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Abstract. The electron and vibrational ldnetics in an N2-H2 glow discharge have 
been analysed using a self-consistent theoretical approach valid in the wndfiions 
of a low-pressure moderate current. positive column. This model is based on the 
soluiions to the homogeneous BoRzmann equation and the two systems d rate 
balance equations for the vibrational levels N2(X'C;, v) and H2(X'C2,v'). which 
take into account €4 V-V and V-T processes for the N2N2 and H2-H2 systems 
as well as those involving N2-H2 wliisions. This paper presents a large amount of 
calculated data on the vibrational distribution functions d N?(X, v) and H2(XIv') 
molecules, electron energy distribution function, rate of dissociation and eledron 
rate coefficients for excitation. This formulation provides a relationship between 
the characteristic vibrational temperatures Tv(N2) and TdH2) and a dependence 
of T,(&) on the fractional HZ concentration. which are in satisfactory agreement 
with measurements by emission spectroscopy and by CARS, The model also 
predicts the strong decrease d the rate d dissociation d N2 as R is observed in 
fiwing discharges when a few per cent d H2 is added to N2. 

1. Introduction 

The study of reactive plasmas in mixtures containing 
Nz molecules currently motivates considerable attention 
as these mixtures are commonly employed for surface 
treatments (e.g. metal surface nitriding and coating). 
In particular, for steel surface nitriding in industrial re- 
actors, the plasma is a NZ-Hz glow discharge and the 
sample to be nitrided is usually connected as a cathode 
[1-5]. The production of nitrogen active species cre- 
ated in such applications (e.g. N, N*(X, w), NZ, N;) 
constitutes, therefore, an active field of research. In pre- 
vious publications, the active species N, g, N2(B3np) 
and N2(C311,) have been extensively studied by e m s -  
sion spectroscopy [2,3], while the populations in the 
Nz(X'C:,w) levels have been determined either by 
using rare gas actinometry [2] or by the CARS method 
[4,5]. However, in those previous works no theoretical 
studies of the electron and the vibrational kinetics have 
been attempted in a selfconsistent manner. 

It is the purpose of this paper to analyse the kinet- 
ics in an NZ-HZ homogeneous glow discharge (i.e. in a 
classical positive column) of both the electrons and the 
vibrationally excited molecules in the electronic ground 
states Nz(X'C:,w) and Hz(X'C:,w'). As a second 
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aim, we pretend to analyse previously reported mca- 
surements in the negative glow near the Cathode fall 
[ 1 5 ]  where, as it is well known, there are quite diffcr- 
ent electric fields and a marked spatial inhomogeneity of 
the plasma. Although theory and experiment have not 
been performed for the same conditions, we will show 
that some of the characteristic features exhibited in the 
previous measurements, and not conveniently discussed 
in earlier papers, may be attributed to the coupling 
of the vibrational kinetics of Nz(X, w) and Hz(X, w') 
molecules each other and, therefore, they are satisfao 
torily explained by present theoretical predictions using 
an homogeneous model. 

The self-consistent theoretical approach presented 
in this paper is based on simultaneous solutions to 
the homogeneous electron Boltzmann equation and 
the hvo systems of vibrational rate balance equa- 
tions for the populations Nz(X,O < w < 45) and 
Hz(X,O < w' 6 14). Both systems take into a o  
count electron-vibration (e-V), vibration-vibration (V- 
V) and vibration-translation (V-T) energy exchange 
processes, as well as the processes of dissociation by 
the V-V and V-T exchanges and atomic reassocia- 
tion. The V-V and V-T processes include both the 
exchanges between equal collision partners, Nz-Nz and 
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H2-H2, and those involving different partners N2 and 
H2. Inelastic and superelastic collisions of the electrons 
with vibrationally excited molecules N2(X, v > 0) and 
H2(X,v' > 0) have been accounted for in the Boltz- 
mann equation and in the systems for the vibrational 
levels owing to the relatively large fractional vibrational 
concentrations in these levels. Such processes are in 
the origin of a strong coupling between the electron 
energy distribution function (EDF) and both vibrational 
distribution functions (VDFs) of molecules N2(X, U) and 
H2(X1 U'). The role of other species produced by reac- 
tive transfers in N 2 N 2  plasma such as NH radicals are 
briefly referred to in the conclusions of present paper. 

The organization of this paper considers the discus- 
sion of the basic system of equations in section 2. In 
section 3 we present the collisional data used in this 
work. In particular, we will emphasize the analysis of 
the data for the V-V and V-T rate coefficients involv- 
ing collisions between different collision partners. In 
section 4 we discuss the principal results derived from 
the present theoretical model. These include, among 
other data, the EDF and the VDFS for N2(X,v) and 
H2(X, U'), and the corresponding vibrational tempera- 
tures for both gases calculated in a fully self-consistent 
manner. Section 5 is concerned with the analysis and 
interpretation of experiments in an Nz-Hz reactor for 
steel surface nitriding. Finally, in section 6 we present 
the principal conclusions of this work 

2. Theoretical formulation 

The theoretical approach used here is based on solutions 
to the coupled system formed by the electron Boltzmann 
equation and two systems of rate balance equations for 
the populations of the vibrational levels Nz(X'C:,v) 
and Hz(XIC:, U'). The Boltzmann equation is coupled 
to the systems for the vibrational populations through 
both inelastic and superelastic electron-vibration (e-V) 
collisions. 

In this work we assume that the anisotropies result- 
ing &om the electric field are sufficiently small that we 
may use the steady-state homogeneous electron Boltz- 
mann equation, as derived from the usual two-term 
expansion in spherical harmonics. This latter assump- 
tion is valid for the range of the mlues of the ratio of 
the electric field to the gas density used in this paper 
as has been clearly demonstrated [6] for NZ. Higher 
order term approximations are, therefore, out of the 
scope of this work, for the sake of clearness of the 
main purpose of present paper, which is the analysis 
of the strong coupling of the kinetics of Nz(X, v )  and 
Hz(X, U') molecules to each other and to that of the 
electrons. Under the present approximations the Boltz- 
mann equation can be written for a N2Hz mixture as 
follows 

-u~(u)~(u)]+C~,[(U--~)~~~(U- V') 
i.i 

x f (U - Vd) - uO:j (.) f(.)]). (1) 

Here f(u) is the electron energy distribution function 
(EDF), normalized such that J," f ( u ) f i d u  = 1, U is 
the electron energy expressed in eV, E / N  is the ra- 
tio of the electric field to the total gas density, e and 
m are the absolute value of the electron charge and 
the electron mass, respectively, T, is the gas tempera- 
ture in Kelvin, and h' is the Boltzmann constant. The 
subscript s is for N2 or H2, so that us denotes the 
momentum transfer cross section for collisions of the 
electrons with molecules of type s, 6, is the fractional 
concentration of both gases in the mixture, 6, = [Nz] / N  
or = [Hz]/N,Mt is the molecular mass, B, is the TO- 
tational constant (= 2.5 x and 7.54 x W3 eV 
for Nz and H2, respectively), and 0- = 8nqfai/15, 
where qr is the electric quadrupole moment in units 
of eai(q, = 1.01 in N2 and 0.62 in H2), a0 denoting 
the Bohr radius. The three terms on the left-hand side 
(LHs) of equation (1) represent, therefore, the energy 
gain by the electrons from the electric field, the energy 
loss due to the elastic collisions and the energy loss due 
to the excitation and de-excitation of rotational levels. 
The latter process has been treated here in the contin- 
uous approximation [7J On the other hand, the terms 
on the right-hand side (RHs) of equation (1) represent 
the effects of inelastic collisions of electrons with heavy 
species s, in the case of the first two terms of (l), and 
of superelastic collisions, in the case of the last two 
terms. 4 and c:j are the inelastic and superelastic 
electron aoss sections for a transition from the ith to 
the j th state of the species s, with i < j, Vi is the 
corresponding energy threshold, and 6si is the relative 
number density of molecules of type s in the ith state 
(e.g. in Nz, we have 6 j  = Ni/[N2]). 

The following simplifications have been introduced 
in solving equation (l), as we have discussed separately 
for both gases in previous works [%lo]: (i) the exci- 
tation of electronic states was treated as a single en- 
ergy loss process assuming, in this case, that all the 
molecules of both species are in the ground vibrational 
level, N2(X,v = 0) or Hz(X, U' = 0); (ii) the super- 
elastic collisions of electrons with molecules in electron- 
ically excited states were neglected; (iu) the ionization 
process was treated similarly to an excitation with a sin- 
gle energy loss; (iv) the creation of secondaly electrons 
by ionization was neglected. 

Inelastic and superelastic collisions of the electrons 
with N2(X, v > 0) and H2(X, U' > 0) molecules have 
been taken into account in (1) owing to the large frac- 

d 1 E '  U -+ d f  C6s-0.3 tional populations, 6, = N,/[Nz] and 6", = N,,/[H;?], 
in excited vibrational levels usually present in an Nz-Hz -z[? (N) (CS6,0,)du ( I 'M", ) 
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glow discharge. Thus, equation (1) is coupled through 
the kactional ~brational populations 6, and 6"~ to the 
systems of steady-state rate balance equations for these 
populations, which for a given vth level in Nz, for in- 
stance, can be written in a symbolic form as follows: 

(2) 

The various terms in equation (2) account for the e-V, 
V-V and V-T energy exchange processes and for atomic 
reassociation according to the following reactions: 

e-V(Nz) : (3) e t N2(X, v )  S e t  Nz(X, w )  

V-T(Nz-Nz) : 
N2 + Nz(X, V )  5 Nz t Nz(X, v - 1) (5) 

V-T(Nz-Hz) : 
Hz t Nz(X, U) S Hz t Nz(X, - 1) (7) 

R(Nz) : N + N + Nz(X, v = 0). (8) 

The vibrational ppulatioris but in HZ are determined 
by an equation involving reactions physically identical 
to these for Nz. Explicit expressions for the terms in 
both equations are given in [SI and [lo] for NZ and HZ 
respectively. 

The V-V and V-T reactions consider single quan- 
tum transitions only, which are the most likely ones. The 
transitions kom the X, U and X, v' levels to excited 
electronic states by electron collisions were discarded 
in the model as the corresponding rate coefficients are 
much smaller than those for the e-V processes in the 
range of d u e s  for E/N considered here. The reac- 
tions (4) and (9, as well as the similar reactions for 
Hz, also take into account dissociation by the V-V and 
V-T processes [S, lo], which is modelled, as suggested 
by Cacciatore et al [ll],  as a transition from the last 
bound level (v = 45 in N2 and v' = 14 in Hz) to 
a pseudolevel (46 or U) in the continuum, being the 
corresponding rates (in s-l) given by 

45 

(4,)~~ = [N2I2 

Kinetics in N,-H, decharges 

and 

( V & ) H ~  = [Hz]' 614 6vtP~4,'~5'-1 + 614Pi4,is (10) 

where the coefficients P denote the relevant V-V and 
V-T rate coefficients involving in vibrational dissocia- 
tion. 

The last term of equation (2) takes into account, 
in a symbolic form, the process of atomic reassocia- 
tion, which is assumed to populate only the vibrational 
level v = 0 (or v' = 0 in the case of the analogous 
equation for Hz). In a previous work [SI the effects of 
atomic reassociation populating other vth levels have 
been analysed in detail for Nz. Here we do not assume 
any reassociation mechanism in particular, but just that 
the atomic reassociation rate into v = 0 must exactly 
equal the total dissociation rate by the V-V and V-T 
processes, by writing 

( "'=I l4 ) 

( $)R = vis 
either in equation (2) for NZ or in the equation for Hz. 

Finally, we note that we have discarded the ef- 
fects of the V-T exchanges involving dissociated atoms, 
although previous calculations have shown that these 
reactions can be very important in Hz, even for relative 
atom concentrations as small as [lo]. This be- 
haviour is a result of the existence of a reactive process 
in which atomic exchange occurs between the atom and 
the molecule. The V-T processes with H atoms in a 
pure HZ discharge originate a rapid fall-off in the VDF 
at v' 2 3. However, in the present case of a Nz-H2 mix- 
ture, we will show that the VDF in HZ always presents 
negligible populations at these v'th levels, even when 
we do not consider the V-T exchanges with H atoms, so 
that the neglect of such processes only introduces minor 
modifications in the results obtained with the present 
model. 

For a given set of the independent parameters E / N ,  
degree of ionization nJN, fractional composition of 
themixture [ N ~ ] / N a n d  [H~]/N,with N = [Nz]+[Hz], 
and T,, the Bolamann equation and the systems of 
rate balance equations for the vibrational populations 
of both gases can be solved to yield the EDF, f(u), 
and the VDFS in N z , ~ ,  = N,/[Nz](O ,< v < 43,  
and in H Z , ~ ~ ,  = N,,/[Hz](O ,< U' ,< 14). Each VDF 
can be characterized by a vibrational temperature de- 
fined as the characteristic vibrational temperature of the 
Weanor-like distribution 1121 that best fits to the calcu- 
lated M F  for the lowest four levels. We have, therefore, 
two dependent parameters, T,(Nz) and T,(Hz), giving 
a measure of the degree of vibrational excitation. How- 
ever, in practice for the purposes of presentation of 
calculated data, it is useful to use one of these temper- 
atures as an independent parameter instead of n,/N. 

3. Collisional data 

The electron cross sections used in this paper are exactly 
the same as in previous uorks in pure Nz [SI and pure 
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Table 1. inelastic and superelastic electron processes in the Boitzmann equa- 
tion. 

Nitrogen e t  N2(X, v )  s e + Nz(X, w )  

(v = 0,. . . , e  w = v +  7,. .. , lo) 

e t  Nz(X,v = 0) - e +  N2(Y) 

(Y =A%$, B~II~,WA~,B"X;, a%;, a'ng, 

w' A", C'II, , FE.$, a"' E:, r?' E.', c' IL, 
b'&, b"E$) 

e +  Nz(X,v = 0) -, e t  t e 

Hydrogen e t  H2(X, v' )  f e t  H2(X, w')  

(v' = 0,. . . ,9; w' = v' t 1 , .  . . ,lo) 
e t  H2(& v' = 0) + e +  Hz(Y') 

(Y' = b%$, ?Il,,a3Zi,8C$, B'Ct,C'II., 

E'E:, F'E.$, B"E$, D'lL, B"'E2, D"II.) 

e +  H2(X,v' = 0) -+ e t  H(ls) + H(n =2) 

e t  Hz(X, v' = 0) e + H(1s) + H(n = 3) 

e t &(XI v' = 0) + e +  H: t e 

HZ [lo]; the reader should refer to these papers for 
details. %ble 1 shows a list of the various inelastic and 
supcrclastic processes included in equation (1). 

In what concerns the V-V and V-T rate coefficients 
for both gases involving collisions between equal colli- 
sion partners, i.e. Nz-N2 or Hz-H2, the collisional data 
used for Hz are exactly the same as in [IO], while for Nz 
we have replaced our previously reported data [SI with 
those obtained by Billing and co-workers [13,14]. As we 
have discussed [15], the V-V and V-T rate coefficients 
used in [SI seem to overestimate the actual rates. The 
reader should refer to these references for details. 

The rate coefficients for V-V energy exchanges 
between N2 and H2 have been calculated from the 
sSH (Schwartz, Slawsky, Herzfeld) formulation [16-231, 
which for the case of reaction (6) can be written as 

2 2 
p"'-l,"' u","-lu"J,"*-l 

h2 ","-l = ZN%-H~ 

and 

v,v-i = ~ ( N z ) [ I  - 2 ~ e ( N ~ ) v l  
- h (Hz ) [ 1 - 2 ~ .  (Hz ) 4. (17) 

Here, dl2 = [ ~ ( N z )  + d(H2)]/2 = 3.34 A is the dis- 
tance of closest approach, 1.1 is the reduced collisional 
mass Nz-Hz, p'(N2) and p"(H2) are the reduced mass 
of molecules, and L is a length characterizing the 
short range exponential of the intermolecular poten- 
tial. The anharmonic Morse oscillator parameters are: 

xe(Nz) = 6.073 x x.(Hz) = 2.757 x Fi- 
nally, the adiabaticity factor, F(l'$:?f), is given by 

w ( ~ 2 )  = 4.44 x 1014 s-1; w ( ~ 2 )  = 8.29 x 1014 s-1; 

[18, 191 

I for y > 20 

where 
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ffinetics in N2H2 discharges 

Figure 1 shows the calculated rate coefficients 
p"'-l,"' ","-I and P''su'-l "-1," of reaction (6) for L = 0.3 & 
as a function of the vibrational quantum number v in 
Nz and for U' = 1,6, and 11 in Hz. We note that 
the reverse V-V coefficients are obtained by detailed 
balancing 

0 5 10 15 20 25 30 35 40 45 
VIBRATIONAL QUANTUM NUMBER.  v 

Figure 1. Rate coefficients for the V-V exchanges 
N2(v) + HZ(v' - 1) -, Nz(v - 1) + Hz(v') (full curves) 
and for the reverse exchanges (broken cuwes), as a 
function ct the vth quantum number in N2 and for various 
v'th quantum numbers in H.. These data have been 
calculated for  Tg = 400 K and using an intermolecular 
pdential length L = 0.3 A. 

5x10'' -i 

VIBRATIONAL QUANTUM NUMBER , v 

Figure 2 As in figure 1 for the direct reaction 
(v, v' - 1) - (v - 1, v') and for L = 0.3 A (full curves) and 
0.2 A (broken curves). 

In this paper we have assumed L = 0.3 8, for the 
following reasons: (a) our calculations for Nz [8, 151 
have shown that the sSH theory with L = 0.2 A yields 
probabilities one order of magnitude larger than those 
calculated previously 113,141 using a three-dimensional 
semi-classical collision model which includes an inter- 
molecular potential with both long and short range in- 
teractions; @) present calculations for the Nz-Hz sys- 
tem have shown that the calculated SH probabilities 
with L = 0.3 A are about one order of magnitude 
smaller than those calculated using this same theory 
with L = 0.2 A (see figure 2) ; (c) the potential lengths 
used in the works of Billing and Fisher [13,24] for both 
gases do not present large differences (0.25 8, in N2 
and 0.28 A in Hz). 

Figure 2 shows a comparison between the rate coeffi- 
cients p u ' - l , v '  ","-I calculated for L = 0.3 A and 0.2 & as 
a function of the vth level and for U' = 5, 8, 11 and 
14. This figure shows that the probabilities of energy 
transfer in a V-V exchange are rapidly increasing with 
the coefficient U = 1/L in the exponent of the re- 
pulsive intermolecular potential V ( r )  = %exp(-ar). 
Figures 1 and 2 are for a gas temperature T, = 400 K, 
which represents a typical average value under present 
conditions. 

Owing to the larger energy difference in a single 
quantum transition in HZ than in Nz, the most effective 
V-V reactions in the Nz-Hz system correspond to a 
populating mechanism in NZ and a depopulating one in 
Hz, Le. A E  ","- i < 0 in equation (17). This is always 
true except at the highest v'th levels in Hz(AE, > 
0 only for v' 2 9). This fact enables us to explak figure 
3, in which we represent the following sums of the V- 
V(Hz-N?) rate coefficients for the reverse reaction of 
65) 

"'-1 " J  

"'-1,"' 

and 

calculated for L = 0.3 & Tg,= 400 K, [Nz]/N = 0.9. 
p z ] / N  = 0.1, and for the vlbrational temperature in 
Nz, T,(Nz) = 4ooo K Equations (21) and (22) show 
that for v' < 9 the coefficients Q originate in Hz the 
same ldnd of effect of an V-T exchange. Further, in 
present conditions, of a 90%Nz-10%H~ mixture, the 
depopulating effect of the V-V(H2-Nz) exchanges are 
considerably larger than that due to the V-T(HZ-Hz) ex- 
changes. The coefficients shown in figure 3 pass through 
a maximum at v' = 9, which corresponds to a nearly 
resonant V-V exchange with v = 0 in Nz. 

In what concerns the V-T rate coefficients of NZ-Hz 
exchanges given by (7), we have used the data on the 
vibrational relaxation times deduced by White 12.51 

ps(atm s) = 2.42 x 10-yexp(80.6T~1'3) (23) 

which allows us to obtain for the v = 1 -+ 0 transition 
of NZ in the Nz-Hz system 

P N Z - H z ( ~ 3 ~ - 1 )  1,u = 5.63 x 10-14T,exp(-80.6T~"3). 

(24) 
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i l  , '  , , , ,  
0 2 4 6 8 1 0 1 2 1 4  

VIBRATIONAL QUANTUM NUMBER, Y' 

Figure 3. Composed coefficients for the V-V(Ha-N2) 
exchanges given by formulae (21) and @), e?,;::, (full 
curve) and Cl:!::, (broken cum), in a 90%Nz-10%H2 
mixture, as a function of the v'th quantum number in HZ 
and forL = 0.3 A, T , ( b )  = 4000 Kand T, = 400 K 
For comparison the two chain curves represent the 

"1-i,"' V-T(Pvr,v,-,, curve A) and V-V(P y,,y,_ curve B) rate 
coefficients in pure Hz for Tg = 400 K calculated in [lo]. 

The rate coefficients for other V-T exchanges have been 
calculated from the SSH theory with L = 0.3 8, Figure 
4 shows that the V-T rate coefficients for Nz-HZ colli- 
sions are several orders of magnitude larger than those 
calculated for the N2-N~ exchanges [13,14]. Even in 
a 99%Nz-1%Hz mixture, where the former coefficients 
must be multiplied by 0.01b3.99 in equation (2), the ef- 
fective V-T rates for Nz-Hz exchanges are still larger 
by more than one order of magnitude. 

Finally, we have discarded the V-T(Hz-Nz) ex- 
changes in depopulating HZ as the corresponding rate 
coefficients are negligibly small as compared to those for 
the V-T(H2-H2) exchanges due to the large differences 
between both molecular mass. 

4. Theoretical results 

4.1. Vibrational kinetics 

As pointed out in section 2, the independent variables 
for this self-consistent problem as formulated here are: 
the ratio of the electric field to the total gas density 
E / N ,  the degree of ionization n , / N ,  the gas tem- 
perature and of course the fractional composition of 
the mixture. For a set given of variables we have a 
unique solution composed by a EDF and the VDFS for 
Nz and Hz. Both MFS are characterized by vibrational 
temperatures, T,(Nz) and T,(H2), and, in practice, it 
is useful to consider one of these temperatures as an 
independent parameter in place of n , / N .  
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Figure 4. Rate coefficients for the V-T(N2-Hz) exchanges 
for T, = 400 K and an intermolecular pdential length 
L = 0.3 A (cum A). Curve B shows the effective rates in 
a 99%Nz-l%Hz mixture, i.e. represents curve A x(1/99). 
In this figure we also represent me V-T(N2-Ne) rates. 
The various curves are as a function of the vth quantum 
number in P+. 

: 1,  , , , , , ( , ( ,  1 ,4 IO00 
o 0.10 0.20 0.30 0.40 0.50 

5 h 1 2 1 / I [ N ~ l + k b l  1 
Figure 5. Vibrational temperature T,(Hz) as a function of 
the fractional conwntration d Hz in a Nz-Hz mixture, for 
€IN = 5 x lo-'' V an2, T. = 400 K and the following 
constant values of T,(N2) in IC wrve A, 3500; B, 4000; C, 
5000. 

Figure 5 shows the vibrational temperature in Hz 
as a function of the fractional concentration of this gas 
in the N2-H2 mixture, for E / N  = 5 x V an2, 
Tg = 400 K and for various constant values of T,( N2) = 
3500, 4ooo and 5OOO K. The analysis of this figure al- 
lows us to conclude that the vibrational temperatures 
in HZ are largely smaller than those in NZ (Tv(H2) is 
smaller by a factor of In). AF, we will show in section 
5 a ratio of this order between both temperatures is 
in satisfactory agreement with measurements using the 
CARS diagnostic. Moreover, we can note that the MI- 
ues of T,(Hz) only slowly increase with the fractional 
concentration [ I l z ] / N ,  except in the case of the highest 
values for T,(Nz) where a relatively rapid increase in 
T,(HZ) occurs for the lowest concentrations of Hz. 

The values of the degree of ionization necessary to 
produce the curves on figure 5 are not kept constant as 
long as [HzJIN varies. %able 2 shows such values for the 
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Table 2 Values of the degree of ionization and of 
the vibrational temoerature in H,. as a function d the 
fractional H~ concentration, for E'N = 5 x v an2, 
T , ( ~ ) = ~ o o o ~ T , = ~ M ) ~  

0 8.26 - 
0.01 7.69 7.69(x lo-') 

0.10 7.10 7.1O(xlO-') 

0.35 5.30 1.51 (x lo-') 
0.50 4.40 8,80(x lo-') 

0.02 7.66 3.83(x lo-') 
0.05 7.50 1.50(xlO-') 

0.20 6.40 3.20(~10-~)  

- 
1293 
1299 
1316 
1335 
1365 
1398 
1430 

conditions of curve B (i.e. for T,(Nz) = 4ooo K). This 
table indicates that for this constant value of T,(Nz) 
there is a reduction of about 50% in n./N as (Hz]/N 
increases from 0 (pure NZ) up to 50%. On the other 
hand, if we look at the n,/[Hz] values, there exists a 
strong decrease of these values as @&]IN increases as 
expected. At this point we note that the slow increase 
of T,(Hz) with (Hz]/N is apparently in opposing sense 
to the rapid decrease of n,/[Hz] as [Hz]/N increases. 
The vibrational temperatures T,(Hz) are determined by 
the e-V populating rates and these rates (in an3 s-') 
are dependent on n,/[Hz]. Nevertheless, as [Hz]/N 
increases the effective rates of the V-V(H2-N2) pro- 
cesses given by the reverse reaction of (6), which are 
proportional to [Nz] /[Hz] (see equation (Zl)), decrease 
as well and these processes constitute a depopulating 
mechanism for Hz. Thus, as p z ] / N  increases, Tv(H2) 
is determined by the simultaneous effect of both de- 
creasing functions n,/[Hz] (populating) and [Nz]/[Hz] 
(depopulating). 

It is interesting at this p i n t  to compare the pre- 
dicted vibrational temperature T,(Hz) in an NzNz mix- 
ture to that obtained in pure Hz. Thus, figure 6 shows 
values of T,(Hz) against n,/[Hz] for the same mndi- 
tions as in table 2 as well as the vibrational temperature 
in pure Ht calculated before [lo]. 

Figure 7 shows the calculated vibrational temper- 
ature in Nz, T,(Nz), as a function of the fractional 
concentration of Hz, for E /N = 5 x V anz, 
T, = 400 K, and for n,/[N2] = 4 x and 6 x IO-'. 
For these two relatively low values of n,/[Nz], T,(Nz) 
presents a rapid increase in the region of the lowest 
concentrations of Hz([H~]/N 5 1%) followed by a 
slow decrease for the highest concentrations. The ex- 
planation for such behaviour is as follows: (i) in the 
range going from pure NZ to approximately 1% Hz, 
the vibrational temperature in NI increases due to the 
v-v(N2-H~) exchanges, which constitute a populating 
mechanism in NZ (and therefore a depopulating one in 
Hz) as a result of the different energy differences be- 
tween two vibrational levels in both molecules; (ii) for 
HZ concentrations higher than - 1% the destruction of 
vibrational quanta by V-T(N2-Hz) exchanges becomes 
predominant relatively to the former populating mecha- 
nism. We note that as will be discussed in section 5. this 

Figure 6. Vibrational temperature T,(H2) as a function 
of the degree d ionuation deflned as ne/[&], for the 
case d a N 2 H 2  mixture (curve A) and for pure HZ (curve 
6). Both curves are for €IN = 5 x TO-'' V anz and 
Tg = 400 K CUNe A is for Tv(N2)  = 4000 K The broken 
c u m  represents the corresponding values for [H*]/N in 
NzHz. 
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Figure 7. Vibrational temperature in NZ as a function d 
the fractional concentration d H2 in a N2-H2 mixture, for 
E / N  = 5 x lo-'' V an', Tg = 400 K and the following 
vaiues of ne/[N2]: curve 4 4 x lo-'; B, 6 x lo-'. 

same behaviour for T,(N2) against [Hz]/N has been 
experimentally detected by emission spectroscopy using 
a rare gas actinometty technique. 

The effects of V-T(Nz-Hz) exchanges are extremely 
important for the VDF in N2, causing a rapid fall-off at 
the highest vth levels and consequently a very sharp 
decrease in the rate of dissociation by the V-V and 
V-T processes given by equation (9), even for relative 
Hz concentrations as small as 0.5%. Figure 8 shows the 
VDFS in Nz calculated for E/N = 5 x V anz, 
T,(Nz) = 4Mx) K and Tg = 400 K, for pure NZ (curve 
A) and for various values of [Hz] / N  ranging from 0.5% 
to 10%. In turn, figure 9 shows the MFS in HZ calcu- 
lated self-consistently with those in N2 for HZ concen- 
trations of 1%, 10%,50%. We note that the VDFS in 
H2 are sharply decreasing due to their small vibrational 
temperatures (Tv(H2) ranging from 1293 to 1430 K; see 
table 2). It is worth noting at this point that this fact 
justifies our neglect of the V-T processes with H atoms 
referred to in section 2 As shown previously 1101 for 
pure Hz the V-T exchanges with H atoms originate a 
strong decrease in the VDF of HZ for v' 2 3. However, 
in a Nz-Hz mixture and for the range of n,/N values 
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Figure 8. Vibrational distribution functions in N2 for 
E/N = 5 x lo-''' V anz, T,(N2) = 4000 K, Tu = 400 K and 
for the following values d Hz concentration, [Hz]/N: a" 
A, 0 B,0.5%; C, 1%; D, 2%; E, 5%; F, 10%. 

under consideration, the VDF of Hz presents such small 
values that the inclusion or the absence of processes 
with H atoms is irrelevant. 

In figure 8 we have seen that as [Hz]/N increases 
the VDF in NZ is sharply depleted at high uth levels due 
to the V-T(N2-Hz) processes and this fact promotes 
a strong decrease in the rate of dissociation of Nz by 
the V-V and V-T processes given by equation (9). 
Figure 10 shows the rate of dissociation, per electron 
and at unit Nz density, due to the V-V and V-T(Nz-Nz) 
processes, calculated in the conditions of figure 8 and as 
a function of the HZ concentration. Figure 10 indicates 
that a fractional HZ concentration of about 0.5% is 
large enough to produce a decrease of two orders of 
magnitude in the rate of dissociation. We note that 
this behaviour is in accordance with observations in 
various experiments conducted either in a microwave 
(245 GHz) patdischarge for steel surface nitriding 
[26], where it has been observed that a sharp inhibition 
of the postdischarge afterglow results from hr atom 
reassociation when a few per cent of HZ is added to 
Nz, or in a radiofrcquency (27 MHz) discharge [271, in 
which it has been observed that the dissociation of Nz 
mainly occurs by direct electron impact. 

4.2. Electron kinetics 

Figure 11 shows the EDF in the Nz-HZ mixture cal- 
culated in the conditions of table 2 ( E / N  = 5 x 

V cmz, T,(Nz) = 4ooo K, T, = 400 K) for pure 
Nz (curve A) and for fractional HZ concentrations of 
50% (curve B) and 90% (curve C). The self-consistently 
calculated vibrational temperatures in Hz are 1430 and 
1472 K for curves B and C, respectively. For compari- 
son we have also plotted the EDF in pure HZ (curve D) 
for E / N  = 5 x V anz, Tc = 400 K, and for the 
same vibrational temperature in HZ as in curvc C. 

The EDF presents only small differences as long as 
[Hz]/N is smaller than 50%. For higher Hz concen- 
trations, as the electron cross sections for vibrational 
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Figure 9. Vibrational distribution functions in M for  
E/N = 5 x lo-'' V cmZ, Tv(N2) = 4000 K, Tu = 400 K and 
for  the following values c( [k]/N: a" A, 1%; 5, 10%; 
C, 50%. The corresponding vibrational temperatures in H2 
are respectively: 1293; 1335; 1430 K 

0 0.002 0.004 0.006 0.008 0.010 
~H, I / [~NI I * [H~~)  

Figure IO. Rate d dissociation of N2, per electron 
and at unit N2 density, by the V-V and V-T processes 
in a N2-H2 mixture, as a function d [H2]/N and for 
E/N = 5 x 10-le V anz, 7,(N2) = 4000 K and Tp = 400 K 

excitation are considerably smaller in HZ than in Nz, an 
increase in [ H z ] / N  produces an enhancement of the 
high energy region of the EDF. We note that the in- 
crease of the tail of the EDF is a result of the difference 
in magnitude of the electron cross sections for vibra- 
tional excitation in both gases and not a consequence of 
the increase of the effects produced by the e-V super- 
elastic collisions in Hz, as the vibrational temperature 
in HZ is always vanishingly small. 

The effects of e-V superelastic collisions in both 
gases can be conveniently analysed in figure 12. In this 
figure we present the EDF in pure NZ for T,(Nz) = 

for T,(Hz) = 3ooo K and = 400 K, as well as the EDF in 
. 4ooo K and Tv(Nz) = T, = 400 IC, the EDF in pure Hz 
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" lev1 
Figure 11. Electron energy distribution functions 
in a N2-H2 mixture for € I N  = 5 x lo-'' V an2, 
T,(&) = 4000 K, T, = 400 K and the following fractional 
Hz concentrations: curve 4 0 (i.e. pure Nz); 6, 0.5; C, 
0.9. The corresponding vibrational temperatures in Hz 
are: 8, 1430; C, 1472 U Curve D represents the EDF in 
pure HZ for €IN 5 x lo-'' V cm2. Tp = 400 K and 
r,(b) = 1472 IC 

a mivture of 50%N2-50%Hz for T,(Nz) = 4OOO K and 
Tv(Hz) = 3000 K (that is, under no self-consistent con- 
ditions) and for T,(Nz) = T,(Hz)  = 400 K The value 
of E / N  is kept constant and equal to 5 x V an2. 
Figure 12 shows that the effects of e V  superelastic col- 
lisions are extremely large in Nz and small in H2, even 
when we increase the vibrational temperature Tv(H2) 
beyond its self-consistent limit. These results demon- 
strate that an increase in the H2 concentration enhances 
the tail of the EDF and, therefore, produces an increase 
in the electron rate coefficients for excitation of upper 
electronic states. However, a reverse tendency must be 
expected for the case of low E / N  and, simultaneously, 
high T,(Nz) values. Figure 13 shows the EDF calculated 
for E / N  = V an2 in pure Nz (Tv = 400 and 
4ooo K) and in pure H2 (T, = 400 and 3000 K). For 
the highest Tv(N2) and T,(Hz) temperatures the effects 
of the e-V superelastic collisions in N2 are dominant 
in determining the EDF and, therefore, an increase in 
[ H z ] / N  produces a decrease in the high-energy tail of 
the EDF. 

The changes in the EDFS caused by the increase of 
the fractional H2 concentration or by using of different 
vibrational temperatures affect the electron transport 
parameters and rate coefficients in the way illustrated 
in figures 14-16. d 

Figure 14 shows the electron kinetic temperature 
2/3(u), where (U) denotes the mean electron energy 
as a function of [H2]/Ar for E / N  = 10-l6, 5 x 
and V cm2, for the cases: Z(N2) = 4ooo K and 
Tv(H2) = 3ooo K; Z(N2) = 4ooo K and T v ( H z )  = 
400 rC; T,(Nz) = Tv(H2) = 400 K This figure shows an 
increase of 2/3(u) with [H2] /N  for the higher values of 

6 

Figure 12. Electron energy distribution functions in a 
N2-Hz mixture for €IN = 5 x lo-'' V an2, TD = 400 K 
and the followina values of [H21/N: curve A 0 bure 
N ~ ) ;  B, 0.5; C, l-(pure M). 7Kefu11 curves ire k r  
TdM) = 4000 K and TdH,) = 3000 K while the broken 

Figure 13. Electron energy distribution functions 
for €IN = lo-'' V cmz and T, = 400 K in pure NP 
(curves 4) and pure Hz (curves B). The full curves are for 
T,(&) = 4000 K or T,(Hz) = 3000 K, while the broken 
ones are for Tv(Nz) = 400 K or Tv(Hp) = 400 U 

E / N  and an inverse behaviour for the case of the lowest 
value V an2, which is a consequence of the effect 
discussed in figure 13. This figure also demonstrates 
that the effects of e V  superelastic collisions in N2 are 
by far more effective than in H z ,  although in figure 14 
we have even chosen to plot a vibrational temperature 
in HZ which is clearly larger than that obtained from 
self-consistent predictions. 

Figure 15 shows the electron rate coefficients for ex- 
citation of both electronic triplet states in N2, A3Ci and 
B311,, calculated as a function of [ H z ] / N ,  for the Same 
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Flgure 14. Electron kinetic temperature 2/3(u) as a 
function d the fractional HP concentration for the following 
vibrational temperatures in IC curve A, T,(Nz) = 4000, 

T j & )  zT.(H2) = 400. The lower, intermediate and upper 
curves are for E/N = 10-'',5 x lo-'' and 
respectively. 

Tv H2) 3000; 6, Tv(N2) = 4000, Tv(H2) = 400; C, 

V an2 

pairs of values for T,.(N2) and T,.(H2) as in figure 14, 
and for E/N = 5x  IO-" Van2.  The effects of the e-V 
superelastic collisions in H2 are always small even when 
a value of Tv( H2) as high as 3000 K is chosen This is the 
reason why in figures 12-15 we have chosen to present 
various situations which clearly do not correspond to 
self-consistent conditions. FQures 12-15 demonstrate 
that the use of different dues for TV(H2) provokes 
only minor modifications in the EDF and in the electron 
transport parameters and rate coefficients. On the con- 
trary, the effects of e-V superelastic collisions in N2 are 
extremely important for E/N = 5 x V cm2 and 
become increasingly less important as E/N increases 

Finally, figure 16 shows the rate of dissociation of 
Nz, per electron and at unit N2 density, u&,/n.[N2], 
by electron collisions and by the V-V and V-T pro- 
cesses. Both contributions have been calculated self- 
consistently from the present model for E / N  = 5 x 
IO-'' V em2, Tv(N2) = 4ooo K and T8 = 400 K. 
Figure 16 shows that as the fractional Hz concentra- 
tion increases the rate of dissociation by electron colli- 
sions monotonically increases as well, but this enhance- 
ment only occurs for considerably higher concentra- 
tions of Hz than those for which dissociation by the 
V-V and V-T processes is completely inhibited (a con- 
centration [Hz]/N - 0.8% is large enough to produce 
uii,/ne[N2] < an3 s-', while v&/n.[Nz] slowly 
increases from 3.6 x to 4.6 x an3 s-' as 
[H2]/N varies from 0 up to 50%). 

(see 1% 

5. Experimental results for metal surface nitriding 

In this section we will discuss experimental results 
obtained in two different reactors for metal surface 
nitriding. Although these results have not been obtained 
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Figure 15. (a Electron rate mefficient for exckatian 
of the Nz(A3Cj) state in a N 2 H 2  mixture, as a function 
of IH.1IN. for EIN = 5 x lo-'' V m2. To = 400 K ' . -., I 

and the follwing vibrational temperature; In K curve 
A TvfN.) = 4000. Tw(H9I = 3000: B. T v f N P I  = 4000. . .~ -, r,(i-&) = 400; C, rv(N2y'= T"(H~)'= 400: ci;, AS in (a) but 
for excitation d the Nn(B 311s) state. 

in the conditions of a classical positive column, that is 
in the conditions of a nearly homogeneous medium and 
relatively weak electric field, they corroborate in part 
our previous theoretical predictions of section 4 regard- 
ing the vibrational kinetics in a N2-Hz mixture. 

Figure 17 shows a typical reactor for surface treat- 
ments such as metal nitriding. A discharge voltage 
is applied to a N2-Hz gas mixture at low pressures 
(p = 1-5 mrr) introduced into a reactor to perform 
the plasma nitriding at a chosen athode temperature 

, ( TK = 840 K for a steel surface). A glow discharge is 
performed between the metal surface to nitride which 
is the cathode K and the reactor walls (the anode) at 
ground potential. The glow discharge fulfils both func- 
tions of heating the metal surface by ion bombardment 
and to create the active species for metal nitriding. The 
best observed nitriding conditions for a steel cathode 
have been found for a total pressure of 2.5 'brr  and 



Flgure 16. Rate d dissociation c8 Nz. per electron and at 
unit N2 density, by the V-V and V-T processes v&,/n.[k] 
(curve A) and by electron impact v&/n.[N21 (curve B), 
as a function d [Hz]/N, for € / N  = 5 x lo-'' V cm2, 
r,(%) = 4000 K and rg = 400 U 

I 
Forepump 

Figure 17. Experimental set-up for steel surface nitriding: 
A, anode; Y steel cathode; 0, hole and pin-holes in 
the reactor; L, optical lens; PM, photomultiplier: F: 
picoammeter; R, recorder. Gas flow 1 5  I h-' STP. 

a current density of 1-5 mA In these condi- 
tions an abnormal glow discharge is produced whose 
negative glow near the cathode is analysed by emis- 
sion spectroscopy. The light emitted by the plasma has 
been collected through a hole of 1 cm diameter in the 
plasma reactor as shown in figure 17 and detected using 
a HRS Jobin-Yvon grating spectrometer in the visible 
range. The spectrometer resolution has been adjusted 
to 0.2 A for rotational structure analysis. mrious pin 
holes (diameter = 2 nun) are localized along the reac- 
tor wall allowing the analysis of the axial distribution of 
the negative glow. 

The identified species are reported in table 3 
with the corresponding optical transitions, character- 
istic spectral lines and excitation thresholds. The N: 
first negative bands are the most intense spectral lines. 
In N2-H2 mixtures these lines remain the most in- 
tense even for W%H2 in the mixture. From the 
N:(BzC?.,O + X2Ei,0) ,  391.4 nm emission, the ro- 

Kinetics in N2-Hz discharges 

Table 3. Most intense spectral lines observed in a N2H2 
negative glow discharge for steel surface nitriding. 

Species Optical Spectral line Excitation 
transRion (nm) threshold 

B2C$ -+ XzC$ 391.4(0 -+ 0) 18.7 
C%u-B311g 337.1(0-0) 11.1 

N2+ 
N2 

Nz @IIg + A3C$ 662.3(6 - 3) 7.4 
NH A3n -PE- 336.0(0 - 0) 3.7 

380.4(0 - 2) 

H Balmer series €56.3(H,) 12.1 

N 2pz3p - 2$S 746.8 12 
486.1(H@) 12.7 

Ni 2p3p-+203s 568.0 20.66 
F. 561.6 5.54 

tational structure of the R branch has been recorded 
and the N: rotational temperature, TR(B+), has been 
calculated from the Boltzmann graph [2]. This rota- 
tional temperature has been found to be close to the 
cathode temperature TK which has been measured with 
a thermocouple [2,3]. 

This discharge has already been characterized in a 
previous publication [2] and the reader should refer to 
this paper for further details. Here , we are mainly 
concerned with a few aspects linked to the vibrational 
kinetics of N2(X, U) and H2(X, v' ) ,  such as the anal- 
ysis of the dependence of the vibrational temperature 
T,(Nz) on the fractional HZ concentration. 

Although emission spectroscopy does not permit one 
to relate the detected excited states to the corresponding 
ground state, such a correspondene can be established 
by using an actinometry method. This makes use of a 
rare gas impurity allowing selection of the experimental 
conditions in which such connection is possible, that is 
the conditions where excitation occurs mainly by direct 
electron collisions. Thus, by using a 2% argon impurity 
in the Nz-H~ mixture the following relationship can be 
written for a direct electron excitation of the Nz(C311u) 
state 

where It is the intensity of the Ar 1750.4 nm emission, 
12 is the intensi of the nitrogen second positive 337.1 
nm emission, c$ = (vcr?) is the electron rate coeffi- 
cient (U? and U denote the electron cross section and 
the electron velocity, respectively) for excitation of the 
Nz(C,O) state with an excitation threshold of 11.1 eV, 
and C$' is the electron rate coefficient for excitation 
of the Ar(4p) state at 13.5 eV. Owing to the small dif- 
ference between both thresholds and the similar shapes 
of the electron cross sections, the C>/Cp ratio is 
approximately constant. If direct electron excitations 
are the main processes for Ar(4p) and N2(C) states, 
the ratio 1 2 / 1 1  must be directly proportional to the 
NZ concentration for a constant value of Ar concentra- 
tion. This is really what is observed in figure 18 for a 
distance z = 1 cm above the cathode, i.e. in the begin- 
ning of the negative glow. We note that the quenching 
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Figure 18. Intensity ratio d N2 (337.1 nm) and Ar I (750.4 
nm) lines, I,&,, against the [&]/[M] density ratio, in 
a 2%Ar impurity N2-H2 plasma, at a distance z = 1 cm 
above the cathode d the reactor shown in figure 17. 

of the metastable states of Ar impurity by the Nz-HZ 
main gases is sufficiently strong that we do not have to 
consider excitation other than direct excitation. 

Based on the Same approach, but now using a 2% 
neon impurity in the Nz-Hz plasma, the Ni(BZC$ ,0) 
state at 18.7 eV can be compared to the Ne(3p) state 
at 18.6 eV. From inspection of the ratio between the 
g(391.4 MI) and Ne(585.2 MI) line intensities we can 
deduce the [Nz]/[Ne] concentration ratio. Our results 
also show in this case that the G(B) state k directly 
excited from the ground state for a relative HZ concen- 
tration in the N2-HZ mixture larger than 10% and for 
z = 1 cm. Thus, this method shows that at the begin- 
ning of the negative glow near the cathode fail, that is 
for z 5 1 cm, the Nz(C) and N:(B) states are pop 
ulated by electron collisions directly from the ground 
state. 

Direct electron collisions for excitation of Nz(C) 
and N$(B) states can be used to determine the vibra- 
tional temperature of Nz(X) ground state. By using 
the Franck-Condon factors connecting the Nz(C) and 
N;(B) states to the Nz(X) ground state and supposing 
a Nz(X,V) vibrational distribution with a shape of a 
Gordiets-like [28] distribution, the vibrational temper- 
ature of Nz(X) can be deduced from those of Nz(C) 
and q ( B )  states. Figure 19 shows the vibrational tem- 
pcratures Ty(C) and Tv(Bt), as well as that of the 
electronic ground state T,(X) and the cathode tem- 
perature TK as a function of Hz concentration in the 
mixture for a total gas pressure p = 2.7 lbr r  and a 
discharge voltage of 500 V It can be observed in figure 
19 that T,(C) > T,(B+) and that the Same T,(X) MI- 
ues are approximately deduced using either T,(C) or 
Tv(Bf) temperatures. These results confirm that these 
excited states were effectively populated by direct eleo 
tron collisions at z < 1 cm. The T,(X) temperature 
is about four times larger than the cathode tempera- 
ture presenting both the Same dependence on the Hz 
concentration. The T, curve shows a flat maximum at 
10% of Hz which is in agreement with our theoretical 
predictions shown in figure 7, although in that case the 
maximum of Tv has been found at - 1% Hz. 

In figure 7 we have shown a small maximum in the 
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Flgute 19. Characteristic vibrational temperatures, 
as a fundion d the fractional H2 mncentration and 
for a total gas pressure 2.7 Torr, wrrespondlng lo the 
foilowlng electronic states: 0 ,  ~ ( C ~ I T , ) ;  (A)N: (69:); 
0 ,  N2(X1Xi)  deduced from N 2 ( e n , ) ;  (A)N2(X'Xi)  
deduced from h; (B'P: ) [see lext). TK denotes lhe 
cathode temperature. 

Table 4. D:scharge current. rotational temperature d 
the N; (6 'Pf) state and a measure d the degree d 
1onlzat:on n.lINzl (see text). as a function d tne fractional ~ . .  -_ . 
H2 wnmntration in a N2-& mixture, for p = 2.6 Torr and 
V = 500 V in the reactor of figure 17. 

0 62 870 54 
0.1 90 810 81 
0.2 90 810 91 
0.3 85 810 98 
0.5 75 770 116 
0.6 m 7-20 123 
0.7 60 660 132 
0.9 38 550 209 

culve of Tv(Nz) against [Hz]/N, for a given mnstant 
value of a,/[Nz], at about 1% of Hz, as a result of the 
V-V and V-T(N2-Hz) energy exchanges. Although in 
figure 19 the values of n,/[Nz] are not kept constant, 
this figure exhibits a quite similar behaviour which can- 
not be explained as a simple dependence of Ty(N2) on 
n,/[Nz]. n b l e  4 shows the discharge current Z and the 
N: rotational temperature TR(B+) measured in the re- 
actor of figure 17 for p = 2.6 Tim, an applied voltage 
of 500 V and for various values of the fractional Hz 
concentration. If we suppose the degree of ionization 
n,/[Nz] to be given by 

we readily obsetve in table 4 that this function is always 
increasing and, therefore, it cannot explain the observed 
feature in figure 19. 

Egure U) shows a second plasma reactor for steel 
surface nitriding which is formed by a discharge tube of 
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Figure 20. Plasma reactor for steel surface nitriding 
used in the experiments ty CARS. 6 steel suriace cathode 
(diameter = 3 an); 4 anode. 

diameter 2 cm connected to a vessel of diameter 15 an. 
A glow discharge in flowing NZ can be switched on 
between the anode (a side-armed cylindrical electrode 
in nickel, diameter = 0.8 cm) and the cathode, which 
is the steel sample to be nitrided. The glow discharge 
is made up of a positive column along the discharge 
tube and a negative glow and cathode fall at the end 
of the discharge tube in front of the cathode surface 
[4]. The vibrational populations of Nz(X'C:, V )  and 
Hz(XIC$, v') have been measured by m s  (coherent 
antiStokes Raman scattering) 1291 both in the negative 
glow and in the cathode fall. The steel cathode K in 
figure 7.0 can be translated along the discharge axis in 
order to change the distance between the laser beams 
and its surface. 

In case of the Nz(X'C:,v) distribution, our mea- 
surements have been performed up to v = 11 yield- 
ing a characteristic vibrational temperature Tv = 01 = 
AEI,O/[KIII(NO/NI)], of about Ty 4ooo K i n  the 
negative glow and of T, N 2500 K in the cathode fall 
as shown in figure 21. At this point it is worth noting 
that the values of Tv in the cathode fall are in rea- 
sonable agreement with those presented in figure 19, 
which have been measured at the start of the negative 
glow near the cathode fall of reactor shown in figure 
17. Moreover, figure 21 indicates that the values of T, 
in the cathode fall are significantly smaller than those 
in the other regions of the discharge. 

By introducing small concentrations (1-5%) of HZ 
in the flowing gas, the characteristic vibrational tem- 
perature for both Nz and Hz has been obtained by 
CARS. 'Eible 5 shows the values of T.(Nz) and T,(Hz), 
either in pure NZ or in a 5%Hz-95%Nz mixture, for 
discharge currents I = 30 and 50 mA [q. The relation 
between both temperatures is in satisfactory agreement 
with that previously predicted in this work using our the- 
oretical model. It is worth remembering here that in 
figure 5 we have shown to exist the following correspon- 
dence between both vibrational temperatures: 3.500 K 
in Nz- - 1200 K in H2;4OOO K- - 1400 K; which 
agrees reasonably well with these measurements. 

2 -  E 5 01 I 10 100 
r h "  

Figure 21. Characteristic vibrational temperature in k 
measured by CARS as a function d the distance from the 
cathode 6 forp = 2Torr, I = 50 mA and agasflow d 
0.9 I min-' STP. 

Table 5. Vibrational temperatures in N2 and H2 measured 
by CARS diagnastic in the reaotor shown in figure 20, for 
p = 2 Torr and a gas flow d 0.14 I min-'. 

[HZIIN I L(Nz) Tv(Hz) 

0 30 2550 - 
0 05 30 3260 1630 

(W (4 (K) 

~~ ~~ ~ 

0 50 3210 - 
0.05 50 3170 1640 

6. Conclusions 

In this paper we have carried out a detailed analysis 
of the electron and the vibrational kinetics in a Nz- 
Hz homogeneous glow discharge, at low pressures and 
moderate currents, from which we can point out the 
following main conclusions. (i) The vibrational tem- 
perature of molecules in the electronic ground state is 
smaller in H2 than in Nz by a factor of 1B. (ii) The 
vibrational temperature in NZ rapidly increases as we 
introduce small concentrations of HZ and keep constant 
the degree of ionization ne/[Nz], but for concentrations 
of HZ higher than - 1%, T,(Nz) is a slowly decreas- 
ing function of [Hz]/N (at least for n,/[Nz] values 
within the range for this parameter chosen in this pa- 
per). (iii) Very small concentrations of HZ (- 0.5%) 
are large enough to produce a strong deactivation at 
the highest vth levels of the vibrational distribution of 
Nz due to the V-T (Nz-Hz) exchanges. (iv) It follows 
from (iii) that small concentrations of HZ in a N z H z  
discharge produce a complete inhibition of the disso- 
ciation mechanism in Nz by the V-V and V-T energy 
transfer exchanges. (v) As the fractional concentra- 
tion of HZ increases the tail of the EDF is significantly 
enhanced, which produces an increase of the electron 
transport parameters and rate coefficients for excitation 
and ionization, except for the case of low E/N and, 
simultaneously, high T'(N2) values where a decrease in 
the high-energy region of the EDF as [Hz]/N increases 
exists. 

This paper also reports measurements hy emission 
specrroscopy and by CARS in the negative glow of a 
NzHz  discharge for steel surface nitriding, which, even 
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though they were not performed in a positive column 
where the electric field remains constant, allow us to 
confirm mwt of our theoretical predictions linked to 
the vibrational kinetics of both gases in such a mixture. 

With regard to the neglect of composed radicals in 
a Nz-H2 discharge, such as the NH species we note 
that, as observed in [Zg, the addition of a small con- 
centration of HZ produces a rapid decrease of the NH 
(336.0 nm) emission line. This fact suggests that the for- 
mation of NH occurs thmugh a mechanism involving 
vibrationally excited molecules N2(XI v )  at the highest 
U levels, which, as we have seen, are strongly destroyed 
even for concentrations of Hz as small as 0.5%. 

Finally, we must also stress that one source of error 
could be linked to the collisional data for the V-V and 
V-T exchanges involving different collision partners, Nz 
and H2. In the present paper we have calculated these 
coefficients using the SSH theory, but further work is 
needed in order to obtain more reliable V-V and V-T 
rates. 
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