
discharge (see below). Besides, the selection of ionization crossconstant NO concentration is estimated, so that NO exceeds
section values different from those of Table 1 to adjust the | largely the Q concentration at the lowest pressures and reaches
rate coefficients by the “line-of-centers” model would modify almost half the concentration obNThe predicted concentrations
Jvalues calculated with a giveh. For example, a 15% decrease of N,O and NQ molecules are at least 1 order of magnitude

in the ionization cross section of NO (reactia which is just lower than those of iy O,, and NO over all the pressure range
the uncertainty given in ref 59 for the values, would lead to a and show opposite behavior with pressure. With the aim to
reduction in the total ion current up to 10% for a fixégvalue, elucidate the influence of ions in the concentration of neutral

and even larger uncertainties can be found by comparing thespecies, the kinetic model was also run after canceling the
different bibliographic data sources (where ionization cross processes involving ions. Identical predictions were obtained
section discrepancies surpass 50%). On the other hand, thdor neutrals to those displayed in Figure 5, proving that ions
agreement between tiig measurements and model predictions can be neglected in the chemistry of neutrals, even at the lowest
is within experimental uncertainty at the lower pressures and is pressures studied. Conversely, recent detailed simulations of the
worse at the higher ones. With increasing pressure, as theformer air and NO, discharge%2435:36at higher pressures with
ionization degree decreases, a worse approximation of thethe presently improved model led to analogous predictions to
electron energy distribution function to a Maxwellian might those previously calculated.

explain the observed discrepanciégesides, an already notice- Figure 6 shows the pressure dependent molar fractions of
able concentration of negative ions, mainly,Got included the three major neutral and ion species for the conditions of
in the model, might begin to appear. Because the condition of Figure 5, as obtained experimentally (symbols) and simulated
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Figure 5. Model predictions for the dependence of neutral and ion
concentrations on pressure for air discharges, for constant electric ot higher pressures, the agreement is not so good, because the
current (1_40 mA) and gas residence time (2 s). Gas flow rates 'ncreaseexperimental results display a slight predominance of*NO
linearly with pressure between 0.43 sccm at 0.003 mbar and 7.3 sccm + Lo . i

above N and QT, in contrast to the theoretical predictions.

at 0.05 mbar. . . . . .
A simulation at these pressures with highieralues, matching
10°E 4 e L - a3 the experimental ones, did not solve this disagreement. A
E___ 3 possible qualitative explanation of this discrepancy might be
10" f LT gl A 45 the appearance of collisions in the cathode sheath with increasing
i TTe- o] pressure, not taken into account in the theoretical model. As an
5 10° IS 3 indication of this possibility, Figure 7 shows the different ion
- R T energy distributions of M, O,", and NO' ions reaching the
w 107 o ke 3 cathode at 0.0038 mbar (upper panel) and 0.050 mbar (lower
° 10 panel). The insets display the regions around the maxima. For
= 0.0038 mbar, very sharp peaks at 371 eV can be seen (fwhm
10° ~2 eV) and a negligible noise contribution appears at low
i & =03 energies. It indicates that ions reaching the sheath from the glow
10°E sheath collisions 04 accelerate and reach the cathode surface without collisions. On
N — ' 005 the contrary, broader maxima appear at 0.05 mbar discharge
Pressure (mbar) pressure, with a significant widespread background reaching low

Figure 6. Experimental (symbols) and simulated (lines) molar fraction ion energies, mainly for pt. This points to collisions between
dependences on pressure of the major molecules and ions in the presenibns and neutrals in the sheath, either of elastic or with charge
air discharges. The size of the symbols indicates approximately the transfer nature.
experimental uncertainties. A precise calculation of the power balance of the present
. . . L . discharges is out of the scope of this work and only an
with the model (lines). This presentation is convenient to stress approxi?nate evaluation will bg given. The 0.0038 mba); air
the variation of the plasma ionizatign ratio ‘(')Vith caiischarge discharge, whose cathode ion energy distribution is shown in
pressure for a constgnt electron de_nsny] fe 10° cm-=. The the upper panel of Figure 7, corresponds to the particular case
variation in the relative concentration of the major precursor ¢, 140+ 5 mA discharge, with 376 1 V anode-cathode
N2 is very small (-10%). In contrast with i the degree of  qiantial: therefore, the total power supplied to the reactor in
dissociation of @ grows with decreasing pressure, reaching ihis case i8\r = 52.6 2.0 W. The minimum power spent in
~60% and promoting heterogeneous NO formation. As can be gissociation and ionization processes can be estimated theoreti-
seen, the agreement between experimental and theoretical results,)y by taking into account each individual process in the steady
is very encouraging for neutrals. Note that, neither the simple giate and assuming that, at least, an energy contribution equal
scheme of heterogeneous reactions leadingt@mbination 4 jts threshold is needed. Although many of these processes
and NO formation, deduced in our previous works on nitrogen v take place at electron energies higher than threshold, this
oxide plasmas, nor the correspondjngrobabilities, have been  roygh evaluation predicts that total dissociation and ionization
modified in the present work, in which heterogeneous NO (eactions need at least power supplied\¢f = 7.3 W andw
formation is much more important. = 2.4 W respectively, to sustain the plasma. In addition,
Concerning ions, a good agreement is found for the lower electrons carry a part of the energy to the anode and, for
pressures, where Nl and NO' reach similar concentrations, Maxwellian electrons, the mean energy lost per electroii$?2
and Q™ is approximately 1 order of magnitude less abundant. Under the conditions of the present experiment, Wigh= 4.2
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eV, this means an electron power lossVdf = 1.2 W in the A dissociation of Q up to 60% at lowest pressures, in
anode. On the other hand, it is known that most of the power comparison with its discharge off concentration, and a remark-
consumption in dc plasmas is used to accelerate positive ionsable formation of NO were observed. The Boncentration

in the sheath region, which ultimately collide with the cathode decrease is less important but reaches up to 10% at 3
surface, dissipating their kinetic energy as heat. The “sheath10-3mbar. On the other hand, NOis the major positively
collision free” ion energy distributions of Figure 7, upper panel, charged species, even surpassing thée dénsity.

show sharp maxima at 371 eV, very close to the 376 V anode NO formation in the discharge is attributed to the heterogen-
cathode potential. This indicates that the power supplied by an eous reaction of N with O adsorbed on the stainless steel cathode
ion current of 140 mA to the cathode would W& = 51.9 W. surfaces. This assumption justifies suitably the increase in NO
Therefore, onlyWr — We = 0.7 W of the total power supplied  concentration with decreasing pressure experimentally observed.
to the discharge would be used in the plasma chemistry of the Moreover, the agreement between the present data and previous
negative glow, a value much lower than that predicted by the measurements performed for air of®y discharges at pressures
kinetic model: Wo + W, + W = 10.9 W. This apparent 2 orders of magnitude higher than the present ones, with very
contradiction has been commented on previously in the litera- different cathode dimensiod$>-36 lends support to this as-
tureéf®72and is justified by the emission of secondary electrons sumption and to the heterogeneous recombination probabilities
by the cathode walls under the impact of energetic ions and proposed. Notwithstanding, homogeneous reactions of excited
excited neutrals. The secondary electron emission coefficientsstates leading to NO could be distinguishable in plasmas where
depend on the material and surface conditions of the electrode the wall effects were less efficient.

the energy and nature of impinging particlés’®> but the The NO" predominance among positive ions at low pressures
emission ratio usually does not exceef.1—-0.2 for ions with is mainly due to the high NO ionization coefficient by electron
kinetic energies lower than 500 eV. To estimate the electron impact, which is considerably larger than those ofadd N
mean temperature necessary to sustain a 140 mA dischargdor the present, values. Nevertheless, charge-transfer reactions
(continuous line in Figure 3), it was assumed that positive ions represent a noticeable contribution to N@roduction at the
bombarding the cathode walls were the only electric charges highest discharge pressures and lowgs@alues, where the most
responsible for the cathode current; nevertheless, a decrease ieffective charge-transfer processeg,ahd T, produce up to

Te as small as 5%, shown as the lower dashed line in Figure 3,~60% of total NO at 0.05 mbar.

is enough to justify a 20% decrease in ion current and the power The model calculations of the densities of neutrals performed
balance, due to the dependences T, of the ionization with and without ions show hardly any difference, even at
coefficients as mentioned above. The decreask ia smaller pressures down to-10~2 mbar. Therefore, the irrelevance of
than the experimental uncertainty of the Langmuir probe results, ions in the kinetics of neutral species is confirmed. The electron
and smaller than the imprecision in the calculated current causedmean temperatures estimated from the model for the measured
by the bibliographic discrepancies on ionization cross sections current grow with decreasing pressure and are consistent with
by electron impact. power balance within the uncertainty of the data.

Summary and Conclusions Acknowledgment. The technical advice of J. M. Castillo,
A characterization of dc, low-pressure, hollow cathode air M. A. Moreno, and J. Rodguez has been most valuable for

discharges by mass spectrometry of neutral and ion species, anthe achievement of the present results. The SEUID of Spain

by a double Langmuir probe, has been made. The experimentalProjects FIS2004-00456, FTN2003-08228-C03-03) and C.A.M.

data have been compared with the predictions of a simple kinetic(07N/0058/2002) are gratefully acknowledged for financial

model, developed in previous works to study the neutrals support.

produced in plasmas of nitrogen oxides and air, which has been

improved presently to include the ion kinetics. The comparison References and Notes

between experimental and theoretical results provides a valuable (1) de Benedictis, S.; Dilecce, @. Phys. 1111996 6, 1189.

insight into the relevance of the different plasma processes, the  (2) Cartry. G.; Magne, L.; Cernogora, G.Phys. D: Appl. Phys.999

interaction between neutral and charged species, the behavioB2 1894.

of electron energy, and the role of the reactor walls. Experi- ¢ . (ﬁq’—ééﬁ?ﬁl'g%bwig'e&%m’ V. J.; Medez, |.; Tanarro, IPlasma Sources
mental studies on thermal nonequilibrium air and® plasmas (4) Guerra, V.; Loureiro, Plasma Sources Sci. Technd897, 6, 373

reported in the literature have been usually performed under  (5) Nahorny, J.; Ferreira, C. M.; Gordiets, B.; Pagnon, D.; Touzeau,
very different physical conditions. The pressure range selectedM-: zg;i"seémhlp ng_s-lv?af‘sgpﬁ'-_ ’F;E}’iiﬁ??%?hasng- Appl. Phys2002
for this _study (3 x 1cr§ to 5 x 1072 m_bar) allows the 35, 675. T » s FUL L ERYS. D Appl. Fhy
observation of strong variations in the relative concentration of (7) Smith, M. A.Int. Rev. Phys. Chem1998 17, 35.
the major neutral and ionic species. The kinetic model can justify __ (8) Bilitza, D.; Rawer, K.; Bossy, L.; Gulyaeva, Rdv. Space Res.
these variations and helps identify the key processes determining1993 13, 15-23

. . . (9) Bilitza, D. Adv. Space Resl998 21, 871.
the_ global plasma chemistry. It Sh_0U|d be stressed again at this  (10) Diloy, P. Y.; Robineau, A.; Lilensten, J.; Blelly P. L.; Fontanari,
point that the model, though simple, can account for the J.Ann. Geophys1996 14, 191.
essentials of the cold plasma chemistry of oxygen, nitrogen, 83 Eilﬁi’&fhbMﬁ;g(’fgﬁr‘Euyeﬁg”cggﬁﬁisﬁgeﬁgfg ég 157.
and n_'trOgen 0.)(.|des q‘SCha_rgeS over a wide range of physico- (13) Wayne: R.YPChemis{ry of Atmospherﬁ@xford Uﬁiversity Press:
chemical conditions, including a change of nearly 4 orders of Oxford, NY, 2000.
magnitude in pressure. Further improvements in the model like ~ (14) Zipf, E. C.; Prasad, S. $lature 198Q 287, 525.

- - - : : (15) Capitelly, M.Molecular Physics and Hypersonic FloMSATO-
the incorporation of internally excited species other tha}W( ASI Series Vol. C-482; Kluwer Academic Publishers: Dordrecht, The

or a more rigorous treatment of the electron energy distribution Netherlands, 1996.
might be considered in the future, but in its present state, the (16) Moisan, M.; Barbeau, J.; Moreau, S.; Pelletier, J.; Tabrizian, M.;

model is already very useful for the discrimination between key Ya?li% Lt JEF?%&}Q%C%ﬁ?rﬁazszfur%é s Sci. Techni93 2. 158

and peripheral processes, as indicated in the following para- (18) Gordiets, B.; Ferreira, C. M.; Nahorny, J.; Pagnon, D.; Touzeau,
graphs. M.; Vialle, M. J. Phys. D: Appl. Physl996 29, 1021.



Low-Pressure DC Air Plasmas

(19) Kossyi, I. A.; Kosstinsky, Y.; Matveyev, A. A.; Silakov, Plasma
Sources Sci. Techndl992 1, 207.

(20) Sieck, L. W.; Heron, J. T.; Green, D. Blasma Chem. Plasma
Processing200Q 20, 235.

(21) stefanovic, |.; Bibinov, N. K.; Deryugin, A. A.; Vinogradov, I. P.;
Napartovich, A. P.; Wiesemann, Rlasma Sources Sci. Techn@b0l,

10, 406.

(22) de la Cal, E.; Tafalla, D.; TabageF, L.J. Appl. Phys1993 73,
948.

(23) Hellmich, A.; Jung, T.; Kielhorn, A.; Rissland, Msurf Coating
Techol.1998 98, 1541.

(24) delos Arcos, T.; Domingo, C.; Herrero, V. J.; Sanz, M. M.; Shulz,
A.; Tanarro, I.J. Phys. Chem. A998 102 6282.

(25) Sanz, M. M.; Abad, L.; Herrero, V. J.; TanarroJl. Appl. Phys.
1992 71, 5372.

(26) Tabars, F. L.; Tafalla, D.; Tanarro, I.; Herrero, V. J.; Islyaikin,
A.; Maffiotte, C. Plasma Phys., Controlled Fusid2002 44, L37.

(27) Tabafs, F. L.; Tafalla, D.; Tanarro, |.; Herrerd. J.; Islyaikin, A.

M. Vacuum2004 73, 161.

(28) Tanarro, I.; Sanz, M. M.; Bermejo, D.; Domingo, C.; Santos, J.;
Domenech, J. LJ. Phys. Chem1994 98, 5862.

(29) Tanarro, I.; Arcos, T.; Domingo, C.; Herrero, V. J.; Sanz, M. M.
Vacuum2002 64, 457.

(30) Hempel, F.; Davies, P. B.; Loffhagen, D.; Mechold, L.;pRke, J.
Plasma Sources Sci. TechnaD03 12, S98.

(31) Cleland, T. A.; Hess, D. WI. Electrochem. S0d.989 136, 3103.

(32) Kline, L. E.; Partlow, W. D.; Young, R. M.; Mitchell, R. R;;
Congedo, T. VIEEE Trans. Plasma Scl991, 19, 278.

(33) de los Arcos, T.; Domingo, C.; Herrero, V. J.; Sanz, M. M.; Schulz,
A.; Tanarro, I.J. Phys. Chem. 200Q 104, 3974.

(34) de los Arcos, T.; Castillo, M.; Domingo, C.; Herrero, V. J.; Sanz,
M. M.; Tanarro, I.J. Phys. Chem. 200Q 104, 8183.

(35) Castillo, M.; Herrero, V. J.; Tanarro,Rlasma Sources Sci. Technol.
2002 11, 368.

(36) Castillo, M.; Herrero, V. J.; Madez, |.; Tanarro, IPlasma Sources
Sci. Technol2004 13, 39.

(37) Atkinson, R.; Baulch, D. L.; Cox, R. A.; Hampson, Jr. R. F.; Kerr,
J. A,; Rossi, M. J.; Troe, dl. Phys. Chem. Ref. Date999 28, 191.

(38) Wesley, F.; Herron, J. T.; Hampson, R. F.; Mallard, W. G. Eds.
NIST Chemical Kinetics Databas¥.S. Department of Comerce: Gaith-
ersburg, MD, 1992.

(39) Okada, K..; Komatsu, S. Appl. Phys1998 84, 6923.

(40) Database Needs for Modeling and Simulation of Plasma Processing
Nat. Res. Council, National Academy Press: Washington, DC, 1996.

(41) Lee, C.; Graves, D. B.; Lieberman, M. A.; Hess, D. .
Electrochem. Socl994 141, 1546

(42) Coshy, P. CJ. Chem. Phys1993 98, 9544.

(43) Steinfeld, J. I.; Francisco, J. S.; Hase, WCOhemical kinetics and
dynamics Prentice Hall: Englewood Cliffs, NJ, 1999.

(44) Herron, J. TJ. Phys. Chem. Ref. Data999 5, 1453.

(45) Jones, D. B.; Campbell, L.; Bottema, R. L.; Belic, D.Ngaw J.
Phys.1996 5, 114.

J. Phys. Chem. A, Vol. 109, No. 28, 2006263

(46) Vicic, M.; Poparic, G.; Belic, D. SI Phys B: At. Mol. Opt Phys
1996 29, 1273.

(47) Polak, L. S.; Lebedev, Yu A. EdRlasma ChemistryCambridge
International Science Publishers: Cambridge, U.K., 1998.

(48) Guerra, V.; Pinheiro, M. J.; Gordiets, B. F.; Loureiro, J.; Ferreira,
C. M. Plasma Sources Sci. Techn&b97, 6, 220.

(49) Guerra, V.; Galiaskarov, E.; Loureird, Chem. Phys. Let2003
371, 576.

(50) Sabadil, H.; Pfau, Plasma Chem. Plasma Processihg§85 5,
67

(51) Levine, I. RPhysical ChemistryMcGraw-Hill: New York, 1978.

(52) Chantry, P. JJ. Appl. Phys1987 62, 1141.

(53) Gomez, S.; Steen, P. G.; Graham, W.Appl. Phys. Lett2002
81, 19.

(54) Singh, H.; Coburn, J. W.; Graves, D. B.Appl. Phys200Q 88,
3748.

(55) Adams, S. F.; Millar, T. APlasma Sources Sci. Techn200Q 9,
248

(56) Lee, C.; Lieberman, M. Al. Vac. Sci. Technol. A995 13, 368.

(57) Krishnakumar, E.; Srivastava, S. K.Phys. B1993 23, 1893.

(58) Krishnakumar, E.; Srivastava, S. Kit. J. Mass Spectrom. lon
Processed992 113 1.

(59) Lopez, J.; Tarnovsky, V.; Gutkin, M.; Becker, Hnt. J. Mass.
Spectrom2003 225, 25.

(60) Smith, A. C. H.; Caplinger, E.; Neynaber, R. H.; Rothe, E. W,;
Trujillo, S. M. Phys. Re. 1962 127, 1647.

(61) Burnett, T.; Rountree, S. Phys. Re. A 1979 20, 1468.

(62) Hwang, W.; Kim, Y. K.; Rudd, M. EJ. Chem. Phys1996 104
2956.

(63) lga, I.; Rao, M. V. V. S.; Srivastava, S. B. Geophys. Re4996
101, 9261.

(64) Kim, Y. B.; Stephan, K.; M&, E.; Mak, T. D. J. Chem. Phys.
1981 74, 6771

(65) Mak, T. D.J. Chem. Phys1975 63, 3731.

(66) Seaton, M. JPhys. Re. 1959 113 814.

(67) Ainich, A. A. J. Phys. Chem. Ref. DatE993 22, 1469.

(68) Johnsen, RJ. Mass Spectrom. lon ProcessE387 81, 67.

(69) Lieberman, M. A.; Lichtenberg, A. JPrinciples of plasma
discharges and materials processidghn Wiley & Sons: New York, 1994.

(70) Raizar, Yu PPhysics of gas dischargeSpringer-Verlag: Heidel-
berg, 1990.

(71) Gordillo-Vazquez, F. J.; Kunc, J. Rhys. Re. E 1995 51, 6010.

(72) Chapman, BGlow Discharge Processes, Sputtering and Plasma
Etching John Wiley & Sons: New York, 1980.

(73) Braithwaite, N. StJ. Plasma Sources Sci. Techn?00Q 9, 517.

(74) Markovig V. Lj.; Gocit, S. R.; StamenkovicS. N.; Petrovi¢ A.
Lj.; Radmilovic, M. Eur. Phys. J. Appl. Phy001, 14, 171.

(75) Phelps, A. V.; PetroViZ. Lj. Plasma Sources Sci. Technb@99
8, R21.



