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Diagnostics and Kinetic Modeling of the Ignition and the Extinction Transients of a Hollow
Cathode N;O Discharge
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The present work describes the first experimental study of the transients involved in the turn on and off of
a N,O hollow cathode discharge until the attainment of the respective stationary states. Time-resolved Fourier
transform infrared spectroscopy and quadrupole mass spectrometry with ionization by electronic impact have
been used to measure the temporal evolution of the concentrations of the stable species present in the discharge
N2O, N, O, NO, and NQ. A model based on a reduced set of kinetic equations gives a global account of
the measured data; this model takes into account all the mechanisms considered in a former work (Arcos, T
et al. J. Phys. Chem. A998 102 6282) to explain the steady state of a continuoy® Mischarge but
includes also additional mechanisms to which transient phenomena have proven to be much more sensitive
than the stationary results. In particular, excitation of some vibrational levels®&Nd homogeneous reactions

of vibrationally excited species, as well as electron impact dissociation of the stable products of the discharge
are considered. On the other hand, the partial formation of byOan heterogeneous reaction previously
proposed seems to be confirmed.

1. Introduction All the studies commented on until now are restricted to the

N;O is used in various types of glow discharges that find Stationary state of the various glow discharges considered;
widespread application in many scientific and technological however, the steady state condition is ultimately determined by
fields, including spectroscopy, kinetics, and plasma-enhanced@ competition between processes having very different rates like
chemical vapor deposition (PECVD) (see references in ref 1). electron dissociation and excitation, homogeneous, and hetero-
Despite the undoubted interest of the cold plasmas generatedd€neous reactions, convection, and diffusion. To investigate
in glow discharges, the detailed kinetic modeling of these more accurately the kinetics of the plasma one should perform
plasmas is still a major challenge, given the high number of temporally resolved measurements with different time scales.
interrelated concurrent processes and the lack of basic data aboun this respect, the study of transients associated with the ignition
many of them. Radiofrequency (RF) discharges e®Nvere and the extinction of the discharge is a very useful tool to assess
systematically studied by Cleland and Heasd by Kline et the actual contribution of the various kind of processes to the
al2 The two groups developed global kinetic models that were overall kinetics.

checked by monitoring some of the species present in the |n the present work, “slow” transients are studied in the
stationary discharge. Cleland and Hassed Fourier transform  system. To that end, the hollow cathode discharge is turned on
infrared (FTIR) measurements of;® and NO, and Kline et and off within a time interval of several seconds, long enough
al® employed downstream mass spectrometric measurementso guarantee that the respective stationary states are reached for
of N:O, NO, N, and Q. These models include a large set of )| the chemical species involved in the process. As we shall

basic kinetic processes for the®l plasma and the mentioned  gee this time scale will be of great help to clarify the relative
authors discuss their relative relevance. Less exhaustive studiegfiyence of many of the relevant processes such as electron

have also been published for microwave discharges of m'XtureSimpact dissociation and homogeneous and heterogeneous reac-

of N2O with inert gases. _ tions. Additional information can be obtained from the study
In a previous work of our group, the stationary state of aDC ¢ waster” transients, as it will be demonstrated in a future

hollow cathode MO discharge was experimentally characterized, paper where a 45 Hz square wave modulategD\discharge

3.?? a It<|net|c ntlo?_el Wafsthprqposleddln (l)rdelr to explalrf1 thz will be studied. With this modulation, time scales of a few ms
merent concentralions of the involved molecu’ar Species found ., e reached and one can have access to the competition

Iﬁ;d&?ﬁéﬁgtrﬂgﬁ;?;sﬁgdég?:;ﬁiﬁs dn:gcﬁleztop?rlé\ll?;zs(\:;gﬁk? on between processes of excitation, deexcitation and diffusion.
RF and MW, NO discharges, found in the literatie, and To achieve a characterization as complete as possible of the
incorporated also some new heterogeneous reactions, mainiyitrous oxide plasma, FTIR absorption spectroscopy has been
in order to explain the relatively high N@oncentration found used for monitoring the temporal evolution of the concentration
in the DC hollow cathode discharge, and not observed in Of the NO and N@ produced in the discharge, whereas the
previous NO discharges. infrared inactive homonuclear products; &hd Q, have been
. — detected by mass spectrometry. Th®Noncentration has been
ien: Sf%fcsggi’;dégg author. Fax:+34.91.5855184. E-mail: itanarmo@  determined also with both methods. To elucidate the most
tUniversidad Alfonso X el Sabio, Villanueva de la Gata, 28691  Significant processes leading to the observed results, a simplified

Madrid, Spain. kinetic model is proposed, based on the numerical solution of
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the time-dependent differential equations for the relevant species
involved in the discharge.
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2. Experimental Measurements
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The detailed description of the hollow cathode discharge cell
used in this work and of the method employed with the FTIR
and the quadrupole mass spectrometers to characterize the
discharge, when operated in the DC mode, is given elsevifere.
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Briefly, the discharge cell was designed in our laboratory, easy 10" L i l L | .
to disassemble and with a symmetrical geometry of the 0 5 10 15 20
electrodes, to be used for both mass spectrometry and FTIR 107F" T

emission and absorption spectroscopy. It consists of a cilindrical
hollow cathode made of stainless steel, 90 mm long and with a
16 mm inner diameter, and two circular anodes of copper, each
one of them placed at each end of the cathode at a distance of
25 mm and supported by an anode holder made of Pyrex and
stainless steel. The discharge is fed by a 2000 V, 150 mA,
square-wave modulated source, operative between 0 and 200
Hz. The electrodes are refrigerated by water. The discharge is
sustained in a continuous and regulable flow gOiNevacuated
by a rotary pump, and can be maintained stable approximately
between 0.01 and 3 mbar. The cell was disassembled and
cleaned carefully, including polishing of the electrodes, periodi- Figure 1. Time dependence of the absolute concentration,af, WO,
cally, and no diferences were noticed in the experimental results2"d NQ. during the turn on and off of the discharge. The experimental
obtained before and after each cleaning process. For absorptiorﬁj ata obtained by rapid-scan FTIR absorption spectroscopy are compared
- with the predictions of the present kinetic modeJO\starting pressure,

and emission measurements, a FTIR Bruker IFS66 spectrometeb mpar: electrical power, 45 W. (a).® flow rate: 3 sccm. (b) bO
with both rapid-scan and step-scan options for the movable flow rate: 108 sccm.
mirror was used. The detection of infrared inactive homonuclear
species such as;¥ind G generated in the discharge was done temporal evolution of the Nand G relative densities was
by means of a quadrupole mass spectrometer Balzers QMG112neasured with the quadrupole mass spectrometer synchronized
working as a partial pressure detector, with electron impact to thenvq ratio of the respective parent ions, and collected by
ionization and a Faraday cup as the charge collector. means of a digital oscilloscope working in the averaging mode.

In the present work, the rapid-scan option of the FTIR In the case of N it was necessary the subtraction of a portion
spectrometer was used with a deuterated triglycine sulfate Of the signal corresponding to a fragment of the parent iQ@,N
(DTGS) infrared detector to study, by time-resolved absorption @t /g = 28, which was a time dependent function. At the
spectroscopy, a single cycle of turning on and off the discharge. Nighest gas flow rates, the mass spectrometric signalszof N
With a spectral resolution of 40 crhand a mirror speed of ~@nd Q were buried in noise. The NO signals could not be
0.3 cm.s?, the minimum time required to perform a complete ecovered suitably by mass spectrometry, due to the high
interferogram is~42 ms, and taking into account the time ~contribution of them/q = 30 peak from the fragmentation of
interval between the end of a scan and the beginning of the N20. The FTIR and mass spectrometric results are shown in
following one, a temporal resolution of 100 ms was achieved. Figures 1 and 2, respectively. Electron densities and mean
This resolution is enough to measure the transient phenomeng€!€ctron energies were taken from double Langmuir probe
of interest in the present work with a suitable level of detail. Measurements of the continuousN dischargé and were
Two very different gas flow rates, 3 and 108 sccm, were @ssumed to reach the stationary state almost instantaneously,
characterized for an initial 0 pressure of 2 mbar. The N comparison with the time scales of the present wfrk.
electrical power was 45 W. Each measurement was repeated . o
two times and the agreement between them was very satisfac3- Chemical Kinetics Model
tory. In this kind of experiments the interferograms were not  In our previous articlea kinetic model accounting basically
averaged and thus, the noise level of the spectra was substantiakor the stationary concentrations of the stable species appearing
therefore, the relatively weale{ + 2v;) N2O band, whichwas  in a DC hollow cathode PO discharge was reported. In the
used in the DC dischargéo calibrate the absolute concentration present work, this model has been improved in an attempt to
values of NO, could not be used here for the 3 sccm gas flow describe the transient effects observed when turning on and off
rate, where the pO absorption signals are too small; instead, the NO discharge, with a frequency of modulation low enough
the absorption intensity of the more intensg band was  to allow for the establishment of the respective stationary states.
employed. The intensity of this band versus th&®Npressure The inadequacy of the previous kinetic model derived from
without discharge was experimentally calibrated. The NO and steady state data for the description of the transients investigated
NO; concentrations were calibrated as in the previous Work, in the present work is clearly exemplified in Figure 3, where
by comparing the experimental data treated to simulate athe measured time evolution of the concentration of nitrogen
transmittance spectra, with the simulated data obtained from oxides after switching on and off the discharge is shown together
the HITRAN databasg. with the model predictions for a slow (3 sccm)® flow. As

The time resolution of the quadrupole mass spectrometer iscan be seen, only the evolution of the;ON precursor is
determined by the gas residence time in the quadrupole vacuunreproduced satisfactorily, but neither the initial rise nor the
chamber, which depends on its volume (3.5 L) and the pumping subsequent decay of the NO and N€bncentrations can be
speed (300 L/s). In the present case this value is 12 ms. Theaccounted for by the model.
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Figure 2. Temporal evolution of the concentration of &hd Q during 10" 3 \ 3
the turn on and off of the hollow cathode® discharge, obtained by I R | ]
mass spectrometry. The intensities of the experimental signals have F
been scaled to the predictions of the present kinetic mod€l.dtarting 10" 3 1 1 . | 3
pressure, 2 mbar; electrical power, 45 WoNflow rate: 3 sccm. 0 5 10 15 20
Time (s)
10" Figure 4. Theoretical predictions of the temporal evolution of the
concentrations of all the species involved in the chemical kinetics model
s~ 10"° for the ignition and extinction of a D hollow cathode discharge
E operating at 2 mbar, 45 W, and 3 sccm. The stable species are
O . . .
< 10" considered to be homogeneously distributed along the whole cell,
% concentrations of transient species are considered to be significant only
£ 10" in the plasma volume (see text).
Q
Q
= 13 . . H
8 10 N2 is incorporated to the model. On the other hand, the relative
107 ] importance of some heterogeneous reactions is modified after

an inspection of the time evolution of the relevant concentrations
when the discharge is turned off.

Figure 3. Temporal variation of the absolute concentrations of the Inaway SI.mllar tothatin ref 1 and In preV|ousi\évo.rks Qeallng
nitrogen oxides RO, NO and NQ during the turn on and off of the with the stationary state Of_N) glow discharges, d|ffu3|0n_
hollow cathode MO discharge, compared with the predictions of the €ffects have not been considered here because the transients of
kinetic model of ref 1, based on steady-state dag@ dtarting pressure,  interest in the present work are still slow enough to justify the
2 mbar; electrical power, 45 W.J® flow rate: 3 sccm. assumption of stable species being well mixed and occupying
all the reactor volume. Short lived species, however, are actually
The new model contains all the chemical reactions consideredconsidered to be confined to the plasma region.
in the former one, although some of the rate coefficients have The results of the application of the present model to the
been revised. In addition, some physicochemical processesconditions of our discharges and its comparison to the time-
which have been revealed to be crucial for the satisfactory resolved measurements of this work is shown in Figures 1, 2,
reproduction of transient effects, have been included. The and 4. The predictions of the model for steady-state conditions
previous steady state data are nearly insensitive to the inclusionare compared in Figure 5 to the experimental data. In the
of these new processes in the model over the range of physicalfollowing, we comment on the various types of dynamic
conditions where the discharge has been characterized. Thesprocesses that have been considered.
results stress the importance of time-resolved measurements for Dissociation Processe€lectron impact dissociation of 2
the elucidation of the contribution of particular mechanisms to in the plasma volume is the key process in the chemical kinetics
the kinetics of this kind of systems. of the discharge and the main cause of the decrease,©f N
The kinetic model finally presented here describes not only concentration when the discharge is turned on. As can be seen
the present experimental measurements, but also the steadyin Table 1, three RO electron dissociation channels have been
state DC dischardeand is compatible too with the faster considered, two of them producing N O, but with the oxygen
transient data obtained with a higher modulation frequency of atoms in its fundamentalP, or in the excited!D state (reactions
the discharge which will be described in a forthcoming p&per, D; and D), and the last one producing N® N (reaction B).
although in that case diffusion effects should be taken into This latest reaction was not included in the previous Work
account in detail. because NO and N are known to react very quickly through
The main modifications of the present work are now advanced the homogeneous reaction NON — N, + O(P), which now
briefly: the electron impact excitation of some vibrationalCN is also included in the model (reactions)Gand could be
stretching modes and some of their deexcitation pathways areconsidered as intermediate stages of the first dissociation
included, and at the same time the reactivity gb\homoge- channel. In the steady-state model, the inclusion of the two
neous reactions is considered to be increased when some ofeactions did not lead to appreciable differences; nevertheless,
these excited levels are involved. Besides, the electron impactboth of them are taken into account in the present work, due to
dissociation of all the stable molecules of the discharge excepttheir possible influence on transient effects. The respective rate

0 5 10 15 20
Time (s)
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Residence Time (s) TABLE 1: Reactions Included in the Kinetics Model of the
! o1 N.O Hollow Cathode Dischargé
10"k N M No 1 reaction rate constant  ref
of . = X : Disocciation by Electronic Impact
107 0,7 L ¥ ;-_f.;,;_;i:::_ oo D: N.O+e —N,+OFP)+e 80x 100 b
T A s N ] D;  N;O(001)+ e — N+ OCP)+ e
g ? Nzo\(loo) ~ f Dy NzO(lOO)"‘ e —N;+ O(SP) + e
£ 10"k D N O+e —N;+O0(D)+e 3.7x 1070 b
g pom 3 D2  N:O(001)+e — Np+ O(D)+ e
E10°F o, 1 D, NyO(100)+ e — N+ O(D) + e
g ot 3 D3 N,O+e —NO+N+e 1.2x 1070 b
§10r Ds N, O001)+e —NO-+N-+e
1oL ] D3 N,O(100)+ e —NO+ N + e~
) D, NO+e —N+OFP) 8.5x 10710 b
gL - o(D) } Ds NO; + e— NO + OCP) + e~ 8.5x 1071 b
L 1 L Ds O, +e —2 O(Sp) + e 48x 10711 b
10 100 D; O;+e —OFP)+ O(D)+ e 7.2x 101 b
Flow rate (sccm) . o
Electronic Impact Excitation
= NO e NO 4 NO, v N, © O, o MTotal Mass El Nzo +e — N20(001)+ e 1.4 % 108 c
Figure 5. Comparison between the measured concentrations of the E, N2O + e — N,O(100)+ e~ 1.4x 10°8 c
species involved in a (symbols).® continuous discharge operating . -
at different gas flow ratésand the theoretical results obtained with the ol N,O(001) +%L:gnih|2n%g Excited Statze Z Ax 10-14 7
(lines) present kinetic model. The discharge was maintained at a Q N,O(100)+ N0 — 2 N,O 5:26x 1008 14
pressure of 2 mbar, with an electrical power of 15 W. Qs O(D)+ N,— OCP)+ N, 26x 1071 16
Q: O(D) + NO— OFP)+ NO 15x 10 17

ponstants for the three,® dissociation reactions by electronic Homogeneous Reactions

impact have been assumed to bex 80719, 3.7 x 10719, and G:  N;O+O(D)—2NO 7.2% 10-1 16
1.2 x 10710 ¢m? molecule® s71. Since rate constants for G;  N,0(001)+ O(D) — 2 NO
electron impact dissociation at low energies are not available G:  N20(100)+ O('D) — 2 NO
) ; ; G, N,O + O(D) — Nz + O
in general, the former ones have been calculated in this work

1 —
using a method similar to that described in ref 1 for a continuous gz ngggégi 82183 - H;I 82

44x 101 16

discharge. The sum of the three rate constants is chosen in ordeer N,O(001)+ O(D) — NO; + N 1.0 x 10-10 b
to reproduce the experimental ground-stag©Noncentration G, NO+OFP)+M—NO;+ M 103 16
when the discharge is on, and the values of the individual rate Gs ~ NO;+ O('D) = NO + O, 3.0x 1012 b
constants are adjusted to account appropriately for thand 26 NSZ:’\?(BP&_’JFN&%)OZ 93-Z)X igﬂ ég
H H 7 — N2 UX
NO stationary concentratlons._ . o Gs NO+O(D)— 0, + N 8.5 10-11 34
In the present work, the excitation of someQ\vibrational .
S . Heterogeneous Reactions

levels by electronic impact has been taken into account. They W:  O(D) + wall— O@P) 2200 d
were not includ'ed in our previous. work on DGO d@scharges W, OCP)+ wall—O(S) 2200 d
but have been included here, mainly because a high population w;  O@P)+ O(S)— 0. 180 2
(~9%) of N;O in the weakly collisionally coupled (001) Was N+wall—(1/2) N, 16.1 d
asymmetric stretching mode was observed by emission mea- ws ng(ggé)i Wa:::ng g%g g
surementg. Similar percentages of (001) population were o 20(100)+ way 2 3

. . . . . 7 NO+ O(S)— NO; 2.75x 10° b
obtained by other authors in previous spectroscopic studies of Radiative D ati

H 11 Qj : : aalative Deexcitation

N,O glow discharge¥?!! Since the incorporation of 0 Rt N,O(001)— NyO (11 ~ 4 ms) 258 7

excitation rate constants originates a slight depleton of 4@ N g N,0(100)~ N,O (. ~ 83 ms) 12 22
molecules remaining in the fundamental state and since a third

dissociation channel has been included here, the revised value%y electronic impact and bimolecular reactions Samplecule? 51

of the NO dissogiation rate constants are slightly different than for trimolecular reactions and 5for heterogeneou's Reactiorf<Esti-
those assumed in ref 1. Nevertheless, these rate constants agr§gated in this work® Calculated from ref 15¢ Calculated for our cell
quite well with those proposed by Cleland and Hemsd are geometry assuming = 1 (see text).

slightly smaller than the estimates of Kline et3aior N,O

dissociation rate constants in a glow discharge plasma with astationary state of the discharge on is reached and the resulting
higher mean electron energy. On the other hand, the same ratealue is very similar to that assumed by Kline et @he NGO,
constant values are assumed for dissociation processes of excitedlissociation rate constant has been assumed to be similar to
N2O molecules, since the energies required to dissociate thethat of NO and its inclusion leads to a better agreement with
vibrationally excited NO molecules are only715% smaller  the observed evolution of the N@oncentration at the beginning
than that required from the J9 ground state. of the discharge.

Dissociation by electronic impact of NO and Bl@ppearing The dissociation of molecular oxygen, with a bond energy
as stable products in the,® discharge, has been included in of 5.11 eV!? is assumed to happen through two possible
the present model with the rate constants shown in Table 1channels, one of them (reactior)iving rise to two oxygen
(reactions @ and D). The bond strengths of these molecules atoms in their fundamental state, and the other one (reaction
are 6.5 and 3.1 eV, respectivéf/.The inclusion of a NO D7) producing one of the oxygen atoms in its electronically
dissociation term is crucial in order to account for the time excitedD level, as shown in Table 1. The ratio between the
evolution of the NO concentration during the beginning of the respective rate constants agrees with that found in the litera-
discharge, as it will be shown later. Its rate constant has beenture3!? In any case, the sum of the two dissociation rates
estimated in order to fit the NO concentration when the assumed in the present model is smaller than the assumed values

aRate Coefficients are in units of dmolecule® s~ for dissociation
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for NO and NQ. No theoretical or experimental absolute values the present work, and because the broadening of the infrared
have been found for these rate constants at low electron energie®ands during the discharge has been observed to be in fact small.

but in some tests performed in our laboratory with pure O Deexcitation. The most significant excited species involved
discharges, a very low dissociation efficiency, lower than 1%, in the kinetics of the MO discharge is the metastable'DY,. It
was found for physical conditions analogous to those of the js produced in the electron impact dissociation aONand,
N2O discharges. Similarly, a very small amount afdissocia-  besides its active participation in the chemical kinetics of the
tion was experimentally obtained with a Mollow cathode  plasma, it is known to be efficiently quenched through inelastic
discharge, and Ndissociation has not been included in the collisions with the N and NO molecules appearing as products
model because its bond strength is 9.76 eV, notably higher thanof the NO discharge. Rate coefficients for thesem)(
the mean electron energy measured in the plasa@eelV) and ~ quenching processes included in the model (reactionang
its relative dissociation rate constant is known to be much lower Q,) and shown in Table 1 have been obtained from refs 16 and
than that of Q@ for low electron energie¥ lonization processes 17, respectively. These coefficients, as well as those of
by electronic impact are not included in the present model, in homogeneous reactions wherelD) is involved, are high
a way similar to refs 1 and 2, since reactions including ions enough to make diffusion of the excited atoms outside the
were shown not to affect significantly the concentrations of the plasma volume negligible.
precursor and products in other® discharges,when they To explain the deexcitation of the vibrational excited levels
were included in the corresponding kinetic model. (001) and (100) of BO, three kind of processes have been
Excitation Processes.In the present model, vibrational considered: spontaneous emission, quenching with N its
excitation of the weakly collisionally coupled (001) asymmetric ground state, and diffusion outward the plasma volume with
stretching mode of BO by electron impact has been included possible deexcitation by collision on the wall. Self-absorption
(reaction E), to explain the high population in excited levels effects, which would populate secondarily these vibrational
of this mode observed by emission measurements in the hollowlevels and extend their effective lifetimes, are not included, since
cathode discharge, equivalent to a (001) vibrational temperaturechanges in the ratios of the intensities of the more intense
of ~1300 K. This fact originates a slight but noticeable depletion spectral lines were not observed when emission was detected
in the population of NO in its ground state which is observed through an optical path length twice the original one, with a
by absorption spectroscopy. In the same way, excitation of the mirror placed behind the rear window of the hollow cathode
(100) symmetric stretching has been included tog),(Eince discharge cell.
its excitation rate constant is quite similar to that of the (001)  The Jifetime for spontaneous emission of theband (R)
mode for the electron energy distribution considered in the starting from the (001) vibrational level was measured to be 4
present work; however, the (100) mode is known to relax by ms7 in good agreement with other values found in the
collision impact much faster than the (001) dé! The rate  |iteraturel® The quenching rate constant of this stretching mode
constant for NO excitation to the vibrational mode (001) is by collision with NO in its ground state (reaction,phas been
assumed to be 1.4 10~ cm® molecule® s™*. This rate constant  taken from the SteraVolmer plot of the (001) emission decay,
has been calculated from the work of Hayashi et%@lhere obtained by emission measurements in a 45 K@ Nischarge
the cross sections for the different processes originated by gt different NO flow rates (and consequently, differens@
electron impact on bO are reported as a function of electron  concentrations), made in our laboratdryhe resulting value,
energy. Following Hayashi et al., the cross section for the 2 44 « 10-24 cm® molecule® s2, is in approximate good
excitation of the (001) mode has a maximum of %5106 agreement with Bates et &P who measured it by means of
cm 2 at 2.5 eV. The electron energy distribution inside the |aser-induced fluorescence, and with previous wafk8:and
cathode of our discharge is assumed to be of the Maxwell type, jt corresponds to a large mean collision numbeB@00) which
its mean energy, measured with a double Langmuir ptdbe,  implies that the asymmetric stretching mode is only weakly
2.8+ 0.5 eV and is thus close to that of the maximum in the c¢olisionally coupled to other levels in this molecule, although
excitation cross section. An upper limit for the rate constant seyeral overtone and combination states of the symmetric stretch
reported here has been estimated roughly by assuming that alhng pend lie close in energy to the°@Ostate. In this way,
the electrons have a uniform kinetic energy close to 2.5 eV, molecules excited within this manifold survive for a time interval
and a cross section equal to the above-mentioned maximumcomparable to the lifetime for spontaneous emission, which is
value. long enough to diffuse from the plasma volume to the walls of
The rate constant assumed fogQNexcitation to the sym-  the cathode (diffusion time-1 ms) and even to be promoted to
metric stretching mode, (100), has been estimated in a waysuccessively higher levels, hence the high (001) vibrational
similar to that of (001) and has the same value. The cross sectiontemperatures found in the present work (1300 K) and in refs
for the excitation of this mode has also a peak at 2.5 eV, with 11 and 21. Diffusion effects will be considered in more detail
a broader distribution, but a very similar maximum value (1.4 in the section of heterogeneous reactions.

x 10716 cm?) than that of (100}° The N;O symmetric stretching mode (100) has a lifetime for
Other vibrational or electronic excitation paths have not been spontaneous emission, corresponding tothéand?? of 83
considered here because their excitation cross sections byms (reaction R, markedly larger than that of (001), so
electron impact within the interval of electron energies involved apparently this level should persist longer than the latest one;
in the present work are much smaller than those of (100) or nevertheless, its quenching rate constant, 526013 cm?
(001)15 Furthermore, deexcitation by emission or quenching molecule’! s71 (ref 14), implies a mean collision number of
from these levels are very fast, so their populations are very only ~300 collisions (reaction € and it relaxes much faster
small and do not contribute significantly to the depletion of the than the (001) mode at the pressures of the present experiments
ground state of PO during the discharge. Rotational excitation (relaxation time~70us with 1 mbar of NO). Therefore, (100)
has not been included because its relaxation can be assumed teibrational temperatures not higher than 350 K are usually
happen instantaneously in comparison with the time scale of observed?21On the other hand, no diffusion to the surroundings
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need to be considered for this level, since it deexcites fast shown to play an important role in the kinetics of theON
enough to be present only in the plasma volume. plasma® In the present case, an upper limit of 10712 cm?
In generaL throughout this Work, the ground_sta@[\and molecule! s~ was estimated by Davison et#lfor the room-
the vibrationally excited stretching modes@(100) and NO- temperature rate constant of the reaction with ground-state
(001) will be treated as separate species. molecules, OP) + NO — N + NO,. The rate constant
Homogeneous Reactionsn the comparatively low-pressure ~ Proposed in the present model for thg001) reaction is about
plasma of the hollow cathode discharge, atemmlecule 2 ordgrs of magmtudg hlgher. Th|§ is not unreaso'nable..The
bimolecular reactions with significant participation of excited- P€neficial effect of vibrational excitation for reactions with
state species are predominant. The set of homogeneous reactiorititable barriers on their potentla_l surfaces is well-known (see
considered here includes all those from the previous model 'S 27-29 and references therein). In fact, enhancements of

and incorporates a few new ones. In both models just one threeMOre than 2 orders of magnitude in the comparative effect of
body gas-phase reaction has been included. In addition, S”ghtreagent vibrational energy versus relative translational energy

modifications of the former rate coefficients, in agreement with

more recent data found in the literature, have been taken into
account. The whole set of rate constants used can be found in’
Table 1 and the original bibliographic sources are cited in the
fourth column of this table. Room-temperature rate coefficients
have been considered, in accordance with the “cold” characte

of the hollow cathode glow discharge. All the homogeneous

reactions are assumed to be irreversible, this assumption bein

justified by comparison of the reverse and forward rate
constantg’-23

Because of its large activation eneffythe reaction of
ground-state oxygen atoms®j with N;O plays no significant

role in the plasma kinetics and has been consequently ignored.

However, the reactions of nitrous oxide with'DJ are certainly
relevant. The two major exit channels of thelDY + N,O
reaction lead to 2NO and NNt O, respectively (reactions G
Gy). As indicated above, the evolution of ground-stat©Mnd
that of the vibrationally excited (100) and (001) modes are
considered separately and, for each channel, the rate coefficie
has been assumed to be the same for the three cases. Althou
no specific rate constants have been found in the literature fo
these reactive channels with vibrationally excitegON this

upon the reaction cross sections are well documented for some
of the most prototypic At- BC reactions®31and the effect of
ibrational excitation could be even more important for reactions
with polyatomic molecules, where lower vibrational modes are
accessiblé2 Unfortunately, the potential surface for this reaction
ypathway is largely unknown and one can only speculate with
the existence of a suitable barrier. In the absence of more direct

vidence, the incorporation of this process as source gftNO

he kinetic model is thus only a tentative hypothesis mainly
justified by the better accordance with the data and should be
taken with caution. On the other hand, the present results invite
further theoretical and experimental investigation about the role
of vibrational excitation on the @D) + N,O reaction.

In comparison with the former process, reactiond®tween

NO and OfP) in the presence of a third body represents a minor
contribution to NQ production, but it has been included here,
in the same way as it was included in the modeling of the DC
dischargé and in previous works on D microwave and RF
nplischarge%.3 Its three-body rate coefficient has been considered
gﬂt each moment of the theoretical simulation to depend on the

relative concentration of the predominant specieg® N\, and
O3, and their partial contribution as a third body.

r

assumption is reasonable since the two exit channels considered The reaction @ between NQ and oxygen atoms in their

have no barrier or a very small cf¥&nd vibrational excitation
of N2O is not expected to increase their reactivity.

The rest of the possible exit channels of)with ground-
state NO should play a very minor role; in fact an upper limit
of a few percent, as compared with the two major channels jus
commented on, has been estimated for the global reactivity o
all of them26 However, in an attempt to explain the NO
concentration experimentally found in our hollow cathode
discharge, too high in comparison with otheiONdischarge%s®
where it was not detectable at all, we have assumed that th
vibrational excitation of NO can enhance markedly the reactiv-
ity of the exit channel leading to the formation of NOn our

fundamental state represents a well-knd#mery fast channel
of NO, disappearance in the kinetics of theONdischarge, and
is mainly responsible for the low NQconcentration. In the
present model, the Neaction with oxygen in the metastable
i state (reaction € has been also included, for the sake of
s coherence. The rate constant for the reaétimmarkedly larger
than that for the reaction with €®), but given the very small
O(*D) concentration predicted with the model, its contribution
to the depletion of N@in the discharge is a very minor one.
e Finally, reactions labeled Gand G in Table 1, and not
considered in ref 1 have been included here: the first one as a
very efficient channel of recombination of the NO and N species

former work?! a possible heterogeneous reaction was invoked produced from dissociation processes ofONby electronic

as the main source of the observed NGut the evolution of
the NG concentration predicted with this hypothesis is clearly

impact through reaction $* and the second one because of
its relatively high rate coefficient in comparison with other

at variance with the present time-resolved experiments (seeProcesses where NO or &) are involved, too.
Figure 3 and the discussion on heterogeneous reactions below). Some attempts have been made to include other chemical

In the present study we have included the reactigh&ween
the NbO molecules excited to the long-lived, highly populated,
(001) vibrational mode and the &) atoms: NO(001) +
O(*D) — N + NO,. No direct information is available for this

reactions in the gas phase, mostly intended to explain the
experimental values of the NOconcentration. The very
encouraging agreement between calculated and measured con-
centrations for the other stable species found in this work, and

reaction and we have assumed a high rate constant for it intheir temporal dependencies, are practically insensitive to these
order to account better for the measured data. The effect on theminor corrections. In particular, the inclusion of a chain of
kinetic model has been a considerable increase in the calculatedeactions related with molecular oxygen in the excited state,

NO;, concentrations, approximating it more satisfactorily to the

stationary values and to the temporal behavior of the experi-

mental data, without further appreciable influences on the res

02 (*A), was essayed. In fact, metastablg’@) is known to
be the primary product of the J + O(D) — N, + O,
t reactiorz® since the exit channel producing @ its fundamental

of the stable species appearing in the discharge. This channebktate is spin forbidden. On the other hand the rate coefficient
is spin forbidden, but other spin forbidden processes have beenof 4.88 x 10718 cm™2 molecule? st at 300 K reportet for
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the reaction @(*A) + NO — NO, + O(P) is large enough to  wall collisions on stainless steel leading to recombindfiom
lead to a significant formation of NOmolecules if high markedly smaller than that of the former processes, 4.2 x

concentrations of ©(*A) are present. Nevertheless, thg(@\) 102 at 300 K, and a similar behavior is observed for the fraction
concentration has been found to decay too quickly by quenching of N atoms which collide with the wall to generate iMolecules,
with ground stat® O, or through heterogeneous reactiéhs? y = 3.5 x 1074 therefore, the rate coefficients for reactions
when included in the model, and the(@\) chemistry has been W3 and W, are some orders of magnitude smaller than those
disregarded. corresponding to the diffusion limit and are estimated with the

Homogeneous reactions among two or three of the stable following expressiort®
species involved in the discharge, for example, the well-known B
reactiod®492NO + O, — 2NO, have not been considered in Kewan [XIV x = [X] @y v A4
the model, since their reported rate coefficients are many orders . . _
of magnitude lower than those of reactions involving atoms and where A is the reactive wall areapy the mean molecular

become only important at much larger pressures than those ofveIOCitY’ an(_j \ the volume occupied by the X species. .
this work. Other reactions as N® NO, — N, + NO, have At this point, some remarks should be made about the spatial

been studied only at high temperatufé® but their rate distribution of the species in the hollow cathode discharge. In
coefficients in the reported interval are too small. Reaction the present model, the reaction volume for all the stable

chains involving radicafé such as N@ or N,Os to produce molecular species involved in the process has been assumed to

NO, have been also disregarded, since the presence of abe the whole cell volume, so the assumption that the reagents

significant concentration of these radicals in the hollow cathode ?re V‘;ﬁ” mrllxed 'f 'r.‘CtI.Ud de_g '”?p"ct'.“y- T_O e\ﬁtlu?te ”;:S assump-
N2O discharge was not observed by infrared spectroscopy in a,'on. e characteris '043' uston time = .kd of €ach species
conclusive way. in N2O was estimated#3 In our case, with 2 mbar of D in

Het Reactionsh the het the hollow cathode discharge cell, one gatsc 2 ms for the
_ neterogeneous Reactionsimong the NELerogeneous reac- i ,sion of N,O and NQ and even smaller values for the lighter
tions considered in the present work, the reactions termgd W

W d in Table 1 d ibe th outi fth diatomic products. This characteristig is much shorter than
5, and Vs in Table 1 describe the contribution of the reactor o 4 ration of the transient effects to be studied, and smaller
walls to the depletion of the electronically or vibrationally

. . than the residence timesy(~ 47 ms to 4.7 s) for all the gas
excited levels of oxygen atoms and® molecules appearing .y rates considered(= 3—300 sccm), so diffusive transport

explicitly in the model. On the other hand, the rgactions labeled yominates over convection by pumping and the reactor can be
W2, Ws, and W, represent the wall recombination of 0Xygen  congjdered effectively well mixed. Nevertheless, them)(
and nitrogen atoms to formz&nd N, and W, contributes 10 4165mg deexcite or react in a very fast way by collisions with
NO, generation through the reaction of NO W'th oxygen atoms N>O and other stable species, with typical deexcitation times
adsorbed in the cathode wall. This last reaction was already o <ome microseconds; during this time interval'@)(diffuses

considered in ref 1 to account approximately for the observed 4, 5yerage less than 1 mm, a distance considerably smaller than
concentration of N@and has been included here, but with @ e characteristic diffusion length: therefore, the reaction volume

smaller rate constant. At this point, it Shf“"j be noted tlhat 2 for this species has been assumed to be that of the plasma, and
wrong value of this rate constant (8 10~* cm® molecule the diffusion term involving OQ) turns out to be of minor

s7!) was listed by mistake in Table 1 of ref 1. The actual rate significance. A similar behavior is found for atomic nitrogen

constant used for that simulations was 62 10~% cm® and vibrationally exited BD; all of them quench or react too
molecule™ s™%. When this rate constant is used to simulate the ¢4t to diffuse effectively outside the plasma volume, and the
present experimental conditions, a large increase in the NO gffect of their heterogeneous reactions is actually unimportant.
concentration is predicted after the switching off of the discharge ¢ disappearance of &) atoms by homogeneous reactions
(see F_igure 3),_ which is not observed in the measurements. Ajg ot so fast as that of @), but has characteristic times in
reduction of this rate constant to a value of 27510°% cm® the millisecond range, similar to the time employed by this
molecule’? s1 was thus necessary in order to account better species to diffuse up to the cathode wall, and an effectiv@)0(
for the observations. In any case this is now a minor source of yolume similar to that of the cathode could be considered in
NO.. As indicated above, in the present model, it is the principle. Nevertheless, the disappearance PPy adsorption
homogeneous reactions@e one assumed to be responsible ¢ the cathode wall and subsequent chemical reaction with new
for most of the N@ concentration. colliders is known to be very efficient, so that the effectivéR)(
The reaction W involving nitrogen atoms has been added concentration is close to zero near the cathode sufacel a
here as alternative decay channel to the disappearance of thisignificant gradient of GpP) density should be assumed from
atomic species. The rate coefficients for the reactions involving the plasma volume to the cathode wall; however, for the sake
oxygen atoms Wand W, are slightly larger when considering  of simplicity, the reaction volume for this species has been
the probability per individual collisio® of deexcitation or assumed to be that of the plasma too, although the diffusion
sticking,y = 1, wall recombination and geometrical consider- term has more importance in this case.
ations! than when considering the diffusion-limited c#3dy Differential Equations. The set of coupled differential
= D/A2, with D the diffusion coefficient ank the characteristic ~ equations obtained from the reactions included in Table 1 has
diffusion length of the cell, which is essentially dependent on been numerically solved by means of a fourth-order Runge
the cathode radius. This fact indicates that O atoms diffuse Kutta method. The solution of this set of equations yields the
slightly slower than they recombine in the walls, so these time evolution of the concentrations of each species from the
reactions have been considered diffusion limited. Deexcitation beginning of the discharge to the attainment of the stationary
of N2O molecules by wall collision has been assumed also to state and from the following extinction of the discharge until
happen with a high probability, next to one, but these processesthe recovery of the original conditions.
(reactions W and W) are diffusion-limited too, since being a For the sake of simplicity, the electron density is assumed to
heavier species, the W diffusion coefficient is even smaller be homogeneous in the plasma volume and negligible outside
than that of oxygen atoms. In contrast, the fraction ofR)( this region; this plasma volume displays a cylindrical geometry
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and is located fundamentally in the middle of the cathode, as both species decrease slowly. Nevertheless, this sudden peak
experimentally demonstrated in ref 1 for the continuous at the ignition of the discharge is not observed in the time
discharge. In comparison with the time scales relevant for this evolution of the concentration of the other two stable products,
work, the electron density and energy distributions are assumedO, and N, as it is shown in Figure 2. In Figure 1b it can be

to appear and disappear instantaneously upon turning on andseen that the former behavior with a sudden maximum is also
off the discharge, in agreement with some literature measure-not observed for the nitrogen oxides when the gas flow rate is
ments? where transients of some tens of microseconds are considerably higher than that employed in Figure 1a; on the
reported for the establishment of the stationary state of the contrary, the two respective stationary states, discharge on/off,

electronic distributions in hollow cathode discharges. are reached very quickly.
Besides the five stable molecular specie©NN;, Oz, NO, To reproduce theoretically such features, the inclusion of
and NQ, and the transient species'Of, OCP), N, N;O(001), electron impact dissociation terms for both nitrogen oxides in

N2O(100), appearing in the gas phase or adsorbed on the cathodghe kinetic model, which were not considered in the previous
wall, the model takes into account the overall mass balance, study of the DC dischargeturns out to be crucial, specially

M, in such a way that the sum of concentrations of all the species regarding the NO behavior, since without it, a much smoother
equals that predicted by the ideal gas law and allows the eyolution would be obtained. However, the NO stationary
estimation of the total pressure in the reactor at each moment.concentrations obtained in the® discharge are not so sensitive
The pressure variation in the discharge cell determines thetg these dissociation terms. Analogously, the smoother temporal
variation in the output conductances of the experimental system,pehavior of @ and N> observed in Figure 2 may be attributed
which were previously calibrated with pure® for different g the fact that, once generated, they do not react with the
pressures and flow rates. As it was indicated in ref 1, this ransient species, as the nitrogen oxides do, and hardly dissoci-
dependence had to be incorporated into the model for the preciseyte, since their dissociation coefficients by electronic impact
estimation of the temporal dependence of residence timgs ( should be either very small or negligible under the present
because it influences very remarkably the process of removal ;g gitions. On the other hand, the inclusion of the thir®DN

by pumping of each stable species, especially at low flow rates. gissociation channel Do give NO+ N, followed by the fast

On the contrary, since the rates at which the transient specieSeaction G between both species to give M OCP), turns out
disappear by gas-phase reactions and heterogeneous recombingy; 1o he significant for the sudden increase and depletion of
tion are many times larger than the rate at which they are No gpserved at the beginning of the discharge, since it has been

pumped, the inclusion of a pumping term in the respective gemonstrated by simulation that both terms equilibrate in less
differential equations has been verified to be irrelevant. than 1 ms.

The NQ generation is dominated by the homogeneous
reaction, G, and therefore, its time evolution (see Figure 1a)
In Figures 1 and 2 the results of the present chemical kinetics depends on the evolution of the®(001) and O{D) concentra-
model are compared with the experimental measurementstions involved in that reaction, which are larger at the beginning
obtained in this work with FTIR and mass spectrometric of the discharge, as it is shown in Figure 4, where the time
techniques for the switching on and off of the discharge. dependence of all the species considered in the model are drawn.
Figure 1a,b shows the experimental absolute concentrationsOn the other hand, once the discharge is turned off, a slight but
of N>O in its ground state and NO and N@roducts obtained  hoticeable increase in the experimental Nfoncentration can
by time-resolved rapid scan FTIR absorption spectroscopy, in be observed, so that N@epletion begins in fact two or three
addition to the model predictions for the modulated discharge, seconds after the discharge has been extinguished and not just
at two, very different gas flow rates: 3 and 108 sccm, in the turn off instant, in contrast with NO,,@nd N> (Figures
respectively. Figure 2 shows the time-resolved mass spectro-1a and 2), which begin to disappear immediately by the action
metric results of M and G for a 3 sccm NO flow rate, of the exit gas flow. This effect can be traced back to the
normalized to the absolute concentrations predicted by the heterogeneous recombination of NO with oxygen atoms ad-
model. In the results for the slower flow (Figures 1a and 2), sorbed in the wall, W which is responsible for the delayed
the concentrations of all the species produced in the dischargegeneration of N@ As mentioned above, this source of NO
show a steep increase after switching on, and a slow decreaseavas already assumed in the previous model developed for the
when the discharge is turned off. In the case of the faster flow steady-state discharge but as shown in Figure 3 the value of
(Figure 1b) the time evolution of the concentrations resembles the rate constant (6.2 1073) used in ref 1 is too large and
more closely the square shape of the electrical discharge. Asgives rise to an exaggerated growth of Néter the discharge
can be seen from Figure 1a,b, the agreement between experihas been switched off. In the present model, the contribution
mental and calculated data is very good for the precursg@, N  of this reaction to the stationary concentration of Nf@as been
and for the NO product, both in the absolute values and in the relatively diminished by using a smaller rate constant. The other
temporal behavior; and it is qualitatively encouraging for the source of NQ@ contemplated in ref 1 is the three body reaction:
minor NO, product although in this last case the absolute OCP)+ NO + M, with a well-known rate constafit and also
concentration values predicted by the model are smaller thanincluded in the present model as reaction. This and the
the measured ones. The agreement shown in Figure 2 for theheterogeneous reaction alone lead to a too slow rise in the
measured and predicted temporal evolution of the homonuclearconcentration of N@at the beginning of the discharge, and a
species is also quite satisfactory. faster process like the homogeneous reactignn@t included
Concerning Figure 1a, some interesting facts should be noted.in the previous model, becomes necessary in order to approach
At the beginning of the discharge, the concentrations of NO better the experimental observations. It should be pointed out
and NQ increase suddenly until a maximum value and then here that rejecting contributions of the most dubious reactions
decrease rapidly, reaching a plateaG00 ms after the peak, (i.e., those for which no direct information is available in the
corresponding to the stationary state with discharge on, andliterature) G and W, to the kinetics and leaving only the
when the discharge is switched off the concentration values of contribution of the best established reactianas the only N@

4, Results and Discussion
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sourc@? results in NQ concentrations some 3 orders of oxygen, generated at the discharge. To rationalize the collected
magnitude lower than the data experimentally obtained in this set of data, a relatively simple chemical kinetics model including
work. a reduced number of reactions is proposed. The corresponding
Besides the agreement of the present kinetic model with the set of coupled, time dependent, differential equations has been
experimental results of the modulatecON hollow cathode numerically solved and the time-resolved solutions compared
discharge, the validation of the present model would require a with the measurements. This model has been also compared
good agreement between the calculations and the stationary datavith the steady-state experimental results obtained with a DC
from the continuous discharge. Figure 5 shows the experimentalhollow cathode discharge. The fitting of the simulated transient
data obtained for the stationary concentrations of the stable phenomena to the measured ones has proven to be much more
compounds involvedni a 2 mbar continuous 40 discharge, sensitive to the suitable choice of the particular kinetic processes
and the predictions of the present model. This figure may be than the stationary studies performed on DC discharges, or based
compared with Figure 5 of ref 1, where the results of the former on RF or microwave discharges applied in a continuous way.
simplified model were displayed. Although the agreement The present work demonstrates thus the great usefulness of time-
between calculated and experimental concentrations of the majorresolved studies on low-frequency modulated discharges for the
species of the discharge,®, Ny, O,, and NO was encouraging  elucidation of the influence of relevant kinetic mechanisms in
in ref 1, it can be observed that this agreement is even betterthe plasma chemistry.
with the present theoretical data. Particularly, NO concentrations A considerable effort has been devoted to the identification
fit the experimental results in a more accurate way at low flow of the possible reactions generating N@® the discharge cell,
rates than they did in the former article, and the homonuclear because the rate coefficients of the reactions available in the
molecules fit it slightly better at the highest flow rates. On the kinetic databases and in the literature could not justify the
other hand, the predicted N©@oncentration dependence on flow relatively high concentration of this species found in th€©N
rate agrees much better than before with the DC experimentalhollow cathode discharge. In this way, the delayed depletion
results. All these facts lead us to the conclusion that the presentof NO, concentration once the discharge has been extinguished,
model is more suitable to reproduce theNhollow cathode  afeature that has not been observed for the other stable products
discharge. of the discharge, seems to confirm the occurrence of a
Together with the stable species, Figure 5 shows the stationaryheterogeneous reaction generating,N@blecules, which was
concentrations calculated for the transient species appearingoroposed by Arcos et al.nevertheless, to reproduce more
explicitly in the current model, such as the atoms and the excited suitably the temporal evolution of NGt the beginning of the
N2O molecules. It was not possible to detect these speciesdischarge and the general behavior of the DC discharges for
experimentally either by absorption spectroscopy or mass different physical conditions, a large enhancement of the rate
spectrometry under the present conditions. Nevertheless, theconstant of the bimolecular reaction!0j + N,O — NO, +
FTIR emission spectra of a 45 Hz modulategONdischarge, N by the long-lived vibrationally excited XD(v3) molecules
obtained by phase-sensitive detection techniques at intermediatdas been proposed for the first time. This reaction decreases
gas flow rates (36 sccrh)and spectrally calibrated with a the relative significance of NQgeneration by wall reaction.

blackbody source, allowed an estimate of the intensity of the  To justify the temporal behavior of the rest of the stable
v3 vibrorotational band, and the temperature of the (001) products at the beginning of the discharge, dissociation processes
vibrational level, which turned out to be1300 K. This fact by electron impact have been incorporated into the model, this
implied a NO population of this levetb9%, which is in very  fact being specially decisive for NO, which seems to dissociate
satisfactory agreement with the predictions of the present model.in a much more efficient way thanNand Q.

Similarly, N>O excited to the (100) vibrational level is predicted The inclusion of vibrational BD excitation processes and

by the model to be populated between 2 and 3 orders of rg|55ation channels in the kinetics model, specially for the (001)
magnitude less than the.® ground state, depending of the  ga4a justify the fact that the 49 signals obtained by FTIR
gas flow rate, as shown in Figure 5. As it was formerly ,psorption spectroscopy are not exactly due to the tosdl N
explained, the (100) state of is known to quench and  .,ncentration, but to ground-state®imolecules, which under
depopulate much more efficiently than the (001) state, and hencey, o present experimental conditions may differ by some ten
vibrational temperatures only slightly higher than the ambient percent from the total density of ® molecules.

value are experimentally found in the Ii_terature for (100For The agreement between the model predictions and the
a 300 K temperature, 6.(0'20/.0 population of the (100) level .__experimental data for the 0, N, Oy, and NO is good. The
can be estlma.tedlln rglatlon \.Nlth the fundamental statg, assumIngcalculatione‘, can also reproduce satisfactorily the qualitative
a Boltzman distribution, while a 400 K temperature implies a behavior of the minor N@product and, although the values
(100) population of+1%. These values agree quantitatively in ’

a very encouraging way with those estimated by the plresentobtalned are still low, the predlctlons of the model are clos_er,
model. by several orders of magnitude, to the absolute concentrations

observed for this molecule than those of other models described
in the literature. This general agreement between calculations
and experiment, both time-resolved and in the steady state,
In this work the transient processes which happen around suggests that the model provides a reasonable global description
the ignition and extinction of a low frequency, square wave Of the processes performed on the hollow cathodg® N
modulated, hollow cathode discharge ofNuntil the attainment  discharge.
of the respective stationary states have been studied for the first
time. To follow the evolution of the absolute concentrations of ~ Acknowledgment. We are indebted to J. L. Domenech, who
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