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o5, LBoufendi4 and G Cernogora51 Instituto de Plasmas e Fus~ao Nu
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ni
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ni
a de Lisboa, 1049-001 Lisboa, Portugal2 Centro de F��si
a da Universidade do Minho, Universidade do Minho, 4710-057,Braga, Portugal3 Departamento Engenharia F��si
a, Fa
uldade Engenharia, Universidade do Porto, R.Dr. Roberto Frias, 4200-465 Porto, Portugal4 GREMI Universit�e d'Orl�eans BP 6744 - 45067 Orl�eans Fran
e5 LATMOS-UVSQ-CNRS 11 Bd d'Alembert 78280 Guyan
ourt, Fran
e6 Clean Combustion Resear
h Center, King Abdullah University of S
ien
e andTe
hnology (KAUST), Thuwal 23955, Saudi ArabiaE-mail: llalves�ist.utl.ptAbstra
t. This paper uses experiments and modelling to study 
apa
itively 
oupledradio-frequen
y dis
harges in pure nitrogen, at 13:56 MHz frequen
y, 0:1 � 1 mbarpressures and 2� 30 W 
oupled powers. Experiments performed on two similar (nottwin) setups, existing in the LATMOS and the GREMI laboratories, in
lude ele
tri
aland opti
al emission spe
tros
opy (OES) measurements. Ele
tri
al measurementsgive the rf-applied and the d
-self-bias voltages, the e�e
tive power 
oupled to theplasma and the average ele
tron density. OES diagnosti
s measure the intensities ofradiative transitions with the nitrogen se
ond-positive and �rst-negative systems, andwith the 811:5 nm atomi
 line of argon (present as an a
tinometer). Simulations use ahybrid 
ode that 
ouples a two-dimensional time-dependent 
uid module, des
ribingthe dynami
s of the 
harged parti
les (ele
trons and positive ions N+2 and N+4 ),and a zero-dimensional kineti
 module, des
ribing the produ
tion and destru
tion ofnitrogen (atomi
 and mole
ular) neutral spe
ies. The 
oupling between these modulesadopts the lo
al mean energy approximation to de�ne spa
e-time dependent ele
tronparameters for the 
uid module and to work-out spa
e-time average rates for thekineti
 module. The model gives general good predi
tions for the self-bias voltageand for the intensities of radiative transitions (both average and spatially-resolved),underestimating the ele
tron density by a fa
tor of 3� 4.PACS numbers: 52.80.Pi, 52.70.-m, 52.65.Ww, 52.20.-jSubmitted to: Plasma Sour
es S
i. Te
hnol.



Capa
itively 
oupled radio-frequen
y dis
harges in N2 21. Introdu
tionRadio-frequen
y (rf) dis
harge plasmas produ
ed in nitrogen and nitrogen mixturesare be
oming in
reasingly popular, be
ause they exhibit a high 
hemi
al rea
tivityleading to the produ
tion of a
tive radi
als and ions, even at low pressure and ambienttemperature. These plasmas 
an be produ
ed using various rf-ex
itation te
hniques(diele
tri
 barrier, indu
tive 
oupling and 
apa
itive 
oupling), and they are frequentlyused for the pro
essing, modi�
ation and fun
tionalization of di�erent kinds of materials,su
h as fullerenes [1, 2℄, nanotubes and nano�bres [3, 4, 5℄, polymers [6, 7, 8, 9℄and textiles [10, 11℄. Nitrogen-
ontaining rf-plasmas are also used to grow GaN thin�lms [12, 13℄ and in the produ
tion of hydrogenated 
arbon nitride materials, fromthin �lms [14, 15, 16, 17, 18, 19, 20, 21℄ to nanoparti
les [22, 23℄. Nitrogen-doped
arbona
eous materials 
an exhibit numerous interesting properties, su
h as extremehardness [24℄ or in
reased bio
ompatibility [25, 26, 27, 28℄. The use of nitrogen/methanemixtures to produ
e 
apa
itively 
oupled radio-frequen
y (

rf) dusty plasmas (withCH4 
on
entrations below 10%) is another very a
tive resear
h �eld. The purposeof these investigations is the simulation in laboratory of the 
hemistry of Titan'satmosphere, in
luding the synthesis of analogues of its organi
 solid aerosols [29℄. Theseanalogues (named tholins) are probably produ
ed by photo
hemistry pro
esses indu
edby the solar radiation upon 
harged parti
les from Saturn's magnetosphere. To ensurethat the dust parti
les produ
ed in a laboratory plasma environment are representativesof Titan's aerosols, one needs to 
hara
terize the plasma sour
e 
ontrolling the rea
tivityof the N2-CH4 mixture, 
omparing it with the photon sour
e that provides the energyrequired to grow the solid parti
les of Titan. Several experimental works have been
arried out with this intention, involving a wide number of di�erent N2-CH4 plasmasprodu
ed by dire
t-
urrent dis
harges (d
) [30, 31, 32, 33, 34℄, mi
rowave dis
harges [35℄and their afterglows [36℄, indu
tively 
oupled radio-frequen
y dis
harges [37℄, sparkdis
harges [32℄, 
orona dis
harges [38, 39℄, diele
tri
 barrier dis
harges [40℄ and 

rfdis
harges [41℄. The infrared properties of dust parti
les synthesized within 

rf nitrogen/ methane plasmas, at di�erent mixing ratios, are studied for example in [42, 43℄.Regardless of the spe
i�
 appli
ation intended, a 
ontrol upon the densities and/orenergies of the main plasma spe
ies (via a modi�
ation in the operating 
onditions -pressure and applied voltage or power) is essential to indu
e 
hanges in the plasmarea
tivity, in view of either the rea
tor's optimization (in terms of pro
essing rates anduniformity) or the tailoring of dust produ
tion. With this respe
t, the study of purenitrogen dis
harges is a mandatory �rst step to understand the strong 
oupling betweenthe dis
harge operating 
onditions and the plasma parameters, before moving to the(even more) 
omplex kineti
 s
hemes asso
iated with N2 mixtures.Although nitrogen plasmas have been studied for many years, and despite theirgrowing interest for appli
ations, there is only a partial knowledge about their behaviorunder 

rf dis
harge 
onditions. In fa
t, the majority of papers on N2 plasmas 
on
erndire
t-
urrent [44, 45, 46, 47, 48, 49, 50℄, high-frequen
y (mi
rowave) dis
harges [51,



Capa
itively 
oupled radio-frequen
y dis
harges in N2 352, 53, 54, 55, 56℄ and indu
tively 
oupled dis
harges [57℄, and fo
us essentially ontheir kineti
 des
ription. Usually, these are zero-dimensional self-
onsistent models,
oupling the two-term ele
tron Boltzmann equation (or just assuming a Maxwellianele
tron distribution fun
tion) to the rate balan
e equations of di�erent vibrationallyand ele
troni
ally ex
ited (mole
ular and atomi
) states, yielding the ele
tron energydistribution fun
tion (eedf), the vibrational distribution fun
tion (vdf) of the ground-state nitrogen mole
ules, and the populations of the ex
ited spe
ies 
onsidered. Thesekineti
 models play an important role in detailing the main me
hanisms of (vibrationaland ele
troni
) ex
itation, disso
iation, and ion produ
tion with N2 plasmas, but theyo�er only partial des
ription of the 
harged and neutral spe
ies' dynami
s, whose fullanalysis requires a multi-dimensional spa
e-dependent approa
h. Other authors haveadopted one-dimensional Monte-Carlo simulations to study the ele
tron kineti
s [58℄ andthe 
oupling between the ele
tron and the vibrational kineti
s [59℄ of 

rf dis
hargesin nitrogen. The approa
h was extended to a hybrid Monte-Carlo-
uid model [60℄,des
ribing the ele
tron kineti
s and the 
hemistry of these dis
harge plasmas, and toParti
le-in-Cell Monte-Carlo models 
al
ulating the eedf, to analyze its 
oupling withthe vdf [61℄ or the ele
tron heating me
hanism within the spa
e-
harge sheaths [62℄.In the parti
ular 
ase of non-equilibrium 

rf dis
harges in nitrogen, a self-
onsistentmodelling strategy must a

ount for the interplay between the transport of parti
les,in the presen
e of density gradients and the rf �eld, and their produ
tion / destru
tiondue to kineti
 me
hanisms involving both ele
trons and heavy spe
ies. This modellingrequires a two-dimensional (2D) des
ription of the 
harged parti
le dynami
s, to allowthe 
al
ulation of the self-bias voltage (in the 
ase of asymmetri
 dis
harges, with moresurfa
es grounded than driven) [63, 64℄, and to provide more reliable predi
tions forthe pro�les of the ele
tron density and energy (hen
e, for the 
oupled ele
tri
al power).Also, in the 
ase of mole
ular gases like nitrogen, the use of a 
omprehensive kineti
s
heme is preferable: (i) to adequately des
ribe ele
tron-neutral 
ollisions (espe
iallywith vibrational ex
ited states), playing an essential role in 
oupling the plasma-gassystem and establishing the �nal gas-phase 
hemi
al 
omposition; and (ii) to dedu
eself-
onsistent ele
tron parameters (transport and rate 
oeÆ
ients), whose 
al
ulationdepends on the gas 
hemi
al 
omposition via the eedf.This paper studies 

rf dis
harges (at f = 13:56 MHz frequen
y) in pure nitrogen,produ
ed within 
ylindri
al parallel-plate rea
tors (with radii R = 65 and 69 mm, andinterele
trode distan
es d = 40 and 33 mm, for the experimental setups with the GREMIand the LATMOS laboratories, respe
tively, the latter 
orresponding to the PAMPREexperiment [29℄), at Vrf ' 100� 300 V applied voltages and p ' 0:1� 1 mbar pressures.Under these 
onditions, the neutral gas is found 
lose to room temperature (Tg ' 350 K),as dedu
ed from the rotational spe
trum of the nitrogen se
ond-positive system [41℄.Figure 1 represents a s
hemati
 diagram of the plasma 
hamber and the external 
ir
uitwith su
h rea
tors. In both rea
tors, the rf voltage is applied to the upper ele
trodethrough an L-type mat
hing network and a blo
king 
apa
itor CB ' 760 and 550 pF forthe GREMI and the LATMOS rea
tors, respe
tively (these values in
lude the e�e
ts not



Capa
itively 
oupled radio-frequen
y dis
harges in N2 4only of the blo
king 
apa
itor but also of the stray 
apa
itan
e and 
ables); a grounded
ounter ele
trode shields the ba
k of the powered ele
trode and �xes a 
ylindri
al lateralgrid that 
on�nes the plasma. Mass 
ow 
ontrollers adjust the inje
tion, through thedriven ele
trode, of nitrogen and of argon tra
es added at 
onstant Ar/N2 
ow ratio (ofabout 5%), for the purpose of monitoring the evolution of ele
tron-
ollision me
hanisms.The nitrogen 
ow is kept equal to 25 s

m in the GREMI rea
tor, while in the LATMOSrea
tor nitrogen is inje
ted at 
ow rates between 4:6 � 98 s

m to produ
e a pressurevariation of 0:2� 1:14 mbar.This work was driven by the need to provide answers to several 
hallengingquestions. (i) Is it possible to join a sophisti
ated 2D spa
e-time dependent dis
harge
ode to a 
omplex kineti
 s
heme to model 

rf dis
harges in pure nitrogen? (ii) Is itne
essary to adopt su
h a 
omplete des
ription to provide an adequate modelling of thesedis
harges? (iii) Is it reasonable to use su
h a highly-
omplex s
heme, 
onsidering theun
ertainties asso
iated with some of the 
ollisional data required? (iv) What are themodel predi
tions for the disso
iation degree of nitrogen and the evolution of the mainradiative transitions with the ex
ited N2 spe
ies? The strategy adopted to 
larify theseissues involves model validation by 
omparison between simulations and measurementsperformed on two similar (not twin) experimental setups and a sensitivity study ofmodel results to variations of some key parameters.Experimental diagnosti
s allow measuring the following quantities: (i) the appliedrf voltage, using a high-voltage probe; (ii) the self-bias voltage; (iii) the e�e
tive power
oupled to the plasma, taking into a

ount 
ir
uit losses; (iv) the average ele
trondensity, using a resonant-
avity te
hnique; (v) the intensities of radiative transitionswith the nitrogen se
ond-positive system (SPS) and �rst-negative system (FNS), andwith the 811:5 nm atomi
 line of argon, using opti
al emission spe
tros
opy (OES)diagnosti
s. Modelling uses a hybrid 
ode that 
ouples a 2D time-dependent 
uidmodule, des
ribing the dynami
s of 
harged parti
les (ele
trons and positive ions N+2 andN+4 ), and a homogeneous (0D) kineti
 module, des
ribing the produ
tion and destru
tionof nitrogen (atomi
 and mole
ular) neutral spe
ies. The 
oupling between these modulesadopts the lo
al mean energy approximation [65, 66℄ to de�ne spa
e-time dependentele
tron parameters for the 
uid module and to work-out spa
e-time average rates forthe kineti
 module. Model results yield the self-
onsistent d
-bias voltage, the e�e
tivepower 
oupled to the plasma, and the 2D spatial distributions for (i) the rf plasmapotential, (ii) the densities and 
uxes with the 
harged parti
les and the ele
tron meanenergy, and (iii) the densities of the most relevant nitrogen spe
ies.2. Experimental diagnosti
sThe experimental analysis of the 

rf dis
harges in pure nitrogen resort to the followingdiagnosti
s: (i) ele
tri
al and plasma measurements of the applied rf voltage, the self-bias voltage, the power 
oupled to the plasma, and the average ele
tron density (thelatter is 
arried out on the GREMI rea
tor only); (ii) OES measurements of the nitrogen



Capa
itively 
oupled radio-frequen
y dis
harges in N2 5SPS and FNS band intensities, and of the 811:5 nm atomi
-argon line intensity.2.1. Ele
tri
al and plasma measurementsThe applied rf voltage Vrf, one of the main parameters de�ning the experimentalwork 
onditions, is measured onto the driven ele
trode by using a high-voltage probe
onne
ted to a digital os
illos
ope. On
e the plasma has rea
hed its steady-statesituation, the self-bias voltage Vd
 is measured with a 10 M
 voltmeter.The power 
oupled to the plasmaWe� is obtained adopting the so-
alled subtra
tivemethod [63, 67, 68, 69℄, whi
h a

ounts for the power losses in the external 
ir
uitryby measuring the power at the output of the rf generator, for the same Vrf, with andwithout plasma. Note thatWe� is the quantity to 
onsider in de�ning equivalent working
onditions, for the 
omparison between simulations and measurements.The diagnosti
 of the average ele
tron density ne uses the fa
t that the rea
tor
hamber, with its lateral metal grid, a
ts as a resonant 
avity in the mi
rowave range.We prefer this spa
e-average diagnosti
 to lo
al probe measurements with 
ompensation,sin
e the latter are mu
h more intrusive under 

rf 
onditions. By pla
ing two axi-symmetri
 ele
tri
ally-insulated loop antenna at the bottom of the system [41℄, one 
anmeasure the shift in the resonan
e frequen
y of the 
avity, with and without plasma, todedu
e the on-axis ele
tron density ne0 a

ording to the relation [70, 71, 72, 73℄ne0 = A8�2f 2res�fresfres0 me"0e2 : (1)In equation (1), fres and fres0 are the resonant frequen
y with and without plasma,respe
tively, �f � jfres � fres0j is the frequen
y shift, e and me are the ele
tron 
hargeand mass, respe
tively, "0 is the va
uum permittivity, and A is a geometri
al fa
tor thatdepends on the ele
tron density pro�le and on the ele
tromagneti
 mode adopted inmeasurements whi
h, in our 
ase, is found in the range 1� 1:8. For simpli
ity, we havetaken A = 1 (whi
h 
orresponds to assume a 
onstant ele
tron density pro�le) sin
e thisapproximation a�e
ts the value of ne ' ne0 by less than 10%.The value of fres0 has proven to be a 
riti
al parameter in providing a goodestimation of the ele
tron density. For example, the resonan
e frequen
y 
an 
hange dueto the small dilation of the metalli
 
hamber a�e
ted by gas heating, and therefore it ismeasured here just after the plasma extin
tion. The 
hoi
e of the ele
tromagneti
 modeis also of 
onsequen
e. In a previous work [41℄ we have adopted the TM210 mode, whoseresonan
e frequen
y is found near that of other transverse magneti
 (TM) modes; here,we preferred the TM010 mode be
ause it appears isolated and be
ause its ele
tri
 �elddistribution presents an on-axis maximum, 
oin
iding with the position of the ele
trondensity maximum, hen
e allowing for measurements with higher sensitivity (in this 
ase,rea
hing ne values as low as 6� 1013 m�3).



Capa
itively 
oupled radio-frequen
y dis
harges in N2 62.2. Spe
tros
opi
 measurementsOES diagnosti
s use an UV-VIS-NIR mono
hromator with a 60 
m fo
al length in boththe LATMOS and the GREMI laboratories. These systems measure the intensitiesof the following radiative transitions: (i) the 370 � 438 nm bands with the SPSN2(C3�u,v) ! N2(B3�g,v0) and the FNS N+2 (B2�u,v0) ! N+2 (X2�g,w0) [74℄. Of these,some spe
i�
 (v-v0) transitions are monitored in LATMOS: for the SPS, transitions at�v � v0 � v = 2; 3, for v = 0; 1; 2 and at �v = 4, for v = 0; 1; 2; 3; 4, of whi
h the mostintense one is the 380:5 nm SPS(0-2); for the FNS, transitions (0-0), (0-1) and (1-2), ofwhi
h the most intense one is the 391:4 nm FNS(0-0); (ii) the 811:5 nm Ar(4p[5=2℄3)! Ar(4s[3=2℄2) atomi
 line of argon, 
hosen be
ause it presents no overlapping withnitrogen bands. As mentioned, argon is admitted at � 5% Ar/N2 
ow ratio in LATMOSor at per
entages that ensure a 
onstant 25 s

m nitrogen 
ow in GREMI. Argon a
tsas an a
tinomer: be
ause its levels are populated by ele
tron-
ollisions, the evolution oftheir line intensities is assumed to represent that of ele
tron me
hanisms.3. Model des
riptionTo model 

rf dis
harges in pure nitrogen, we have developed a hybrid 
ode 
ouplinga 2D (r, z) time-dependent 
uid module (assuming azimuthal symmetry due to the
on�guration of the rf rea
tor) to a very 
omplete 0D kineti
 module. The 
uid modulesolves the 
ontinuity and momentum-transfer equations for ele
trons and positive ionsN+2 (X), N+2 (B) and N+4 , the ele
tron mean energy transport equations (the ions areassumed to be thermalized at gas temperature), and Poisson's equation for the rf ele
tri
potential. The kineti
 module solves the two-term homogeneous and stationary ele
tronBoltzmann equation (a

ounting for inelasti
 
ollisions from ground-state mole
ules andatoms, and inelasti
 and superelasti
 
ollisions involving vibrationally ex
ited states)and the rate balan
e equations of 45 vibrational ex
ited states with the ground-stateN2(X1�+g ,v=0 � 45), 7 ele
troni
 states N2(A3�+u , B3�g, C3�u, a01��u , a1�g, w1�u,a001�+g ) with the nitrogen mole
ule, and 3 ele
troni
 states N(4S, 2D, 2P) with nitrogenatoms.3.1. The 
uid moduleThe 
uid module is similar to that used to model 

rf dis
harges in hydrogen [75, 76℄. Inparti
ular, the 
ux equations (for both parti
le and energy) adopt the stationary drift-di�usion approximation, with the introdu
tion of an e�e
tive �eld [77℄ in the spe
i�

ase of the ions. Details about the validity of this approa
h are dis
ussed in [65℄.The 
ontinuity and the momentum-transfer equations for 
harged-parti
les � (� =e; i for ele
trons and ions, respe
tively) are given by�n��t = � 1r �(r��r)�r � ���z�z + S� (2a)



Capa
itively 
oupled radio-frequen
y dis
harges in N2 7��q = � (��N)n�Ee��qN � 1N � [(D�N)n�℄�q (� for e; i) : (2b)Here, n�(r; z; t) is the parti
le density; ��q(r; z; t) are the q = r; z 
omponents of theparti
le 
ux; S�(r; z; t) is the net produ
tion rate of parti
les due to kineti
 me
hanisms;N = p=kBTg is the gas density (kB is the Boltzmann's 
onstant); (��N)(r; z; t) and(D�N)(r; z; t) are the redu
ed mobility and di�usion 
oeÆ
ient, respe
tively; and(Ee��q =N)(r; z; t) is the q 
omponent of the redu
ed e�e
tive ele
tri
 �eld. For theele
trons Ee�eq = Eq, 
orresponding to the rf ele
tri
 �eld, whereas for the ions Ee�iqis 
al
ulated using [65℄�(Ee�iq =N)�t = � 1�iN �vir ��r + viz ��z� viq � �i�iN viq + �
i  EqN � Ee�iqN ! ; (3)where viq � �iq=ni is the q 
omponent of the i-ion drift velo
ity, �i � Si=ni is thei-ion net produ
tion frequen
y, and �
i is the ion-neutral momentum-transfer 
ollisionfrequen
y. The latter relates to the ion mobility, a

ording to �iN = e=[mi (�
i =N)℄ withmi the i-ion mass.The ele
tron mean energy transport equations are given by� (ne")�t = � 1r �(r�"r)�r � ��"z�z � ~�e � ~E � S" (4a)�"q = � (�"N) "ne EqN � 1N � [(D"N)"ne℄�q ; (4b)where "(r; z; t) is the ele
tron mean energy, �"q(r; z; t) is the q 
omponent of the ele
tronenergy 
ux, (�"N)(r; z; t) and (D"N)(r; z; t) are the redu
ed mobility and di�usion
oeÆ
ient for energy transport, respe
tively, and S"(r; z; t) is the net power densitylost by the ele
trons due to (elasti
 ands inelasti
) 
ollisions. Equation (4a) des
ribesthe rate of 
hange of the ele
tron energy density ne" as the result of (by order of theterms on the right-and side of the equation) 
onve
tion [
orresponding to the transportof energy due to the drift-di�usion ele
tron motion, see equation (4b)℄ 
ondu
tion(
orresponding to the transfer of energy from the rf ele
tri
 �eld to the ele
trons) andfri
tion (
orresponding to the ele
tron energy dissipation in 
ollisions).The 
uid module is 
losed by Poisson's equation for the rf potential V (r; z; t)1r ��r �r�V�r �+ �2V�z2 = � e"0  Xi ni � ne! : (5)Equation (5) relates the spa
e-time separation of 
harged parti
les to the rf ele
tri
 �eld~E(r; z; t) = �~rr;zV (r; z; t).Equations (2a)-(5) are solved within the plasma rea
tor (
orresponding to a 2Dworkspa
e delimited by the dis
harge axis at r = 0, the grounded lateral grid at r = R,the driven ele
trode at z = 0, and the grounded ele
trode at z = d, see Fig. 1), subje
t tothe following boundary 
onditions. At the rea
tor axis symmetry boundary 
onditionsare given by �n��r = 0 (� = e; i) (6a)



Capa
itively 
oupled radio-frequen
y dis
harges in N2 8�(ne")�r = 0 (6b)�V�r = 0 : (6
)Flux 
onditions for totally absorbing boundaries are imposed at the di�erent ele
trodesand walls using [65, 66℄(�e)? = 12nehvi � �eXi (�i)? (7a)(�")? = 12nehvui � �e"Xi (�i)? (7b)(�i)? = 14nivthi + �ini (�iN)Ee�i?N : (7
)In these equations, ? relates to the 
ux 
omponent perpendi
ular to the boundary; hviand hvui represent the average values of v and vu over the eedf, respe
tively; �e is these
ondary ele
tron emission 
oeÆ
ient (here, we assume that se
ondary emission o

ursat the driven ele
trode only, with �e = 0:1 � 1); vthi = (8kBTg=�mi)1=2 is the thermalvelo
ity for the i-ion spe
ies, and�i = ( 1 if Ee�i? is dire
ted towards the wall0 if Ee�i? is in the opposite dire
tion to the wall .Note that 
onditions (7a)-(7b), for the ele
tron parti
le and energy, are obtained usingthe expansion that writes the ele
tron distribution fun
tion as a 
ombination of two
omponents (isotropi
 and anisotropi
) [66℄, whereas 
ondition (7
) for the ions separatesbetween their thermal (isotropi
) and drift (anisotropi
) motion. Finally, the potentialat ea
h physi
al boundary satis�esV = (Vd
 + Vrf 
os(!t) at driven ele
trode0 at grounded ele
trode and walls (8)where ! = 2�f , Vrf is the peak voltage applied to the driven ele
trode, and Vd
 is ano�set potential termed self-bias voltage, that develops in the 
ase of an asymmetri
rea
tor (with more surfa
es grounded than driven). The value of the self-bias voltage isupdated, after ea
h RF period Trf , usingVd
 = Vd
(t) + Z t+Trft 1CB I
(t0)dt0 ; (9)where I
(t) = CB (dVC(t)=dt) is the 
urrent a
ross the blo
king 
apa
itor CB (see Fig. 1).This 
urrent 
an be evaluated by integrating the axial 
omponent of the 
ondu
tion
urrent density over the surfa
e of the driven ele
trodeI
(t) = Z R0 J
z(r; 0; t) 2�rdr ; (10)introdu
ing ~J
 = e Xi �i � �e! ' � ~E + ~Jdi� ; (11)
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harges in N2 9where � � e(�ene +Pi �ini) is the total plasma 
ondu
tivity (de�ned by assuming~Ee�i ' ~E) and ~Jdi� is the net di�usion 
urrent de�ned a

ording to [
f. equation (2b)℄~Jdi� � �eXi (DiN) ~rN ni + e ~rN [(DeN)ne℄ : (12)The total 
urrent It is obtained by adding the 
ontributions of the displa
ement
urrent ID and the 
ondu
tion 
urrent I
It(t) = I
(t) + ID(t) = Z R0 J
z(r; 0; t) 2�rdr + Z R0 "0��Ez�t � (r; 0; t) 2�rdr ; (13)and it is used to evaluate the e�e
tive ele
tri
al power 
oupled to the plasmaWe� � 1Trf Z Trf0 [Vd
 + Vrf 
os(!t)℄It(t)dt : (14)The ele
tron parameters (transport and rate 
oeÆ
ients) in equations (2a)-(4b) are
al
ulated as integrals of 
ross se
tions over the eedf (see referen
e [66℄ for more detailson these expressions). As mentioned, the spa
e-time dependen
e of these parametersis de�ned by adopting the so-
alled lo
al mean energy approximation [65, 66℄, whi
hassumes that the spa
e-time variation of the eedf, f(u; r; z; t), is introdu
ed via the lo
alionization degree and the ele
tron mean energy pro�le, i.e. (u is the ele
tron kineti
energy) f(u; r; z; t) = f(u)j "(r;z;t); ne(r;z;t) : (15)The pro
edure is the following: �rst, the homogeneous and stationary eedf, f(u), is
al
ulated from the kineti
 module (see se
tion 3.2) for various values of ne=N (asinput) and of "eedf = R10 u3=2f(u)du (as output); se
ond, the eedfs obtained are usedto 
al
ulate the di�erent ele
tron parameters, whi
h are then tabulated as a fun
tion ofne=N and "eedf ; third, the lo
al values of the ele
tron density and mean energy, ne(r; z; t)and "(r; z; t), obtained from the solution to the ele
tron parti
le and energy balan
eequations (2a) and (4a), are used in the table 
onstru
ted to de�ne the spa
e-time mapof the ele
tron transport and rate 
oeÆ
ients.The ion transport parameters in equations (2a)-(2b) are as follows. For the ionmobilities, a dependen
e on the redu
ed e�e
tive ele
tri
 �eld was introdu
ed, a

ordingto [78, 79℄ (values in V�1 
m2 s�1, referred to a standard gas density of 2:69�1019 
m�3;1 Td = 10�17 V 
m2)
�N+2 (X;B) = 8>>>>>>>><>>>>>>>>:

1:90 if Ee�N+2 � 7 Td0:29 + 0:71 exp"� Ee�N+22531:01#+0:93 exp"� Ee�N+2257:37# if Ee�N+2 � 7 Td
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�N+4 =

8>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>:

2:31 if Ee�N+4 � 7 Td2:25 + 0:55 exp" Ee�N+430:93#� 0:10 exp"�Ee�N+43:44#� 0:49 exp" Ee�N+430:06# if 7 Td � Ee�N+4 � 100 Td0:47 + 1:15 exp"� Ee�N+42531:01#+1:50 exp"� Ee�N+4257:37# if Ee�N+4 � 100 Td .For the ion di�usion 
oeÆ
ients we have used the values proposed in [80℄ DNN+2 (X;B) =1:7� 1018 (Tg=273)1=2 and DNN+4 = 1:5� 1018 (Tg=273)1=2 
m�1 s�1.3.2. The kineti
 moduleThe kineti
 module solves the spa
e-time average rate balan
e equations, for the di�erentneutral (mole
ular and atomi
) spe
ies 
onsidered.Generally, the rate balan
e equation for spe
ies k is given by (for the axis-symmetri
geometry 
onsidered here)�nk�t + 1r � (r�kr)�r + ��kz�z = Sk ; (16)where nk and �kq are the spe
ies density and 
ux q-
omponent, respe
tively, and Sk isa sour
e term a

ounting for the net produ
tion of k-spe
iesSk = X�;l C�l;k n�nl � nkX� Ctot�k n� +Xl;m Klm;k nlnm � nkXl Ktotkl nl+ Xl Al;knl � nkAtotk : (17)In equation (17), C�l;k and Kml;k are the rate 
oeÆ
ients for the produ
tion of spe
iesk from 
ollisions of neutral spe
ies l with 
harged spe
ies � and neutral spe
ies m,respe
tively; Ctotk� and Ktotkl are the rate 
oeÆ
ients for the total destru
tion of spe
iesk from 
ollisions with 
harged spe
ies � and neutral spe
ies l, respe
tively; Al;k is theprodu
tion frequen
y of k-spe
ies from the radiative de
ay of l-spe
ies; and Atotk is thetotal destru
tion frequen
y of k-spe
ies by radiative de
ay.In order to limit the 
al
ulation runtime (due to the high number of spe
ies andkineti
 pro
esses 
onsidered), the kineti
 module solves the stationary spa
e-averageversion of equations (16)1(R2=2)d �Z d0 R�rk(R; z)dz + Z R0 [�zk(r; d)� �zk(r; 0)℄ rdr�= 1(R2=2)d Z R0 Z d0 Skdz rdr : (18)
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harges in N2 11The use of a stationary approa
h to des
ribe the neutral (heavy) spe
ies dynami
s isjusti�ed, 
onsidering the long relaxation times asso
iated with both their transport[nk=(Dkr2nk) � Æ2=Dk � 0:4 ms, for a di�usion 
oeÆ
ient Dk � 103 
m2 s�1and a thi
kness of the spa
e-
harge sheath Æ � 1 
m℄ and their kineti
 me
hanisms[1=(neCek) � 0:1 � 1 s, for an ele
tron density ne � 109 
m�3 and ex
itation rate
oeÆ
ients Cek � 10�8 � 10�10 
m3 s�1℄, when 
ompared with the rf period of1=f � 74 ns.The boundary 
uxes in equation (18) are set to satisfy the Milne's 
ondition [81, 82℄�qkjwall = �Dk �nk�q ����wall = 
0k vthk4 nkjwall (q = r; z) ; (19)where 
0k � 
k=(1� 
k=2) with 
k the k-spe
ies' wall loss probability.By using equations (17) and (19) into (18) one obtains1(R2=2)d 
k1� 
k=2 vthk4 �Z d0 Rnk(R; z)dz + Z R0 [nk(r; d)� nk(r; 0)℄ rdr�' X� "Xl C�l;k n� nl � Ctot�k n� nk#+Xl "Xm Klm;k nlnm �Ktotkl nknl#+ Xl Al;k nl � Atotk nk ; (20)where the average quantities X (X = nk; nknl; C�l;k n�, ...) are de�ned asX � Z d0 Z R0 Xrdrdz(R2=2)d : (21)The spa
e-averages in equation (20) are obtained as follows. The averages ofthe 
harged-parti
le 
ollision frequen
ies (C�l;k n� and Ctot�k n�) are 
al
ulated usingthe spa
e-dependent distributions obtained from the solution to the 
uid module; theaverages of the heavy spe
ies densities [nk, nknl, and the integrals on the left-hand sideof equation (18)℄ are 
al
ulated imposing the following density pro�les: (i) a 
onstantpro�le for ground-state spe
ies N2(X1�+g ,v) and N(4S); (ii) a two-region pro�le (seeFig. 2) that distinguishes between the plasma bulk (with a spatially homogeneousdensity) and the plasma sheaths (where the density de
reases linearly), for spe
iesN2(A3�+u , a01��u , a1�g, w1�u) and N(2D, 2P), that are transported by di�usion andare totally re
ombined at the walls (i.e., for whi
h 
0k = 1). The 2D version of thispro�le is given bynk(r; z) = nbkhk(r)gk(z) (22a)hk(r) = ( 1 ; 0 � r < R� ÆR1� 1� frkÆR (r �R + ÆR) ; R� ÆR � r � R (22b)gk(z) = 8>><>>: f0k + 1� f0kÆ0 z ; 0 � z � Æ01 ; Æ0 < z < d� Æd1� 1� fdkÆd (z � d+ Æd) ; d� Æd � z � d ; (22
)
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harges in N2 12where nbk is the bulk density; ÆR, Æ0, and Æd are the sheath thi
kness near the grid, thedriven ele
trode, and the grounded ele
trode, respe
tively; and the fun
tions frk , f0k ,and fdk 
orrespond to the ratio of the wall density to the bulk density, 
al
ulated atr = R, z = 0, and z = d using boundary 
ondition (19), i.e.fxk � nkjwallnbk = 4
0kvthk4
0kvthk + ÆxDk (x = r; 0; d) : (23)As we have asso
iated the boundary layers for neutral parti
les with the dis
hargespa
e-
harge sheaths, the quantities ÆR, Æ0, and Æd are estimated in the 
uid moduleas the time-average thi
knesses of the regions where the rf �eld exhibits strong relativegradients. In parti
ular, the sheath edges are taken at positions where the 
orresponding(axial or radial) redu
ed ele
tri
 �elds are equal to 10% of the wall �eld (Ez=N)(0; 0),(Ez=N)(0; d) or (Er=N)(R; d=2). Note that equations (22a)-(23) allow 
al
ulating thespa
e-average integrals in equation (20) also for the heavy spe
ies with 
onstant densitypro�les, by setting Æx=0.As mentioned, the kineti
 module solves the rate balan
e equations of 45 vibrationalstates (with the ground-state mole
ule) and 10 ele
troni
 states (7 for mole
ules and 3for atoms), 
oupled to the two-term homogeneous and stationary ele
tron Boltzmannequation, a

ounting for inelasti
 
ollisions from ground-state mole
ules and atoms, andinelasti
 and superelasti
 
ollisions involving vibrationally ex
ited states (only the �rst10 states are 
onsidered, see Table 1). This module adopts the kineti
 s
heme proposedin referen
e [80℄, where details about the 
hoi
es of the di�erent me
hanisms and rates
an be found. Tables 1-2 summarize the kineti
 rea
tions for the mole
ular spe
ies andthe atomi
 spe
ies, respe
tively, used in writing the sour
e terms (17) and in solvingthe ele
tron Boltzmann equation. In these tables, the double arrow  ! indi
atesthat se
ond-kind 
ollisions are also 
onsidered for the rea
tions where it appears. The
ross se
tions for the various ele
tron-neutral 
ollisional pro
esses (appearing in theele
tron Boltzmann equation) are taken from [83, 46, 47℄ and referen
es therein. The
ross se
tions for superelasti
 
ollisions are obtained from those for the 
orrespondinginelasti
 pro
esses by using Klein-Rosseland's formula [84℄.The vibrational states of ground-state N2(X1�+g ,v) mole
ules play a 
entral role innitrogen dis
harges. The kineti
s of vibrational states in
ludes ex
itation/deex
itationme
hanisms due to ele
tron impa
t 
ollisions (e-V) transitions and heavy spe
ies
ollisions, involving an energy transfer via vibrational-translational (V-T, with bothmole
ules and atoms) and vibrational-vibrational (V-V) intera
tions. Moreover, severalvibrational states are involved in heavy-parti
le rea
tions, some of them leading todisso
iation (see Tables 1-2). This work adopts the SSH (S
hwartz, Slawsky andHerzfeld) theory [84, 85, 86, 87, 88℄ to write the rate 
oeÆ
ients for (i) the V-Tme
hanisms with mole
ulesPv;v�1 = v � 1� �N2e1� �N2e v� F (Yv;v�1)F (Y1;0) P1;0 (24a)
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harges in N2 13Pv�1;v = Pv;v�1 exp ���Ev;v�1kBTg � (24b)Yv;v�1 = �L~ � M4kBTg�1=2�Ev;v�1 (24
)with the normalization [89℄P1;0(
m3s�1) = 1:07� 10�12 T 3=2g0:2772Tg � 80:32 + 35:5 �v�139 �0:8 F (Y1;0) ; (24d)and (ii) the V-V me
hanismsQw�1;wv;v�1 = vw � 1� �N2e1� �N2e v� � 1� �N2e1� �N2e w� F (Y w�1;wv;v�1 )F (Y 0;11;0 ) Q0;11;0 (25a)Qw;w�1v�1;v = Qw�1;wv;v�1 exp"��Ew�1;wv;v�1kBTg # (25b)Y w�1;wv;v�1 = �L~ � M4kBTg�1=2�Ew�1;wv;v�1 (25
)with the normalization [89℄Q0;11;0(
m3s�1) = 6:35� 10�17 T 3=2g� (25d)� = ( 39:065� 1:5625max[v;w℄ ; max[v;w℄ < 1025:2 + 24:1�max[v;w℄�1030 �3 ; max[v;w℄ � 10 : (25e)The rate 
oeÆ
ients for the V-T me
hanisms with atoms 
onsider the 
al
ulations ofreferen
es [90, 91, 92, 93℄ to dedu
e the approximated formulaePN2�Nv;w<v = ( A0 exp ��A1v + A2v2 � ; v � w � 5 and v � v?0 ; otherwise (26a)PN2�Nw<v;v = PN2�Nv;w<v exp ���Ev;w<vkBTg � (26b)where the quantities A0, A1, A2 and v? are given in Table 3, for both rea
tive (with anatomi
 ex
hange between the two 
ollision partners) and non-rea
tive (dire
t) 
ollisions.In equations (24a)-(26b)F (Y ) = ( 12 �3� exp ��2Y3 �� exp ��2Y3 � ; 0 � Y � 208 ��3�1=2 Y 7=3 exp ��3Y 2=3� ; Y > 20 ; (27)�Ev;v�1 = ~!N2(1 � 2�N2e v) is the energy di�eren
e between two 
onse
utive levelsv and v-1; �Ew�1;wv;v�1 = ~!N22�N2e jw � vj is the energy variation with the transitionv to v-1 and w-1 to w; �Ev;w<v is the energy di�eren
e between levels v and w<v;!N2 = 4:443 � 1014 s�1 and �N2e = 6:073 � 10�3 are parameters 
hara
terizing theanharmoni
 Morse's os
illator; L = 2�10�11 m is the range of intermole
ular for
es;M isthe mass of the N2 mole
ule; and ~ � h=(2�) with h the Plan
k's 
onstant. Note that therate 
oeÆ
ients (24b), (25b) and (26b) for the inverse V-T (with mole
ules and atoms)
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tions were obtained from (24a), (25a) and (26a) by detailed balan
ing.Note also that only single-quantum transitions (the most likely ones) are 
onsideredfor V-V and V-T rea
tions with mole
ules, whereas multi-quantum transitions area

ounted for in V-T ex
hanges with atoms. Vibrational disso
iation by V-V andV-T pro
esses is also in
luded, as a transition from v = 45 to a pseudo-level in the
ontinuum [94℄.The kineti
 s
heme presented in Tables 1-2 depends on quantities whose knowledgeis somewhat limited, su
h as the se
ondary ele
tron emission 
oeÆ
ient �e, the wallloss probability 
0k of ground-state spe
ies N2(X1�+g ,v) and N(4S) (whi
h may dependon the working 
onditions and / or the spe
i�
 surfa
e properties), and the bran
hingratios bion for the asso
iative ionization rea
tions (23)-(24) and batom for the atomi
 wall-deex
itations (47)-(48). There is a di�eren
e in the nature of the walls, between theGREMI and the LATMOS rea
tors: both are essentially made of stainless-steel, butthe 
ounter-ele
trode with the LATMOS rea
tor is in aluminum alloy. With no spe
i�
data for 
0k, a

ounting for the intera
tion of spe
ies with di�erent rea
tor walls, thequality of 
omparison between model results and measurements is probably a�e
ted.For the simulations in se
tion 4 we have taken �e = 0, 
N2 = 4:5� 10�4, 
N = 10�3, andbion = batom = 0:5. The sensitivity of the model results to these input parameters willbe dis
ussed in se
tion 4.3.3. Model solutionThe solution to the model iterates between the kineti
 and the 
uid modules. Figure 3presents the 
ow
hart of the numeri
al work
ow used in the simulations.Typi
ally the kineti
 module runs every ten rf periods, knowing the spa
e-time-average values of the 
harged parti
le densities and of the ele
tron rate-
oeÆ
ients /rates for the produ
tion / destru
tion of ea
h neutral spe
ies. Redu
ing, by a fa
tor of�ve, the frequen
y adopted for updating the kineti
 module speeds up 
al
ulations bya fa
tor of two, with negligible 
hanges (below 2%) in the main quantities 
al
ulated.Results are also not a�e
ted if the kineti
 module is updated more frequently instead, butthe 
al
ulation time is heavily degraded in this 
ase. The stationary solution to the setof (non-linear) rate balan
e equations (20) is obtained 
ombining a semi-impli
it time-relaxation te
hnique with an iterative matrix-inversion method. Convergen
e ensuresrelative variations of less than 10�6 for the densities of all neutral spe
ies and is a
hievedafter several hundred iterations. The new 
hemi
al 
omposition of the gas phase isthen used as input data to the homogeneous ele
tron Boltzmann equation, allowingupdating the set of ele
tron parameters (transport and rate 
oeÆ
ients). The spa
e-time dependen
e of the ele
tron parameters is de�ned by the lo
al ele
tron mean energyapproximation (see se
tion 3.1), and the spatial variation of the neutral spe
ies densitiesis tailored using the pro�les given by equations (22a)-(22
); then, these quantities areused in the solution to the 
uid module. Repla
ing (22a)-(22
) with 
onstant pro�lesfor the populations of the mole
ular and the atomi
 ex
ited spe
ies yields an in
rease of
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harged parti
le densities, the self-bias voltage and the 
oupledpower, respe
tively, and a 2% variation in the density of neutral spe
ies.The 
harged parti
le transport equations (2a)-(4b) and Poisson's equation (5) aredis
retized using a se
ond order �nite di�eren
e representation that in
ludes boundary
onditions (6a)-(8). In order to 
orre
tly des
ribe the spa
e-
harge sheaths, near theintegration boundaries, the 
ux equations (2b), (4b) are dis
retized using the S
harfetter-Gummel exponential s
heme [95℄. In this work, Poisson's equation is numeri
ally solvedby dire
t matrix methods, and the 
harged parti
le transport equations are integratedby adopting a semi-impli
it splitting method, that uses a Crank-Ni
holson algorithmwith an integration time step 
ontrolled by the Courant-Friedri
hs-Lewy 
ondition [96℄.The 
ode is usually solved in a 33 � 16(r; z) point grid, for typi
al 1000 � 4000 timesteps within ea
h rf period. The 
hoi
e of �ner grids leads to a severe degradationin the 
al
ulation time, with minor 
hanges in the results. In general, 500 � 1000rf 
y
les are needed to meet the global 
onvergen
e 
riterion: relative 
hanges betweentwo 
onse
utive periods, below (i) 5�10�4 for the 
harged parti
le densities, the ele
tronmean energy, the plasma potential and the self-bias voltage; (ii) 10�3 for the neutralparti
les, 
orresponding to 
al
ulation times of 1� 3 hrs using a Fortan 
ompiler on aIntel-Xeon E5520 (2:26 GHz) CPU.As a result, the model yields the 2D pro�les of the 
harged parti
le densities n�and 
uxes ~��, of the ele
tron mean energy " and 
ux ~�", and of the rf �eld ~E andpotential V ; the values of the self-bias voltage Vd
 and of the e�e
tive power 
oupledto the plasma We� ; and the average densities nk of N2(X1�+g ,v=0 � 45) (yielding thevdf), N2(A3�+u , B3�g, C3�u, a01��u , a1�g, w1�u, a001�+g ) and N(4S, 2D, 2P), satisfyingthe 
losure 
onditionPk nk +Pi ni = N .4. Results and dis
ussionThis se
tion presents numeri
al and experimental results 
hara
terizing the operationof 

rf dis
harges in pure nitrogen, at 0:1 � 1 mbar pressures and 2 � 30 W 
oupledpowers (
orresponding to applied rf voltages in the range 100� 300 V).An overall good agreement (qualitative and often also quantitative) is foundbetween simulations and measurements, whi
h exhibit the same order of magnitudeand the same kind of evolution trends as a fun
tion of the power 
oupled to theplasma, for various pressures. Moreover, the LATMOS and the GREMI rea
tors havesimilar behaviours (hen
e justifying a presentation here of sele
ted results only, namely
onsidering the kind of measurements made in ea
h rea
tor), although their di�erentdimensions (radii and spe
ially inter-ele
trode distan
es) 
an explain some distin
tionsin the operation features.Figure 4(a)-(b) presents the time-average axial pro�les (at dis
harge axis) of Ez=Nand of ne, nN+2 , nN+4 , respe
tively, 
al
ulated for the LATMOS rea
tor at variouspressures. For the same rea
tor, at 1 mbar, �gure 4(
)-(d) shows 2D (r,z) plots of theele
tron mean energy " and of the ionization rate by ele
tron impa
t ne�I , respe
tively.
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harges in N2 16An observation of �gure 4(a) 
on�rms that the thi
kness of the spa
e-
harge sheaths
orresponds approximately to 2=3 of the interele
trode distan
e (see the regions whereEz=N 6= 0), and that this thi
kness de
reases with an in
rease in the pressure due toa more limited ele
tron transport. Although there is no net 
harge-separation in the
entral part of the dis
harge (hen
e justifying Ez=N = 0 in this region), �gure 4(b)reveals that the 
harge parti
le density pro�les are quite diverse. In parti
ular, therelative importan
e in the N+2 to N+4 ion densities is highly dependent on the pressure(at 1 mbar, for example, both ions have similar populations), but the nN+2 axial pro�le isthe one whose shape 
hanges the most with variations in the pressure. These pro�les area 
onsequen
e of the relationship between the populations of ele
trons, ions and neutrals,interlinked through the main 
harged-parti
le produ
tion / destru
tion me
hanisms: (i)dire
t and stepwise ele
tron-impa
t ionization [rea
tions (6) and (7), see table 1℄; (ii)asso
iative ionization involving the ex
ited states N2(A) and N2(a') [rea
tions (23) and(24)℄; (iii) the ion 
onversion from N+4 to N+2 and the three-body ion 
onversion fromN+2 to N+4 [rea
tions (25) and (26), respe
tively℄; and (iv) the ele
tron re
ombinationwith N+2 and N+4 ions [rea
tions (10) and (11), respe
tively℄. Me
hanisms (i) and (ii)are dominant and their relative importan
e depends on the pressure: the 
ontributionof the asso
iative ionization to the 
harged-parti
le produ
tion is 35% at 0:2 mbar and10% at 1 mbar. The results show also that transport e�e
ts are less important for N+2than for N+4 , espe
ially at 1 mbar (noti
e that �N+4 is about 20% higher than �N+2 ,see se
tion 3.1); 
onsequently, the N+2 ion is lost at the same positions where it is
reated, and its density pro�le re
e
ts that of the ionization rate by ele
tron impa
t[its main produ
tion me
hanism at 1 mbar, see �gure 4(d)℄. Figure 4(
) shows thatthe ele
tron mean energy exhibits maximum values in the sheath regions, with the
onsequent enhan
ement of rea
tivity (i.e. produ
tion / destru
tion rates) in theseregions [this is 
on�rmed in �gure 4(d) for the ele
tron 
ollisions me
hanisms℄. Noti
ethat the maxima of the ele
tron mean energy (within the spa
e-
harge sheaths) aredispla
ed from those of the 
harged parti
le densities, whi
h o

ur halfway between theele
trodes due to transport [see �gure 4(b)℄. Noti
e further the ex
eptional magnitudeof h"i at the 
orner (r = R, z = 0) (� 12 eV for these 
onditions), due to the very smallgap between the driven ele
trode and the grounded grid.Figure 5(a)-(b) presents the axial pro�le of radiative intensities with the SPS(0,0)band and the 811:5 nm atomi
 argon line, measured (along the dis
harge 
ross se
tion)and 
al
ulated (applying a time- and radial- average) for the GREMI rea
tor atvarious pressures. This �gure shows that the 2D model yields an axial distributionfor both the nitrogen of the argon intensities in good agreement with spatially resolvedspe
tros
opi
 measurements. The latter are diÆ
ult to 
ontrol, not only due to theextreme dependen
e of the emitted light intensity with position but also be
ause ofthe limitations in de�ning a pre
ise referen
e frame between the ele
trodes. ThesediÆ
ulties 
an justify the di�eren
es observed in the positions of the 
al
ulated andmeasured intensity peaks, whi
h in any 
ase do not 
all into question the validity ofmodels results.



Capa
itively 
oupled radio-frequen
y dis
harges in N2 17The self-bias voltage, measured and 
al
ulated for both rea
tors at variouspressures, is depi
ted in �gure 6(a)-(b) as a fun
tion of the power 
oupled to theplasma. Note that a in
rease in the 
oupled power and a de
rease in the pressure, bothlead to a more asymmetri
 dis
harge operation (hen
e to a higher self-bias voltage),due to an enhan
ement in the 
harged-parti
le 
uxes towards the ele
trodes. A goodagreement is found (both quantitative and qualitative) between Vd
 simulations andmeasurements for the LATMOS rea
tor. For the GREMI rea
tor, the model predi
tsthe 
orre
t evolution trend for Vd
 with variations in both We� and p, yet yieldingvalues that seem systemati
ally deviated with respe
t to the experiment, whi
h mightbe due to un
ertainties in the wall loss probabilities adopted. In any 
ase, the quality ofthe agreement for a global parameter su
h as the self-bias voltage, obtained using twodi�erent experimental setups, 
onstitutes another su

essful test for model validation.Figure 7 presents the spa
e-time average ele
tron density, as a fun
tion of thepower 
oupled to the plasma, measured and 
al
ulated for the GREMI rea
tor atvarious pressures. As for Vd
, one observes hnei to in
rease with We� (at 
onstantpressure) simply due to the enhan
ed energy involved in plasma maintenan
e. Noti
ethat a de
rease in p (at 
onstant power 
oupled) leads to an in
rease in hnei (for most
onditions), whi
h is asso
iated with an in
rease also in ", probably to 
ompensatefor higher (parti
le and energy) losses. Ultimately, this variation is responsible for asigni�
ant in
rease in the ionization degree, when p de
reases at 
onstant We� . Figure 7shows that the 
al
ulated ele
tron density is underestimated by a fa
tor of about 4 withrespe
t to experiment, whi
h is a typi
al limitation of 
uid simulations when appliedto the modelling of 

rf dis
harges. This is probably asso
iated with the fa
t that theele
tron 
ux equation (2b) negle
ts the 
orresponding inertia term, whi
h overestimatesthe energy budget required to maintain the rf sheaths leaving less energy available forthe ele
tron produ
tion. However, even with this limitation, the model is 
apable toprovide 
orre
t qualitative predi
tions for the evolution of hnei with We� and p.Figure 8(a)-(
) presents the spa
e-time average radiative intensities, as a fun
tionof the power 
oupled to the plasma, of the SPS(0,2) and the FNS(0,0) bands, and of the811:5 nm atomi
 argon line, measured and 
al
ulated for the LATMOS rea
tor at variouspressures. Measurements were 
arried out in the vi
inity of the driven ele
trode, wherethe emitted light intensity is maximum, and thus they are 
ompared with spatially-averaged simulations results, 
al
ulated over the entire dis
harge 
ross se
tion (in theradial dire
tion) and over 1=3 of the interele
trode distan
e (in the axial dire
tion,below the driven ele
trode). The experimental observations reveal that the transitionintensities are highly dependent on position (within mm, see �gure 5), whi
h makesextremely diÆ
ult to 
ontrol the measurement of spatially-averaged data to 
omparewith the simulations. Within ea
h �gure 8(a)-(
) the model results are normalized to asingle experimental point, be
ause no absolute 
alibration of the opti
al devi
e has beendone and thus the OES data are in arbitrary units. A fair agreement is found betweensimulations and measurements, parti
ularly at low pressures and low 
oupled powers.Figure 8(b) shows that the evolution of the FNS(0,0) intensity, with variations in either
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harges in N2 18the pressure or the 
oupled power, is similar to that of the ele
tron density [see �gure 7and the inset in �gure 8(b)℄, thus 
on�rming the relevant role of the ele
tron 
ollisionsin the produ
tion of N+2 and the 
oheren
y of the present study (the ne measurementswere made in the GREMI rea
tor, whereas the spatially-averaged OES measurementswere performed in the LATMOS rea
tor). Note that the SPS(0,2) and the Ar(811nm)intensities exhibit di�erent behaviours with 
hanges in p and We� . The argon linefollows the same variation trends as ne (de
reasing with an in
rease in p and in
reasingwith We�), whereas the SPS(0,2) band in
reases with p and tends to saturate as We�in
reases. These di�eren
es 
an be explained by a 
ombination of fa
tors: (i) the argonex
itation is assumed to pro
eed via dire
t ele
tron 
ollisions only, whereas the N2(C)ex
ited state is 
reate not only by the dire
t ele
tron ex
itation (4a) but also by thepooling rea
tion (15b) (see Table 1), whose 
ontribution to the total N2(C) produ
tion is5% at 1 mbar and 26% at 0:2 mbar; (ii) the di�eren
es, both in threshold and in shape,between the ele
tron-impa
t ex
itation 
ross se
tions of N2(C) and of Ar lead to di�erentspatial distributions of the 
orresponding time-average ele
tron rate 
oeÆ
ients, hen
eto di�erent lo
al produ
tion rates with these me
hanisms whose values, in any 
ase,de
rease with the pressure.Figure 9(a)-(b) shows the time-average ele
tron energy probability fun
tionf(u)u1=2 as a fun
tion of u, 
al
ulated for the LATMOS rea
tor at p = 1 mbar andWe� = 7:4 W and at p = 0:5 mbar and We� = 5 W (
orresponding to Vrf ' 200 V). Byusing the lo
al mean energy approximation (see se
tion 3.1) the eedf be
omes spatiallyresolved via its dependen
e with " and ne [see equation (15)℄, and thus results areobtained in the dis
harge 
entre (r = 0 and z = 16:5 mm) and in the spa
e-
harge sheathwith the driven ele
trode (r = 0 and z = 4:1 mm), where the OES measurements weredone (see �gure 8). Figure 9 reveals that a 
hange in the pressure indu
es a 
onsiderablemodi�
ation of the eedf in the spa
e-
harge sheath, but the same is not observed in theplasma bulk where the eedf's shape is not altered by pressure variations. In both regionsa de
rease in p yields an in
rease in the tail of f(u)u1=2 and a simultaneous de
reasein its body, but these modi�
ations are parti
ularly signi�
ant in the sheath where "
hanges from 5:9 to 9:7 eV when p goes from 1 to 0:5 mbar. Noti
e that the in
reasein the eedf's tail with the de
rease in the pressure, although implying an enhan
ementin the ele
tron 
ollision rate 
oeÆ
ients, does not augment the relative 
ontribution ofthe ele
tron impa
t me
hanisms for 
harged parti
le produ
tion, at low pressures. This(apparent) 
ontradi
tion is asso
iated with the extraordinary in
rease observed in theN2(A) and N2(a') populations when the pressure de
reases [see �gure 10(a)-(b)℄.Figure 10(a)-(b) presents the relative densities of the N2(A) and the N2(a')metastable states, as a fun
tion of the power 
oupled to the plasma, 
al
ulated forthe LATMOS rea
tor at various pressures. These spe
ies play an important role in theele
tron produ
tion [via the asso
iative ionization rea
tions (23) and (24), see table 1℄and in the population of the N2(C) state responsible for the SPS transition [via thepooling rea
tion (15b), see table 1℄. The densities nN2(A)=N and nN2(a0)=N be
ome largerwith either a de
rease in p or an in
rease in We� (parti
ularly at low pressures), due to
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rease in both ne and ". In
identally, the same kind of variation was reported aboutmeasurements of the N2(A) density in indu
tively 
oupled plasmas (at lower pressuresand higher 
oupled powers) [97℄. Noti
e that the main produ
tion me
hanisms of statesN2(A) and N2(a') pro
eed, respe
tively, via the states N2(B) [pooling rea
tion (16a)and radiative transition (28)℄ and N2(a) [pooling rea
tion (18) and ele
tron ex
itation(4a)℄, whi
h are 
reated via 
ollisions with N2(A) itself [vibrational de-ex
itation (14)℄and with ele
trons [rea
tion (4a)℄. The vibrational ex
ited states N2(X; v = 2� 10) arealso populated essentially by dire
t ele
tron ex
itation. Ultimately, the ele
tron kineti
s
ontrols the population of the metastables, justifying their variations with the working
onditions.Figure 11 plots the disso
iation degree of nitrogen nN= (nN2 + nN), as a fun
tionof the power 
oupled to the plasma, 
al
ulated for the LATMOS rea
tor at variouspressures. One observes weak disso
iation degrees, varying between 10�3 and 4� 10�2for in
reasing We� values (at standard 
0N2 = 4:5 � 10�4 and 
0N = 10�3 
onditions)and exhibiting little 
hanges with p. The results displayed show also that thedisso
iation degree de
reases with an in
rease in the wall loss probabilities for atoms(as expe
ted, a signi�
ant e�e
t is observed) and vibrationally ex
ited mole
ules, 
0Nand 
0N2, respe
tively. These results 
an be explained by noti
ing that the maindisso
iation me
hanisms of nitrogen involve 
ollisions with highly ex
ited vibrationalstates [above v> 10, see rea
tions (22) and (41) in tables 1 and 2℄, whose kineti
sis essentially governed by N2-N2 V-V and N2-N V-T me
hanisms [rea
tions (38) and(13), respe
tively℄ that are favoured by an in
rease in both the 
oupled power and thepressure. Consequently, the N(S,D,P) populations are roughly proportional to p andthe disso
iation degree presented in �gure 11 displays negligible variations with thepressure. This is in 
ontrast with the results of �gure 7, whi
h suggest an importantvariation of the ionization degree with the pressure (in 
oheren
y with the evolution ofnN2(A)=N and nN2(a0)=N vs. p plotted in �gure 10), regardless the fa
t that the ionizationenergy is higher than the disso
iation energy in nitrogen. This apparent 
ontradi
tionputs forward the existen
e of di�erent me
hanisms, asso
iated with the ele
tron andthe vibrational kineti
s, in 
ontrol of the ionization and the disso
iation of nitrogen,respe
tively.As mentioned in se
tion 3.2, the kineti
 s
heme presented in Tables 1-2 depends onseveral parameters (bion, batom, 
N, 
N2 , and �e), whose values 
an in
uen
e the modelresults. Simulations tests show that: (i) the bran
hing ratios bion and batom 
an varybetween 0� 1 with little in
uen
e upon the results; (ii) the wall atomi
 re
ombinationprobability has an (obvious) dire
t e�e
t upon the disso
iation degree, whi
h de
reasesby a fa
tor of � 102 when 
0N in
reases from 10�3 to 1. This variation in 
0N yieldsalso a maximum in
rease of � 12% in ne, due to a redu
tion in the destru
tion ofthe metastable N2(A) by atomi
 impa
t (re
all that the asso
iative ionization involvingN2(A) is one of the main ele
tron produ
tion 
hannels); (iii) an in
rease in the wallvibrational deeex
itation probability redu
es signi�
antly the population of the lowervibrationally ex
ited states, thereby a�e
ting the shape of the vdf. This has a dire
t
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t upon the disso
iation degree (
ontrolled by the vibrational kineti
s) and theele
tron produ
tion (
ontrolled by dire
t / stepwise ele
tron impa
t ionization, whi
his favoured by the quen
hing of vibrationally ex
ited states down to the ground-state). The disso
iation degree and the ele
tron density de
rease � 93% and in
rease� 45%, respe
tively, when 
0N2 varies from 4:5 � 10�4 to 1 at 0:5 mbar and 10 W;(iv) variations in the se
ondary ele
tron emission 
oeÆ
ient produ
e negligible 
hangesin the ele
tron density, although a�e
ting the self-bias voltage through 
hanges in theboundary 
ondition (7a). By in
reasing �e from 0 to 0:5, jVd
j redu
es � 10% at 0:5 mbarand 10 W.5. Final remarksThis paper has studied 

rf plasma dis
harges in pure nitrogen, using both experimentsand simulations. Experiments obtained relevant parameters (the rf-applied and thed
-self-bias voltages, the e�e
tive power 
oupled to the plasma, the average ele
trondensity, and the intensities of radiative transitions with the nitrogen se
ond-positiveand �rst-negative systems and with the 811:5 nm atomi
 line of argon), re
orded in theLATMOS and the GREMI laboratories. Measurements were made independently andwith di�erent equipment upon two similar (not twin) experimental setups (
ylindri
alparallel-plate rea
tors surrounded by a lateral grounded grid), at p = 0:1 � 1 mbarpressures and We� = 2 � 30 W e�e
tive powers 
oupled to the plasma (
orrespondingto applied rf voltages Vrf = 100� 300 V). The 
oupled powers were measured using thesubtra
tive method (with and without plasma), thus a

ounting for the power losses inthe external 
ir
uitry (the mat
hbox, the 
oaxial 
ables and the di�erent 
onne
tors).Simulations used a hybrid 
ode that 
ouples a 2D (r, z) time-dependent 
uid moduleto a very 
omplete 0D kineti
 module. The 
uid module solves the 
ontinuity and themomentum-transfer equations for ele
trons and positive ions N+2 (X), N+2 (B) and N+4 ,the ele
tron mean energy transport equations, and Poisson's equation for the rf ele
tri
potential. The kineti
 module solves the two-term homogeneous and stationary ele
tronBoltzmann equation (a

ounting for inelasti
 
ollisions from ground-state mole
ules andatoms, and inelasti
 and superelasti
 
ollisions involving vibrationally ex
ited states)and the rate balan
e equations of 45 vibrational ex
ited states with the ground-stateN2(X1�+g ,v=0 � 45), 7 ele
troni
 states N2(A3�+u , B3�g, C3�u, a01��u , a1�g, w1�u,a001�+g ) with the nitrogen mole
ule, and 3 ele
troni
 states N(4S, 2D, 2P) with nitrogenatoms.The 
ode was validated by 
omparison between simulations and measurements,yielding a good agreement (within the experimental un
ertainties) for the self-biasvoltage and for the intensities of radiative transitions (both average and spatially-resolved), at di�erent pressures and 
oupled powers. This validation showed that itis possible to join a sophisti
ated 2D spa
e-time dependent dis
harge 
ode to a 
omplexkineti
 s
heme to model 

rf dis
harges in pure nitrogen. Moreover, the validationused experimental results obtained from two separate setups, whi
h 
orresponds to
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eptional ben
hmarking 
onditions not only for this work but also for future works.Finally, be
ause model validation has been based also on the analysis of opti
al emissionspe
tros
opy diagnosti
s, it further allowed to 
larify the me
hanisms 
ontrolling thekineti
s of the main ex
ited spe
ies with nitrogen. In parti
ular, experimental SPSresults are only mat
hed if the N2(A) density, ne and the ele
tri
al parameters are
orre
t, whereas the FNS emission is only properly modelled if both the 
al
ulated N+2density and the vdf are a

urate. Noti
e that we have 
hosen here to des
ribe theevolution of the relevant physi
al quantities as a fun
tion of We� instead of Vrf. This
hoi
e is be
ause, in the present model, neither the inertial terms in the ele
tron 
uxequation (2b) were a

ounted for, nor the external power-
ir
uit was 
onsidered in aself-
onsistent way, whi
h 
an alter the phase between V (t) and It(t), and thus therelationship between Vrf and We� .Results exhibit a strong spatial non-homogeneity that depends parti
ularly onthe operating pressure. These features are well predi
ted by the 2D transport e�e
ts
onsidered in the model, whi
h adopts the lo
al mean energy approximation to de�nespa
e-time dependent ele
tron parameters for the 
uid module and to work-out spa
e-time average rates for the kineti
 module. The su

ess of this spatial des
ription dependsmostly on the 
al
ulated eedf, whose tail is more populated in the spa
e-
harge sheathregion than in the plasma bulk region, espe
ially at low pressure. Transport e�e
tsjustify also that the maxima of the 
harged parti
le densities o

urs at the rea
tor
entre, displa
ed from the maxima of their produ
tion rates (lo
ated within the spa
e-
harge sheaths). These results show the need to adopt the 
omplete 2D spa
e-timedes
ription 
onsidered here to provide an adequate modelling of these dis
harges.Simulations tests show that the model predi
tions are not signi�
antly a�e
ted(variations below 10%) by 
hanges in (i) the bran
hing ratios for the produ
tion of atomsand of ions, (ii) the se
ondary ele
tron emission 
oeÆ
ient, (iii) the frequen
y adoptedfor updating the nitrogen kineti
s in 
al
ulations and (iv) the pro�les imposed in themodel for the mole
ular and the atomi
 ex
ited spe
ies. As expe
ted, the probabilitiesfor the atomi
 re
ombination and the vibrational deeex
itation at the wall have a dire
te�e
t upon both the disso
iation degree and the ele
tron density. However, even bysetting these probabilities to unity the disso
iation degree remains low and ne in
reasesnot more than 45%. This shows that the highly-
omplex kineti
 s
heme proposed here isable to 
apture the main plasma features (within experimental errors), even 
onsideringthe un
ertainties asso
iated with some of the 
ollisional data.As usually observed in 
uid models applied to 

rf dis
harges, simulationsunderestimate the ele
tron density by a fa
tor of 3� 4, yet yielding 
orre
t qualitativepredi
tions for the evolution of hnei with We� and p. Ele
trons are produ
ed mainly bydire
t and stepwise ele
tron-impa
t ionization and by asso
iative ionization involving themetastables states N2(A) and N2(a'); these me
hanisms yield a relatively low ele
trondensity (hnei ' 5� 108� 5� 109 
m�3) due to the limited 
oupled-power 
hara
terizingthese dis
harges. At 10W the ionization degree ranges from 6�10�8 at 1 mbar to 4�10�7at 0:5 mbar, and this variation is a

ompanied by an in
rease in the populations of N2(A)
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harges in N2 22and N2(a'). Even if the ionization of nitrogen is essentially 
ontrolled by the ele
tronkineti
s, its disso
iation is governed by the vibrational kineti
s and by the atomi
 lossesat the walls. The disso
iation degree is very weak, varying between 10�3 and 4� 10�2for in
reasing 
oupled powers (these are maximum values, obtained for a vanishinglysmall atomi
 wall-loss probability), being asso
iated with atomi
 populations that areroughly proportional to the pressure. Sin
e the populations of atoms are not easilymeasurable, this is an important model result. The reliability of the predi
tions for thedisso
iation degree is indire
tly ensured by the good agreement between simulations andmeasurements for the intensities of radiative transitions, sin
e both results depend onthe a

ura
y of the kineti
 des
ription for the ex
ited N2 and N spe
ies.The present work is part of a more extended study aiming 
hara
terizing 

rfdis
harge plasmas produ
ed in nitrogen-methane mixtures (for CH4 
on
entrations upto 10%), for the laboratory synthesis of analogues to Titan's solid aerosols. The step-by-step methodology adopted was initiated with the study of pure N2 dis
harges presentedhere, whi
h allowed to set well-grounded physi
al basis for understanding these plasmas(in terms of the dis
harge produ
tion features, the transport des
ription adopted, andthe kineti
 me
hanisms 
onsidered), before moving to more 
omplex situations. Thisstrategy will 
ontinue with the study of N2-H2 and of N2-CH4 

rf dis
harges, the latterin
luding dust formation.A
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aptions

Figure 1. S
hemati
 diagram of the plasma 
hamber and the external 
ir
uit withthe 
apa
itively 
oupled rea
tors used in this work. The plasma is the shaded region,between the driven (top) and the grounded ele
trodes.
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Figure 2. Axial density pro�le g(z) [spatially homogeneous in the plasma bulk andlinearly de
reasing in the plasma sheaths, see equation (22b)℄, adopted in this work forN2(A3�+u , a01��u , a1�g , w1�u) and N(2D, 2P). In this �gure, Æ0 and Æd are the sheaththi
kness near the driven ele
trode and the grounded ele
trode, respe
tively; f0 andfd are the ratio of the wall density to the bulk density 
al
ulated at z = 0 and z = d,respe
tively. The radial pro�le follows equation (22
) and is similar to this one.
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Figure 3. Flow
hart of the numeri
al work
ow used in the simulations.
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Figure 4. Cal
ulated time-average pro�les (for the LATMOS rea
tor) of the followingquantities: (a) the axial redu
ed ele
tri
 �eld and (b) the densities of ele
trons (�), N+2(� ) and N+4 (N) ions, as a fun
tion of z at dis
harge axis (r = 0), for p = 1 mbar (solidline) and p = 0:2 mbar (dashed); (
) the ele
tron mean energy and (d) the ionizationrate by ele
tron impa
t, as a fun
tion of r and z for p = 1 mbar pressure. The power
oupled to the plasma is 7:4 W at 1 mbar and 2:3 W at 0:2 mbar, 
orresponding toVrf ' 200 V.



Capa
itively 
oupled radio-frequen
y dis
harges in N2 27

0 1 2 3 4
0.0

0.2

0.4

0.6

0.8

1.0 (a)

 

 

In
te

ns
ity

 S
PS

(0
,0

) (
a.

u.
)

z (cm)

0 1 2 3 4
0.0

0.2

0.4

0.6

0.8

1.0
(b)

 

 

In
te

ns
ity

 A
r(

81
1n

m
) (

a.
u.

)

z (cm)

Figure 5. Time- and radial- average radiative intensities of the SPS(0,0) band (a)and the 811:5 nm atomi
 argon line (b), measured (points) and 
al
ulated (lines)between the ele
trodes of the GREMI rea
tor, for the following work 
onditions (atVrf ' 145 V): p = 1 mbar and We� = 4 W (solid line and �); p = 0:2 mbar andWe� = 16 W (dashed and Æ ). For ea
h 
ondition, the maxima of the experimentaland the 
al
ulated 
urves were normalized to the same value.
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Figure 6. Self-bias voltage, as a fun
tion of the power 
oupled to the plasma, measured(points) and 
al
ulated (lines) in the LATMOS (a) and the GREMI (b) rea
tors, forthe following pressures (in mbar): 1 (solid line and �); 0:72 (dashed and � ); 0:5(dotted and N); 0:2 (dashed-dotted and �).
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Figure 7. Spa
e-time average ele
tron density, as a fun
tion of the power 
oupled tothe plasma, measured (points) and 
al
ulated (lines) in the GREMI rea
tor, for thefollowing pressures (in mbar): 1 (solid line and �); 0:72 (dashed and � ); 0:5 (dottedand N); 0:2 (dashed-dotted and �). Simulations are multiplied by a fa
tor of 4, forrepresentation purposes.
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Figure 8. Spa
e-time average radiative intensities, as a fun
tion of the power 
oupledto the plasma, of the SPS(0,2) band (a), the FNS(0,0) band (b), and the 811:5 nmatomi
 argon line (
), measured (points) and 
al
ulated (lines) in the LATMOS rea
tor,for the following pressures (in mbar): 1 (solid line and �); 0:6 (dashed and � ); 0:2(dotted and N). The inset in �gure 8(b) is just its semilog representation. Within ea
hsub�gure (a),(b) and (
), all simulation values are normalized to one experimentalpoint obtained at: � 7 W and 0:6 mbar for the SPS(0,2); � 7 W and 0:2 mbarfor the FNS(0,0); � 7 W and 0:2 mbar for the Ar(811 nm). Simulations wereaveraged radially, over the entire dis
harge 
ross se
tion, and axially, over 1=3 of theinterele
trode distan
e below the driven ele
trode (
orresponding to the region wherethe OES measurements were 
arried out).
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Figure 9. Time-average ele
tron energy probability fun
tion f(u)j h"i; hneiu1=2, as afun
tion of the kineti
 energy u, 
al
ulated for the LATMOS rea
tor and the followingwork 
onditions (at Vrf ' 200 V): p = 1 mbar and We� = 7:4 W (solid lines);p = 0:5 mbar and We� = 5 W (dashed). The results 
orrespond to: (a) the dis
harge
entre (at r = 0 and z = 16:5 mm), where the time-average ele
tron mean energy ish"i ' 2:4 and 2:7 eV for p = 1 and 0:5 mbar, respe
tively; (b) the spa
e-
harge sheathwith the driven ele
trode (at r = 0 and z = 4:1 mm), where h"i ' 5:9 and 9:7 eV forp = 1 and 0:5 mbar, respe
tively.
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Figure 10. Redu
ed populations (relative to the gas density) of the N2(A) (a) and theN2(a') (b) spe
ies, as a fun
tion of the power 
oupled to the plasma, 
al
ulated for theLATMOS rea
tor and the following pressures (in mbar): 1 (solid line); 0:5 (dashed);0:2 (dotted).
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Figure 11. Disso
iation degree of nitrogen nN= (nN2 + nN), as a fun
tion of the power
oupled to the plasma, 
al
ulated for the LATMOS rea
tor and the following pressures(in mbar): 1 (solid line); 0:5 (dashed); 0:2 (dotted). The dashed 
urves were obtainedusing di�erent wall loss probabilities: 
0N2 = 4:5 � 10�4 and 
0N = 10�3 (A, standard
onditions); 
0N2 = 1 and 
0N as in A (B); 
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0N2 as in A (C, results multipliedby 10).
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Table 1. Nitrogen kineti
 rea
tions for mole
ular spe
ies. Here, the states N2(X1�+g ,v), N2(A3�+u , B3�g , C3�u, a01��u , a1�g, w1�u,a001�+g ) and N(4S, 2D, 2P) are represented by N2(X,v), N2(A,B,C,a0,a,w,a00) and N(S,D,P), respe
tively; also, N2(X) is for N2(X,v=0),and N2, N+2 and N are for the ensemble of all mole
ular neutral, mole
ular ion and atomi
 spe
ies, respe
tively. The label eedf meansthat the rate 
oeÆ
ient was obtained by integration of the 
ross se
tion over the ele
tron energy distribution fun
tion; Te and Tg are theele
tron and the gas temperatures, respe
tively. The rate 
oeÆ
ients are in 
m3 s�1 unless spe
i�ed otherwise.Nb. Coll. type Rea
tion Rate 
oeÆ
ientEle
tron 
ollisions C�l;k(1)a Elasti
 e + N2(X) �! e + N2(X) eedf(2)a Rot. ex
itation e + N2(X,J) �! e + N2(X,J0) eedf(3)a Vib. ex
. / deex
. e + N2(X,v=0-9)  ! e + N2(X,w=(v+1)-10) eedf(4a)a Ele
t. ex
./deex
. e + N2(X) �! e + N2(A,B,C,a0,a,w,a00) eedf(4b)a e + N2(X) �! e + N2(B0)N2(B0) �! N2(B) + h� eedf(4
)b e + N2(X) �! e + N2(W,E,higher levels) eedf(5a) e + N2(A)  ! e + N2(B,C) eedf(5b) e + N2(A) �! e + N2(X) eedf(6)a Ionization e + N2(X) �! 2e + N+2 (X,B) eedf(7) e + N2(A,B,a0,a,w) �! 2e + N+2 eedf(8) Ion rea
tion e + N+2 (X) �! e + N+2 (B) eedf(9) Disso
iation e + N2(X) �! e + N(S) + N(S,D) eedf(10) Re
ombination e + N+2 �! 2N(S) 4:8� 10�7[300=Te(K)℄0:5(11) e + N+4 �! 2N2(X) 2:0� 10�6[300=Te(K)℄0:5
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Table 1. Nitrogen kineti
 rea
tions for mole
ular spe
ies (
ont).Nb. Coll. type Rea
tion Rate 
oeÆ
ientHeavy parti
le 
ollisions Klm;k(12) V-T pro
esses N2 + N2(X,v=0-45)  ! N2 + N2(X,v�1) Pv;v�1(13) V-V pro
esses N2(X,v=0-45) + N2(X,w=0-45)  ! N2(X,v�1) + N2(X,w�1) Qw;w�1v;v�1(14) Vib. deex
. N2(A) + N2(X,v=5-14) �! N2(B) + N2(X) 2:0� 10�11(15a) Ele
t. ex
./deex
. N2(A) + N2(A) �! N2(B) + N2(X) 7:7� 10�11(15b) N2(A) + N2(A) �! N2(C) + N2(X) 1:5� 10�10(16a) N2(B) + N2 �! N2(A) + N2 2:85� 10�11(16b) N2(B) + N2 �! N2(X) + N2 1:5� 10�12(17) N2(a0) + N2 �! N2(B) + N2 1:9� 10�13(18) N2(a) + N2 �! N2(a0) + N2 2:0� 10�11(19) N2(w) + N2 �! N2(a) + N2 1:0� 10�11(20) N2(a00) + N2 �! produ
ts 2:3� 10�10(21) Disso
iation N2(A) + N2(X,v=14-19) �! N2(X) + 2N(S) 1:5� 10�12(22) 2N2(X,v=11-24) �! N2(X) + 2N(S) 3:5� 10�15(23) Ionization N2(A) + N2(a0) 1:0� 10�11bion�! N+4 + e1�bion�! N+2 + N2(X) + e(24) N2(a0) + N2(a0) 5:0� 10�11bion�! N+4 + e1�bion�! N+2 + N2(X) + e(25) Ion rea
tions N+4 + N2 �! N+2 + N2(X) + N2 2:1� 10�16 exp[Tg(K)=121℄(26) N+2 + N2(X) + N2 �! N+4 + N2 6:8� 10�29[300=Tg(K)℄1:64 
m6 s�1(27) N+2 (X) + N2(X,v � 12) �! N+2 (B) + N2(X,v-12) 1:0� 10�11(28) Radiative trans. N2(B) �! N2(A) + h� AN2(B);N2(A) = 2:0� 105 s�1(29) N2(C) �! N2(B) + h� AN2(C);N2(B) = 2:74� 107 s�1(30a) N2(a) �! N2(X) + h� AN2(a);N2(X) = 1:8� 104 s�1(30b) N2(a) �! N2(a0) + h� AN2(a);N2(a0) = 1:91� 102 s�1(31) N2(w) �! N2(a) + h� AN2(w);N2(a) = 6:5� 102 s�1(32) N+2 (B) �! N+2 (X) + h� AN+2 (B);N+2 (X) = 1:6� 107 s�1(33) Wall rea
tions N2(X,v) + wall �! N2(X,v-1) 
0N2(X;v)(34) N2(A,a0,a,w) di�usion�! N2(X) DkN =5� 1018[Tg(K)=300℄0:5 
m�1 s�1a The 
ross se
tion for this me
hanism is 
onsidered also in the solution to the ele
tron Boltzmann equation.b This me
hanism is 
onsidered only in the solution to the ele
tron Boltzmann equation.
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Table 2. Nitrogen kineti
 rea
tions for atomi
 spe
ies. The labels, 
onventions and units are as in Table 1.Nb. Coll. type Rea
tion Rate 
oeÆ
ientEle
tron 
ollisions C�l;k(35)a Elasti
 e + N(S) �! e + N(S) eedf(36)a Ele
t. ex
./deex
. e + N(S)  ! e + N(D,P) eedf(37) e + N(D)  ! e + N(P) eedfHeavy parti
le 
ollisions Klm;k(38) V-T pro
esses N + N2(X,v=0-45) �! N + N2(X,w=0-45) PN2�Nv;w(39) Ele
t. ex
./deex
. N(D) + N2 �! N(S) + N2 1:0� 10�13 exp[�510=Tg(K)℄(40) N(P) + N2 �! N(S) + N2 6:0� 10�14(41) N(P) + N2(X,v � 10) �! N(S) + N2(A) 1:0� 10�10 exp[�1300=Tg(K)℄(42) N(S) + N2(A) �! N(P) + N2(X,v=6-9) 4:0� 10�11(43a) N(S) + N(P) �! N(S) + N(S) 1:8� 10�12(43b) N(S) + N(P) �! N(S) + N(D) 6:0� 10�13(44) N(S) + N(S) + N2 �! N2(B) + N2 8:27� 10�34 exp[500=Tg(K)℄ 
m6 s�1(45) Ionization N(D) + N(P) �! e + N+2 1:0� 10�13(46) Wall rea
tions N(S) + wall �! (1/2)N2(X) 
0N(S)(47) N(D) di�usion�! DN(D)N = 6:4� 1018[Tg(K)=300℄0:5 
m�1 s�1batom�! N(S)1�batom�! (1/2)N2(X)(48) N(P) di�usion�! DN(P)N = 5:2� 1018[Tg(K)=300℄0:5 
m�1 s�1batom�! N(S)1�batom�! (1/2)N2(X)a The 
ross se
tion for this me
hanism is 
onsidered also in the solution to the ele
tron Boltzmann equation.
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oeÆ
ient for V-T
ollisions with atoms. A0 is in 
m3 s�1 and Tg is in K.Rea
tive Non-rea
tiveA0 2:21� 104=T 1:43g 9:24� 104=T 1:63gA1 3:21� 104=T 0:80g 1:82� 104=T 0:70gA2 2:50� 105=T 1:04g 9:89� 103=T 0:44gv? 7 9
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