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Abstra
tA global (volume averaged) model is developed for a nitrogen dis
harge for thepressure range 1-100 mTorr. A rea
tion set is 
reated and the rea
tion rate 
o-e�
ients reviewed and 
riti
ally evaluated. The dis
harge is assumed to 
onsistof 15 spe
ies of nitrogen; the seven lowest lying vibrational levels of the groundstate nitrogen mole
ule N2(X
1Σ+

g , v = 0 − 6), the metastable nitrogen mole
uleN2(A
3Σ+

u ), the ground state nitrogen atom N(4S), the metastable nitrogen atomsN(2D) and N(2P), and the ions N+, N+
2 , N+

3 and N+
4 . The ele
tron energy distribu-tion fun
tion is allowed to vary from Maxwellian to Druyvesteyn distribution. Fora dis
harge in the steady state the plasma parameters, su
h as the parti
le densitiesand ele
tron energy, are presented versus absorbed power, dis
harge pressure, gas�owrate, gas temperature, ele
tron energy distribution fun
tion, wall re
ombina-tion 
oe�
ient, wall quen
hing 
oe�
ient, and 
hamber dimensions. Furthermore,the global model is applied to investigate the rea
tion rates for the 
reation andloss of the dis
harge spe
ies as a fun
tion of dis
harge pressure. Additionally, for apulsed power dis
harge the plasma parameters are presented versus time, frequen
yand duty ratio, and the rea
tion rates are investigated as a fun
tion of time. We�nd that the steady state 
al
ulations are in good agreement with measurements,with the ex
eption of the disso
iation fra
tion. We �nd that the dis
harge is essen-tially atomi
 at 1 mTorr, but highly mole
ular at 100 mTorr. Vibrationally ex
itednitrogen mole
ules are found to be important above 10 mTorr, but negligible at 1mTorr. Furthermore, we predi
t that the N+ density 
an be in
reased signi�
antlyby pulsing the power with low values of the modulation frequen
y and duty ratio,resulting in a higher ele
tron density 
ompared to the steady state 
al
ulations.
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Chapter 1
Introdu
tion
Low pressure nitrogen dis
harges have a wide range of appli
ations, parti
ularlywithin the semi
ondu
tor industry. They are used as an N atom sour
e for thegrowth of III-V nitrides in plasma assisted mole
ular beam epitaxy (Czerwie
 et al.,2005; Moustakas et al., 1993). The Ar/N2 dis
harge is applied in rea
tive mag-netron sputtering to grow TiN thin �lms (Tao et al., 2002). Nitridation pro
essesare applied to form high quality oxynitride �lms that a
t as a boron di�usion bar-rier for the gate oxide (Niimi and Lu
ovsky, 1999). A mixture of N2/H2 is usedto et
h organi
 �lms with low diele
tri
 
onstant (Ishikawa et al., 2006). Nitro-gen dis
harges are also employed in surfa
e post-pro
essing of various metals andalloys. Plasma nitriding is used as an e
onomi
al method to improve hardness,
orrosion, wear resistan
e and surfa
e quality of stainless steel (Wang et al., 2006;Shah et al., 2008). Additionally, plasma sour
e ion implantation of nitrogen is usedto substantially redu
e the wear rate of various alloys (Conrad et al., 1987; Choet al., 2001), 
ommonly in
reasing the lifetime by 2 � 3 orders of magnitude.The volume averaged global model for high density dis
harges was developed



4 Introdu
tionby Lieberman and Gotts
ho (1994) for noble gases and extended to mole
ular gasesby Lee et al. (1994) and Lee and Lieberman (1995). A more elaborate volume aver-aged global model of O2 (Patel, 1998; Gudmundsson et al., 2000, 2001) and Ar/O2mixture (Gudmundsson et al., 1999; Gudmundsson and Thorsteinsson, 2007a,b)has been developed and 
ompared to Langmuir probe and mass spe
trometer mea-surements (Gudmundsson and Lieberman, 1998; Gudmundsson et al., 1999, 2000).A time dependent global model was developed by Ashida et al. (1995) to des
ribea pulsed dis
harge and extended to in
lude 
hlorine (Ashida and Lieberman, 1997)and oxygen dis
harge (Kim et al., 2006). The main idea of a global model is tonegle
t the 
omplexity whi
h arises when spatial variations are 
onsidered and togenerate a model that en
ompasses large number of rea
tions in order to modela pro
essing plasma with a limited 
omputing power. Thus, the model does notdes
ribe spatial distribution but 
aptures s
alings of plasma parameters with 
on-trol parameters. The model allows us to investigate various phenomena, su
h asthe e�e
ts of ex
ited spe
ies, negative ions and parti
ular rea
tions on the overalldis
harge.Here a global model of a nitrogen dis
harge is developed for the pressure regime1 � 100 mTorr. In the model presented here the ele
tron energy distribution is al-lowed to vary from Maxwellian to Druyvesteyn distribution. Thus, for ele
tronimpa
t rea
tions a 
ross se
tion is used to 
al
ulate the rate 
oe�
ient. The pa-rameters of the global model, in
luding the energy balan
e and parti
le balan
e, arede�ned in 
hapter 2. The rea
tion set is introdu
ed in 
hapter 3. The steady statenitrogen dis
harge is dis
ussed in 
hapter 4. The model 
al
ulations are 
omparedto measured values before evaluating the produ
tion and loss me
hanisms of ea
hgas spe
ies. Similarly, the pulsed nitrogen dis
harge is dis
ussed in 
hapter 5.



Chapter 2
The global (volume averaged)model
We assume a 
ylindri
al stainless steel 
hamber of radius R and length L. A steady�ow Q of neutral spe
ies is introdu
ed through the inlet. The dis
harge pressureis maintained by 
on
urrently pumping neutral spe
ies, radi
als and positive ionsout of the 
hamber. The operating pressure of the dis
harge is assumed to be inthe regime 1 � 100 mTorr. The 
ontent of the 
hamber is assumed to be nearlyspatially uniform and the power is assumed to be uniformly deposited into theplasma bulk. The ion densities are also assumed to have a uniform density pro�leex
ept near the walls, where it drops sharply to the sheath-edge density, nis. Thesheath-edge density of negative ions is assumed to be zero. Energy losses due to
ollisions with ions and ex
ited spe
ies are negle
ted be
ause their density is smallin 
omparison to the density of the ground state neutral spe
ies. Furthermore, forboth positive and negative ions, only singly ionized spe
ies are 
onsidered, theirdensity being mu
h larger than of the multiple ionized spe
ies.



6 The global (volume averaged) model2.1 Basi
 dis
harge parametersPlasma dis
harges are normally assumed to be quasi-neutral, that is
ne =

∑

i

Zini (2.1)where Zi and ni are the relative 
harge and density of ion i, respe
tively. Theabove expression is often 
alled the plasma approximation and is one of the mostbasi
 prin
iples in plasma dis
harge theory. The approximation is generally goodthroughout the dis
harge, ex
ept for the plasma sheath region, in whi
h it is nota

urate (Lieberman and Li
htenberg, 2005, p. 40).Bohm (1949) found that in order for a stable sheath to be possible, the minimumkineti
 energy of ions striking the sheath must be equal to half the ele
tron energy.This relation is 
ommonly known as the Bohm 
riterion, whi
h results in an ionvelo
ity ex
eeding the ion sound velo
ity in a 
ollisionless sheath. The Bohmvelo
ity for an ion i, when generalized for an ele
tronegative plasma, is thereforegiven as (Lieberman and Li
htenberg, 2005, p. 347)
uB,i =

[
eTe(1 + α)

mi(1 + αγ)

]1/2 (2.2)where e = 1.6 × 10−19 C is the ele
tron 
harge, Te is the e�e
tive ele
tron tem-perature in volts, mi is the mass of the 
orresponding ion, α = n−/ne is theele
tronegativity in the dis
harge and γ = Te/Ti is the ratio of ele
tron and iontemperatures.In a dis
harge 
onsisting of several gaseous spe
ies and free ele
trons, the dif-fusion 
onstant for the spe
ies α is given by (Lieberman and Li
htenberg, 2005,



2.1 � Basi
 dis
harge parameters 7p. 134)
D(α) =

eTeλ
(α)

m(α)v(α)
(2.3)where v(α) is the mean velo
ity of the spe
ies α,

v(α) =

(
8eT(α)

πm(α)

)1/2 (2.4)and λ(α) is the mean free path of the spe
ies α,
1

λ(α)
=

∑

j

njσsc
(α)
j

(2.5)where nj is the density of the gas spe
ies j, and σ
sc

(α)
j

is the s
attering 
ross se
tionfor the 
ollision of the spe
ies α with the gas spe
ies j. The ambipolar di�usion
oe�
ient, when generalized for an ele
tronegative plasma, is given as (Liebermanand Li
htenberg, 2005, p. 346)
Da = Di

1 + γ + γα

1 + γα
(2.6)where Di is the di�usion 
oe�
ient of ion i, given by equation (2.3).The temperature of a spe
ies α, on the one hand in volts and on the other handin Kelvin, has the relation

eT(α) [volts℄ = kT (α) [Kelvin℄ (2.7)where k = 1.38 × 10−23 J/K is Boltzmann's 
onstant. From this point forwardthe itali
 typefa
e T refers to a temperature value in Kelvin, whereas the romantypefa
e T refers to a temperature value in volts.



8 The global (volume averaged) model2.2 E�e
tive area for parti
le lossThe e�e
tive area for ion loss in a 
ylindri
al geometry of radius R and length L isgiven by Lieberman and Gotts
ho (1994) and Lieberman and Li
htenberg (2005)as
Aeff = 2π(R2hL + 2πRLhR) (2.8)where hR and hL are s
aling fa
tors that des
ribe the ratios of sheath versus bulkdensity in the radial and axial dire
tions, respe
tively. In the intermediate pressureregime, (R, L) ≥ λi ≥ (Ti/Te)(R, L), Godyak (1986) joined the 
ollisionless (lowpressure) and 
ollisional (intermediate pressure) solutions to the variable mobilitydi�usion model to give

hL ≡
nsL

n0
≃ 0.86

(

3 +
L

2λi

)−1/2 (2.9)
hR ≡

nsR

n0
≃ 0.8

(

4 +
R

λi

)−1/2 (2.10)at the axial sheath edge and the radial sheath edge, respe
tively. These solutionsare not valid at higher pressure where λi ≤ Ti/Te(L, R) and a 
onstant di�usion
oe�
ient model is more appropriate. To in
lude this regime Lee and Lieberman(1995) developed a heuristi
 equation, whi
h, when generalized for an ele
troneg-ative plasma, is given
hL ≃ 0.86

1 + (3α/γ)

1 + α

[

3 +
L

2λi
+

(
0.86LuB

πDa

)2
]−1/2 (2.11)

hR ≃ 0.80
1 + (3α/γ)

1 + α

[

4 +
R

λi
+

(
0.80RuB

χ01J1(χ01)Da

)2
]−1/2 (2.12)



2.3 � The ele
tron energy distribution fun
tion 9where J1(χ) is the �rst order Bessel fun
tion, χ01 ≃ 2.405 is the �rst zero of thezero order Bessel fun
tion J0, α = n−/ne is the ele
tronegativity of the dis
harge,
γ = Te/Ti is the fra
tion of the ele
tron and ion temperatures, Da is the ambipolardi�usion 
oe�
ient, given by equation (2.6), and uB is the Bohm velo
ity, given byequation (2.2).As λi and Ti are allowed to vary from ion to ion, ea
h ion is allowed to havedi�erent e�e
tive area for ion loss, A

(α)
eff . The third term in the expressions forthe s
aling fa
tors, equations (2.11) and (2.12), were added in this work and werenot in
luded in our previous model of the O2/Ar dis
harge (Gudmundsson andThorsteinsson, 2007b) to a

ount for di�usion at higher pressures, approximatelyin the range 30 − 100 mTorr. This addition is expe
ted to de
rease the e�e
tivearea for ion loss 
ompared to previous models sin
e the s
aling fa
tors, hL and hR,de
rease.2.3 The ele
tron energy distribution fun
tionIn the global model 
al
ulation we assume a parti
ular ele
tron energy distributionfun
tion for the dis
harge, the simplest being the Maxwellian-like distribution. Ina 
apa
itively 
oupled dis
harge the ele
tron energy distribution fun
tion is 
om-monly found to be bi-Maxwellian (Godyak et al., 1993). For a low pressure (< 30mTorr) indu
tively 
oupled dis
harge, measurements have shown that the ele
tronenergy distribution is 
lose to being Maxwellian-like in mole
ular gases, su
h as inN2 and O2 dis
harges (Gudmundsson et al., 1999; Singh and Graves, 2000a,b). Foratomi
 gases, most 
ommonly argon, the ele
tron energy distribution is 
loser tobeing bi-Maxwellian, i.e. a sum of two Maxwellian distributions (Singh and Graves,2000b; Ma and Pu, 2003). For higher pressure there are relatively fewer high en-ergy ele
trons, and the ele
tron energy distribution more resembles the so 
alled



10 The global (volume averaged) modelDruyvesteyn distribution, both for atomi
 (Li, 2006) and mole
ular gases (Singhand Graves, 2000b). Furthermore, the ele
tron energy distribution of the nitrogendis
harge has a strange anomaly; at low dis
harge power a hole is often observed ataround 3 eV. This hole has been attributed to the strong vibrational loss propertyof nitrogen dis
harges (Singh and Graves, 2000b). Be
ause of these variations in theele
tron energy distribution fun
tion it is important to evaluate the sensitivity ofthe results to the 
hoi
e of ele
tron energy distribution fun
tion. A suitable methodwould be to 
ompare the results obtained when assuming a Maxwellian-like ele
tronenergy distribution to those obtained when assuming a Druyvesteyn-like ele
tronenergy distribution. A global model of an argon dis
harge has been developedwhere the ele
tron energy distribution is allowed to vary from Maxwellian distri-bution to Druyvesteyn distribution (Gudmundsson, 2001). Furthermore, Kimuraand Ohe (2001) proposed a global model for a two temperature ele
tron energydistribution (bi-Maxwellian) in and argon dis
harge and 
ompared the results tomeasurements with a satisfa
tory out
ome. However, using a two temperature dis-tribution is not as 
onvenient as allowing the distribution fun
tion to vary from aMaxwellian distribution to Druyvesteyn ele
tron energy distribution fun
tion. Thereason for this lies in the strong resemblan
e of the Maxwellian and Druyvesteyndistributions, primarily in their mathemati
al expressions. A general equation forthe ele
tron energy distribution fun
tion, applying to both the Maxwellian and theDruyvesteyn distributions, is given by (Amemiya, 1997; Gudmundsson, 2001)
f(E) = c1E

1/2 exp(−c2E
x) (2.13)where x = 1 
orresponds to the Maxwellian distribution and x = 2 to the Druyvesteyndistribution. c1 and c2 are 
oe�
ients whi
h depend on the energy E and the dis-



2.3 � The ele
tron energy distribution fun
tion 11tribution parameter x, and are given as (Gudmundsson, 2001)
c1 =

x

〈E〉3/2

[Γ(ξ2)]
3/2

[Γ(ξ1)]5/2
(2.14)

c2 =
1

〈E〉x

[
Γ(ξ2)

Γ(ξ1)

]x (2.15)where 〈E〉 is the average ele
tron energy,
〈E〉 =

3

2
eTe (2.16)and Γ(ξ) is the solution to the gamma fun
tion with ξ1 = 3/2x and ξ2 = 5/2x.When the ele
tron energy distribution fun
tion 
hanges there are several parame-ters that are a�e
ted. First and foremost are the rate 
oe�
ients of ele
tron impa
trea
tions that are found by averaging the 
orresponding 
ross se
tion, σ(E), overthe assumed distribution fun
tion,

K(Te) = 〈σ(E) ve〉 =

(
2 e

me

)1/2
∞∫

0

σ(E) E1/2f(E) dE (2.17)To obtain an analyti
al expression for the rate 
oe�
ients as a fun
tion of ele
trontemperature we �t the result to the Arrhenius form,
K(Te) = A × Te

B × exp (−C/Te
x) (2.18)For non-ele
tron impa
t rea
tion the rate 
oe�
ients do not depend on theenergy of ele
trons and are not a�e
ted by the 
hoi
e of the ele
tron energy dis-tribution fun
tion. Previous models of mole
ular dis
harges (Lee et al., 1994; Leeand Lieberman, 1995; Patel, 1998; Gudmundsson et al., 2001; Kim et al., 2006;Gudmundsson and Thorsteinsson, 2007b) utilize a 
olle
tion of rea
tions and rate



12 The global (volume averaged) model
oe�
ients that have been averaged over the Maxwellian distribution fun
tion.Being able to 
hange the distribution fun
tion therefore requires a set of rea
tionsand their 
orresponding ele
tron energy dependent 
ross se
tions instead of simplytheir rate 
oe�
ients. Changing the distribution fun
tion from a Maxwellian-liketo a Druyvesteyn-like distribution results in lower rate 
oe�
ients for rea
tionsthat have high thresholds, su
h as ionization, but may in
rease rate 
oe�
ients forrea
tions with low thresholds, in parti
ular elasti
 
ollisions.Other parameters, that are normally simpli�ed for an assumed Maxwellian-likedistribution, need to be rede�ned for the more general distribution of (2.13). Asthe ele
tron energy is proportional to the square of the ele
tron velo
ity, 
hangingthe energy distribution fun
tion therefore 
hanges the average ele
tron velo
ity,now given by (Gudmundsson, 2001)
ve = 〈E〉1/2

(
2 e

me

)1/2
[Γ(ξ4)]

[Γ(ξ1) Γ(ξ2)]1/2
(2.19)where ξ4 = 2/x. Consequently the ion velo
ity 
hanges, with the Bohm velo
itynow given as (Gudmundsson, 2001)

uB = 〈E〉1/2

(
2

mi

)1/2
[Γ(ξ1)]

[Γ(ξ2) Γ(ξ3)]1/2
(2.20)where ξ3 = 1/2x. The sheath potential, Vs, 
an be determined by equating the ionand ele
tron �ux at the wall, Γe = Γi. That is (Gudmundsson, 2001)

1

4
nevec1

∞∫

Vs

(E − Vs)
1/2 exp(−c2E

x) dE = niuB (2.21)Solving for Vs yields an analyti
al solution when x = 1, for the Maxwellian-likedistribution, but for other values of x the sheath potential has to be determined



2.3 � The ele
tron energy distribution fun
tion 13numeri
ally. To make that possible the integral needs to be rewritten so that thelimits are �nite. Start by rearranging and splitting the integral to two intervals,
4 niuB

nevec1
=

Vs+1∫

Vs

(E − Vs)
1/2 exp (−c2 E

x) dE +

∞∫

Vs+1

(E − Vs)
1/2 exp (−c2 E

x) dE(2.22)then, after introdu
ing the 
hange of variables u = E − Vs and t = (E − Vs)
−1 forthe left and right integrals, respe
tively, we arrive at

4 niuB

nevec1
=

1∫

0

u1/2 exp (−c2 [u + Vs]
x)

︸ ︷︷ ︸

f1(u)

du +

1∫

0

t−5/2 exp
(
−c2 [t−1 + Vs]

x
)

︸ ︷︷ ︸

f2(t)

dt(2.23)where the singularity at t = 0 
an be eliminated by observing that limt→0 f2(t) = 0.It is now straightforward to integrate equation (2.23) numeri
ally and obtain Vswith an iteration. However, sin
e the solution depends on both the densities and theele
tron temperature, the 
al
ulation would need to be done in ea
h iteration step.This proved to be extremely ine�
ient, the model 
al
ulations taking roughly 10 �100 times longer to �nish 
ompared to when an analyti
al solution of Vs was used.The analyti
al solution for Vs for a Maxwellian-like ele
tron energy distributionfun
tion, derived from equation (2.21), is
Vs = −Te ln

(

4
niuB

neve

) (2.24)For an argon dis
harge it has been shown that Vs de
reases with an in
reasing x(Gudmundsson, 2001). In an attempt to �nd an approximate expression for thesheath potential, a heuristi
 solution was developed to a

ount for its dependen
y
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Figure 2.1: The normalized sheath potential, Vs/Te, versus the parameter x.The heuristi
 solution for Vs, given by equation (2.25), (dashed line) 
ompared tothe numeri
ally 
orre
t solution, given by equation (2.23), (solid line) in an argondis
harge where ni = ne.
of the distribution parameter, x. By �tting the a

urate solution of Vs in an argondis
harge to a simple power law dependen
y of x, we arrive at

Vs = −Te ln

(

4
niuB

neve

)

x−0.43 (2.25)By 
omparing equation (2.25) to the a

urate numeri
al solution of (2.23) in anargon dis
harge, as in �gure 2.1, we see that the error is su�
iently low in therange 1 < x < 2.The mean kineti
 energy lost per ion lost, Ei, is given by (Gudmundsson, 2001)
Ei =

[Γ(ξ1)]
2

Γ(ξ2) Γ(ξ3)
〈E〉 + Vs (2.26)and the mean kineti
 energy lost per ele
tron lost, Ee, is given by (Gudmundsson,



2.4 � The 
ollisional energy loss per ionization event 152001)
Ee =

Γ(ξ1) Γ(ξ5)

Γ(ξ2) Γ(ξ4)
〈E〉 (2.27)where ξ5 = 3/x. The total energy lost per ele
tron-ion pair loss is

ET = Ec + Ee + Ee (2.28)The 
ollisional energy loss per ele
tron-ion pair 
reated, Ec, dis
ussed in se
tion2.4 and given by equation (2.31), is normally the largest term in equation (2.28).It depends strongly on the rate 
oe�
ients of energy loss rea
tions and thereforeany error in ET is mainly attributed to 
ross se
tion errors, rather than errors ine.g. Vs. Furthermore, as x in
reases there is a steep in
rease in the 
ollisional energyloss, Ec, as 
an be seen in �gure 2.3. Thus, it has to be 
on
luded that using theheuristi
 solution for the sheath potential Vs, given by equation (2.25), instead ofthe numeri
ally 
orre
t solution, given by equation (2.23), is more than a

urateenough, at least for the 
urrent study.
2.4 The 
ollisional energy loss per ionization eventCollisional energy loss per ele
tron-ion pair 
reated, Ec, is an important parameterin our model sin
e it represents a signi�
ant part of the total power loss in
ludedin the energy balan
e equation dis
ussed in se
tion 2.6.2. Before an ele
tron-ionpair is 
reated through ionization, the ele
tron is likely to have lost a part of itsenergy to pro
esses su
h as ex
itation or elasti
 s
attering. Thus, assuming a singleionization pro
ess for ea
h ion, the total 
ollisional energy loss per ele
tron-ion pair
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reated is given by (Lieberman and Li
htenberg, 2005, p. 81)
KizEc = KizEiz + KexEex + KelEel (2.29)where K and E refer to the rate 
oe�
ient and ele
tron energy loss of the ionization,ex
itation and elasti
 s
attering pro
esses, and

Eel =
3me

M
(2.30)is the mean ele
tron energy loss of elasti
 s
attering by a gaseous spe
ies with amass M .The 
ollisional energy loss is usually found separately for ea
h neutral spe
ies.As well as merging the terms on the right hand side, this yields a more 
onvenientand general form of equation (2.29),

E(α)
c =

1

Kiz,α

Nβ,α∑

β=1

Kβ,αEβ,α (2.31)where Kβ,α and Eβ,α are the rate 
oe�
ient and the ele
tron energy loss of pro
ess
β and spe
ies α, respe
tively. Nβ,α is the total number of energy loss pro
esses
β due to 
ollisions with spe
ies α. The pro
esses in the sum over β should in-
lude all ele
tron-neutral 
ollisions, that is all rotational, vibrational and ele
troni
ex
itation, disso
iation, atta
hment and deta
hment pro
esses, along with elasti

ollisions and ionization (Lee and Lieberman, 1995). Here, however, we will onlyin
lude elasti
, ex
itation, and basi
 ionization pro
esses, as they are expe
ted todominate other pro
esses. In any 
ase, the resulting error should not be largerthan errors arising from e.g. 
ross se
tions or the assumption of the ele
tron energydistribution fun
tion. For a Maxwellian energy distribution for the ele
trons the



2.4 � The 
ollisional energy loss per ionization event 17ex
itation pro
esses are important and 
ontribute signi�
antly to Ec and thus haveto be in
luded. However, when assuming a Druyvesteyn energy distribution ofele
trons, even the ex
itation rate 
oe�
ients 
ontribute little to Ec, and it wouldbe su�
ient to only in
lude elasti
 s
attering and ionization pro
esses in the 
al-
ulation of the 
ollisional energy loss. This has been 
on�rmed by 
al
ulating the
ollisional energy loss with and without 
onsidering ele
tron energy losses due toex
itation. Although the ex
itation pro
esses had a signi�
ant 
ontribution for aMaxwellian ele
tron energy distribution, their 
ontribution to the total 
ollisionalenergy loss was negligible for a Druyvesteyn ele
tron energy distribution.The 
ollisional energy loss has been 
al
ulated for ele
tron energy losses due to
ollisions with mole
ular nitrogen in the ground state, N2(X
1Σ+

g , v = 0), on onehand, and with atomi
 nitrogen in the ground state, N(4S), on the other. The 
rossse
tions used to 
al
ulate the rate 
oe�
ients in equation (2.31) are dis
ussed atlength in 
hapter 3 (se
tions 3.2, 3.3 and 3.7 in parti
ular). The rate 
oe�
ientsand energy loss of ea
h of the pro
esses, 
al
ulated assuming a Maxwellian ele
tronenergy distribution, are summarized in tables A.7 and A.8. The 
ollisional energyloss per ele
tron-ion pair 
reated is shown in �gures 2.2 and 2.3. Figure 2.2(a) showsthe 
ollisional energy loss per ele
tron-ion pair 
reated for atomi
 nitrogen in theground state, N(4S), and mole
ular nitrogen in the ground state, N2(X
1Σ+

g , v = 0),
al
ulated assuming a Maxwellian-like ele
tron energy distribution. The 
ollisionalenergy losses are very similar for the two spe
ies when the ele
tron temperatureis above 3 V, the 
ollisional loss of the mole
ule in
reasing signi�
antly fasterwhen the ele
tron temperature de
reases any further. The 
ollisional loss for themole
ule is about 4.5× 107 V and about 2× 106 V for the atom when the ele
trontemperature is 1 V, but are very similar at 100 V, or roughly 16 V and 18.8 V,respe
tively. Figure 2.2(b) shows the 
ollisional loss of the mole
ular and atomi
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al
ulated assuming a Druyvesteyn ele
tron energy distribution. The
ollisional energy losses are very similar for the two spe
ies when the ele
trontemperature is high, but unlike for the Maxwellian ele
tron energy distribution
ase shown in �gure 2.2(a), the 
ollisional losses be
ome di�erent mu
h sooner, orwhen the ele
tron temperature is below roughly 7 V, and in
rease substantiallymore rapidly with de
reasing ele
tron temperature. The 
ollisional loss is so largeat 1 V ele
tron temperature that we 
hose to omit parts of it that ex
eed 1010 V,being about 1042 V and 1026 V for the mole
ule and atom, respe
tively. When theele
tron temperature is 100 V the 
ollisional losses are very similar, or 15.8 V and16.8 V for the mole
ule and atom, respe
tively.When 
hanging the distribution fun
tion from Maxwellian to Druyvesteyn,i.e. x = 1 → 2, as is done in �gure 2.3, the energy loss in
reases exponentially,parti
ularly at low ele
tron temperatures. With its high threshold, the ionizationrate 
oe�
ient de
reases signi�
antly when a Druyvesteyn distribution is assumed.This is normal as the tail of the Druyvesteyn distribution is noti
eably smallerthan that of the Maxwellian distribution. Furthermore, from 
omparison of �gures2.3(a) and (b) it 
an be seen that the 
ollisional energy loss for the mole
ule has asigni�
antly stronger dependen
e on x than the atom.
2.5 Detailed balan
ingThe rea
tion

A + B −→ C + D (2.32)



2.5 � Detailed balan
ing 21is dire
tly related to the inverse rea
tion
C + D −→ A + B (2.33)by detailed balan
ing (Lieberman and Li
htenberg, 2005, p. 267),

m2
RgAgBv2

Rσ(vR) = m′

R
2
gCgDv′R

2
σ′(v′R) (2.34)where mR and m′

R are the redu
ed mass of the forward and inverse rea
tions,
mR =

mAmB

mA + mB
and m′

R =
mCmD

mC + mD
(2.35)for the dire
t and inverse pro
esses, respe
tively. Similarly the relative velo
itiesare given by vR and v′R, and the 
ross se
tions by σ(vR) and σ′(v′R). Furthermore,the degenera
ies of the parti
les A, B, C and D are given by gA, gB, gC and gD,respe
tively.

Our 
ross se
tions are given as a fun
tion of ele
tron energy E , and not therelative velo
ity vR, as in equation (2.34). Kineti
 energy and velo
ity of a parti
leare related by
eE =

1

2
mRv2

R (2.36)and sin
e mR = m′

R for ele
tron impa
t ex
itation or de-ex
itation, equation (2.34)
an be written
EgAgBσ(E) = E ′gCgDσ′(E ′) (2.37)



22 The global (volume averaged) modelUsing the relation
1

2
mRv2

R =
1

2
m′

Rv′R
2

+ eEa (2.38)along with equation (2.36), we �nd that
E = E ′ + Ea (2.39)Furthermore, gA = gC for ele
tron impa
t ex
itation or de-ex
itation and thereforewe 
on
lude that the 
ross se
tion for the inverse pro
ess is related to the dire
tpro
ess by the equation

σ′(E ′) =

(

1 +
Ea

E ′

)
gB

gD
σ(E ′ + Ea) (2.40)for those pro
esses. Dubé and Herzenberg (1979) 
al
ulated 
ross se
tions for bothvibrational ex
itation and de-ex
itation, as well as stating that their 
al
ulationswere 
onsistent with the prin
iple of detailed balan
ing. Using equation (2.40)on the v = 1 → 2 
ross se
tion 
al
ulated by Dubé and Herzenberg, we found anear perfe
t �t to their v = 2 → 1 
ross se
tion, giving us 
on�den
e in equation(2.40) and supporting their assessment that the 
al
ulations are 
onsistent withthe prin
iple of detailed balan
ing. Furthermore, Mihajlov et al. (1999) gave anexpression for the detailed balan
ing of a 
ross se
tion whi
h was 
onsistent withequation (2.40).By integrating equation (2.40) over the Maxwellian-like distribution, 
orre-sponding to x = 1 in equation (2.13), we obtain

K ′(Te) =
gB

gD
eEa/TeK(Te) (2.41)



2.6 � System of equations 23Equation (2.41) is a
tually never used in the model 
al
ulations to 
al
ulate inverserea
tion rate 
oe�
ients sin
e ele
tron 
ollision 
ross se
tions, and 
onsequentlyequation (2.40), are utilized instead. The rate 
oe�
ient is obtained by averagingthe 
ross se
tion a
quired with equation (2.40) over the ele
tron energy distributionfun
tion. However, equation (2.41) is useful to manually 
he
k if the s
aling of agiven Maxwellian averaged inverse rea
tion rate 
oe�
ient is 
onsistent with theprin
iple of detailed balan
ing.2.6 System of equationsThe global (volume averaged) model is based on two types of balan
e equationsto determine parti
le densities and ele
tron temperature in the dis
harge. Thesystem of equations 
onsists of a set of non-linear parti
le balan
e equations, onefor ea
h dis
harge spe
ies, along with a single energy balan
e equation. Sin
e theenergy balan
e and parti
le balan
e equations are strongly 
oupled, the system ofequations must be solved simultaneously. A numeri
al solver is the only viable
hoi
e for su
h a 
omplex model.2.6.1 Parti
le balan
eThe parti
le balan
e equation for a dis
harge spe
ies α is given as (Lieberman andLi
htenberg, 2005, p. 30),
dn(α)

dt
+ ∇ · (n(α)

u
(α)) = G(α) − L(α) (2.42)where G(α) and L(α) are the total rate of generation and loss of a spe
ies α, respe
-tively.Di�usion to the walls is in
luded in the divergen
e term in equation (2.42).



24 The global (volume averaged) modelHowever, it is possible to in
lude any loss to the walls, in
luding di�usion, in theloss term on the right hand side of equation (2.42). Furthermore, as the modelis global, volume averaged, other spatial di�erentials are assumed to be zero andequation (2.42) redu
es to
dn(α)

dt
= G(α) − L(α) (2.43)Furthermore, for steady state 
al
ulations the left hand side is zero and the balan
eequation is further simpli�ed, G(α) = L(α), i.e. the generation of ea
h spe
ies mustbe equal to its annihilation.Loss and generation of a spe
ies 
an o

ur through various pro
esses, but herewe will 
onsider loss and generation as a result of rea
tions of ele
trons with gaseousspe
ies, rea
tions of multiple gaseous spe
ies with ea
h other, rea
tions on the wall,the �ow of gas in and out of the 
hamber and the spontaneous opti
al emission ofex
ited spe
ies.

Volume lossesFor the rea
tion of two spe
ies,
A + B

K
−→ produ
ts (2.44)that involves the loss or generation of a spe
ies α the rea
tion rate is

R(α)
r = nAnBK (2.45)



2.6 � System of equations 25For the spontaneous emission of an ex
ited spe
ies A∗,
A∗ −→ A + hν (2.46)involving the loss or generation of a spe
ies α (A∗ or A, respe
tively), the rea
tionrate is given

R
(α)
rad = nA∗

1

τrad,A∗

(2.47)where τrad,A∗ is the radiative lifetime of the ex
ited spe
ies A∗.Losses at wallsFor the re
ombination of positive ions on the wall
A+ + wall −→ A (2.48)that involves the loss or generation of a spe
ies α (A+ or A, respe
tively), therea
tion rate is

R
(α)
iw = nA+ uB,A+

Aeff

V
(2.49)where V is the volume of the 
hamber, uB,A+ is the Bohm velo
ity for the ion A+,given by equation (2.2), and Aeff is the e�e
tive area for parti
le loss, as given byequation (2.8).For the re
ombination of neutral atoms on the wall

B + wall −→ 1

2
B2 (2.50)



26 The global (volume averaged) modelwhi
h involves the loss or generation of a spe
ies α (B or B2, respe
tively), therea
tion rate is (Booth and Sadeghi, 1991)
R(α)

nwr = nB

[
Λ2

0

DB
+

2V (2 − γrec,B)

AvB γrec,B

]−1 (2.51)where γrec,B is the wall re
ombination 
oe�
ient, vB is the mean velo
ity givenby equation (2.4), DB is the di�usion 
oe�
ient of the neutral spe
ies B given byequation (2.3) and Λ0 is the e�e
tive di�usion length, given by Chantry (1987) fora 
ylindri
al 
hamber of length L and radius R,
Λ0 =

[(
π

L

)2

+

(
2.405

R

)2
]−1/2 (2.52)For the quen
hing of ex
ited parti
les B∗ on the wall,

B∗ + wall −→ B (2.53)whi
h involves the loss or generation of a spe
ies α (B∗ or B, respe
tively), therea
tion rate has the same expression as for wall re
ombination, equation (2.51), butwith a wall quen
hing 
oe�
ient γQ,B∗ instead of the wall re
ombination 
oe�
ientand the subs
ripts B repla
ed by B∗.Pumping lossesThe rate due to the �ow of a spe
ies α into a 
hamber of volume V is
R

(α)
Qi = 4.48 × 1017 Q

(α)
in

V
(2.54)where Q

(α)
in is the �ow of the spe
ies α into the 
hamber in s

m and the fa
tor

4.48 × 1017 
onverts s

m to parti
les/se
.



2.6 � System of equations 27The rate due to the �ow of a spe
ies α out of the 
hamber is
R

(α)
Qo = 1.27 × 10−5 QT

in

pV
n(α) (2.55)where QT

in is the total �ow of gas into the 
hamber in s

m, p is the outlet-�owpressure in Torr and the fa
tor 1.27 × 10−5 
onverts s

m to Torr-m3/se
.Parti
le balan
e equationsBy summing over pro
esses β that involve the generation or loss of a parti
le α,
βG and βL, respe
tively, the parti
le balan
e equation (2.43) for ea
h spe
ies, α,
an be written

dn(α)

dt
=




∑

βG

R
(α)
r,βG

+ R
(α)
iw,G + R

(α)
nw,G + R

(α)
Qi + R

(α)
rad,G





−




∑

βL

R
(α)
r,βL

+ R
(α)
iw,L + R

(α)
nw,L + R

(α)
Qo + R

(α)
rad,L



 (2.56)Sin
e the dis
harge is quasi-neutral, a

ording to equation (2.1), the ele
tronsare balan
ed automati
ally due to the balan
e equations for the ions. We willtherefore ex
lude the equation for the balan
e of ele
trons in the global model
al
ulations and obtain the ele
tron density from the ion densities with the help ofequation (2.1). This will in
rease the e�
ien
y of the global model 
al
ulations tosome extent.2.6.2 Energy balan
eThe total power absorbed in the plasma, Pabs, must be equal to the total powerloss in the system due to the 
onservation of energy. The power balan
e equation,



28 The global (volume averaged) modelgiven by Ashida et al. (1995), 
an be written
d

dt

(
3

2
eneTe

)

=
1

V



Pabs − eV neng

∑

β

Kβ,αgEβ,αg − euBniAeff(Ei + Ee)



 (2.57)where V is the volume of the dis
harge 
hamber, Aeff is the e�e
tive area forparti
le loss in the 
hamber given by equation (2.8) and uB is the Bohm velo
itygiven by equation (2.2). Ei and Ee are the mean kineti
 energy lost per ion andele
tron lost, given by equations (2.26) and (2.27), respe
tively. The sum is overall 
ollisional energy loss pro
esses β, with rate 
oe�
ients Kβ,α and energy loss
Eβ,α, for 
ollisions with the spe
ies α. At last, ne, ni and ng refer to the densitiesof ele
trons, ions and neutral spe
ies, respe
tively.The se
ond term on the right hand side of (2.57) represents the loss of powerdue to 
ollisions of gaseous spe
ies, and the third term the power loss due tokineti
 energy loss of ions and ele
trons as they bombard the 
hamber walls. Theleft hand side represents the time di�erential of the mean ele
tron energy density,
3
2eneTe = 〈E〉ne. In steady state this term is zero, and the absorbed power mustsimply be equal to the sum of 
ollisional and wall power losses.



Chapter 3
Nitrogen spe
i�
 parameters
There are several parameters in a dis
harge that are spe
i�
 to the type of gas beingstudied. Here we will dis
uss all the parameters spe
i�
 to the nitrogen dis
harge.The nitrogen rea
tion set will be reviewed in se
tions 3.1 to 3.7. We will 
onsider15 spe
ies of nitrogen in the dis
harge; the seven lowest lying vibrational levels ofthe ground state nitrogen mole
ule N2(X

1Σ+
g , v = 0 − 6), the metastable nitrogenmole
ule N2(A

3Σ+
u ), the ground state nitrogen atom N(4S), the metastable nitrogenatoms N(2D) and N(2P), and the ions N+

2 , N+, N+
3 and N+

4 . The most extensive
olle
tions of rea
tion rate 
oe�
ients in nitrogen are those by Kossyi et al. (1992)and Guerra et al. (2004). Unfortunately, the data set given by Kossyi et al. (1992)was developed for atmospheri
 resear
h and thus for a lower ele
tron energy thanis expe
ted in pro
essing dis
harges. Additionally, Guerra et al. (2004) 
reated therea
tion set for modelling dis
harges in the pressure range 1 � 10 Torr. As we allowthe ele
tron energy distribution fun
tion to vary, a set of ele
tron impa
t 
rossse
tions is required. The most extensive 
olle
tion of 
ross se
tions for ele
tron
ollisions with nitrogen mole
ules 
an be found in the reviews by Itikawa (2006)



30 Nitrogen spe
i�
 parametersand Tabata et al. (2006). We will dis
uss the wall intera
tion pro
esses in se
tion3.8. The available data for the wall re
ombination 
oe�
ient of neutral atoms willbe reviewed, as well as the 
oe�
ients for the wall quen
hing of the various ex
itedspe
ies in the dis
harge. The s
attering 
ross se
tions for di�erent parti
les in thedis
harge will be dis
ussed in se
tion 3.9. Furthermore, the gas temperature willbe dis
ussed in se
tion 3.10.3.1 Ele
tron impa
t disso
iationDisso
iation is a fundamental me
hanism in mole
ular gas dis
harges. The disso-
iation energy of the ground state nitrogen mole
ule has been established to liearound 9.8 eV (Ren et al., 2005; Lofthus and Krupenie, 1977). The overall disso-
iation me
hanism in nitrogen dis
harges is not qualitatively understood and therole of 
ollisional disso
iation or predisso
iation, the spontaneous disso
iation ofmole
ules ex
ited to a high ele
troni
 or vibrational level, is not known. The disso-
iation me
hanism is sometimes des
ribed by the sum of ex
itations to disso
iativeele
troni
 and vibrational levels (Guerra and Loureiro, 1995, 1997; Guerra et al.,2004; Zipf and M
laughlin, 1978; Phelps, 2008). In the 
urrent study, we will disre-gard predisso
iation and only assume that the disso
iation is indu
ed by 
ollisionswith ele
trons, whi
h may in e�e
t in
lude the 
ontribution of predisso
iation ofhighly ex
ited spe
ies.3.1.1 Ele
tron impa
t disso
iation of the nitrogen mole
uleThe me
hanism of the ele
tron impa
t disso
iation of the nitrogen mole
ule is stillnot 
ompletely understood. There are several pro
esses that 
ontribute to the over-all disso
iation pro
ess. Aside from the predisso
iation of highly ex
ited mole
ules,



3.1 � Ele
tron impa
t disso
iation 31ele
tron impa
t disso
iation of ex
ited mole
ules, in
luding ele
troni
ally, vibra-tionally and rotationally ex
ited mole
ules, is important as well. However, 
rossse
tion data is only available for the general rea
tion
e + N2 −→ N + N + e (3.1)where neither the state of the rea
tant or produ
ts is 
learly spe
i�ed.Winters (1966) measured the total disso
iation 
ross se
tion by monitoring thepressure inside a 
onstant volume 
hamber during ele
tron-N2 impa
t. The mea-sured 
ross se
tion has been suggested to be too large sin
e it in
ludes 
ontributionfrom disso
iative ionization (Itikawa et al., 1986). A 
ross se
tion purely for rea
-tion (3.1) 
an be extra
ted by subtra
ting the disso
iative ionization 
ross se
tion(se
tion 3.2.1) from this total 
ross se
tion. In a study of the predisso
iation ofhighly ex
ited states of the nitrogen mole
ule, Zipf and M
laughlin (1978) obtaineda disso
iation 
ross se
tion that is in agreement with the total 
ross se
tion mea-sured by Winters (1966).Cosby (1993) measured the 
ross se
tion for rea
tion (3.1) using a 
rossed beamsexperiment. He estimated that the N2 beam 
onsisted of 90 % N2(X

1Σ+
g , v = 0),but was also able to use a beam that he believed to 
onsist of 60 % N2(X
1Σ+

g , v =

0), 15 % N2(X
1Σ+

g , v > 0) and 25 % N2(A
3Σ+

u ). He dete
ted no systemati
di�eren
e in results between the two beams, indi
ating that the 
ross se
tionsfor the disso
iation of vibrationally and ele
troni
ally ex
ited mole
ules are notvery di�erent from the 
ross se
tion for disso
iation of the ground state mole
uleN2(X
1Σ+

g , v = 0). A 
omparison with the result of Winters reveals a signi�
antdis
repan
y between the two 
ross se
tions. Therefore, Cosby re
ommended a 
rossse
tion that was a weighted average of both 
ross se
tions. Mi and Bonham (1998)measured the 
ross se
tion at two energies. The results were in good agreement with
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Figure 3.1: The 
ross se
tion for the ele
tron impa
t disso
iation of the groundstate nitrogen mole
ule N2(X
1Σ+

g , v = 0) versus ele
tron energy as re
ommendedby Cosby (1993). The 
ross se
tion is a weighted average of the 
ross se
tionsmeasured by Winters (1966) and Cosby (1993).the 
ross se
tion re
ommended by Cosby (1993). Furthermore, re
ent 
ompilationsof ele
tron-N2 
ollision data (Tabata et al., 2006; Itikawa, 2006) support the use ofCosby's re
ommended 
ross se
tion. This 
ross se
tion is shown in �gure 3.1Like Itikawa (2006) pointed out, further resear
h is needed 
on
erning the stateof the disso
iation produ
ts. Although theory predi
ts that the least energy isneeded for produ
ing two atoms in the ground state, no sophisti
ated measurementsor simulations have been made to expli
itly obtain the overall produ
t bran
hingratio in the ele
tron impa
t disso
iation of N2. Nevertheless, the produ
t bran
h-ing ratio has been measured repeatedly for the disso
iative re
ombination of N+
2 ,as mentioned in se
tion 3.4.1. With an analysis of translational energy release dis-tribution, Cosby (1993) saw an indi
ation of N(4S) + N(2D) being the dominant
hannel, with N(4S) + N(4S) and N(4S) + N(2P) being minor 
hannels, and N(2D)+ N(2D) being a negligible 
hannel. Subsequent measurements of produ
t yieldsin the predisso
iation of highly ex
ited levels of N2 by Walter et al. (1993) show



3.1 � Ele
tron impa
t disso
iation 33that while the ground state atom N(4S) is always produ
ed, two N(4S) atoms arealmost never produ
ed in a single disso
iation event. The other produ
t was foundto be either the metastable N(2D) or the metastable N(2P), with the former beingmore likely. This is in agreement with the suggestion of Kaplan (1932), that arguedthat at least one of the produ
ts had to be in a metastable state, most probablythe N(2D), 
ontrary to yet earlier belief (Mulliken, 1932) of both the atoms beingin the ground state. We therefore assume that there is only a single disso
iation
hannel, N(4S) + N(2D), with the 
reation of the higher metastable atom N(2P)being negligible in 
omparison.Other than what is mentioned above about Cosby's measurement, there is no in-formation regarding the state of the rea
tant mole
ule. Thus, approximations mustbe made to obtain 
ross se
tions for ele
tron impa
t disso
iation of ex
ited nitrogenmole
ules. In the 
ase of the ele
tron impa
t ionization of the nitrogen mole
ule(see se
tion 3.2.1), threshold redu
tion is mu
h more important than s
aling the
ross se
tion for ionization of the ground state mole
ule in order to approximate the
ross se
tion for ionization of the metastable mole
ule. One 
ould even argue thatthe s
aling is not appropriate, as the di�eren
e in magnitude is within the errorlimits of the 
orresponding 
ross se
tions. This is even more true for the disso
ia-tion of N2, now under dis
ussion, be
ause of the la
k of any spe
i�
 measurementsor predi
tions. Even though it is only an approximation, using a threshold redu
ed
ross se
tion is at least more appropriate than just disregarding disso
iation fromex
ited mole
ules altogether. We will therefore take this approa
h for the ele
tronimpa
t disso
iation of vibrationally and ele
troni
ally ex
ited nitrogen mole
ules.
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i�
 parameters3.2 Ele
tron impa
t ionizationIonization is a 
ru
ial part of any dis
harge, sin
e the amount of free ele
tronsis largely de�ned by the e�
ien
y of the ionization rea
tions. In low pressuredis
harges, ele
tron impa
t ionization is the dominating ionization me
hanism,whereas in dis
harges operating at higher pressure asso
iative or Penning ioniza-tion may dominate (Guerra et al., 2004). Here we will dis
uss the ele
tron impa
tionization of nitrogen mole
ules and atoms. The ionization potential for the groundstate nitrogen mole
ule N2(X
1Σ+

g , v = 0) is 15.6 eV and for the ground state ni-trogen atom N(4S) 14.5 eV (Lias, 2005).3.2.1 Ele
tron impa
t ionization of the nitrogen mole
uleIonization of nitrogen mole
ules 
an o

ur in a number of ways, but sin
e we onlytake into a

ount singly ionized parti
les, our s
ope tightens to the dire
t anddisso
iative ionization of the nitrogen mole
ule, that is
e + N2 −→ N+

2 + 2e (3.2)and
e + N2 −→ N+ + N + 2e (3.3)

−→ N+ + N+ + 3e (3.4)respe
tively. The dire
t ionization, rea
tion (3.2), should be mu
h more likely thanthe disso
iative ionization, rea
tions (3.3) and (3.4).Several groups have measured or 
al
ulated a 
ross se
tion for the dire
t ion-ization, rea
tion (3.2), but do not spe
ify the state of the mole
ule being ionized,
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tron impa
t ionization 35although their nitrogen mole
ules are likely dominated by ground state nitrogenmole
ules. Itikawa (2006) re
ommended the 
ross se
tion given by Lindsay andMangan (2003), whi
h in turn based their 
ross se
tion on a slightly modi�ed dataof Straub et al. (1996) and the widely known measurements of Rapp and Englander-Golden (1965). Other authors have measured or theoreti
ally predi
ted the 
rossse
tion and most (Halas and Adam
zyk, 1972; Crowe and M
Conkey, 1973; Krish-nakumar and Srivastava, 1990; Tian and Vidal, 1998; Hudson et al., 2003; Freundet al., 1990; Daly and Powell, 1966) are in an ex
ellent agreement with Straub et al.(1996). Be
ause of the high level of agreement with other measurements and the
laimed measurement error of only 5.5%, we will 
onsider the the 
ross se
tion mea-sured by Straub et al. as the point of referen
e for the ionization of ground statenitrogen mole
ules, rea
tion 3.2. A few more studies (Cook and Peterson, 1962;Märk, 1975; Ba
ri and Medani, 1982; Abramzon et al., 1999) measure or 
al
ulatethe 
ross se
tion as well, but are less 
onsistent with the data above. Armentroutet al. (1981) measured the 
ross se
tions for the dire
t ionization of both groundstate and metastable nitrogen mole
ules. Freund et al. (1990) repeated the mea-surements in order to improve the reliability of the measurement of the metastableionization 
ross se
tion. The measurement for the ground state ionization was 
on-tent with the previous result and 
onsistent with the 
ross se
tion measured byStraub et al. (1996) and Tian and Vidal (1998).As for the disso
iative ionization, we noti
e a la
k of produ
t bran
hing ratios,with most authors only measuring the produ
tion of N+ from ele
tron impa
t onN2 (Straub et al., 1996; Krishnakumar and Srivastava, 1990; Crowe and M
Conkey,1973; Rapp et al., 1965; Cook and Peterson, 1962; Daly and Powell, 1966). Tianand Vidal (1998) measured the 
ross se
tion for rea
tions (3.2), (3.3) and (3.4)independently with the use of 
ovarian
e mapping mass spe
tros
opy. As with
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i�
 parametersthe previously mentioned N+ produ
tion 
ross se
tions, their 
ross se
tions alsoin
lude 
ontribution from N2+
2 produ
tion, being indistinguishable in a mass spe
-trometer be
ause of equal mass to 
harge ratio. They estimate the 
ontributionof N2+

2 produ
tion to be negligible, while Halas and Adam
zyk (1972) measuredthe 
ontribution to be as mu
h as 10%, de
reasing with in
reasing energy to beingnegligible near threshold. Lindsay and Mangan (2003) estimated the 
ontributionto be less than 0.5%, agreeing with Tian and Vidal (1998). We will follow thelatter and more 
ommon 
on
lusion and ignore the 
ontribution of N2+
2 to the N+produ
tion 
ross se
tions.Sin
e the data of Tian and Vidal (1998) is nearly identi
al to the 
orresponding
ross se
tions of Straub et al. (1996), it is regarded to be reliable as well, bothfor dire
t and disso
iative ionization. We will therefore use both the dire
t anddisso
iative ionization 
ross se
tions for ground state ionization from Tian and Vi-dal in the model. The ele
tron impa
t 
ross se
tions for dire
t and disso
iativeionization of the nitrogen mole
ule is shown in �gure 3.2. Very few measurementsor 
al
ulations of the 
ross se
tion for ele
tron impa
t ionization of ex
ited statesof the nitrogen mole
ule exist. Armentrout et al. (1981) and Freund et al. (1990)measured the 
ross se
tion for the dire
t ionization of the metastable mole
uleN2(A

3Σ+
u ), whereas Ba
ri and Medani (1982) used a weighted 
ross se
tion 
al
u-lation to predi
t it theoreti
ally. The metastable ionization 
ross se
tions of thosetwo are in a reasonable agreement, although their ground state ionization 
rossse
tions are not. However, the 
ross se
tion for the ele
tron impa
t ionization ofthe ground state nitrogen mole
ule measured by Freund et al. (1990) is 
onsistentwith the 
ross se
tion measured by Straub et al. (1996), whereas the 
ross se
tionby Ba
ri and Medani (1982) is not. We will therefore use the 
ross se
tion fromFreund et al. (1990) for the dire
t ionization of the metastable nitrogen mole
ule.
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Ele
tron energy [eV℄Figure 3.2: The 
ross se
tion for the ele
tron impa
t ionization of the groundstate nitrogen mole
ule versus ele
tron energy (Tian and Vidal, 1998). The solid,dashed and dotted lines refer to the produ
tion of N+
2 , N(2D) + N+ and N+ +N+, respe
tively. The dashed line has been multiplied by 4, and the dotted by16, for a more detailed representation, but are shown in their original s
ale on theinset graph. The 
orresponding 
ross se
tions for the ionization of ex
ited nitrogenmole
ules are threshold redu
ed and s
aled versions of the above 
ross se
tions (seetext), and are therefore not shown.As no 
ross se
tion data exists for the disso
iative ionization of ex
ited nitro-gen mole
ules, we will approximate them by s
aling the magnitude and redu
ingthe threshold of other 
ross se
tions. A 
omparison of the 
ross se
tions for theionization of the ground state and the metastable mole
ules, as measured by Fre-und et al. (1990), 
an be used to determine the s
aling and threshold redu
tion.Applying the result to the 
ross se
tion of Tian and Vidal (1998) should yield areliable 
ross se
tion for the dire
t ionization of the metastable nitrogen mole
ule,N2(A

3Σ+
u ). As illustrated in �gure 3.3, making the ground state 
ross se
tion ofFreund et al. 20% larger and redu
ing the threshold by 6.17 eV, the energy ofwhi
h the metastable N2(A

3Σ+
u ) lies above the ground state nitrogen mole
uleN2(X

1Σ+
g , v = 0), gave a good mat
h to the metastable ionization 
ross se
tionalso measured by Freund et al. (1990). A better mat
h at high energies 
ould have
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Ele
tron energy [eV℄Figure 3.3: The ele
tron impa
t ionization 
ross se
tion for the nitrogen mole
ule.Comparison of the 
ross se
tions from Freund et al. (1990) for ionization ofN2(A
3Σ+

u ) (solid line) and N2(X
1Σ+

g , v = 0) before (dotted line) and after (dashedline) s
aling and redu
ing the threshold of the ground state ionization 
ross se
tion.been a
hieved by di�erent s
aling of the 
ross se
tion magnitude, but we regardthe low energy a

ura
y to be more desireable.A similar method 
an be used to �nd 
ross se
tions for ionization of vibrationallyex
ited mole
ules. We assume that only the N2(X
1Σ+

g , v = 0) is present in theimpa
t mole
ule beam in the above data, but no experiments are to be foundthat attempt to measure the 
ross se
tion for ionization of mole
ules in a spe
i�
vibrationally ex
ited state. An approximation would be to only shift the thresholdthe energy of whi
h ea
h state lies above the ground state N2(X
1Σ+

g , v = 0),without s
aling the magnitude of the 
ross se
tion. The 
al
ulations of Ca

iatoreet al. (1982) show that this is approximately 
orre
t, as the ionization 
ross se
tionshave redu
ed thresholds but a similar magnitude with in
reasing vibrational levelof N2(X
1Σ+

g , v). The result is most likely satisfa
tory and in any 
ase better thandisregarding ionization from vibrational states altogether.Sin
e no information was found regarding the state of the neutral atom produ
ed
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t ionization 39in rea
tion (3.3), and taking into a

ount the bran
hing ratios from disso
iativere
ombination (se
 3.4.1), we will simply assume that N(2D) is the only produ
t.This may not be very a

urate, perhaps even ina

urate, but this 
hannel is likelyto be of no importan
e for neutral nitrogen atom produ
tion anyway, although itmight be important in the produ
tion of the atomi
 ion N+.Ele
tron energy lossFor the 
al
ulation of the 
ollisional energy loss due to 
ollisions with ground statenitrogen mole
ules, Ec, given by equation (2.31), the individual 
ross se
tions forrea
tions (3.2), (3.3) and (3.4), shown in �gure 3.2, are not ne
essary. Instead, itwill be adequate to use the total 
ross se
tion for the ionization of the nitrogenmole
ule, the sum of the three individual 
ross se
tions measured by Tian andVidal (1998) and shown in �gure 3.2. Furthermore, to obtain the threshold of theionization of the nitrogen mole
ule, we will use the value given by Lias (2005) forthe energy loss asso
iated with the produ
tion of N+
2 , 15.6 eV.3.2.2 Ele
tron impa
t ionization of the nitrogen atomThe overall 
ross se
tion for the ele
tron impa
t ionization of the nitrogen atom,

e + N −→ N+ + 2e (3.5)has been both predi
ted theoreti
ally (Seaton, 1959; Pea
h, 1970, 1971; Omidvaret al., 1972; M
Guire, 1971; Yu et al., 2006) and measured (Smith et al., 1962; Brooket al., 1978). These 
ross se
tions in
lude 
ontribution from multiple ionizationof nitrogen atoms and do not dis
riminate the state of the nitrogen atom beforeimpa
t. However, all the measurements and theoreti
al predi
tions are in quitegood agreement with ea
h other, indi
ating that the overall 
ross se
tion is reliable.
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tron energy [eV℄Figure 3.4: The 
ross se
tion for ele
tron impa
t ionization of the nitrogen atom
al
ulated by Kim and Des
laux (2002). The solid line 
orresponds to the ionizationfrom the ground state nitrogen atom, N(4S). The dashed and dotted lines, nearlyindistinguishable, 
orrespond to the ionization from the metastable atoms N(2D)and N(2P).Kim and Des
laux (2002) 
al
ulated the 
ross se
tions for the ele
tron impa
tionization of N(4S), N(2D) and N(2P), individually. Their results are in agreementwith the overall 
ross se
tion measurements of Brook et al. (1978), indi
ating thatthe 
al
ulation is reliable as well. We will therefore use the 
ross se
tions 
al
ulatedby Kim and Des
laux (2002) for ionization of ea
h of the neutral atoms we in
ludein the model. The 
ross se
tions are in part shown in �gure 3.4, ex
luding the datain the range 1000 � 5000 eV.Ele
tron energy lossFor the ele
tron energy loss due to 
ollision with the ground state nitrogen atom,N(4S), we will use the 
ross se
tion 
al
ulated by Kim and Des
laux (2002), 
on-sistent with our 
hoi
e above. Furthermore, for the threshold of the ionization ofthe ground state nitrogen atom, we will use the value given by Lias (2005), 14.5eV.



3.3 � Ele
tron impa
t ex
itation 413.3 Ele
tron impa
t ex
itationIf gas spe
ies in ex
ited levels are 
onsidered, the rea
tions responsible for theirex
itation are very important. The dominating ex
itation me
hanism is generallythe ele
tron impa
t ex
itation, whi
h we will dis
uss here. The ex
ited spe
ies 
on-sidered in this study are the two metastable nitrogen atoms N(2D) and N(2P), withex
itation energies of 2.38 eV and 3.58 eV, respe
tively (Ral
henko et al., 2008), themetastable nitrogen mole
ule N2(A
3Σ+

u ), having an ex
itation energy of roughly6.17 eV (Lofthus and Krupenie, 1977), as well as the �rst six vibrational levelsof the ground state nitrogen mole
ule, N2(X
1Σ+

g , v = 1 − 6), having vibrationalenergies of 0.29, 0.57, 0.86, 1.13, 1.41 and 1.68 eV, respe
tively (Ren et al., 2005;Lofthus and Krupenie, 1977).3.3.1 Ele
tron impa
t ele
troni
 ex
itation of the nitrogenmole
uleIn the 
urrent study we are only interested in the lowest lying metastable state ofthe nitrogen mole
ule, so ele
tron impa
t ele
troni
 ex
itation simply refers to therea
tion
e + N2(X

1Σ+
g , v) −→ N2(A

3Σ+
u ) + e (3.6)Ba
ri and Medani (1982) 
al
ulated the 
ross se
tion for the ex
itation of theground state nitrogen mole
ule and 
ompared the result to the various measure-ments and 
al
ulations that had been performed up to that time. The 
ross se
tion,being in a surprisingly good agreement with the measurement of Borst (1972), is in-
onsistent with the 
ross se
tion measurement of Cartwright et al. (1977), the mostreliable 
ross se
tion in the 
omparison. A renormalization of the measurement of
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Figure 3.5: Ele
tron impa
t ele
troni
 ex
itation of the ground state nitrogenmole
ule N2(X
1Σ+

g , v = 0) to N2(A
3Σ+

u ). Comparison of the 
ross se
tions 
al
u-lated by da Costa and Lima (2007) (solid line) and by Gillan et al. (1996) (dashedline). The dotted line shows the 
ross se
tion re
ommended by Itikawa (2006),assembled from the 
ross se
tion 
al
ulated by Gillan et al. (1996) at low energyand several measured 
ross se
tions at high energy.Cartwright et al. (1977) by members of the same group, only further emphasizedthe in
onsisten
y. Several measurements (Ohmori et al., 1988; Campbell et al.,2001; Johnson et al., 2005) and 
al
ulations (da Costa and Lima, 2007; Tashiroand Morokuma, 2007; Gillan et al., 1996; Huo et al., 1987; Phelps and Pit
hford,1985) show 
onsiderable variation in results. Most of the 
al
ulated 
ross se
tionshave a similar behavior at low ele
tron energy, the only ex
eption being the 
rossse
tion 
al
ulated by da Costa and Lima (2007), where the apparent threshold is
onsiderably lower than in the other 
al
ulations (see �gure 3.5). The measure-ments, on the other hand, are in quite good agreement at high ele
tron energy.Itikawa (2006) assembled a 
ross se
tion using the theoreti
al 
al
ulation of Gillanet al. (1996) for low ele
tron energy, and a weighted average of several measure-ments at higher ele
tron energy.Although the apparent threshold observed in the 
al
ulation of da Costa and
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tron impa
t ex
itation 43Lima (2007) is 
loser than other 
al
ulations to what we would expe
t of 6.17 eV,the high energy part of the 
ross se
tion is in
onsistent with all other 
ross se
tion
al
ulations or measurements. Thus, we dis
ard their 
ross se
tion 
al
ulationaltogether. Furthermore, re
ent 
ross se
tion 
al
ulations (Tashiro and Morokuma,2007) are also in good agreement with the 
ross se
tion of Gillan et al. (1996), andtherefore with the low energy part of the 
ross se
tion re
ommended by Itikawa(2006). Therefore, we will use the 
ross se
tion suggested by Itikawa (2006) forrea
tion (3.6), shown in �gure 3.5 as a dotted line.Ele
troni
 ex
itation of a vibrationally ex
ited nitrogen mole
ule is also likelyan important fa
tor in the 
reation of N2(A
3Σ+

u ). However, little information isavailable in the literature on this rea
tion, in parti
ular on spe
i�
 vibrationalstates. All of the experiments mentioned above for the ex
itation of a ground statemole
ule probably in
lude 
ontributions of ex
itation from vibrationally ex
itedmole
ules. Ca

iatore et al. (1982) 
al
ulated the 
ross se
tion for the ex
itationto N2(A
3Σ+

u ), N2(C
3Πu), N2(b

1Πu), N2(B
3Πg) and N2(a

1Πg) by ele
tron impa
tex
itation of N2(X
1Σ+

g , v). Unfortunately, the ex
itation of the �rst metastablelevel was only 
al
ulated for ele
tron impa
t on N2(X
1Σ+

g , v = 0), whereas the 
rossse
tions for the latter four levels were 
al
ulated for impa
t with N2(X
1Σ+

g , v =

0 , 5 , 10). The 
ross se
tion for the ex
itation of the �rst level was shown to bein a reasonable agreement with the 
ross se
tion measured by Cartwright et al.(1977), whi
h in turn is in good agreement with the 
ross se
tion re
ommendedby Itikawa (2006). The 
ross se
tions for ex
itations of the vibrationally ex
itedmole
ules not only shifted to lower ele
tron energy, but also in
reased in magnitudewith in
reasing vibrational level of the rea
tant mole
ule. Although the redu
tionin threshold energy was roughly the same, the magnitude in
rease was irregularand di�erent for ea
h of the four ele
troni
 levels. This makes it impossible for
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i�
 parametersus to apply any kind of s
aling rule to obtain 
ross se
tions for the ex
itation ofN2(A
3Σ+

u ) from vibrational levels of N2(X
1Σ+

g , v). To obtain these 
ross se
tionswe will simply redu
e the threshold of the 
ross se
tion, assuming there is no 
hangein magnitude for this parti
ular ex
itation.Ele
tron energy lossFor the 
al
ulation of the 
ollisional energy loss, Ec, we will use the same 
rossse
tion for the ex
itation of the �rst ex
ited level, the metastable N2(A
3Σ+

u ), asfound above and shown in �gure 3.5. For the ele
troni
 ex
itation of higher levelswe will solely rely on the 
ross se
tions given by Itikawa (2006), in total 
onsideringthe �rst 10 ele
troni
ally ex
ited levels. The 
ross se
tions are shown in �gures 3.6(a) and (b). Furthermore, we will use the values given in the review by Lofthusand Krupenie (1977) for the energy of whi
h ea
h ele
troni
ally ex
ited spe
ies liesabove the absolute ground state mole
ule, N2(X
1Σ+

g , v = 0).The determination of the 
ross se
tion for the rotational ex
itation of the ni-trogen mole
ule,
e + N2(X

1Σ+
g , v = 0, j = 0) −→ N2(X

1Σ+
g , v = 0, j = 2) + e (3.7)is di�
ult both theoreti
ally and experimentally, espe
ially at energies above 1eV. The available data was reviewed by Itikawa (2006) and Brunger et al. (2003),both re
ommending the use of the swarm-derived data of Robertson et al. (1997)and Morrison et al. (1997) for energy under 1.25 eV. For higher energy, Itikawa(2006) re
ommended the theoreti
al 
ross se
tion of Kutz and Meyer (1995), givenfor energy in the range 1 � 1000 eV, but on an arbitrary s
ale and thus needing asuitable normalization. A

ording to Itikawa (2006), the 
ross se
tion is too large inthe resonan
e region but otherwise 
onsistent with experiments. Using vibrational
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Figure 3.6: The 
ross se
tions for the ele
tron impa
t ex
itation of (a) the B3Πg,
W 3∆u ,B′3Σ−

u and a′′1Σ−
u ele
troni
 states and (b) the a1Πg, w1∆u, C3Πu, E3Σ+

gand a”1Σ+
g ele
troni
 states of nitrogen mole
ule. The 
ross se
tion for the ex
ita-tion to the N2(A

3Σ+
u ) metastable mole
ule is shown in �gure 3.5.
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Figure 3.7: The 
ross se
tion for the rotational ex
itation of the nitrogenmole
ule. It is assembled from the 
ross se
tion re
ommended by Brunger et al.(2003) in the energy range 1.5 meV � 1.25 eV and the 
ross se
tion approximatedby Phelps (2008) in the energy range 2 � 3.6 eV.
ross se
tion data, Phelps (2008) approximated the 
ross se
tion for rotationalvibration, resulting in non-zero values in the range 1.2 � 3.6 eV, essentially in theresonan
e region. The resonan
e peak is signi�
antly smaller than the peak in the
ross se
tion 
al
ulation of Kutz and Meyer (1995), indi
ating that for this energythis 
ross se
tion is more appropriate. We will therefore assemble and use a 
rossse
tion 
onsisting of the 
ross se
tion re
ommended by Brunger et al. (2003) forthe energy range 1.5 meV � 1.25 eV and the 
ross se
tion approximation givenby Phelps (2008) in the energy range 2 � 3.6 eV. The result is shown in �gure3.7. Furthermore, we will use the value given by Itikawa (2006) for the ex
itationenergy of the �rst rotational ex
itation, j = 0 → 2, or 1.48 × 10−3. The thresholdfor the rotational ex
itation is therefore 3 � 4 orders of magnitude smaller thanof the other ele
tron energy loss pro
esses. This makes it very unlikely for therotational ex
itation 
ross se
tion to be important at all for the 
ollisional energyloss, espe
ially sin
e the 
ross se
tion is not unusually large.



3.3 � Ele
tron impa
t ex
itation 473.3.2 Ele
tron impa
t vibrational ex
itation of the groundstate nitrogen mole
uleVibrational levels of the ground state N2(X
1Σ+

g , v) are thought to be very impor-tant in nitrogen dis
harges. The vibrational ex
itation of the nitrogen mole
ule,
e + N2(X

1Σ+
g , v = i) −→ N2(X

1Σ+
g , v = j) + e j > i (3.8)is important in order to realize the 
orre
t population distribution among the vibra-tionally ex
ited nitrogen mole
ules. That in turn is important for various pro
esseswithin the dis
harge, su
h as ionization, disso
iation and ele
troni
 ex
itation ofthe nitrogen mole
ule be
ause of the lowered threshold for those rea
tions. To getan a

urate image of the vibrational level population distribution, we need to havereliable 
ross se
tions for all of the vibrational ex
itations.While a great number of vibrational states of the ground state nitrogen mole
uleexist, the �rst 10 levels are the most well do
umented, with the v = 0 → v =

1 ex
itation being the single most studied (Sun et al., 1995; Feng et al., 2003;Robertson et al., 1997; Allan, 2005). If the �rst 10 vibrational levels are in
ludedthere are 55 ex
itations possible ( 1
2v(v + 1)), as well as the same number of de-ex
itations. Here we will restri
t the 
al
ulations to the �rst 6 levels, v = 0 − 6,sin
e more data is available for these in the literature.S
hulz (1964) measured the 
ross se
tion for vibrational ex
itation from theground state, v = 0, of the nitrogen mole
ule. Although the 
ross se
tions areon an arbitrary s
ale, they are 
ommonly used (Phelps, 2008; Mihajlov et al.,1999) after having been normalized with other absolute measurements, sin
e theirhigh resolution 
aptures the resonant stru
ture observed in some of the subsequentmeasurements and 
al
ulations. Of those, probably the most signi�
ant are the
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i�
 parametersmeasurements of Allan (1985) and Vi
i
 et al. (1996), and the 
al
ulations of Mor-gan (1986) and Huo et al. (1987). It is evident after analyzing these 
ross se
tionsthat simply using a threshold redu
tion would be highly ina

urate, even in
orre
t,when vibrational ex
itation is 
on
erned. As the 
ross se
tion is dominated by itsresonant part, the apparent threshold is not dire
tly related to the energy di�er-en
e of vibrational levels. Furthermore, the maximum value of the largest peakde
reases with vibrational level, with the resonant stru
ture 
hanging as well.Even though most of both the experimental and theoreti
al data are in goodagreement with ea
h other, this is still an a
tive subje
t, for example with themeasurements of Risti¢ et al. (2007) and the 
al
ulation of Sarma et al. (2007)being quite re
ent. The review by Campbell et al. (2004) in
ludes a 
ompilation of
ross se
tions for the �rst 10 levels using the swarm experiment data of Ohmori et al.(1988). Additionally, they took into a

ount the previous 
ompilation of Brungerand Bu
kman (2002) and the swarm data 
al
ulation of Robertson et al. (1997).With all the 
ross se
tions mentioned being in a reasonably good agreement, the
hoi
e of 
ross se
tions for the v = 0 → v = 1 − 6 transitions is probably not veryimportant. The 
ross se
tions measured by Risti¢ et al. are an appropriate 
hoi
e,being both re
ent and in good agreement with other measurements.There is mu
h less data available for transitions within vibrational levels than isfor vibrational ex
itation from the ground state, v = 0. Threshold redu
tion alone
an not be utilized be
ause of the ina

ura
y of its use in vibrational ex
itation,as previously mentioned. Therefore experimentally or theoreti
ally predi
ted 
rossse
tions must be used. To 
al
ulate the 
ross se
tions for the ex
itation from onevibrationally ex
ited level v to a higher vibrationally ex
ited level k, Mihajlov et al.



3.3 � Ele
tron impa
t ex
itation 49(1999) used a semi-empiri
al equation,
σvk(E) =

E + Ev

E

σ0v(E + Ev)σ0k(E + Ev)

σ00(E + Ev)
(3.9)where Ev is the energy of vibrational level v with respe
t to the ground state. The
ross se
tion 
al
ulation for any given transition v = j → k needs three 
rossse
tions; the elasti
 s
attering 
ross se
tion, the 
ross se
tions for the transition

v = 0 → j and the 
ross se
tion for the transition v = 0 → k. Their 
al
ulated
ross se
tions therefore strongly depend on the quality of those three 
ross se
tionsobtained from other literature data. For ground state vibrational ex
itations theyused the 
ross se
tions given by Phelps (2008) that are based on the previouslymentioned measurement of S
hulz (1964). In their survey, Campbell et al. (2004)re
ommended using the 
ross se
tions 
al
ulated by Dubé and Herzenberg (1979)for the v = 1 − 5 → v = 2 − 6 transitions, as the 
orresponding data of Chen(1964) was not in as good agreement with the data for the ground state ex
itation.Campbell et al. indi
ated that no other data were available for these ex
itationswithin higher states, not mentioning the work of Mihajlov et al. (1999).By 
omparing the various transitions given by Mihajlov et al. (1999) and Dubéand Herzenberg (1979) we see how the 
ross se
tions of Dubé and Herzenbergare more 
onsistent with ea
h other. We feel that the in
onsisten
y observed inthe 
ross se
tions by Mihajlov et al. is an error, rather than a physi
al propertyof vibrational ex
itations. The error might simply be be
ause of the relativelypoor vibrational ex
itation 
ross se
tions used in the 
al
ulation by Mihajlov et al.(1999), and thus it would be interesting to see the 
al
ulation repeated using, forexample, the vibrational ex
itation 
ross se
tions of Risti¢ et al. (2007). Unsureof whi
h of the sets for vibrational level transition 
ross se
tions would be 
orre
twe tried running the model with both. When using the 
ross se
tions of Mihajlov



50 Nitrogen spe
i�
 parameters

1

3

5
1 → 2 1 → 3 1 → 4

1

3

5

 

 
2 → 3 2 → 4 2 → 5

0 1 2 3 4
0

1

3

5
3 → 4

1 2 3 4

3 → 5

1 2 3 4 5

3 → 6

1

3

5
0 → 5 0 → 6

1

3

5
0 → 1

0 → 4

0 → 2 0 → 3

PSfrag repla
ements(a)(b)(
)(d) Ele
tron energy [eV℄
Crossse
tion[1
0−20 m2 ℄

Figure 3.8: Cross se
tions for ele
tron impa
t vibrational ex
itation ofN2(X
1Σ+

g , v) versus ele
tron energy. The vibrational transition is indi
ated by thelabel on ea
h graph. The 
ross se
tions for ex
itations from the ground state were
al
ulated by Risti¢ et al. (2007) while the 
ross se
tions for the ex
itations fromthe vibrationally ex
ited states were 
al
ulated by Dubé and Herzenberg (1979).et al. (1999), the population within vibrational levels was in
onsistent, with a non-uniform density de
rease or in
rease with vibrational level. This is not likely to bephysi
ally a

urate, as indi
ated by the various vibrational population distributionsthat have been 
al
ulated or measured (Capitelli et al., 2007; Ono and Teii, 1983;



3.3 � Ele
tron impa
t ex
itation 51Nagpal and Ghosh, 1990; Biloiu et al., 2007a;White and Ross, 1976; Darra
ht et al.,1993). When using the 
ross se
tions of Dubé and Herzenberg (1979) the densitypro�le of vibrational levels was mu
h more believable, uniformly de
reasing withvibrational level. Furthermore, this test showed that the overall result depends verystrongly on this 
hoi
e, as densities of vibrational levels were mu
h higher with theformer set, whi
h in turn generally in
reases the density of atoms. Although itmay be ne
essary to use the semi-empiri
al formula, equation (3.9), on our 
hoi
eof 
ross se
tions for vibrational ex
itation of v = 0, those measured by Risti¢ et al.(2007), we will simply use the 
ross se
tions for transitions within vibrational levels
al
ulated by Dubé and Herzenberg (1979). The 
ross se
tions for both vibrationalex
itation from ground state and other vibrational states 
an be seen on �gure 3.8.The remaining vibrational ex
itation 
ross se
tions, the ones Dubé and Herzen-berg (1979) did not 
al
ulate, need to be approximated somehow or else the popu-lation in the a�e
ted vibrational levels may be underestimated. By analyzing thepattern in the 
hange of maximum value of the 
ross se
tions between vibrationallevel transitions, we �tted an exponential fun
tion, A exp(−Bζ)+C, in an attemptto extrapolate a value for the missing transitions. Our approximation of these 
rossse
tions will therefore be found by using both threshold redu
tion and de
reasingthe absolute value of the 
ross se
tion in a

ordan
e to this extrapolation. Thepro
ess for the s
aling extrapolation is demonstrated in �gure 3.9.The ele
tron impa
t vibrational relaxation of nitrogen mole
ules is just as im-portant as the 
orresponding ex
itation pro
esses. If it is not fully in
luded in therea
tion set, the population in the vibrational levels will be overestimated. Dubéand Herzenberg (1979) 
al
ulated some of these 
ross se
tions, either with the samemethod as for the vibrational ex
itation 
ross se
tions or by simply applying the
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tion s
aling of missingvibrational transitions. The 
ir
les # are the maximum values of the 
ross se
tionsfor the transitions given by Dubé and Herzenberg (1979). The solid line is theexponential fun
tion �tted to a parti
ular pattern of those points, giving the s
alingof the missing values, displayed as squares 2.

prin
iple of detailed balan
ing on the dire
t 
ross se
tions, shown in �gure 3.8. Inany 
ase, the given 
ross se
tions were said to 
onform to the prin
iple of detailedbalan
ing. Sin
e Dubé and Herzenberg (1979) did not 
al
ulate all the vibrationalrelaxation 
ross se
tions, not giving a 
omplete inverse set of the given ex
itation
ross se
tions, we opt to simply apply the prin
iple of detailed balan
ing, equation(2.40), on all the vibrational ex
itation 
ross se
tions to obtain the 
orrespondingvibrational relaxation 
ross se
tions. The agreement of the result with the relax-ation 
ross se
tion given by Dubé and Herzenberg (1979) was ex
ellent, with the
ross se
tions being pra
ti
ally identi
al.



3.3 � Ele
tron impa
t ex
itation 53Ele
tron energy lossConsistent with the dis
ussion above, we will use the 
ross se
tions given by Risti¢et al. (2007) for the ex
itation of the ground state nitrogen mole
ule N2(X
1Σ+

g , v =

0) to the �rst 6 vibrational levels, v = 0 → 1, 2, 3, 4, 5, 6. Cross se
tions for ex-
itations of the ground state mole
ules to vibrational levels as high as v = 17are available (Allan, 1985; Huo et al., 1987). As 
an be seen in �gure 3.8 for
v = 0 → 1, 2, 3, 4, 5, 6, the magnitude of the vibrational 
ross se
tions de
reasesquite rapidly with vibrational level, as well as the threshold shifts to higher energy.The evolution is the same with higher transitions, and therefore it will be su�
ientto in
lude only the transitions from the ground state to the �rst six levels in the
al
ulation of the 
ollisional energy loss, Ec. Furthermore, we will use the widely a
-
epted values given in the review by Lofthus and Krupenie (1977) for the energy ofwhi
h ea
h vibrational level is above the absolute ground state, N2(X

1Σ+
g , v = 0).3.3.3 Ele
tron impa
t ex
itation of the nitrogen atomSin
e we only take into a

ount the �rst two metastable levels of nitrogen atoms,the ele
tron impa
t ex
itation of the nitrogen atom 
onsists of three rea
tions, onone hand the ex
itation of the ground state nitrogen atom,

e + N(4S) −→ N(2D) + e (3.10)
−→ N(2P) + e (3.11)and on the other hand the ex
itation of the �rst metastable atom,

e + N(2D) −→ N(2P) + e (3.12)
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Figure 3.10: The 
ross se
tions for the ele
tron impa
t ex
itation of the nitrogenatom 
al
ulated by Tayal and Zatsarinny (2005). Solid line: 4S→2D, rea
tion(3.10). Dashed line: 4S→2P, rea
tion (3.11). Dotted line: 2D→2P, rea
tion (3.12).Kato (1994) reviewed the available ele
tron impa
t ex
itation data for nitrogen(Smith et al., 1967; Henry et al., 1969; Ormonde et al., 1973; Thomas and Nesbet,1975; Berrington et al., 1975) and re
ommended the best 
ross se
tions for thevarious ex
itations. No experimental data was available at the time and all the
ross se
tions for rea
tions (3.10), (3.11) and (3.12) were all theoreti
al predi
tions.Although all the available data was in a rather good agreement, Kato regardedthe 
al
ulations of Berrington et al. (1975) to be the most reliable 
ross se
tionsavailable.Ramsbottom and Bell (1994) 
al
ulated the 
ross se
tions for rea
tions (3.10),(3.11) and (3.12), with results very similar to the 
al
ulation of Berrington et al.(1975). Yang and Doering (1996) measured the 
ross se
tion for rea
tion (3.10)with the result being in a good agreement with the results of Berrington et al..Tayal and Zatsarinny have done a more sophisti
ated 
al
ulation of this ele
-tron impa
t ex
itation by in
luding more states than the previous 
al
ulations(Tayal and Beatty, 1999; Tayal, 2000; Tayal and Zatsarinny, 2005). The most ad-
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tron impa
t ex
itation 55van
ed 
al
ulation (Tayal and Zatsarinny, 2005) in
ludes 39 states, 
ompared tothe 8 states in
luded in the 
al
ulations of Berrington et al. (1975), for example.The di�eren
es of the two are however quite minor, but for rea
tion (3.10) the
ross se
tion of Tayal and Zatsarinny (2005) is 
loser to the measurements of Yangand Doering (1996). Be
ause of the good agreement with all the aforementioneddata, we will use the 
ross se
tions 
al
ulated by Tayal and Zatsarinny (2005) forrea
tions (3.10), (3.11) and (3.12). The 
ross se
tions are shown in �gure 3.10.Ele
tron energy lossAs well as 
al
ulating the 
ross se
tion for the two lowest lying metastable atoms,N(2D) and N(2P), Tayal and Zatsarinny (2005) 
al
ulated the 
ross se
tions forthe higher lying levels 3s4P, 2s2p4 4P, 4s4P and 3d4P. As revealed in the review byKato (1994), other 
ross se
tion determinations for the higher lying levels exist,but are mostly for the same levels as Tayal and Zatsarinny (2005) 
al
ulated for.Frost et al. (1998) studied the various transitions in atomi
 nitrogen both theo-reti
ally and experimentally. Although the metastable levels were not 
onsidered,rate 
oe�
ients for �ve transitions from the ground state to the higher lying levelswere given, in
luding for two transitions not given by Tayal and Zatsarinny (2005).For the three transitions given in both studies, the rate 
oe�
ients given by Frostet al. (1998) are similar to the 
orresponding Maxwellian rate 
oe�
ients derivedfrom the 
ross se
tions given by Tayal and Zatsarinny (2005). However, sin
e onlythe Maxwellian averaged rate 
oe�
ients are given, and no 
ross se
tions, the datais of limited use to us. For the ele
tron energy loss, we will therefore solely rely onthe 
ross se
tions 
al
ulated by Tayal and Zatsarinny (2005). The 
ross se
tionsfor the higher level ex
itations are shown in �gure 3.11. Furthermore, we will usedata from the NIST database (Ral
henko et al., 2008) for the energy levels of the
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Figure 3.11: The 
ross se
tions for the ex
itation to the 3s4P, 2s2p4 4P, 4s4P and3d4P levels of the nitrogen atom versus ele
tron energy as 
al
ulated by Tayal andZatsarinny (2005).ex
ited atomi
 spe
ies, both for the metastable atoms and the higher lying ex
itedlevels.
3.4 Collisions of ele
trons with ionsCollision of an ele
tron and an ion 
an lead to the re
ombination of the ele
tronwith the ion. However, sin
e momentum transfer prevents two bodies from mergingdire
tly, the produ
t is likely to disso
iate. The re
ombination of an ele
tron andan atomi
 ion is only possible by opti
al emission, believed to be a mu
h slowerrea
tion than the ele
tron simply deta
hing again, and therefore not importantin low-pressure dis
harges (Lieberman and Li
htenberg, 2005, p. 295). We willtherefore only 
onsider ele
tron 
ollisions with the nitrogen mole
ular ions N+

2 , N+
3and N+

4 .



3.4 � Collisions of ele
trons with ions 573.4.1 Disso
iative re
ombination of the N+
2 ionDisso
iative re
ombination of N+

2 o

urs when an ele
tron 
ollides with a mole
ularpositive ion, 
ombines with it, resulting with the neutral mole
ule subsequentlydisso
iating,
e + N+

2 −→ N(2D) + N(2D) (3.13)
−→ N(4S) + N(2D) (3.14)
−→ N(4S) + N(2P) (3.15)
−→ N(4S) + N(4S) (3.16)The disso
iative re
ombination has been of 
onsiderable interest among re-sear
hers. Many studies have taken pla
e that either measure or theoreti
allypredi
t the absolute rate 
oe�
ient or 
ross se
tion. However, with the pro
esshaving no threshold almost all rate 
oe�
ients (or 
ross se
tions) are only givenfor the ele
tron temperature below 1 V. This is a problem for our appli
ation asthe model is only valid in the regime 1 < Te < 10 V. Although an ele
tron impa
t
ross se
tion does not ne
essarily need to be given over this entire ele
tron energyrange, it is important that it is at least valid somewhere on the interval, or thetail and even the main part of the ele
tron energy distribution fun
tion will bedisregarded, resulting in an invalid rate 
oe�
ient for ele
tron temperature largerthan 1 V. This is the 
ase for ea
h and every theoreti
al (Guberman, 1991) andexperimental (Peterson et al., 1998; Zipf, 1980; Mehr and Biondi, 1969; Cunning-ham and Hobson, 1972; Noren et al., 1989; Sheehan and St.-Mauri
e, 2004; Muland M
Gowan, 1979; Canosa et al., 1991; Kasner, 1967; Geoghegan et al., 1991)data for disso
iative re
ombination of N+

2 that we have explored.Peterson et al. (1998) used a storage ring to measure the absolute rate 
oe�
ient
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Figure 3.12: The overall rate 
oe�
ient for disso
iative re
ombination of N+
2 asa fun
tion of the ele
tron temperature. The squares 2 are the portion of the rate
oe�
ients measured by Peterson et al. (1998) that are in the ele
tron temperaturerange 1 � 10 V. The solid line is a �t to the measured data points to give 1.9 ×

10−14Te
−0.3.as a fun
tion of ele
tron energy in the range 1 meV to 10 eV for the disso
iativere
ombination of ground state N+

2 . A de
onvolution pro
edure, des
ribed by Mowatet al. (1995), was then used to a
quire a 
ross se
tion in the ele
tron energy range1 meV to 1 eV. This pro
edure, likely being the inverse pro
ess of obtaining arate 
oe�
ient from a 
ross se
tion with equation (2.17), required the assumptionof a spe
i�
 ele
tron energy distribution fun
tion, in this 
ase the Maxwelliandistribution. Thus, we 
on
lude that the absolute rate 
oe�
ient measured byPeterson et al. (1998) 
an be used dire
tly in the model, without any assumptionof the EEDF. The rate 
oe�
ient is shown in �gure 3.12 along with the �t used inthe model to give 1.9 × 10−14Te
−0.3 m3/s.The bran
hing ratio for the disso
iative re
ombination of a wide range of ionswas reviewed by Flores
u-Mit
hell and Mit
hell (2006). Bran
hing of the total rate
oe�
ient for the disso
iative re
ombination of N+

2 has been measured by Kellaet al. (1996), resulting in the ratios 0.46:0.46:0.08:0 for rea
tions (3.13):(3.14):(3.15):



3.4 � Collisions of ele
trons with ions 59(3.16), respe
tively. Oddone et al. (1997) had similar results, although with the pe-
uliar ratios 0.53:0.53:0.12:0 for the same rea
tions. Peterson et al. (1998) measuredthe bran
hing ratios along with the aforementioned rate 
oe�
ient; 0.47:0.34:0.19:0.All authors agree that rea
tion (3.16) is negligible. For the sake of 
onsisten
y, andwith all authors being in a relatively good agreement, we will use both the bran
h-ing ratio and rate 
oe�
ient measured by Peterson et al. (1998) for rea
tions (3.13)to (3.16).3.4.2 Disso
iative ex
itation and ionization of the N+
2 ionIf the ele
tron does not su

eed in 
ombining with the ion in an ele
tron-ion 
ol-lision, there are still several possibilities for a rea
tion to pro
eed. The ion 
ouldsimply be ex
ited from the ground state, later releasing the energy by spontaneousemission. It 
ould also be ionized further (single ionization; the formation of N2+

2 )or it 
ould disso
iate. Sin
e no ex
ited ions or multiple-ionized ions are in
ludedin the 
urrent study, we will 
onsider the ele
tron impa
t disso
iation of the N+
2ion. The disso
iation is normally followed by either an ex
itation or ionization ofthe resulting nitrogen atom,

e + N+
2 −→ N+ + N(2D) + e (3.17)

−→ N+ + N+ + 2e (3.18)whi
h are referred to as disso
iative ex
itation and disso
iative ionization, respe
-tively.Van Zyl and Dunn (1967) measured the total 
ross se
tion for produ
tion ofN+ and N2+
2 , the sum of single ionization and rea
tions (3.17) and (3.18). Norenet al. (1989) measured the 
ross se
tion near threshold (7 � 12 eV), but their



60 Nitrogen spe
i�
 parametersdata was very s
attered, not exhibiting any 
lear trend. Peterson et al. (1998)measured the disso
iative ex
itation 
ross se
tion, rea
tion (3.17), but only witha purpose of probing the internal states of the ions, before ultimately doing theprimary measurement of the disso
iative re
ombination (see se
tion 3.4.1). With anestimated error of ±20%, this measurement is not very a

urate, although it has amagnitude similar to some of the data points of Noren et al. (1989). By subtra
tingthe disso
iative ex
itation 
ross se
tion from the total 
ross se
tion of Van Zyl andDunn, Peterson et al. also extra
ted an approximation to the disso
iative ionization
ross se
tion. But sin
e the disso
iative ex
itation 
ross se
tion was only measuredfor energies up to 50 eV, only 3 � 4 eV above the disso
iative ionization threshold,the result is probably mostly invalid.Kim et al. (2000) 
al
ulated the 
ross se
tion for the total ionization of N+
2 ,that is the sum of single ionization and disso
iative ionization, rea
tion (3.18).The 
ross se
tion 
al
ulation performed by Deuts
h et al. (2002) is furthermore
onsistent with the 
al
ulation of Kim et al..Bahati et al. (2001) measured the individual 
ross se
tions for the disso
iativeex
itation and the disso
iative ionization, as well as for single ionization. Thedisso
iative ionization 
ross se
tion is the only 
redible 
ross se
tion we 
ould �nd,aside from the one approximated by Peterson et al. (1998), making it hard to
ompare to anything. A 
omparison of the disso
iative ex
itation 
ross se
tionwith that of Peterson et al. (1998) shows a signi�
ant dis
repan
y, or of about afa
tor of 3. Bahati et al. were aware of this dis
repan
y and tried to explain itwith various tests, but with no su

ess. The total disso
iation 
ross se
tion, thesum of the single ionization and disso
iative ionization 
ross se
tions, is also in apoor agreement with the results of Kim et al. (2000) and Deuts
h et al. (2002),although only of a fa
tor of about 1.5. It is thus obvious that an appropriate 
hoi
e
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Figure 3.13: The 
ross se
tion for the disso
iative ex
itation of N+
2 , rea
tion(3.17), versus ele
tron energy. The solid line is the 
ross se
tion of Bahati et al.(2001) s
aled up by a fa
tor of 3. The squares 2 are the 
ross se
tion measurementpoints of Peterson et al. (1998).of 
ross se
tion for rea
tions (3.17) and (3.18) is not straightforward. In view of theprodu
t separation te
hnique used by Bahati et al. (2001), of the three measured
ross se
tions the single ionization 
ross se
tion is the most likely to be 
orre
t.This is further supported with the single ionization 
ross se
tion being assigned theleast estimated error. With that in mind, a 
omparison with the total ionization
al
ulations of Kim et al. (2000) and Deuts
h et al. (2002) 
an give us an indi
ationof how far o� the disso
iative ionization 
ross se
tion is. In that way, we foundthat the dis
repan
y is near identi
al to the disso
iative ex
itation dis
repan
ywith Peterson et al. (1998), or about a fa
tor of 3 too small. Rather than usingthe 
ross se
tions measured by Bahati for rea
tions (3.17) and (3.18) unmodi�ed,it is probably a better 
hoi
e to �rst s
ale them up by a fa
tor of 3. This way, weget a very good agreement with the measurement of Peterson et al. for rea
tion(3.17) but with the 
ross se
tion extending to mu
h higher ele
tron energy, as seenin �gure 3.13. Additionally, we get a good agreement with the total ionization
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Figure 3.14: The 
ross se
tion for the disso
iative ionization of N+
2 , rea
tion(3.18), versus ele
tron energy. The solid line is the 
ross se
tion of Bahati et al.(2001), s
aled upwards by a fa
tor of 3. For 
omparison to 
al
ulations, the dash-dot line is the sum of the single ionization 
ross se
tion of Bahati et al. and thesolid line. The dotted line is the 
orresponding 
ross se
tion of Kim et al. (2000)and the dashed line is the 
al
ulation of Deuts
h et al. (2002).
al
ulations of Kim et al. (2000) and Deuts
h et al. (2002), as seen on �gure 3.14,assuming the single ionization 
ross se
tion of Bahati et al. is a

urate. Thereis still a possibility that all the 
ross se
tion measurements of Bahati et al. area

urate with the other measurements and 
al
ulations being in error, althoughthis is statisti
ally the less likely s
enario. Therefore, we will use the solid line
ross se
tions in �gures 3.13 and 3.14 in the model for the disso
iative ex
itationand disso
iative ionization of N+

2 , respe
tively. Those rea
tions are not expe
tedto 
ontribute a lot to our overall 
al
ulation result anyway, but this 
hoi
e of 
rossse
tions should provide an upper limit of their 
ontribution. If the rea
tions proveto be important, using the original values from Bahati et al. instead 
ould give anindi
ation of the quality of their unmodi�ed 
ross se
tions, as well as demonstratinghow sensitive the overall result is to those rea
tions.The produ
t atom in rea
tion (3.17) is assumed to be N(2D). None of the
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trons with ions 63experiments mentioned above spe
ify the state of the atom, but sin
e the atomis probably the N(2D) metastable atom we will simply assume that other atomsare not formed in this rea
tion. How ina

urate this may be should not be impor-tant sin
e this rea
tion should be negligible in the produ
tion of nitrogen atoms.However, the rea
tion might be an important 
hannel for the produ
tion of atomi
nitrogen ions, and 
an thus not be ex
luded either.3.4.3 Disso
iative re
ombination of N+
3The disso
iative re
ombination of N+

3 
an follow two paths, one 
reating a mole
ule,the other only atoms,
e + N+

3 −→ N + N2 (3.19)
−→ N + N + N (3.20)As with disso
iative re
ombination of N+

2 a measured 
ross se
tion in the energyrange of interest 
ould not be found. We are therefore for
ed to use energy depen-dent rate 
oe�
ients that we assume to be valid in our range. Re
ently, Zhauner-
hyk et al. (2007) measured the 
ross se
tion and bran
hing ratios of the rea
-tion above, using the same or similar equipment as Peterson et al. (1998) usedfor his measurements of disso
iative re
ombination of N+
2 . A rate 
oe�
ient of

6.47× 10−13 m3/s was only obtained for ele
tron temperature of 25 meV, whi
h isof limited use to us. Instead we will use the temperature dependent value re
om-mended by Kossyi et al. (1992), 3.22× 10−14Te
−1/2 m3/s, having a room temper-ature value of 2 × 10−13 m3/s for 
omparison.As for the bran
hing ratio, Zhauner
hyk et al. found that the rea
tion hasa strong tenden
y towards the 
reation of N + N2, or over 90%. Therefore the
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i�
 parameterslatter rea
tion above, (3.20), will not be 
onsidered at all. As with the disso
iativere
ombination of N+
2 , we will assume that at least one of the produ
ts is in anex
ited state. Therefore, rea
tion (3.19) follows two 
hannels, N2(A

3Σ+
u ) + N(4S)and N2(X

1Σ+
g , v = 0) + N(2P). Rather arbitrarily, we will also assume that these
hannels have a 0.5:0.5 bran
hing ratio.

3.4.4 Disso
iative re
ombination of N+
4For the disso
iation of N+

4 we will only 
onsider the rea
tion
e + N+

4 −→ N2 + N2 (3.21)The rate 
oe�
ient for the disso
iative re
ombination of N+
4 has been measured orre
ommended by several authors (Kossyi et al., 1992; Fitaire et al., 1984; Whitakeret al., 1981; Cao and Johnsen, 1991). The results were in ex
ellent agreement withea
h other, with the ex
eption of Cao and Johnsen (1991) who found about oneorder of magnitude larger rate 
oe�
ient. However, the ele
tron energy asso
iatedwith these rate 
oe�
ients is far below our range of interest. As we did with thedisso
iative re
ombination of N+

3 , we will use the rate 
oe�
ient re
ommended byKossyi et al. (1992), 3.2×10−13Te
−1/2 m3/s, assuming the temperature dependen
eholds in the interval 1 < Te < 10 V. Furthermore, we will assume that one ofthe mole
ules formed is in an ex
ited state, as is generally the 
ase for disso
iativere
ombination and has been suggested for rea
tion (3.21) (Cao and Johnsen, 1991),su
h that the metastable nitrogen mole
ule N2(A

3Σ+
u ) is always produ
ed alongwith the ground state nitrogen mole
ule N2(X

1Σ+
g , v = 0) in rea
tion (3.21).
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tions of gaseous spe
ies 653.5 Rea
tions of gaseous spe
iesRea
tions involving no ele
trons are independent of the ele
tron temperature, butdepend on the gas temperature; the temperature of the 
olliding gaseous spe
ies.The rate 
oe�
ients are therefore independent of the ele
tron energy distributionfun
tion, and a rate 
oe�
ient des
ribing the behavior with gas temperature issu�
ient instead of a 
ross se
tion. The most extensive 
olle
tion of rate 
oe�-
ients between gaseous spe
ies are those by Kossyi et al. (1992), Herron (1999) andS
ho�eld (1973, 1979).3.5.1 Charge transferSin
e the ionization energy of the nitrogen atom is about 1.1 eV less than that ofthe mole
ule, the rea
tion
N+

2 + N −→ N2 + N+ (3.22)has no threshold and may have a large rate 
oe�
ient. We will use the rate 
o-e�
ient given in the review by Kossyi et al. (1992), 7.2 × 10−19(300/Tg)
−1 m3/s.This is about a fa
tor of 10 smaller than the maximum value given by Albritton(1978). Furthermore, we will assume the rate 
oe�
ient is independent of thestate of the neutral rea
tant atom, applying to 
ollisions with both ground stateand metastable nitrogen atoms. We will also assume that the produ
ed nitrogenmole
ule is in a state roughly 1.1 eV above the energy of the rea
tant atom, the
harge transfer being near resonant.The inverse rea
tion,

N+ + N2 −→ N + N+
2 (3.23)
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i�
 parametershas an energy threshold of approximately 1.1 eV, thus having a small rate 
oe�-
ient. However, when the rea
tant nitrogen mole
ule is in an ex
ited state morethan 1.1 eV above the ground state, the rea
tion has no threshold and the rate
oe�
ient may be large. For 
ollisions with nitrogen mole
ules in vibrational levelsabove v = 3 and in the metastable state, A3Σ+
u , we will use the rate 
oe�
ientused by Tao et al. (2002), 2× 10−17 m3/s. The rate 
oe�
ient de
reases exponen-tially with energy threshold, being very small for a v = 3 rea
tant and negligiblefor rea
tants in lower vibrationally ex
ited states. Therefore, for a 
harge transferwith a v = 3 rea
tant we will multiply the rate 
oe�
ient with the exponentialfa
tor exp(−2829/Tg), but disregard any 
harge transfers with rea
tants in thelower vibrational levels v = 0− 2. Furthermore, we will assume that the produ
ednitrogen atom is in a state having 1.1 eV less energy than the rea
tant mole
ule,the 
harge transfer being near resonant.3.5.2 Quen
hing by the nitrogen mole
uleVibrational ex
itationThe vibration � translation energy ex
hange, i.e. the quen
hing of vibrationallyex
ited ground state mole
ules N2(X

1Σ+
g , v > 0) by a 
ollision with other groundstate nitrogen mole
ules,

N2(X
1Σ+

g , v = j) + N2(X
1Σ+

g , v) −→ N2(X
1Σ+

g , v = j − 1) + N2(X
1Σ+

g , v)(3.24)has a small rate 
oe�
ient for relatively small values of j, whereas it has a large
oe�
ient for quen
hing of vibrational levels mu
h ex
eeding v = 6. Billing andFisher (1979) 
al
ulated the rate 
oe�
ient at various temperatures, yielding values
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ies 67in the range 0.4 − 22 × 10−25 m3/s for a 500 K temperature, in
reasing withvibrational level j. These rate 
oe�
ients are 
ommonly used in kineti
 modeling ofnitrogen dis
harges (Guerra and Loureiro, 1997, 1995; Guerra et al., 2004) and havebeen shown to be in ex
ellent agreement with more re
ent and presumably morea

urate 
al
ulations (Ca

iatore et al., 2005; Adamovi
h et al., 1998; Adamovi
h,2001). We will therefore use the values 
al
ulated by Billing and Fisher (1979) fortemperatures in the range 400 � 700 K, after �tting them to the usual power lawdependen
e with the gas temperature.The 
al
ulations by Adamovi
h (2001) indi
ate that quen
hing of vibrationalenergy by two or more levels has a rate 
oe�
ient at least 6 � 7 orders of magnitudesmaller than for the single level quen
hing of rea
tion (3.24). We will thereforeassume that quen
hing by multiple vibrational levels is negligible, and will onlyin
lude the single vibrational level quen
hing of rea
tion (3.24).The quen
hing of vibrational ex
itation of the ground state nitrogen mole
ule bya 
ollision with the metastable mole
ule N2(A
3Σ+

u ) 
an o

ur by the intermediaterea
tion
N2(A

3Σ+
u ) + N2(X

1Σ+
g , v ≥ 5) −→ N2(B

3Πg) + N2(X
1Σ+

g , v = 0) (3.25)Sin
e the energy of the �fth vibrational level is larger than the energy level di�eren
eof N2(A
3Σ+

u ) and N2(B
3Πg), the above rea
tion is exothermi
 and 
an have alarge rate 
oe�
ient. The rea
tion was studied by Piper (1989a) who found a rate
oe�
ient of 3 × 10−17 m3/s. Sin
e the B3Πg level is not metastable and has alifetime of only several mi
rose
onds (Piper et al., 1989), it radiates qui
kly ba
kto the metastable state A3Σ+

u . We will therefore assume that e�e
tively, quen
hingof vibrational ex
itation of the ground state nitrogen mole
ule by a 
ollision with
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i�
 parametersthe metastable N2(A
3Σ+

u ) pro
eeds by the rea
tion
N2(A

3Σ+
u ) + N2(X

1Σ+
g , v ≥ 5) −→ N2(A

3Σ+
u ) + N2(X

1Σ+
g , v = 0) (3.26)that we will assume to have the same rate 
oe�
ient as rea
tion (3.25), 3 ×

10−17 m3/s. When the ground state rea
tant mole
ule is in a vibrational levelbelow v = 5 the rea
tion is endothermi
, and the rate 
oe�
ient de
reases expo-nentially with the threshold energy, i.e. exp(−Ta/Tg) where Ta = eEa/k. We willtherefore assume an exponential temperature fa
tor of Ta = 533 K and Ta = 3757K when the ground state nitrogen mole
ule is in vibrational levels v = 4 and v = 3,respe
tively, whereas the rate 
oe�
ients for rea
tants in lower vibrational levelsare assumed to be negligible.Ele
troni
 ex
itationThe quen
hing of the metastable nitrogen mole
ule N2(A
3Σ+

u ) by the nitrogenmole
ule,
N2(A

3Σ+
u ) + N2 −→ N2(X

1Σ+
g , v = 0) + N2 (3.27)is relatively well do
umented, but the dis
repan
y between some of the availabledata (Clark and Setser, 1980; Kossyi et al., 1992; Herron, 1999), as mu
h as bya fa
tor of 200, makes the 
hoi
e for the rate 
oe�
ient di�
ult. Piper (1989a)even found a rate 
oe�
ient 4 � 6 orders of magnitude larger, 3.7 × 10−18 m3/s,only further emphasizing the un
ertainty of even the order of magnitude of thisrate 
oe�
ient. Given the wast disagreement with the other measurements, we willassume that the large value given by Piper (1989a) is not a

urate. Instead, wewill use the value re
ommended by both Kossyi et al. (1992) and Herron (1999),
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3×10−24 m3/s, given as an upper limit at a gas temperature of 300 K. Furthermore,we will assume that the rate 
oe�
ient applies to 
ollisions with ground statenitrogen mole
ules in any vibrational state. However, given that the pooling of themetastable nitrogen mole
ule N2(A

3Σ+
u ),

N2(A
3Σ+

u ) + N2(A
3Σ+

u ) −→ N2 + N2(B, C, C′) , (3.28)has a rate 
oe�
ient roughly 8 orders of magnitude larger (Kossyi et al., 1992;Hays and Oskam, 1973; Clark and Setser, 1980), we believe the small quen
hing rate
oe�
ient mentioned above does not apply to the self quen
hing of N2(A
3Σ+

u ). Theex
ited levels resulting from the pooling, N2(B
3Πg), N2(C

3Πu) and N2(C
′3Πu), arenot metastable and radiate ba
k to N2(A

3Σ+
u ) with a lifetime ranging from a fewhundredths of a mi
rose
ond to a few mi
rose
onds (Piper et al., 1989; Dile

eet al., 2007). The metastable nitrogen mole
ule N2(A

3Σ+
u ) has on the other hand aradiative lifetime on the order of a few se
onds (Piper, 1993). We therefore assumethat the rea
tion

N2(A
3Σ+

u ) + N2(A
3Σ+

u ) −→ N2(A
3Σ+

u ) + N2(X
1Σ+

g , v = 0) (3.29)e�e
tively has the same rate 
oe�
ient as the pooling of N2(A
3Σ+

u ). We will usethe mean value of the overall rate 
oe�
ient suggested by Herron (1999), takenfrom the measurement of Piper (1988), 3.5 × 10−16 m3/s.The rate 
oe�
ient for the quen
hing of the metastable atom N(2D) by thenitrogen mole
ule,
N(2D) + N2 −→ N(4S) + N2 (3.30)



70 Nitrogen spe
i�
 parameterswas measured by Sugawara et al. (1980) to be 1.3×10−20 m3/s. This value is quite
lose to the rate 
oe�
ient suggested by other studies (Herron, 1999; Kossyi et al.,1992; S
ho�eld, 1979) and we will therefore use this value. Furthermore, we willassume the rate 
oe�
ient applies to impa
ts with both ground state and ex
itednitrogen mole
ules.The quen
hing of the metastable atom N(2P) by the nitrogen mole
ule,
N(2P) + N2 −→ N(4S) + N2 (3.31)

−→ N(2D) + N2 (3.32)was also studied by Sugawara et al. (1980). They obtained a rate 
oe�
ient of
3.3×10−23 m3/s for the produ
tion of N(4S), but found no indi
ation of any N(2D)produ
tion. This rate 
oe�
ient is roughly 10 times larger than values suggestedin other studies (S
ho�eld, 1979; Gordiets et al., 1995; Kossyi and Silakov, 2005),but is the basis in the re
ommendation of Herron (1999). We will therefore use therate 
oe�
ient of Sugawara et al. (1980). Furthermore, we will assume that themetastable nitrogen atom N(2P) is only quen
hed to the ground state, N(4S), byimpa
t with nitrogen mole
ules, and that the rate 
oe�
ient is independent of thestate of the quen
her mole
ule.3.5.3 Quen
hing by the nitrogen atomThe quen
hing of vibrational energy of the ground state nitrogen mole
ule by a
ollision with the neutral nitrogen atom is generally negligible for low vibrationallevels. Guerra et al. (2004) disregarded the e�e
t altogether for vibrational levelsbelow v = 7, assuming the rate 
oe�
ient vanishes for su
h low vibrational levels.This approximation is justi�able sin
e the rate 
oe�
ient is very small, on the
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ies 71order of 10−27 m3/s, for nitrogen mole
ules in low vibrational levels (Esposito andCapitelli, 2006; Esposito et al., 2006). We will therefore follow suit and assumethat the rate 
oe�
ients are negligible, not in
luding any quen
hing of vibrationalenergy by 
ollisions with atoms for the relatively low vibrational levels 
onsideredin the 
urrent study.The rate 
oe�
ient for the quen
hing of the metastable nitrogen atom N(2P)by other nitrogen atoms,
N(2P) + N −→ N(4S) + N (3.33)

−→ N(2D) + N (3.34)has been measured only by Young and Dunn (1975), reporting a value of 6.2 ×

10−19 m3/s. Be
ause of the 
omplexity of the measurement, the rate 
oe�
ientwas not expe
ted to be a

urate to more than 20 %. Although other authorsre
ommend larger values (S
ho�eld, 1979; Gordiets et al., 1995; Kossyi et al., 1992),Herron (1999) suggested using the value measured by Young and Dunn (1975).Thus, we will use the above rate 
oe�
ient as well as assuming that the produ
tatom is always the ground state nitrogen atom, as was suggested by Herron (1999).Furthermore, we will assume that this rate 
oe�
ient is independent of the stateof the quen
her atom.The rate 
oe�
ient for the quen
hing of the metastable nitrogen atom N(2D)by other neutral nitrogen atoms was in
luded in none of the 
olle
tions of nitrogenrea
tion rate 
oe�
ients (S
ho�eld, 1979; Guerra et al., 2004; Gordiets et al., 1995;Tatarova et al., 2005; Herron, 1999; Kossyi et al., 1992), although S
ho�eld (1979)mentioned that no measurements had been reported for the rea
tion. Therefore, wewill simply assume that the rea
tion is negligible. However, given that the e�e
tive
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i�
 parametersquen
hing of the N(2D) by atomi
 oxygen 
an have a 
onsiderable e�e
t on thedensity of N(2D) in the upper atmosphere (Piper, 1989
), this assumption is notne
essarily a

urate and should be taken with a grain of salt. If the quen
hing ofthe metastable atom N(2P) turns out to be important in the overall destru
tionme
hanism of N(2P), the quen
hing of the N(2D) is probably important as well.3.5.4 Transfer of ex
itationVibrational ex
itationThe vibration - vibration energy ex
hange, i.e. the near resonant transfer of vibra-tional ex
itation between two 
olliding ground state mole
ules,
N2(v = j) + N2(v = k) −→ N2(v = j + 1) + N2(v = k − 1) (3.35)is believed to be responsible for the high density of highly vibrationally ex
itedground state mole
ules, often observed in the afterglow of nitrogen dis
harges athigher pressure (Guerra et al., 2004). The rate 
oe�
ient is known to dependstrongly on the vibrational level, as well as the gas temperature, su
h that it is notpossible to use a single value for the general rea
tion given above. There exist anumber of studies that have attempted to 
al
ulate or formulate the rate 
oe�
ientsfor various vibrational levels as a fun
tion of gas temperature (da Silva et al., 2008;Adamovi
h et al., 1998; Adamovi
h, 2001; Ca

iatore et al., 2005). However, therate 
oe�
ients 
al
ulated by Billing and Fisher (1979) are generally used as a pointof referen
e in those studies and are 
ommonly used in dis
harge modelling studies(Guerra and Loureiro, 1995; Fisher, 1997; Guerra et al., 2004). Furthermore, theyhave been shown to be in a quite good agreement with experimental data (Ahnet al., 2004). However, although the rate 
oe�
ients are generally given for a wide
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ies 73range of j values, numeri
 values are never given for other values of k than 1. Wewill use the S
hwartz, Slawsky and Herzfeld theory (S
hwartz et al., 1952; S
hwartzand Herzfeld, 1954; Ke
k and Carrier, 1965; Bray, 1968) to derive the missing rate
oe�
ients for k = 2 − 6 from the rate 
oe�
ients given by Billing and Fisher(1979) for k = 1. Assuming that the anharmoni
ity of the nitrogen mole
ule hasa negligible 
ontribution for the relatively low values of j and k 
onsidered in thisstudy, the transition probability is given (Bray, 1968)
P j,j+1

k,k−1 = Q(T )k(j + 1)F (yj,j+1
k,k−1) (3.36)where yj,j+1

k,k−1 ∝ |k−j−1|. We 
an therefore derive the rate 
oe�
ient from anothergiven rate 
oe�
ient with k = 1 and j = j′, that is
Kj,j+1

k,k−1 =
k(j + 1)

j′ + 1
Kj′,j′+1

1,0 exp

(
∆E − ∆E′

2kT

)

j′ = |k − j − 1| (3.37)where ∆E = Ek + Ej − Ek−1 − Ej+1 and ∆E′ = E1 + Ej′ − E0 − Ej′+1 are thevibrational energy defe
ts of the two transitions. Now, sin
e
∆E ≃







∆E′ j′ = k − j − 1

−∆E′ j′ = j + 1 − k

(3.38)the rate 
oe�
ient is given by
Kj,j+1

k,k−1 ≃







k(j+1)
j′+1 Kj′,j′+1

1,0 j′ = k − j − 1

k(j+1)
j′+1 Kj′,j′+1

1,0 exp
(
−∆E

kT

)
j′ = j + 1 − k

(3.39)This is a familiar relation, sin
e it is apparent that transitions for j + 1 < kare slightly endothermi
 by the negative vibrational energy defe
t, resulting in
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i�
 parametersa smaller expe
ted rate 
oe�
ient. The a
tivation barrier, Ta = e∆E/k, variesfrom about 40 to 200 K for the vibrational levels 
onsidered in the 
urrent study.Furthermore, the relation is 
onsistent with the expression for the rate 
oe�
ientin more a

urate theories (Adamovi
h et al., 1998; Adamovi
h, 2001), as given byAhn et al. (2004). The rate 
oe�
ients Kj′,j′+1
1,0 , used to 
al
ulate the missingtransitions, are taken from Billing and Fisher (1979), after �tting them to theusual power law dependen
e with gas temperature in the range 300 � 1000 K. Theresulting values for the various transitions are tabulated in table A.2.The 
al
ulations of Adamovi
h (2001) indi
ate that vibrational energy jumpsof more than one level, i.e. when the rea
tants and produ
ts di�er by two or morevibrational levels, have a rate 
oe�
ient roughly 3 � 4 orders of magnitude smallerthan for the single level jumps. Therefore, we will assume that jumps by multiplevibrational levels are negligible and will only in
lude the vibrational energy transferof rea
tion (3.35).Ele
troni
 ex
itationThe transfer of ele
troni
 ex
itation from the neutral nitrogen mole
ule to theneutral nitrogen atom,

N2(A
3Σ+

u ) + N(4S) −→ N2(X
1Σ+

g , v = 0) + N(2P) (3.40)
−→ N2(X

1Σ+
g , v = 0) + N(2D) (3.41)has been dis
ussed in several studies, all resulting in similar rate 
oe�
ients (Gordi-ets et al., 1995; Herron, 1999; Kossyi et al., 1992). We will use the value measuredby Piper (1989b), 4 × 10−17 m3/s. Furthermore, we will assume that the produ
tatom is always the higher lying metastable atom N(2P) (Meyer et al., 1970; Piper,1989b), i.e. the latter 
hannel in the rea
tion above is assumed to be negligible.
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tions of gaseous spe
ies 753.5.5 Disso
iation of ionsThe disso
iation of the N+
4 ion by the nitrogen atom,

N+
4 + N −→ N+ + N2 + N2 (3.42)has a rate 
oe�
ient of 1 × 10−17 m3/s as re
ommended by Kossyi et al. (1992).We will use this rate 
oe�
ient and assume that it is independent of the state ofthe rea
tant atom and that the produ
ed mole
ules will have a 
ombined energyroughly 
orresponding to the energy level of the rea
tant atom.An upper limit of the rate 
oe�
ient for the disso
iation of the N+

4 ion by a
ollision with the neutral nitrogen mole
ule,
N+

4 + N2 −→ N+
2 + N2 + N2 (3.43)was given by Kossyi et al. (1992) as a fun
tion of gas temperature, yielding roughly

1 × 10−12 m3/s at 500 K, whereas Tatarova et al. (2005) and Gordiets et al.(1995) used a rate 
oe�
ient that was roughly ten order of magnitudes smaller, or
2.1 × 10−22 exp(Tg/121) m3/s. This brute dis
repan
y is strange, espe
ially sin
eboth authors 
ite the same sour
e for the rate 
oe�
ient. However, the re
om-mendation by Kossyi et al. (1992) is abnormally large while the value used byGordiets et al. is 
loser to what to normally expe
t from a gaseous rea
tion rate
oe�
ient. Sin
e the rate 
oe�
ient used by Gordiets et al. and Tatarova et al. isnot of the Arrhenius form, unlike all other rate 
oe�
ients used in the model,we re�tted their rate 
oe�
ient on the interval 300 < Tg < 900 K, resulting in
8.67 × 10−23(300/Tg)

−6.45 exp(900/Tg) m3/s. Furthermore, we will assume thatthe rate 
oe�
ient is independent of the state of the rea
tant mole
ule and thatthe additional neutral mole
ule produ
t will be in the ground state.
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i�
 parameters3.5.6 Rearrangement of 
hemi
al bondsOne 
hannel for the formation of the N+
3 ion is the rearrangement of atoms due tothe 
ollision of an ion and a neutral nitrogen mole
ule,

N+
2 + N2 −→ N+

3 + N (3.44)In a study of the formation of N+
3 from ex
ited states of the N+

2 ion, Bowers et al.(1974) suggested a rate 
oe�
ient of 5.5×10−17 m3/s, although without spe
ifyingthe state of the nitrogen mole
ule. This is 
onsistent with the upper limit of the rate
oe�
ient given by Kossyi et al. (1992), 3 × 10−16 m3/s. Ja�e et al. (1973) founda rate 
oe�
ient of about fa
tor of 20 smaller than the rate 
oe�
ient by Bowerset al. (1974). Although this is 
onsistent with the upper limit value given by Kossyiet al. (1992), we believe the rate 
oe�
ient is too small. Thus, we will use the rate
oe�
ient measured by Bowers et al. (1974) for rea
tion (3.44). The rea
tion isonly possible if either the ion or the mole
ule rea
tants are in an ex
ited level sin
ethe appearan
e energy of N+
3 is about 21 � 23 eV (Bowers et al., 1974), i.e. roughly5.4 � 7.4 eV above the ionization energy of the N+

2 ion. Sin
e we do not dis
riminatebetween the states of the N+
2 ion in our global model 
al
ulations, we will assumethat the rate 
oe�
ient is only appli
able when the neutral nitrogen mole
ule isthe metastable N2(A

3Σ+
u ), as indi
ated by Kossyi et al. (1992). Furthermore, wewill assume that the produ
ed neutral atom is in the ground state.The inverse rea
tion of rea
tion (3.44), the destru
tion of N+

3 by the rearrange-ment of 
hemi
al bonds,
N+

3 + N −→ N+
2 + N2 (3.45)should have no energy threshold in 
ontrast to the threshold predi
ted for rea
tion
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tions of gaseous spe
ies 77(3.44). However, this is not ne
essarily the 
ase sin
e the rea
tion might pro
eedthrough an intermediate step having a some energy threshold. We will use therate 
oe�
ient suggested by Kossyi et al. (1992), 6.6 × 10−17 m3/s, whi
h is ofsimilar magnitude as the rate 
oe�
ient used for rea
tion (3.44). Furthermore, wewill assume that the rea
tion has no threshold, su
h that the rate 
oe�
ient is thesame for rea
tant atoms in any state and that the neutral mole
ule produ
ed isalways the metastable nitrogen mole
ule N2(A
3Σ+

u ).3.5.7 Three body asso
iationAsso
iation generally 
an only o

ur through three body 
ollisions, as momentum
onservation does not allow two bodies to dire
tly form a single body. Thus,asso
iation of two bodies is generally explained by the assistan
e of a third body.Asso
iation of two neutral spe
iesThe rate 
oe�
ient for the asso
iation of two atoms by a 
ollision with the nitrogenmole
ule,
N + N + N2 −→ N2 + N2 (3.46)will be assigned the value 8.27 × 10−46 exp(500/Tg) m6/s (Gordiets et al., 1995;Kossyi et al., 1992) whi
h was given for the intera
tion of ground state parti
les.It is in relatively good agreement with the rate 
oe�
ient measured by Yamashita(1979), 7.2× 10−45 m6/s. We will assume that the rate 
oe�
ient applies to inter-a
tions of atoms and mole
ules in both ground and ex
ited states. Furthermore,we will assume that the produ
ed mole
ule is in an ex
ited state a

ording to the
ombined energy level of the atoms it is 
omposed of (Kossyi et al., 1992).
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i�
 parametersThe asso
iation of nitrogen atoms by a 
ollision with other nitrogen atoms,
N + N + N −→ N2 + N (3.47)was suggested to have a rate 
oe�
ient of 1 × 10−44 m6/s or 1.9 × 10−45 m6/s,depending on the state of the produ
ed mole
ule (Gordiets et al., 1995). We willuse the larger value, assuming it represents an upper limit of this rate 
oe�
ient.Furthermore, we will assume that the rate 
oe�
ient applies to 
ollisions of atomsin both the ground state and in ex
ited states, and that the produ
t mole
ule is ina state a

ording to the 
ombined energy level of the atoms it is 
omposed of.Asso
iation of an ion and a neutral spe
iesThe ion-atom asso
iation

N+ + N + N2 −→ N+
2 + N2 (3.48)has the rate 
oe�
ient 1 × 10−41 m6/s as (Kossyi et al., 1992). We will assumethat the rate 
oe�
ient is the same for 
ollisions of neutral atoms and mole
ulesin any state.The 
onversion of the N+

2 ion to the N+
4 ion by a 
ollision with the nitrogenmole
ule,

N+
2 + N2 + N2 −→ N+

4 + N2 (3.49)has been well studied. As well as measuring the rate 
oe�
ient, Guthrie et al.(1991) reviewed the available data, showing that the results were mostly in a goodagreement. Other rate 
oe�
ients found for the same rea
tion are also of the same
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ies 79order of magnitude (Gordiets et al., 1995; Kossyi et al., 1992; Phillips, 1990; Bates,1989) and therefore we will use the rate 
oe�
ient measured by Guthrie et al.(1991), 5.2 × 10−41(300/Tg)
2.2 m6/s. Furthermore, we will assume that the rate
oe�
ient applies to 
ollisions of both ground state and ex
ited nitrogen mole
ules.Guthrie et al. (1991) also measured the rate 
oe�
ient for the 
onversion of theN+ ion to the N+

3 ion by a 
ollision with the nitrogen mole
ule,
N+ + N2 + N2 −→ N+

3 + N2 (3.50)�nding a value of 1.7× 10−41(300/Tg)
2.1 m6/s, whi
h is in a reasonable agreementwith other experimental values (Kossyi et al., 1992). We will therefore use thisrate 
oe�
ient and assume it is valid for 
ollisions of both ex
ited and groundstate mole
ules with the N+ ion.The rate 
oe�
ient for the asso
iation of the N+

2 ion and a neutral nitrogenatom to form the N+
3 ion, by a 
ollision with a neutral nitrogen mole
ule,

N+
2 + N + N2 −→ N+

3 + N2 (3.51)is given the value 9×10−42 exp(400/Tg) m6/s (Kossyi et al., 1992), and is assumedto apply to 
ollisions of both ground state and ex
ited mole
ules and atoms.
3.5.8 IonizationThe formation of the N+

2 ion by the asso
iation of two atoms,
N + N −→ N+

2 + e (3.52)
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an have a large rate 
oe�
ient when the sum of the ex
itation energy of therea
tants and the disso
iation energy of N+
2 is larger than the ionization energy ofthe N2 mole
ule. We will use the rate 
oe�
ient re
ommended by Kossyi et al.(1992), 1× 10−18 m3/s, when at least one of the rea
tants is the N(2P) metastableatom.The formation of the N+

4 ion by the asso
iation of two mole
ules,
N2 + N2 −→ N+

4 + e (3.53)
an have a large rate 
oe�
ient when the nitrogen mole
ules have a su�
iently high
ombined ex
itation energy su
h that the ionization energy of N+
4 is surpassed. Un-fortunately, this energy threshold is likely higher than the 
ombined energy of twoN2(A

3Σ+
u ) metastable mole
ules. In the pressure regime 1 � 100 mTorr, ele
tron im-pa
t ionization is generally the dominating pathway for 
reation of ions. However,sin
e the N+

4 ion has no neutral 
ounterpart in the 
urrent rea
tion set, asso
iativeionization is probably the dominating pathway in its 
reation. Therefore, we 
annot ex
lude the rea
tion, as we would normally do, but we will instead try to use arate 
oe�
ient that is representative of an e�e
tive rate 
oe�
ient for the 
reationof the ion N+
4 . Gordiets et al. (1995) gave a rate 
oe�
ient for a similar rea
tion,deviating from the above rea
tion only in one of the rea
tants being vibrationallyex
ited with v & 30, instead of also being an N2(A

3Σ+
u ). We will assume that therate 
oe�
ient, 1× 10−19 m3/s, applies to the rea
tion above as well. Kossyi et al.(1992) suggested a value nearly two orders of magnitude larger for a similar rea
-tion when one of the rea
tants is the higher lying metastable mole
ule N2(a

′ 1Σ−
u ),not 
onsidered in the 
urrent study. Thus, the assumption of rea
tion (3.53) islikely appropriate, with the rate 
oe�
ient probably not being mu
h larger thanwould be observed e�e
tively in an experiment.
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ited spe
ies 81Penning ionization, su
h as the rea
tion
N2 + N2 −→ N2+

2 + N2 + e (3.54)is believed to be a negligible part of the overall ionization me
hanism in the lowpressure regime of 1 � 100 mTorr, even though it has been found to be importantin higher pressure dis
harges (Guerra et al., 2004). The rea
tion 
an have a largerate 
oe�
ient when the 
ombined ex
itation energy of the rea
tants surpassesthe ionization energy of the N2 mole
ule. The 
ombined ex
itation energy of twometastable mole
ules N2(A
3Σ+

u ) is about 3 eV below the ionization energy of theN2 mole
ule. The rea
tion 
an therefore only pro
eed if a higher lying metastablespe
ies, su
h as the N2(a
′ 1Σ−

u ), were in
luded in the model, as was the 
ase withthe asso
iative ionization. Thus, instead of approximating the rate 
oe�
ient, aswe did for rea
tion (3.53), we will simply ex
lude rea
tion (3.54) from the rea
tionset, sin
e it is almost 
ertainly negligible for the 
reation of N+
2 .3.6 Opti
al emission of ex
ited spe
iesEa
h ex
ited spe
ies eventually returns to some lower energy level by, for exam-ple, spontaneously emitting a light of a spe
i�
 wavelength 
orresponding to thede
rease in energy. The strongest opti
al emission is by ele
tri
 dipole radiation,whi
h is only permitted for a given ex
ited level if a set of sele
tion rules is ful�lled.If the ele
tri
 dipole radiation is not permitted, opti
al emission 
an only o

ur bymagneti
 dipole radiation or other me
hanisms that are mu
h weaker than ele
tri
dipole radiation. Parti
les in a spe
i�
 ex
ited level thus have a spe
i�
 lifetime,varying from level to level, before spontaneously emitting light and returning tosome lower energy level. From some energy levels no ele
tri
 dipole radiation is
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i�
 parameterspermitted. These levels are 
alled metastable and have mu
h longer lifetime, τrad,than other ex
ited levels, mu
h ex
eeding 10−6 se
. Metastable spe
ies 
an there-fore be present in a 
onsiderable quantity in a gas dis
harge. Be
ause of the highlifetime of metastable parti
les, the spontaneous emission is not believed to playan important role in the loss of metastable parti
les. We will however in
lude thepro
ess, just to 
on�rm that it is of no importan
e. An extensive 
olle
tion of life-times of ex
ited nitrogen atoms is given in the 
ompilation by Wiese et al. (1996).Furthermore, a 
olle
tion of lifetimes of ex
ited nitrogen mole
ules is given in the
ompilation by Lofthus and Krupenie (1977).Sin
e the nitrogen mole
ule has no permanent dipole moment (Patel, 1964;Weber and Deuts
h, 1966), ele
tri
 dipole radiation from the vibrational levels ofthe ground state nitrogen mole
ule is not permitted. The lifetime of vibrationallyex
ited mole
ules 
an therefore be expe
ted to be very long, and sin
e no data
ould be found regarding their lifetime we will simply assume that spontaneousemission from vibrational levels is negligible.
3.6.1 Emission from N2(A

3Σ+
u )Piper (1993) measured the lifetime for the transition

N2(A
3Σ+

u , v) −→ N2(X
1Σ+

g , v = 0) + ~ω (3.55)for several vibrational levels of the metastable mole
ule. We will use the v = 0 valueof 2.37 se
, whi
h is in a reasonably good agreement with other reported values forthe lifetime (Shemansky and Carleton, 1969; Lofthus and Krupenie, 1977; Meyeret al., 1971).
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al emission of ex
ited spe
ies 833.6.2 Emission from N(2P)The Einstein 
oe�
ient, 1/τrad, for the transition
N(2P) −→ N(4S) + ~ω (3.56)was measured by Piper (1998). We will use his value of 185 se
, whi
h was found tobe in a reasonable agreement with earlier theoreti
al 
al
ulations (Godefroid andFis
her, 1984). Furthermore, it is in a reasonable agreement with the largest valuegiven in the 
ompilation by Wiese et al. (1996).The lifetime for the transition
N(2P) −→ N(2D) + ~ω (3.57)is assigned the value 18.9 se
, originating from the largest theoreti
al Einstein
oe�
ient given in the 
ompilation by Wiese et al. (1996).

3.6.3 Emission from N(2D)The lifetime for the transition
N(2D) −→ N(4S) + ~ω (3.58)is mu
h higher than for the other two atomi
 transitions, or τrad = 5.3 × 104 se
,originating from the largest theoreti
al Einstein 
oe�
ient given in the 
ompilationby Wiese et al. (1996). Thus, it is apparent that the metastable atom N(2D) is themost stable of the metastable atoms and mole
ules in
luded in the model.
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i�
 parameters3.7 Elasti
 ele
tron s
atteringAs there is no loss or generation of a spe
ies involved in elasti
 
ollisions, the elasti
s
attering 
ross se
tion does not play a role in the parti
le balan
e equations (2.56).However, it plays a vital role in the determination of the 
ollisional energy loss, Ec,given by equation (2.31), whi
h is an important parameter in the energy balan
eequation (2.57). The total ele
tron impa
t s
attering 
ross se
tion is the sum of allpossible ele
tron 
ollision 
ross se
tions, and 
an be important in determining themaximum value of a parti
ular inelasti
 
ollision 
ross se
tion. Elasti
 
ollisions arethose where the kineti
 energy is 
onserved, with the internal energy of the parti
lesbeing un
hanged. While inelasti
 
ollisions have a parti
ular energy threshold,elasti
 pro
esses do not, and thus the low energy part of the total s
attering 
rossse
tion 
onsists only of the elasti
 s
attering 
ross se
tion. The elasti
 
ross se
tiontherefore has to 
over a wide range of ele
tron energy in order for the rate 
oe�
ientto be a

urate, preferably from a few meV to a few keV. This 
an often only bea

omplished by assembling the 
ross se
tion from more than one measurement or
al
ulation, as most authors only 
over a subset of the energy range needed.3.7.1 Elasti
 s
attering by the N2(X
1Σ+

g , v = 0) mole
uleThe elasti
 s
attering of ele
trons by impa
t with the nitrogen mole
ule has beenquite well studied, both theoreti
ally (Shyn and Carignan, 1980; Morrison et al.,1987; Gillan et al., 1988; Sun et al., 1995; Szmytkowski et al., 1996; Feng et al.,2003) and experimentally (DuBois and Rudd, 1976; Ni
kel et al., 1988; Randellet al., 1994; Gote and Ehrhardt, 1995; Sun et al., 1995; Allan, 2005). Furthermore,several authors have reviewed the available data and re
ommended the best 
rossse
tions (Itikawa et al., 1986; Brunger and Bu
kman, 2002; Bu
kman et al., 2003;Itikawa, 2006). Allan (2005) measured the di�erential elasti
 
ross se
tion in the
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Figure 3.15: The elasti
 s
attering 
ross se
tion of ele
tron-N2 
ollisions. Thedata in the range 20 meV � 3.5 eV is a part of the theoreti
al elasti
 s
attering
ross se
tion of Feng et al. (2003), and the data in the range 4 � 1000 eV is a partof the elasti
 s
attering 
ross se
tion re
ommended by Itikawa (2006). The insetreveals the resonant stru
ture in more detail with the energy on a linear s
ale.resonan
e region, 0.5 � 5 eV. The result is in agreement with previous measurementsand re
ommendations, but sin
e this integral elasti
 
ross se
tion 
onsists of only 3measurement points, there is not enough detail in the resonan
e region for the 
rossse
tion to be usable. Although a detailed integral 
ross se
tion 
ould be derivedfrom the detailed di�erential 
ross se
tions given by Allan (2005), we will useother similarly a

urate integral 
ross se
tions that are more detailed. Feng et al.(2003) 
al
ulated the di�erential and integral elasti
 s
attering 
ross se
tion in theenergy range 20 meV � 10 eV. Their di�erential 
ross se
tions were in an ex
ellentagreement with those of Allan (2005) at low energy, at approximately 0.5 − 3 eV,but were slightly larger at higher energy. A 
omparison to the measurements of Sunet al. (1995) reveals a similar high energy overestimation of the 
ross se
tion. The
ross se
tion is furthermore in good agreement with the 
ross se
tion re
ommendedby Itikawa (2006) below 0.5 eV. We therefore will use the theoreti
al 
ross se
tion
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i�
 parametersof Feng et al. (2003) in the energy range 20 meV � 3.5 eV. In the energy range 4� 1000 eV we will use the 
ross se
tion re
ommended by Itikawa (2006), whi
h isin part un
hanged sin
e his previous elasti
 
ross se
tion re
ommendation (Itikawaet al., 1986), and thus should be quite a

urate. The resulting 
ross se
tion isshown in �gure 3.15.3.7.2 Elasti
 s
attering by the N(4S) atomAlthough there exist many 
al
ulations of the 
ross se
tion for the elasti
 ele
trons
attering by the nitrogen atom (Robinson, 1957; Smith et al., 1967; Thompson,1971; Ormonde et al., 1973; Burke et al., 1974; Thomas and Nesbet, 1975; Berring-ton et al., 1975; John and Williams, 1977; Ramsbottom and Bell, 1994), the 
rossse
tion has only been measured twi
e (Neynaber et al., 1963; Miller et al., 1970).Most of the data is very dated, espe
ially the measurements, with the theoreti
al
al
ulation of Ramsbottom and Bell (1994) being the most re
ent. At high en-ergy, larger than 2 eV, most of the 
al
ulated 
ross se
tion are similar, all beinglarger than the measurement of Neynaber et al. (1963) by at least a fa
tor of two.However, for energy lower than 2 eV some of the 
ross se
tions begin to deviatefrom the rest, eventually exhibiting a very strong resonant peak at several meV.The other 
ross se
tions simply de
rease uniformly with de
reasing energy. Thelow energy measurement of Miller et al. (1970), even though suggested to be takenwith a grain of salt, supports the former result, in
reasing with de
reasing energyand thus indi
ating the existen
e of the low energy resonan
e. Ramsbottom andBell (1994) 
ould reprodu
e ex
ellent agreement with both instan
es in their 
al-
ulations, showing that the di�eren
e only lies in the assumption of the existen
eof a bound state of N−. Taking into a

ount the measurement of Miller et al.(1970) and the fa
t that there is no experimental eviden
e of a bound N− state,
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Figure 3.16: The elasti
 s
attering 
ross se
tion for the 
ollision of ele
trons andnitrogen atoms versus ele
tron energy. The data in the range 25 meV � 3.5 eV isa part of the theoreti
al elasti
 s
attering 
ross se
tion of Ramsbottom and Bell(1994). The data in the range 5 � 9 eV is the most reliable portion of the elasti
s
attering 
ross se
tion measured by Neynaber et al. (1963), the data points beingrepresented by squares 2. The inset reveals the resonant peak in more detail withthe energy on a logarithmi
 s
ale.
Ramsbottom and Bell regard the 
ross se
tion with the resonant peak to be themore a

urate.As the experimental data is relatively poor, we prefer to use of the theoreti
al
ross se
tions. Given the relatively good agreement with experimental data, wewill use the most re
ent 
al
ulation of Ramsbottom and Bell (1994) in the energyrange 0.025 � 3.5 eV. To extend the 
ross se
tion to higher energy we will use thethree measurement points of Neynaber et al. (1963), in the energy range 5 � 9 eV,that were assigned the least error. For this elasti
 s
attering, no data 
ould befound that gave the 
ross se
tion at any higher energy. The resulting 
ross se
tionis shown in �gure 3.16.
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i�
 parameters3.8 Wall intera
tionsWall intera
tions are very important in low pressure dis
harges. Wall re
ombina-tion of neutral atoms is sometimes the only signi�
ant sink of atoms, even thoughits probability is often very low. Positive ions are also lost rapidly to the walls,whereas negative ions are not present at the wall and therefore not lost in that man-ner. The wall 
an also a
t as a sink for ex
itation energy, 
ommonly quen
hingex
ited mole
ules and atoms quite e�e
tively.3.8.1 Wall re
ombination 
oe�
ientThe wall re
ombination 
oe�
ient, γrec, is a very important dis
harge parameter.At low pressure, when heavy parti
le 
ollisions are less likely, wall re
ombinationof atoms is believed to be the dominating pathway of atom loss. It has been shown(Lee and Lieberman, 1995) that the value of the wall re
ombination 
oe�
ient γrecmay de
ide the fra
tional disso
iation, nat/ng, in the dis
harge. Depending on theappli
ation, the fra
tional disso
iation is regarded as one of the most importantparameters in a pro
essing plasma, and thus the importan
e of the wall re
om-bination 
oe�
ient 
an not be taken lightly. The re
ombination 
oe�
ient doeshowever 
hange not only with the wall material, but also with the quality of thesurfa
e, su
h as its roughness and purity. For a given 
hamber, the wall mate-rial or its 
oating might thus have been 
hosen to ful�ll a spe
i�
 requirement offra
tional disso
iation. Furthermore, the wall re
ombination 
oe�
ient γrec maydepend on pressure, as is the 
ase with the oxygen dis
harge (Gudmundsson andThorsteinsson, 2007b), and with gas temperature as well.Singh et al. (2000) measured the re
ombination 
oe�
ient for neutral oxygenand nitrogen atoms on a stainless steel surfa
e in a low pressure indu
tive dis-
harge 
hamber. The wall re
ombination 
oe�
ient obtained, an average of values
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tions 89measured while varying the dis
harge pressure and power, was γrec = 0.07.A variety of other experimental and theoreti
al determinations exist for thewall re
ombination 
oe�
ient, γrec, in a nitrogen dis
harge. In a study of thee�e
t of wall material in an N2�O2 post-dis
harge, Kutasi and Loureiro (2007)reviewed some of the available data for various surfa
e materials. The majority ofthe studies are for the re
ombination of atoms on a glass, pyrex, quartz or othersili
a surfa
e materials (Capitelli et al., 2007; Herron et al., 1959; Young, 1961;San
ier et al., 1962; Lefèvre et al., 2000; Belmonte et al., 1999; Gordiets et al.,1996; Yamashita, 1979; Tunis Wentink et al., 1958), yielding wall re
ombination
oe�
ients of approximately 10−6−10−4 in the pressure regime 0.1−11 Torr. Thewall re
ombination 
oe�
ient has also been determined for iron (Belmonte et al.,1999; Lefèvre et al., 1999), iron-nitride (Belmonte et al., 1998), molybdenum (Hayset al., 1974; Markovi¢ et al., 1994), aluminum (Sarrette et al., 2006; Adams andMiller, 2000), stainless steel (Adams and Miller, 2000) and 
opper wall surfa
es inthe same pressure regime, yielding values of approximately 10−3, 10−2, 10−4 � 10−2,
10−3, 5 × 10−3 and 10−2, respe
tively. Be
ause of the pressure dependen
e, thesemeasurements are of limited use to us, all being above the operating pressure regimeof interest here. However, they do indi
ate that the re
ombination 
oe�
ient is
onsiderably smaller for glass, quartz and pyrex than it is for a 
hamber madeof stainless-steel, iron or aluminum, for example. Sin
e the power is generally
oupled to the plasma through a diele
tri
 window in an indu
tively 
oupled plasma
hamber or a ele
tron 
y
lotron dis
harge, at least some part of the 
hamber mustexhibit this low wall re
ombination 
oe�
ient, e�e
tively lowering the overall wallre
ombination 
oe�
ient of the 
hamber.In a study of the disso
iation degree in a low pressure indu
tively 
oupleddis
harge, Nakano et al. (2002) estimated the wall re
ombination 
oe�
ient of the
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i�
 parametersdis
harge 
hamber, made mostly of aluminum oxide, to be in the range 0.17 �0.093 for a pressure of 5 mTorr, assuming the gas temperature to be between 300and 1000 K. This is in agreement with the aforementioned measurement of Singhet al. (2000), indi
ating the wall re
ombination 
oe�
ient is signi�
antly larger inthe pressure regime 1 � 100 mTorr, 
ompared to the pressure regime of the otherstudies, 0.1 � 11 Torr.Sin
e we assume the 
hamber in our global model study is made of stainlesssteel, we prefer to use the wall re
ombination 
oe�
ients measured by Singh et al.(2000). Although the measurement demonstrates that the wall re
ombination 
o-e�
ient has an inverse dependen
e on pressure, we are not able to derive a pressuredependent wall re
ombination 
oe�
ient as was done in the O2/Ar dis
harge model(Gudmundsson and Thorsteinsson, 2007b). The wall re
ombination 
oe�
ient wasonly measured in the pressure regime 15 � 30 mTorr, whi
h is too narrow to extrap-olate a pressure dependent wall re
ombination 
oe�
ient that is valid for pressurebelow 10 mTorr. We will therefore simply use the aforementioned average wallre
ombination 
oe�
ient reported by Singh et al. (2000), γrec = 0.07, for the re-
ombination of both ground state and metastable atoms on the wall, and assumethat it is 
onstant with pressure. We will also assume the resulting mole
ule is inthe ground state, N2(X
1Σ+

g , v = 0), as predi
ted by Capitelli et al. (2007) for asili
a surfa
e. Furthermore, we will assume that the measured wall re
ombination
oe�
ient represents an overall value for the 
hamber, in
luding the e�e
t of thelower wall re
ombination 
oe�
ient at diele
tri
 windows.3.8.2 Wall quen
hing 
oe�
ientsQuen
hing of ex
ited spe
ies by impa
t with the wall 
an be an important fa
torin their loss. However, ex
ited spe
ies are also lost rapidly through other 
hannels,
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tions 91su
h as ele
tron impa
t de-ex
itation, whi
h redu
es the impa
t of wall quen
hingon ex
ited parti
le densities.Wall quen
hing of vibrationally ex
ited mole
ulesBla
k et al. (1974) measured the vibrational relaxation of N2(X
1Σ+

g , v = 1) bya 
ollision with various surfa
e materials at pressure above 7.5 Torr. The wallquen
hing 
oe�
ients were found to be in the range 2× 10−4 for pyrex to 5× 10−3for aluminum. Morgan and S
hi� (1963) estimated the wall quen
hing 
oe�
ientsfor vibrationally ex
ited ground state nitrogen mole
ules on a pyrex surfa
e to beroughly 4.5 × 10−4. Egorov et al. (1973) measured the vibrational dea
tivationprobability in a 
ollision with a glass surfa
e for a wall temperature in the range282 � 603 K and pressure in the range 1.85 � 6.3 Torr. Egorov et al. then found anequation des
ribing the behavior of the quen
hing 
oe�
ient with pressure p andwall temperature T ,
γN2(X,v) = 0.39 × 10−3 exp(1000/RT ) +

0.415

p
exp(−6000/RT ) (3.59)whi
h, for a 600 K gas temperature, would result in a wall quen
hing 
oe�
ient ofabout 2 at 1 mTorr, i.e. two mole
ules quen
hing for ea
h 
ollision of a single vi-brationally ex
ited mole
ule on the wall. This dis
repan
y, along with the fa
t thatthe limited pressure range is about 2 � 3 orders of magnitudes above ours, preventsus from using this equation dire
tly. However, the implied pressure dependen
eindi
ates that the vibrationally ex
ited mole
ules are quen
hed quite e�e
tivelyin the pressure regime 1 � 100 mTorr. Thus, in spite of the relatively low valuesfound at mu
h higher pressure, we will assume the wall quen
hing 
oe�
ient forvibrationally ex
ited mole
ules has rea
hed unity in the operating pressure regimeof an indu
tively 
oupled dis
harge, that is γN2(X,v) = 1.
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i�
 parametersWall quen
hing of the metastable mole
ule N2(A
3Σ+

u )Meyer et al. (1971) found that the N2(A
3Σ+

u ) metastable nitrogen mole
ule isquen
hed with approximately 30% e�
ien
y on a quartz surfa
e at a 3 Torr pres-sure. Given the general inverse dependen
e of the quen
hing 
oe�
ient with pres-sure (Egorov et al., 1973; Kozlov et al., 1987a), it is not unreasonable to assume thatat the mu
h lower pressure of 1 � 100 mTorr essentially all N2(A
3Σ+

u ) mole
ules 
ol-liding with the wall are quen
hed to the ground state, N2(X
1Σ+

g , v = 0). Further-more, Clark and Setser (1980) found that essentially all metastable N2(A
3Σ+

u ) arequen
hed on a pyrex/quartz wall under similar 
onditions as those in the measure-ment of Meyer et al. (1971). We will therefore simply use a unity value for the wallquen
hing 
oe�
ient, γN2(A) = 1, and assume that it applies to a stainless steel
hamber at 1 � 100 mTorr.Wall quen
hing of the metastable atoms N(2D) and N(2P)As well as re
ombining to form a mole
ule, as mentioned above, ex
ited atomsare quen
hed to the ground state when they 
ollide with the wall. A 
ommonassumption (Gordiets et al., 1995; Guerra et al., 2002; Guerra and Loureiro, 1997) isthat all ex
ited atoms that do not 
ombine with other atoms on the wall are insteadquen
hed. Furthermore, Lin and Kaufman (1971) found that N(2D) and N(2P) arequen
hed very e�
iently on a pyrex wall with a 3 � 16 Torr pressure, or withapproximately a unity wall quen
hing 
oe�
ient. On a gold surfa
e, Kozlov et al.(1987b) found a quen
hing probability 
oe�
ient of 0.1 � 0.72 for a temperature inthe range 300 � 670 K and pressure in the range 50 mTorr to 1.25 Torr. This value,although low 
ompared to the mentioned quartz value, is still relatively large, andsupports the use of a near unity quen
hing 
oe�
ient. Therefore, we will simplyassume that γN(2D) = γN(2P) = 1 − γrec = 0.93.



3.9 � S
attering 
ross se
tions 933.8.3 Wall re
ombination of ionsWe assume all positive ions re
ombine on the wall, and therefore all the ions we
onsider in the nitrogen dis
harge. Thus, the nitrogen ions N+
2 and N+ re
ombineto form their neutral 
ounterparts N2 and N, respe
tively, with a rate given byequation (2.49). However, the heavier ions we 
onsider as well, N+

3 and N+
4 , 
an notre
ombine in the same way sin
e we do not 
onsider the heavy neutrals N3 and N4.As an approximation, we will assume the heavy mole
ular ion N+

3 re
ombines on thewall and subsequently disso
iates to produ
e both a neutral nitrogen mole
ule andan atom. Similarly, we will assume the heavier ion N+
4 re
ombines on the wall toform two neutral nitrogen mole
ules. Sin
e these heavy mole
ular ions are expe
tedto have a rather weak bond, the approximation is likely satisfa
tory. Furthermore,assuming the neutral 
ounterparts N3 and N4 are formed in the wall re
ombination,we expe
t their bond to be weak and the mole
ules to disso
iate qui
kly, su
h thattheir formation 
an in e�e
t be ignored altogether. This assessment is furthersupported by the s
ar
ity of data found regarding those two heavy neutrals.3.9 S
attering 
ross se
tionsIn order to 
al
ulate the mean free path of a given parti
le, given by equation(2.5), the s
attering 
ross se
tion of impa
ts of that parti
le with all spe
ies in thedis
harge must be known. In an argon dis
harge the ion-neutral s
attering 
rossse
tion is approximately 1 × 10−18 m2 (Lieberman and Li
htenberg, 2005, p. 80).In order to a
quire a simple estimate of the mean free path, this value is 
ommonlyused as a rough approximation of the 
ross se
tions in other similar gases as well.Another 
ommon approximation is the so 
alled hard sphere model. It assumesthat all dis
harge parti
les are hard spheres and the s
attering 
ross se
tion is
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i�
 parameterssimply given by
σsc = π(a1 + a2)

2 (3.60)where a1 and a2 are the radii of the in
ident and target parti
les. Sin
e atoms do notbehave as hard spheres nor have a pre
isely de�ned radius, this model is probablynot very a

urate. Furthermore, mole
ules are generally not sphere shaped, thenitrogen mole
ule being 
loser to a 
ylindri
al shape, for example. However, thes
attering 
ross se
tion, and therefore the mean free path of the in
ident parti
le,are likely to depend on the size of both the in
ident and target parti
les, su
has predi
ted by the hard sphere model. We will assume that the s
attering 
rossse
tions s
ale proportionally with the 
ombined number of atoms of the in
identand target parti
les, that is
σsc ∝ A1 + A2 (3.61)where A1 and A2 are the number of atoms in the in
ident and target parti
les. Byde�ning an e�e
tive radius of a mole
ule as the radius of a sphere with the samevolume as 
on�ned by the mole
ule, we found this to approximately 
orrespondto the square dependen
y of the 
ombined radius as predi
ted by the hard spheremodel.Phelps (1991) determined the 
ross se
tions for 
ollisions of the nitrogen mole
ulewith itself and the ions N+ and N+

2 in the energy range 0.1 � 10 keV. Sin
e thegas temperature is assumed to be 600 K, we extrapolate the 
ross se
tions to lowerenergy, 50 meV, in order to �nd a suitable 
ross se
tion value (Lieberman andLi
htenberg, 2005, p. 80). Furthermore, for the 
ollision of the neutral nitrogenmole
ule with the neutral nitrogen atom, Phelps (1991) re
ommended using 60%
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attering 
ross se
tions, σsc [10−20 m2], for the various 
ollisionsin the dis
harge. The 
ross se
tions are assumed to be independent of the ex
itationlevel of the parti
les. The values marked with a star are derived from the 
rossse
tions given by Phelps (1991). The unmarked values are derived from the markedvalues a

ording to equation (3.61). The ion-ion s
attering 
ross se
tions are allassumed to be negligible.
σsc [10−20 m2] N2 N N+

2 N+ N+
3 N+

4N2 50∗ 35 250∗ 150∗ 310 380N 35 25 180 100 250 310N+
2 250∗ 180 0 0 0 0N+ 150∗ 100 0 0 0 0N+
3 310 250 0 0 0 0N+
4 380 310 0 0 0 0of the N2 � N2 
ross se
tion, s
aling with approximately the square of the 
ombinednumber of atoms.Stall
op et al. (1991) 
al
ulated the 
ross se
tion for the 
harge transfer inN � N+ 
ollisions, giving a value of 4 × 10−19 m2 for a 600 K gas temperature.Although the 
harge transfer 
ollision 
ontributes to the s
attering 
ross se
tion, themomentum transfer 
ollision is generally just as important and thus the value doesnot ne
essarily 
orrespond to the entire s
attering 
ross se
tion. We will therefores
ale the 
ross se
tion values of Phelps (1991) instead, a

ording to equation (3.61),to obtain values for the s
attering 
ross se
tions of 
ollisions of the neutral nitrogenatom with itself and the ions N+, N+

2 , N+
3 and N+

4 . Furthermore, we will assumethat all ion-ion s
attering 
ross se
tions are negligible and that the s
attering 
rossse
tion is not dependent on the ex
itation level of parti
les. The resulting s
attering
ross se
tion values are summarized in table 3.13.10 Gas temperatureThe gas temperature de�nes the mean thermal velo
ity of gas parti
les and 
ana�e
t the rate 
oe�
ients of rea
tions involving the 
ollision of two heavy spe
ies.



96 Nitrogen spe
i�
 parametersFurthermore, the temperature of the gas spe
ies is ne
essary in order to determinetheir density from the dis
harge pressure. Even though the gas temperature 
antherefore be regarded as an important parameter in plasma dis
harge modelling, itis 
ommonly simply assumed to be equal to the room temperature. This may be asatisfa
tory approximation for simple modelling of some plasma dis
harges, but inthe 
urrent study of the indu
tively 
oupled nitrogen dis
harge we will use a moresuitable value, obtained from spe
i�
 measurements of the gas temperature.In a 
apa
itively 
oupled dis
harge the gas temperature is 
lose to the room tem-perature, roughly 300 � 400 K. However, the gas temperature is generally mu
hhigher in an indu
tively 
oupled dis
harge, often assumed to be 600 K, whi
h is thetemperature we have used in previous models of the oxygen dis
harge (Gudmunds-son et al., 1999; Gudmundsson and Thorsteinsson, 2007b; Patel, 1998; Gudmunds-son et al., 2000, 2001). The gas temperature is known to vary with gas spe
iesand dis
harge 
onditions. The gas temperature in an indu
tively 
oupled 
hlorinedis
harge is for example known to be as high as 1250 K, depending on the dis
hargepower and pressure (Donnelly and Malyshev, 2000). The high temperature is asso-
iated with the unusually high disso
iation degree observed in 
hlorine dis
harges.We expe
t the gas temperature in the nitrogen dis
harge to be signi�
antly lower,given its relatively low degree of disso
iation.The gas temperature is generally determined by a spe
tros
opi
 method, ratherthan by dire
t temperature measurement, su
h as by a thermo
ouple. Sin
e thetemperature of the 
hamber walls does not represent the temperature of the gasspe
ies in the plasma bulk, ranging from 320 K to 340 K on the walls of a stainlesssteel 
hamber (Singh et al., 2000), a dire
t gas temperature measurement wouldneed to be done within the dis
harge 
hamber. Be
ause of its sensitivity and sim-pli
ity, the spe
tros
opi
 method is therefore the most 
ommon method used to



3.10 � Gas temperature 97determine the gas temperature (Biloiu et al., 2007b). Several studies have deter-mined the gas temperatures spe
i�
ally for indu
tively 
oupled dis
harges in thepressure range 1 � 100 mTorr and with a 50 � 1000 W input power. Bakowski et al.(2004) measured the gas temperature in a magneti
ally 
on�ned indu
tively 
ou-pled dis
harge 
hamber as a fun
tion of power in the range 100 � 400 W. The gastemperature exhibited an apparent linear in
rease with in
reasing power, varyingfrom 300 K to 460 K, while its dependen
e with pressure was found to be negligible.Tuszewski (2006) measured the gas temperature as a fun
tion of both power andpressure in a low-frequen
y indu
tively 
oupled nitrogen dis
harge, �nding a weakin
rease with pressure but a stronger dependen
e with power, in
reasing linearlyfrom 400 K to 600 K for an applied power in the range 200 to 900 W. Shimadaet al. (2006), Britun et al. (2007) and Bol'shakov et al. (2004) measured the gastemperature as a fun
tion of nitrogen 
ontent in rare gas indu
tively 
oupled dis-
harges diluted with nitrogen, �nding a 450 � 550 K gas temperature for highnitrogen 
ontent at various input powers. Biloiu et al. (2007b) found a gas tem-perature of 400 � 500 K in a low-pressure heli
on nitrogen dis
harge operating ata 600 W input power. Although no dependen
e of power or pressure was reported,a higher gas temperature was obtained for a measurement taken in the axial di-re
tion 
ompared to a measurement taken in the radial dire
tion of the dis
harge
hamber. Linss et al. (2005) measured the gas temperature as a fun
tion of bothpressure and power in an rf magnetron dis
harge. A two temperature �t to thespe
tros
opi
 data gave a gas temperature of about 410 � 470 K as the power wasin
reased from 50 to 500 W while showing little dependen
e with pressure, whereasa �
onventional �t� gave a mu
h steeper and unexpe
ted in
rease with pressure.The determinations of the gas temperature mentioned above were all for nitro-gen dis
harges in the pressure range 1 � 100 mTorr. Sin
e the studies indi
ated
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Figure 3.17: The gas temperature Tg in low-pressure (1 � 100 mTorr) nitrogendis
harges as a fun
tion of input power Pabs. The measured data is taken from,
# Bakowski et al. (2004), � Tuszewski (2006), 2 Shimada et al. (2006), △ Britunet al. (2007), ♦ Bol'shakov et al. (2004), ✫ Biloiu et al. (2007b) and × Linss et al.(2005). The solid line is a linear �t to the measured data, Tg = 0.17 × Pabs + 387K, and the dotted line is the average gas temperature, 456 K.only a weak dependen
e with pressure, we will assume that the gas temperature is
onstant within that range. A gas temperature of 600 K found at a 1 Torr pressureand 1000 W power in an rf nitrogen dis
harge (Porter and Harshbarger, 1979),further supports this assessment. However, it is apparent that the gas temperaturedepends strongly enough on the dis
harge power su
h that it 
an not be ignored.The various �ndings of the gas temperature are summarized in �gure 3.17 as afun
tion of the dis
harge power along with a linear �t to the data, des
ribing thedependen
e with power, and the average temperature value (a 
onstant temper-ature �t). In the low power region, i.e. as the dis
harge enters the 
apa
itively
oupled mode (E-mode) and exits the indu
tively 
oupled mode (H-mode), the gastemperature is likely to exhibit a more 
omplex behavior with dis
harge power thanis predi
ted by the linear �t in �gure 3.17. Taking into a

ount the measurement ofBakowski et al. (2004), the de
rease in temperature is more rapid at lower power,
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hing a gas temperature of 
lose to 300 K. Saturation of temperature
an also be expe
ted at very high powers. However, sin
e the global model is onlyvalid within the indu
tively 
oupled regime and fails at lower power, we will assumethe linear �t is satisfa
tory within the operating parameters of the dis
harge.Tuszewski (2006) found that the temperature of ions is approximately 2 � 2.5larger than of the neutral spe
ies in a 0.46 MHz indu
tively 
oupled dis
harge, orabout 1000 K. This behavior was assumed to be a result of the lower frequen
y usedin the dis
harge 
ompared to in other measurements that use a 13.56 MHz drivingfrequen
y and �nd equal temperatures of ions and neutrals. We will assume thepower in the global model is driven with a frequen
y of 13.56 MHz, and thereforethat all nitrogen gas spe
ies, ions and neutrals, have an equal temperature as afun
tion of power Pabs, Ti = Tg = 0.17 × Pabs + 387 K, in the steady state globalmodel 
al
ulations. However, in the time dependent part of this study the power ispulsed with a frequen
y mu
h smaller than the driving frequen
y, or 1 � 1000 kHz,su
h that the ele
trons and ions 
an respond to the slower �elds and be 
onsiderablyhotter than the neutral gas parti
les in the dis
harge. We 
ould therefore assumethat the temperature of positive nitrogen ions is roughly 2.25 times higher thanthe temperature of neutral spe
ies in the pulsed power global model 
al
ulations.However, in order to see more 
learly the di�eren
e between the pulsed and steadystate model, we will assume that the gas temperature is the same in the pulsedmodel as in the the steady state model and has the same dependen
e on averageabsorbed power as in the steady state model. In any 
ase, we expe
t the ion heatingto have an insigni�
antly e�e
t on the out
ome. A steady state 
al
ulation, wherethe temperature of ions was in
reased gradually from the neutral gas temperatureto 1000 K, demonstrated that the ion densities, neutral densities and the ele
trontemperature remained virtually 
onstant with varying temperature of ions.





Chapter 4
The steady state dis
harge
We assume a 
ylindri
al stainless steel 
hamber of radius R and length L. A steady�ow Q of neutral spe
ies is introdu
ed through the inlet.The 
ontent of the 
hamberis assumed to be nearly spatially uniform and the power deposited uniformly intothe plasma bulk. The dis
harge is assumed to 
onsist of 15 spe
ies of nitrogen;the seven lowest lying vibrational levels of the ground state nitrogen mole
uleN2(X

1Σ+
g , v = 0 − 6), the metastable nitrogen mole
ule N2(A

3Σ+
u ), the groundstate nitrogen atom N(4S), the metastable nitrogen atoms N(2D) and N(2P), andthe ions N+

2 , N+, N+
3 and N+

4 . The neutral mole
ules N3 and N4 are assumed to beunstable in the dis
harge and will not be in
luded, supported by the absen
e of rate
oe�
ients for rea
tions with these parti
les. All negative ions are also assumedto be unstable and will therefore be ex
luded, supported by the extremely lowlifetime of for example the N−

2 ion, roughly 10−14 se
 (Mihajlov et al., 1999). Therea
tion set used is summarized in appendix A, tables A.1 to A.8. The ele
tronsare generally assumed to have a Maxwellian-like energy distribution in the range 1� 10 eV, but the ele
tron energy distribution fun
tion will also be allowed to vary
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harge
orresponding to the general distribution fun
tion given by equation (2.13).4.1 Comparison with measurementsSingh and Graves (2000a,b) measured the ele
tron temperature, Te, ele
tron den-sity, fra
tional disso
iation and the fra
tional density of ions at various pressuresand dis
harge powers in an indu
tively 
oupled dis
harge in a stainless steel 
ham-ber with the dimensions R = 10 
m and L = 10 
m. The gas �ow rate into the
hamber was not spe
i�ed and we will therefore assume a 50 s

m gas �ow rate inthe 
al
ulation. Sin
e only the total rf-power was spe
i�ed for the measurement,we will assume a 75 % power 
oupling e�
ien
y, i.e. Pabs/Prf = 0.75 (Hopwood,1994). The measured ele
tron density and ele
tron temperature are 
ompared toour 
al
ulations in �gure 4.1. The measured disso
iation fra
tion and the fra
tionof ion densities are 
ompared to our 
al
ulations in �gure 4.2. The agreement ofthe model and measurements is quite good for the ele
tron density, the ele
trontemperature, the [N+℄/[N+
2 ℄ ratio and the [N+

3 ℄/[N+
2 ℄ ratio. However, the measureddisso
iation fra
tion is mu
h lower than what the model predi
ts, the model seem-ingly overestimating the atomi
 density by a fa
tor of roughly 3 � 5, depending onabsorbed power. Furthermore, we predi
t a linear in
rease of disso
iation fra
tionwith absorbed power, whereas the measurements show relatively little variationwith absorbed power. This 
ould be the result of in
orre
tly assuming that the gas�ow in the measurement was 50 s

m, but sin
e assuming a gas �ow of 500 s

mwould only de
rease the disso
iation fra
tion by less than 2 %, it 
an not be the onlyexplanation. The ion fra
tion measurement seems to 
ontradi
t the disso
iationfra
tion measurement, with one indi
ating a rather atomi
 nature of the dis
harge,while the other indi
ates the mole
ules are the dominating spe
ies. To reprodu
ethe low disso
iation fra
tion in our model for this 
hamber we 
ould either signi�-
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Figure 4.1: Cal
ulations and measurements of (a) the densities of ions and ele
-trons and (b) the ele
tron temperature as a fun
tion of rea
tor pressure. In (a), thetriangles are the ele
tron density measured by Singh and Graves (2000a) and thelower solid line is the ele
tron density 
al
ulated while ex
luding all vibrationallyex
ited ground state mole
ules N2(X

1Σ+
g , v = 1 − 6). In (b), the 
ir
les # are thee�e
tive ele
tron temperatures measured by Singh and Graves (2000a) and the solidand dotted lines, nearly indistinguishable, are the ele
tron temperature 
al
ulatedwhile in
luding and ex
luding N2(X

1Σ+
g , v = 1−6), respe
tively. The gas �ow ratewas 50 s

m and the absorbed power 240 W in the 
al
ulation, whereas the totalrf-power was 320 W in the measurement. The 
hamber was made of stainless steel,with the dimensions R = 10 
m and L = 10 
m.
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Figure 4.2: Cal
ulations and measurements of (a) the fra
tion of atomi
 neutralspe
ies and (b) the fra
tion of ions as a fun
tion of absorbed power. In (a), the
ir
les are the [N℄/[N2℄ density ratio measured by Singh and Graves (2000b). In(b), the 
ir
les and squares are # the [N+℄/[N+
2 ℄ density ratio and 2 the [N+

3 ℄/[N+
2 ℄density ratio measured by Singh and Graves (2000b), respe
tively. The dottedlines represent the 
al
ulation when ex
luding vibrationally ex
ited ground statenitrogen mole
ules, N2(X

1Σ+
g , v = 1 − 6). The gas �ow was 50 s

m and therea
tor pressure was 30 mTorr. The total rf-power reported for the measurementwas s
aled down 25% to roughly 
orrespond to the absorbed power used in the
al
ulation. The 
hamber was made of stainless steel, with the dimensions R = 10
m and L = 10 
m.
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antly in
rease the wall re
ombination 
oe�
ient, γrec, or de
rease the disso
iation
ross se
tion. As the wall re
ombination 
oe�
ient we use was measured by thesame author for the same 
hamber and is already at the upper limit of 
ommonlyused values, we will 
onsider the latter route. By trial and error, we found thatthe disso
iation 
ross se
tion would need to be s
aled down by a fa
tor of 4 � 5.As expe
ted, this also de
reased the [N+℄/[N+
2 ℄ fra
tion signi�
antly, then being ina poor agreement with the measurement. Although the disso
iation 
ross se
tionmight be too large, a dis
repan
y of a fa
tor of 4 � 5 from the true value has tobe 
onsidered an unlikely event. However, sin
e it has been suggested elsewhere inthe literature that the 
ross se
tion may be too large by a fa
tor of 10 (Cenian andChernukho, 2003), a dis
repan
y of a fa
tor of 5 is not ne
essarily that far fet
hed.The fa
t that this has merely been suggested only underlines the doubt that sur-rounds this parti
ular 
ross se
tion. When disso
iation of vibrationally ex
itedground state nitrogen mole
ules was ex
luded in our 
al
ulations, su
h that onlythe N2(X

1Σ+
g , v = 0) and N2(A

3Σ+
u ) disso
iate, we got a mu
h better agreementof the disso
iation fra
tion with the measurement. Furthermore, when the modelwas run without in
luding any of the vibrationally ex
ited ground state nitrogenmole
ules, an ex
ellent agreement with the disso
iation fra
tion measurement wasa
hieved. This is shown by the dotted line in �gure 4.2(a). The ele
tron density,the lower solid line in �gure 4.1(a), de
reased more rapidly with pressure than withthe vibrationally ex
ited mole
ules in
luded, but was still in good agreement withthe measurement. Ex
luding vibrationally ex
ited mole
ules had a negligible e�e
ton the ele
tron temperature, demonstrated by the dotted line being almost indis-tinguishable from the solid line in �gure 4.1(b). However, ex
luding the vibrationalex
ited mole
ules had roughly the same e�e
t on the [N+℄/[N+

2 ℄ fra
tion, shownby the dotted line in �gure 4.2, as on the disso
iation fra
tion, being signi�
antly
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hargesmaller and therefore in poor agreement with the measurement.It is possible that the disso
iation 
ross se
tion, believed to apply solely tothe disso
iation of N2(X
1Σ+

g , v = 0), in
ludes a signi�
ant 
ontribution from thedisso
iation of vibrationally ex
ited ground state mole
ules. Additionally, the 
rossse
tions for the disso
iation of vibrationally ex
ited mole
ules may be signi�
antlysmaller than for the N2(X
1Σ+

g , v = 0), and not only with a redu
ed thresholdas we assume in the 
urrent study. The atomi
 density dis
repan
y is likely to be
aused by a 
ombination of these fa
tors. Instead of arbitrarily 
on�guring them torea
h an agreement with the disso
iation fra
tion measurement, meanwhile losingthe good agreement with the atomi
 ion fra
tion, we will use the 
ross se
tionunmodi�ed in the 
urrent study and try to dis
uss and explain the dis
repan
y weobserve between 
al
ulation and measurement.Agarwal et al. (2003) measured the absolute atomi
 and metastable mole
uledensities in an indu
tively 
oupled dis
harge. The 
hamber was made of stainlesssteel, 30 
m in diameter and 18 
m in length (Aydil, 2003). The �owrate was�xed at 50 s

m. The power reported for the measurement was the total rf-power(Aydil, 2003) and was �xed at 750 W. In order to approximate the power absorbedby the plasma we will assume the same power 
oupling e�
ien
y as before, or 75%, yielding an absorbed power of approximately 563 W. Most of the metastablemole
ule signal was attributed to the N2(A
3Σ+

u ) mole
ule, whereas the state ofthe observed atoms was not dis
ussed. We will assume the measured atomi
 den-sity 
onsists of both ground state and metastable atoms, and therefore we will
ompare the measurement to the sum of all the neutral atom densities predi
tedby our model. As is evident in �gure 4.3(a) there is quite high dis
repan
y be-tween our 
al
ulation of the atomi
 density and the measurement. The di�eren
eis even greater than the dis
repan
y between the disso
iation fra
tion measure-
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Figure 4.3: Cal
ulations and measurements of (a) the density of nitrogen atomsand (b) the density of N2(A
3Σ+

u ) as a fun
tion of pressure. The 
ir
les # are theatomi
 nitrogen density and metastable nitrogen mole
ule density measured byAgarwal et al. (2003). The dotted lines represent the 
al
ulation when ex
ludingvibrationally ex
ited ground state nitrogen mole
ules, N2(X
1Σ+

g , v = 1 − 6). Theabsorbed power was 563 W in the 
al
ulation, whereas the total rf-power reportedin the measurement was 750 W (Aydil, 2003). The gas �owrate was 50 s

m inboth the measurement and 
al
ulation. The 
hamber was made of stainless steel,with the dimensions R = 15 
m and L = 18 
m (Aydil, 2003).
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hargement of Singh and Graves (2000b). The 
al
ulated atomi
 density is roughly anorder of magnitude larger than the measured density at 10 mTorr, but less thanfa
tor of two larger at 100 mTorr. Furthermore, we predi
t that the atomi
 densityde
reases signi�
antly with pressure, whereas the measurement shows little vari-ation of atomi
 density with pressure. Thus, this measurement mostly 
on�rmsour suspi
ion that the model overestimates the neutral atomi
 density 
onsider-ably. When vibrationally ex
ited mole
ules were ex
luded in the 
al
ulations, theatomi
 density de
reased signi�
antly, as shown by the dotted line in �gure 4.3(a),and was in a

eptable agreement with the measurement by Agarwal et al. (2003).It is possible that the measurement only 
aptured the signal from either the groundstate or metastable atoms, instead of the total atomi
 density, whi
h would in partexplain the di�eren
e from our 
al
ulation. However, we have no �rm reason tobelieve this is the 
ase and it is more likely that some or all of the disso
iation
ross se
tions are too large. The measured and 
al
ulated metastable mole
uleN2(A
3Σ+

u ) density are 
ompared in �gure 4.3(b). Although the model seems tooverestimate the N2(A
3Σ+

u ) density, the agreement with the measurement is a
-
eptable. The agreement is ex
ellent when the 
al
ulation is performed withoutin
luding the vibrationally ex
ited levels N2(X
1Σ+

g , v = 1 − 6). Similarly to dis-so
iation, this indi
ates that the 
ross se
tions for ele
tron impa
t ex
itation ofvibrationally ex
ited ground state mole
ules to N2(A
3Σ+

u ) are somewhat too large,likely not simply being threshold redu
ed 
ounterparts of the 
ross se
tion for theex
itation from N2(X
1Σ+

g , v = 0), as we assume in the 
urrent study.Han
o
k et al. (2006) measured the density of N2(A
3Σ+

u ) as a fun
tion of pres-sure and power in an indu
tively 
oupled plasma 
hamber with a 35 
m diameterand a 17 
m length. The gas �owrate was not spe
i�ed in the measurement,but we will assume a 50 s

m �owrate for the 
al
ulation. Sin
e only the to-



4.1 � Comparison with measurements 109tal rf-power, and not the absorbed power, was spe
i�ed in the measurement, wewill assume a 75 % power 
oupling e�
ien
y, as before, to obtain an estimateof the absorbed power. As shown in �gures 4.4(a) and (b), the agreement ofour 
al
ulation with the measurement of the N2(A
3Σ+

u ) density is not quite asgood as in �gure 4.3(b). The agreement is good at low pressure in �gure 4.4(a).A rapid de
rease of N2(A
3Σ+

u ) density with in
reasing pressure is observed inthe measurement, whereas the model predi
ts the density to be nearly 
onstant,only de
reasing slightly with pressure above 40 mTorr. This indi
ates that theN2(A
3Σ+

u ) is quen
hed mu
h more e�e
tively by ground state nitrogen mole
ulesN2(X
1Σ+

g , v = 0− 6), whose density in
reases rapidly with pressure, than the 
ur-rent rate 
oe�
ient implies. At 100 mTorr the model predi
ts a density a fa
torof 20 larger than in the measurement. The total N2(A
3Σ+

u ) density in the mea-surement was determined from a measured N2(A
3Σ+

u , v = 0) density by assuminga 
ertain pressure independent vibrational temperature of the N2(A
3Σ+

u , v = 0).We show later that the density of N2(X
1Σ+

g , v > 0) de
reases rapidly with de-
reasing pressure, i.e. the vibrational temperature depends strongly on dis
hargepressure. Thus, assuming a similar behavior of N2(A
3Σ+

u , v), the de
rease of thetotal N2(A
3Σ+

u ) density that is observed with pressure is possibly be
ause of anunderestimation of the N2(A
3Σ+

u , v > 0) density with in
reasing pressure. As 
anbe seen in �gure 4.4(b), the N2(A
3Σ+

u ) density behaves similarly with power in themeasurement and simulation, the model predi
ting a density roughly a fa
tor of3 � 5 larger than in the measurement, depending on power. The agreement withthe measurement is better when the 
al
ulation is performed without in
ludingN2(X
1Σ+

g , v = 1 − 6), the metastable mole
ule density de
reasing by roughly afa
tor of 2. The rapid de
rease in N2(A
3Σ+

u ) density with pressure, as observed inthe measurement in �gure 4.4(a), is still not reprodu
ed in the 
al
ulation. Thus,
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Absorbed power [W℄Figure 4.4: Cal
ulations and measurements of the total N2(A

3Σ+
u ) density as (a)a fun
tion of pressure with the absorbed power �xed at 75 W and (b) as a fun
tionof absorbed power with the pressure �xed at 25 mTorr. The 
ir
les # are themetastable nitrogen mole
ule densities measured by Han
o
k et al. (2006). Thedotted lines represent the 
al
ulation when ex
luding vibrationally ex
ited groundstate nitrogen mole
ules, N2(X

1Σ+
g , v = 1 − 6). The total rf-power reported forthe measurement was s
aled down 25% to roughly 
orrespond to the absorbedpower used in the 
al
ulation. The gas �ow rate was assumed to be 50 s

m. Thedis
harge 
hamber had the dimensions R = 17.5 
m and L = 17 
m.



4.1 � Comparison with measurements 111in this 
ase, the disagreement between the measurement and the 
al
ulation 
annot be explained only by the 
ross se
tions for the ex
itation of N2(A
3Σ+

u ) fromN2(X
1Σ+

g , v = 1 − 6) being too large.Cho et al. (2001) measured the ele
tron density and the ratio of the ions N+
2and N+ as a fun
tion of power and pressure in a 
ylindri
al indu
tively 
oupledplasma 
hamber with a 50 
m diameter and a 56 
m length. The gas �owrate wasnot spe
i�ed, but we will assume a 50 s

m �owrate for the 
al
ulation. Only thetotal rf-power was reported for the measurement, and therefore we will assume a 75% power 
oupling e�
ien
y to obtain the absorbed power to use in the 
al
ulation.The 
al
ulation is in an ex
ellent agreement with the measurement of the ele
trondensity, as seen in �gure 4.5(a). However, the 
al
ulation predi
ts a signi�
antlylower density of the atomi
 ion N+ than found in the measurement. The high ratioof N+ is in
onsistent with the low disso
iation fra
tion measurement in �gure 4.2(a)and the low atomi
 density measurement in �gure 4.3, but is 
onsistent with themeasured large ion ratio shown in �gure 4.2(b). All of the measurements thereforeindi
ate a high ratio of atomi
 ions but a low ratio of neutral atoms, whi
h isvery hard to believe to be physi
ally a

urate. As seen in �gure 4.5(b), the N+ratio is even higher at higher pressure, being roughly equal to the N+

2 density at2 mTorr. The agreement of the ele
tron density 
al
ulation with the measurementgets worse at higher pressure, being roughly a fa
tor of 2 smaller at 2 mTorr.Ex
luding N2(X
1Σ+

g , v = 1 − 6) in the 
al
ulations has a negligible e�e
t on theele
tron density, shown by the dotted lines in �gures 4.5(a) and (b).Zhu and Pu (2008) measured the ele
tron density as a fun
tion of power andthe ele
tron temperature as a fun
tion of rea
tor pressure in an indu
tively 
oupledplasma 
hamber with a 60 
m diameter and a 40 
m length. The gas �owrate wasnot spe
i�ed, but we will assume a 50 s

m �owrate in the 
al
ulation. Only the
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ulations and measurements of the density of ions and ele
tronsas (a) a fun
tion of absorbed power with the pressure �xed at 1 mTorr and (b)as a fun
tion of pressure with the absorbed power �xed at 150 W. The 
ir
les,squares and triangles are # the N+

2 density, 2 the N+ density and � the ele
trondensity measured by Cho et al. (2001). The dotted lines represent the 
al
ulationwhen vibrationally ex
ited ground state nitrogen mole
ules, N2(X
1Σ+

g , v = 1− 6),are ex
luded. The rf-power reported for the measurement was s
aled down 25%to roughly 
orrespond to the absorbed power used in the 
al
ulation. The gas�ow rate was assumed to be 50 s

m. The dis
harge 
hamber had the dimensions
R = 25 
m and L = 56 
m.



4.1 � Comparison with measurements 113total rf-power was spe
i�ed, and therefore we will assume a 75 % power 
ouplinge�
ien
y to obtain the absorbed power to use in the 
al
ulation. The 
al
ulatedele
tron density is in good agreement with the measurement, as 
an be seen in�gure 4.6(a). The agreement is best at the highest absorbed power, but slightlyworse at lower power. Ex
luding N2(X
1Σ+

g , v = 1 − 6) has a 
onsiderable e�e
ton the ele
tron density, the lower solid line in �gure 4.6(a), parti
ularly as theabsorbed power is in
reased, although it is still in relatively good agreement withthe measurement. The measured and 
al
ulated ele
tron temperature, 
omparedin �gure 4.6(b), are in good agreement as well. As in �gure 4.1(b), ex
ludingN2(X
1Σ+

g , v = 1− 6) in the 
al
ulations has no e�e
t on the ele
tron temperature.Biloiu et al. (2007a) measured the disso
iation fra
tion in a heli
on dis
harge
hamber with a 15 
m diameter and 30 
m length. A single value of 13 % wasreported when the dis
harge was operating in H-mode with a 10 mTorr dis
hargepressure 500 W total rf-power. Using an absorbed power of 375 W and a gas�owrate of 50 s

m in the 
al
ulation, we found exa
tly the same value for thedisso
iation fra
tion, 13 %. This indi
ates that there is a disagreement betweendi�erent measurements of the atomi
 density or disso
iation fra
tion. In an in-du
tively 
oupled dis
harge with a low aspe
t ratio, Czerwie
 et al. (2005) founda disso
iation fra
tion of up to 70 %, showing that the high disso
iation fra
tionpredi
ted by our model is not unheard of experimentally. Biloiu et al. (2007b) re-ported on a similar value when applying the same method, as was used to �nd theaforementioned 13 % value, to the data given by Czerwie
 et al. (2005), showingthe similarity of the methods.Nakano et al. (2002) measured the ele
tron density, ele
tron temperature andthe disso
iation fra
tion in an indu
tively 
oupled plasma as a fun
tion of pres-sure and power. The ele
tron density was almost one order of magnitude larger
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ulations and measurements of (a) the ele
tron density as a fun
-tion of absorbed power with the pressure �xed at 15 mTorr and (b) the ele
trontemperature as a fun
tion of pressure with the absorbed power �xed at 450 W.In (a), the triangles � are the ele
tron density measured by Zhu and Pu (2008)and the lower solid line is the ele
tron density 
al
ulated with all vibrationallyex
ited ground state nitrogen mole
ules, N2(X

1Σ+
g , v = 1 − 6), ex
luded. In (b),the 
ir
les # are the ele
tron temperature measured by Zhu and Pu (2008) and thedotted line, nearly indistinguishable from the solid line, is the ele
tron tempera-ture 
al
ulated while ex
luding N2(X

1Σ+
g , v = 1− 6). The total rf-power reportedfor the measurement was s
aled down 25% to roughly 
orrespond to the absorbedpower used in the 
al
ulation. The gas �ow rate was assumed to be 50 s

m. Thedis
harge 
hamber had the dimensions R = 30 
m and L = 40 
m.



4.1 � Comparison with measurements 115than our 
orresponding 
al
ulations, although the 
al
ulation and measurementexhibited similar behavior with absorbed power and dis
harge pressure. The ele
-tron temperature in the measurement was of similar value and had a similar trendwith pressure as the ele
tron temperature given by our 
al
ulation, although themeasured ele
tron temperature showed signi�
ant variation with absorbed powerinstead of being 
onstant with power as we anti
ipated. The measured disso
ia-tion fra
tion in
reases with in
reasing power as in the 
al
ulations, but is almost
onstant with pressure instead of in
reasing rapidly with de
reasing pressure aspredi
ted by our model. The disso
iation fra
tion is signi�
antly lower than our
al
ulations as well, being anywhere between 2 and 13 times lower. It is apparentthat our model is not in parti
ularly good agreement with the measurements byNakano et al. (2002), but given the the pe
uliar power dependen
e of the ele
trontemperature we feel these measurements are not as reliable as the other measure-ments. Nevertheless, the measurement of the disso
iation fra
tion is one moreindi
ation of the atomi
 density being overestimated by our model.Kitajima et al. (2008) measured the disso
iation fra
tion in an indu
tively 
ou-pled dis
harge. Sin
e the dimensions of the 
hamber were not spe
i�ed for themeasurement we were not able to 
ompare the result to our 
al
ulations. Themeasured disso
iation fra
tion was smaller than what is normally observed, alwaysbeing less than 1 %. However, the trend of the measured disso
iation fra
tion datais in agreement with the behavior normally observed in the 
al
ulations, in
reasingwith in
reasing power and de
reasing with in
reasing pressure.Shin et al. (2008) measured the disso
iation fra
tion, ele
tron temperature andthe ele
tron density in a indu
tively 
oupled dis
harge. The disso
iation fra
tionwas measured by two di�erent methods, yielding vastly di�erent results. The dis-so
iation fra
tion found by mass spe
tros
opy was very large, even ex
eeding the
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hargevalue predi
ted by our model for the same 
hamber and 
onditions, and in
reasedsigni�
antly with pressure rather than de
reasing as predi
ted by our model. Thedisso
iation fra
tion measured by a
tinometry was about an order of magnitudelower than the other measurement and de
reased with in
reasing power. Thisis in 
ontrast to other measurements and our 
al
ulations that predi
t that thedisso
iation fra
tion in
reases with absorbed power. Furthermore, the two mea-surements are not 
onsistent with ea
h other with regards to their behavior withpressure and power. The disso
iation fra
tion we 
al
ulated for the same 
hamberand 
onditions lies somewhere between the two measurements, being somewhat
loser to the opti
al measurement. The measured ele
tron density was signi�
antlysmaller than predi
ted by our 
al
ulations, although exhibiting the expe
ted be-havior with power. The measured ele
tron temperature de
reased slightly within
reasing power, but otherwise had a value 
lose to what predi
ted by our model.Given the relatively good agreement of the 
al
ulations with all the measure-ments in �gures 4.1(a), 4.5(a), 4.5(b) and 4.6(a), the model seems to des
ribe theele
tron density quite well. There is also a relatively good agreement with theele
tron temperature measurements in �gures 4.1(b) and 4.6(b). The disagreementof 
al
ulations and measurements for the neutral atom density shown in �gures4.2(a) and 4.3(a) indi
ates that the model overestimates the density of neutralatoms 
onsiderably. However, we believe that the low disso
iation fra
tion andrelatively large [N+℄/[N+
2 ℄ ratio reported by measurements are 
ontradi
tory, pre-venting us from 
on
luding that the model is a
tually overestimates the atomi
density. The 
al
ulated density of the metastable N2(A

3Σ+
u ) seems to be a bit toolarge in 
omparison to the measurements shown in �gures 4.3(b) and 4.4, althoughthe two measurements do not agree on the dependen
e of pressure.



4.2 � Densities and ele
tron temperature 1174.2 Densities and ele
tron temperatureThe rea
tor 
hamber was assumed to be 
ylindri
al with a 20 
m diameter and a10 
m length. The absorbed power was �xed at 500 W, the dis
harge pressure at10 mTorr and the gas �ow rate at 50 s

m. The steady state 
al
ulation resultsare summarized in �gures 4.7 to 4.15 as a fun
tion of absorbed power, dis
hargepressure, gas �owrate, ele
tron energy distribution fun
tion, gas temperature, wallquen
hing 
oe�
ient, wall re
ombination 
oe�
ient, 
hamber radius and 
hamberlength. Ea
h of the �gures 
onsists of four parts. In �gure (a) the density of theneutrals are displayed as a fun
tion of the varying parameter. The densities ofN2(X
1Σ+

g , v = 2 − 5) always lie between the densities of N2(X
1Σ+

g , v = 1) andN2(X
1Σ+

g , v = 6), generally equally spa
ed. Thus, it serves no purpose to displaythem spe
i�
ally in the already somewhat 
rowded �gure (a). In �gure (b) theele
tron density and the densities of ea
h ion are shown. The density of the ionN+
4 is sometimes so low that only show parts of it are shown. In �gure (
) thedisso
iation fra
tion and the fra
tion of N+ of the total ion density are shown withthe s
ale on the left axis. On the right axis we show the ratio of the neutral Natom �ux versus the positive ion �ux in the axial dire
tion, i.e.

ΓN

Γi
=

1
4vNnN

uB,inihL
(4.1)where vN, uB,i and hL are given by equations (2.4), (2.2) and (2.11), respe
tively.Note that only the disso
iation and ion fra
tion are in %, whereas the �ux ratiois generally mu
h larger than 1 and is therefore shown on a di�erent s
ale, al-though sometimes in
identally equal to the left axis s
ale. In �gure (
) the ele
trontemperature and the 
orresponding 
ollisional energy loss, Ec, are shown.



118 The steady state dis
harge4.2.1 Absorbed powerThe atomi
 density in
reases signi�
antly with absorbed power as 
an be seen in�gure 4.7(a). When the absorbed power is less than 100 W the atomi
 densityis negligible, whereas at 2000 W the dis
harge is essentially atomi
 with atomi
radi
als representing roughly 65 % of the total neutral density. The fra
tion ofex
ited spe
ies in
reases signi�
antly as well, although not as rapidly. The vibra-tional level of the ground state mole
ule has an order of magnitude lower densitythan the N2(X
1Σ+

g , v = 0) at low power, whereas at high power the di�eren
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Figure 4.7: The plasma parameters as a fun
tion of absorbed power for the steadystate dis
harge. (a) the densities of neutral spe
ies, (b) the densities of 
hargedspe
ies, (
) the disso
iation fra
tion [N℄/ng, the fra
tion of the N+ ion of the totalion density [N+℄/ni, the ratio of the neutral N atom �ux versus the positive ion �uxin the axial dire
tion ΓN/Γi and (d) the ele
tron temperature and the 
ollisionalenergy loss of N2(X

1Σ+
g , v = 0) and N(4S).



4.2 � Densities and ele
tron temperature 119is less than a fa
tor of 2. The density of the metastable N2(A
3Σ+

u ) is relatively
onstant with absorbed power, but peaks at roughly 600 W. It is a signi�
antpart of the total mole
ular density at high absorbed power, being roughly 10 %of the N2(X
1Σ+

g , v = 0) density at 2000 W, but is less important at low power.The density of the metastable atom N(2D) is similarly insigni�
ant at low power,but in
reases to be roughly half the N(4S) density at 2000 W. At this high powereven the metastable atom N(2P) is 
omparable to that of the ground state nitro-gen mole
ule N2(X
1Σ+

g , v = 0), whi
h really puts into perspe
tive how atomi
 thedis
harge is at these 
onditions.The ele
tron density in
reases near linearly with power, as 
an be seen in �gure4.7(b). The N+
2 ion is the dominating ion below roughly 800 W absorbed power,with the atomi
 ion N+ having a higher density at higher absorbed power. Thedensities of the N+

3 and N+
4 ions peak at roughly 600 W and 250 W, respe
tively,and represent a negligible part of the total ion density, irrespe
tive of power.The fra
tion of N+ ions in the total ion density is similar to the disso
iationfra
tion and has the same basi
 behavior with power, as 
an be seen in �gure 4.7(
),although it in
reases more rapidly. The ratio of the neutral atomi
 �ux versus thetotal ion �ux in the axial dire
tion in
reases rapidly with de
reasing power, butsaturates at roughly 80 for absorbed power below 150 � 200 W. At 2000 W theratio is roughly 16.The ele
tron temperature in �gure 4.7(d) shows only a very small variationwith power, varying from 2.9 to 3.4 V when the power is varied from 50 � 2000W. This is a well known 
hara
teristi
 that we 
an now 
on�rm is no di�erent inthe nitrogen dis
harge model. The 
ollisional energy loss de
reases somewhat within
reasing absorbed power, varying from 620 � 320 V for the mole
ule and 430 �240 V for the atom for absorbed power in the range 50 � 2000 W.



120 The steady state dis
harge4.2.2 Dis
harge pressureAs 
an be seen from �gure 4.8(a), the density of the N2(X
1Σ+

g , v = 0) in
reasesalmost linearly with pressure as the atomi
 density peaks at intermediate pres-sure. The vibrationally ex
ited ground state mole
ules are a negligible part of theoverall mole
ular density at low pressures, but in
rease su
h that at 100 mTorrthe N2(X
1Σ+

g , v = 1) density is 
omparable to the N2(X
1Σ+

g , v = 0) density andthe N2(X
1Σ+

g , v = 6) is only a fa
tor of 3 lower. The density of the metastableatoms is similarly 
loser to the ground state atom density at higher pressure, but
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Figure 4.8: The plasma parameters as a fun
tion of dis
harge pressure for thesteady state dis
harge. (a) the densities of neutral spe
ies, (b) the densities of
harged spe
ies, (
) the disso
iation fra
tion [N℄/ng, the fra
tion of the N+ ionof the total ion density [N+℄/ni, the ratio of the neutral N atom �ux versus thepositive ion �ux in the axial dire
tion ΓN/Γi and (d) the ele
tron temperature andthe 
ollisional energy loss of N2(X

1Σ+
g , v = 0) and N(4S).



4.2 � Densities and ele
tron temperature 121are negligible at low pressure.The ele
tron density, shown in �gure 4.8(b), is relatively 
onstant with pressure,but peaks at roughly 10 � 15 mTorr. The N+
2 is the dominating ion at intermediateand high pressures, but is 
omparable to the N+ density at lower pressure, althoughslightly larger. The density of the N+ ion de
reases so rapidly with pressure that theN+

3 ion has a larger density above 70 mTorr. At 100 mTorr the N+
3 ion representsroughly 10 % of the total ion density. The density of the N+

4 ion in
reases rapidlywith pressure as well, but is still an insigni�
ant part of the total ion density at100 mTorr.The disso
iation fra
tion, shown in �gure 4.8(
), is large at low pressure, roughly60 % at 1 mTorr, but de
reases so rapidly with pressure that it is just above 1 %at 100 mTorr. The fra
tion of the N+ ion has a similar behavior to the disso
iationfra
tion, the two 
urves never being 
onsiderably di�erent in magnitude, althoughthe N+ fra
tion de
reases slower than the disso
iation fra
tion when the pressureis below 10 mTorr and de
reases faster at higher pressure. The fra
tion of neutralatomi
 �ux versus total ion�ux in the axial dire
tion depends very strongly onpressure, from being about 8 at 1 mTorr to almost 700 at 100 mTorr.The ele
tron temperature and the 
orresponding 
ollisional energy loss areshown in �gure 4.8(d). The ele
tron temperature is strongly a�e
ted by pressure,as already demonstrated in �gures 4.1(b) and 4.6(b), being larger than 7 V at 1mTorr and only 2 V at 100 mTorr. The 
ollisional energy loss, inversely dependenton the ele
tron energy, meanwhile in
reases signi�
antly with pressure, from about40 V at 1 mTorr to roughly 13.5 kV at 100 mTorr for the mole
ule.



122 The steady state dis
harge4.2.3 Gas �ow into the 
hamberThe gas �owrate has a relatively small e�e
t on the neutral densities, shown in�gure 4.9(a), parti
ularly in 
omparison with the e�e
t of absorbed power andpressure. In fa
t, when the �owrate is below 100 s

m all the densities are pra
-ti
ally 
onstant. As the gas �owrate is in
reased to 1000 s

m, the density ofN2(X
1Σ+

g , v = 0) in
reases 
onsiderably on a

ount of the atomi
 density whi
hde
reases by approximately a fa
tor of 2. Even at 1000 s

m, the densities of the vi-brationally ex
ited ground state mole
ules N2(X
1Σ+

g , v = 1−6) and the metastablemole
ule N2(A
3Σ+

u ) have 
hanged very insigni�
antly.
10 100 1000

10
18

10
19

10
20

 

 

N
2
(X,v=0)

v=1

v=6

N
2
(A)

N(S)

N(D)

N(P)

PSfrag repla
ements(a)(b)(
)(d)(a)(b)(
)(d) (a)
(b) Gas �owrate [s

m℄Density[m−3 ℄

10 100 1000
10

13

10
14

10
15

10
16

10
17

10
18

 

 

e

N
2
+

N+

N
3
+

N
4
+

PSfrag repla
ements(a)(b)(
)(d)(a)(b)(
)(d)(a) (b)
Gas �owrate [s

m℄Density [m ℄ Density[m−3 ℄

10 100 1000
0

20

40

60

80

100

 

 

 

 

[N]/n
g

[N+]/n
i

Γ
N

/Γ
i

0

20

40

60

80

100

PSfrag repla
ements(a)(b)(
)(d)(a)(b) (
)(d)(a)(b) Gas �owrate [s

m℄Fra
tional
on
entr
ation[%℄

Γ
N
/
Γ

i

10 100 1000
1

2

3

4

5

6

7

8

9

10

 

 

 

 

T
e

N(S)

N
2
(X,v=0)

10
1

10
2

10
3

10
4

PSfrag repla
ements(a)(b)(
)(d)(a)(b)(
) (d)(a)(b) Gas �owrate [s

m℄Fra
tional 
on
entration [%℄ T
e

[V℄
E

c

[V℄
Figure 4.9: The steady state results as a fun
tion of gas �owrate. (a) the densitiesof neutral spe
ies, (b) the densities of 
harged spe
ies, (
) the disso
iation fra
tion[N℄/ng, the fra
tion of the N+ ion of the total ion density [N+℄/ni, the ratio of theneutral N atom �ux versus the positive ion �ux in the axial dire
tion ΓN/Γi and(d) the ele
tron temperature and the 
ollisional energy loss of N2(X

1Σ+
g , v = 0)and N(4S).



4.2 � Densities and ele
tron temperature 123The density of 
harged spe
ies is shown in �gure 4.9(b). The ele
tron densityis essentially independent of the gas �owrate, only de
reasing slightly when thedensity of the atomi
 ion de
reases above 100 s

m. The density of N+
2 
hangesvery little with gas �ow, growing only slightly when the gas �owrate is in
reasedto 1000 s

m. The densities of the ions N+

3 and N+
4 are not a�e
ted as well, beingnegligible.The disso
iation fra
tion is pra
ti
ally 
onstant when the gas �ow is less than100 s

m, as 
an be seen in �gure 4.9(
), but de
reases signi�
antly when it isin
reased to 1000 s

m, or roughly by a fa
tor of 2. The behavior of the N+ ionfra
tion is almost identi
al, simply being several per
ent above the disso
iationfra
tion. The �ux ratio also de
reases by less than a fa
tor of two, being roughly57 at 10 s

m and 33 at 1000 s

m, the majority of this variation o

urring above100 s

m.The ele
tron temperature, shown in �gure 4.9(d), is simply independent of thegas �ow rate, being 
onstant at roughly 3 V. The 
ollisional energy loss is thereforealmost 
onstant as well, being roughly 500 V for the mole
ule and 350 V for theatom.It is apparent that the gas �owrate is not a very e�e
tive 
ontrol parameterin the 
urrent study. Its e�e
t is parti
ularly weak in 
omparison to the e�e
t ofpressure or absorbed power. Sin
e the majority of the measurements we 
omparedto our 
al
ulations in se
tion 4.1 did not spe
ify the gas �owrate, the assumptionof 50 s

m is likely su�
iently a

urate, with the gas �owrate having su
h a littlee�e
t on the results as demonstrated in �gure 4.9.



124 The steady state dis
harge4.2.4 Ele
tron energy distribution fun
tionThe neutral densities are not signi�
antly a�e
ted by the ele
tron energy distribu-tion fun
tion, as seen in �gure 4.10(a). In fa
t, the N2(A
3Σ+

u ) density is almost
onstant with x. The densities of N2(X
1Σ+

g , v = 1) and N(4S) de
rease onlyslightly when the distribution fun
tion is varied from Maxwellian to Druyvesteynby varying the parameter x in equation (2.13). The densities of N(2D) and N(2P)de
rease by roughly a fa
tor of 2. The most signi�
ant de
rease is the density
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Figure 4.10: The plasma parameters for the steady state dis
harge versus theele
tron energy distribution fun
tion, varying from Maxwellian-like (x = 1) toDruyvesteyn (x = 2) distribution fun
tion a

ording to equation (2.13). (a) thedensities of neutral spe
ies, (b) the densities of 
harged spe
ies, (
) the disso
iationfra
tion [N℄/ng, the fra
tion of the N+ ion of the total ion density [N+℄/ni, the ratioof the neutral N atom �ux versus the positive ion �ux in the axial dire
tion ΓN/Γiand (d) the ele
tron temperature and the 
ollisional energy loss of N2(X

1Σ+
g , v = 0)and N(4S).



4.2 � Densities and ele
tron temperature 125of N2(X
1Σ+

g , v = 6) whi
h de
reases by roughly a fa
tor of 4. All of the den-sity de
reases seem to a

umulate in the N2(X
1Σ+

g , v = 0), its density in
reasing
onsiderably with in
reasing x, or roughly by a fa
tor of 2.The ele
tron density, shown in �gure 4.10(b), de
reases signi�
antly with vary-ing ele
tron energy distribution fun
tion, being roughly a fa
tor of 3 lower with aDruyvesteyn distribution than with a Maxwellian distribution. The densities of theN+
2 , N+ and N+

3 ions behave similarly with in
reasing x, their ratio not 
hangingsigni�
antly with x. However, the density of the N+
4 ion in
reases somewhat with

x, although its density is negligible.The fra
tional 
on
entration of atomi
 neutrals and ions does not 
hange sig-ni�
antly with ele
tron energy distribution fun
tion, as seen in �gure 4.10(
). Thedisso
iation fra
tion de
reases from roughly 25 % to 18 %, while the N+ ion fra
-tion is almost independent of the ele
tron energy distribution fun
tion, roughly 30%. The �ux ratio 
hanges relatively subtly as well, in
reasing from 55 to 86 within
reasing x.The e�e
t of the ele
tron energy distribution fun
tion on the ele
tron temper-ature is more pronoun
ed, as seen in �gure 4.10(d), in
reasing from roughly 3 Vwith a Maxwellian distribution to 4.7 V with a Druyvesteyn distribution. The
ollisional energy loss does not exhibit the usual inverse behavior with the ele
trontemperature, but rather in
reases with in
reasing x as the ele
tron temperature.The 
ollisional energy loss in
reases from roughly 500 V to 1000 V for the mole
ule,whereas is is almost independent of x for the atom, being �xed at roughly 360 V.



126 The steady state dis
harge4.2.5 Gas temperatureAlthough the gas temperature is not 
onsidered a 
ontrol parameter, it is impor-tant to see the e�e
t of in
orre
tly assuming its value. The neutral densities, shownin �gure 4.11(a), all de
rease with in
reasing gas temperature. This is a normalbehavior sin
e, a

ording to the ideal gas law, the densities are inversely propor-tional to the gas temperature when the pressure is kept 
onstant. The densitiesof ex
ited atoms and mole
ules de
rease signi�
antly faster than of ground stateatoms and mole
ules, the de
rease of the N2(X
1Σ+

g , v = 6) density being the most
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Figure 4.11: The steady state results as a fun
tion of the gas temperature. (a) thedensities of neutral spe
ies, (b) the densities of 
harged spe
ies, (
) the disso
iationfra
tion [N℄/ng, the fra
tion of the N+ ion of the total ion density [N+℄/ni, the ratioof the neutral N atom �ux versus the positive ion �ux in the axial dire
tion ΓN/Γiand (d) the ele
tron temperature and the 
ollisional energy loss of N2(X

1Σ+
g , v = 0)and N(4S).



4.2 � Densities and ele
tron temperature 127signi�
ant, being roughly 25 times smaller at 1200 K than at 300 K.In light of the signi�
ant drop in neutral density with gas temperatures it is quitesurprising to see that the densities of the 
orresponding ions are nearly independentof the gas temperature, as seen in �gure 4.11(b). The ele
tron density is thereforealmost 
onstant with gas temperature as well. Sin
e the N+
3 and N+

4 ions are not
reated by ele
tron impa
t as the other ions, their density drops with the neutraldensity and therefore the gas temperature, although both of these ions, in parti
ularthe N+
4 , are negligible in the dis
harge for any gas temperature.As seen in �gure 4.11(
), the disso
iation fra
tion 
hanges somewhat with gastemperature, from roughly 20 % at 300 K to about 31 % at 1200 K. The fra
tionof the N+ ion is however roughly 
onstant, only de
reasing slightly with gas tem-perature from 32 % at 300 K to 28 % at 1200 K. The atom/ion �ux ratio de
reasesby over a fa
tor of 2 with in
reasing gas temperature, being roughly 73 at 300 Kand 34 at 1200 K. This is a mu
h more signi�
ant 
hange than implied by thedisso
iation and N+ ion fra
tion.The ele
tron temperature, shown in �gure 4.11(d), in
reases as the gas tem-perature is in
reased, although not proportionally. At 300 K it is roughly 2.7 V,whereas at 1200 K it has in
reased to about 4.1 V. The 
ollisional energy loss de-
reases a

ordingly when the gas temperature is in
reased from 300 K to 1200 K,from roughly 900 V to 170 V for the mole
ule and from roughly 600 V to 140 Vfor the atom.Neither the ele
tron density nor the disso
iation fra
tion were heavily a�e
tedby the gas temperature. The gas temperature may therefore be in a signi�
anterror without signi�
antly a�e
ting the results of our model.



128 The steady state dis
harge4.2.6 Wall quen
hing 
oe�
ientAlthough it is possible to only investigate the e�e
t of the quen
hing 
oe�
ient fora spe
i�
 ex
ited spe
ies, su
h as for the quen
hing of N2(A
3Σ+

u ) on the wall forexample, here we varied the wall quen
hing 
oe�
ient from 0.01 to 1 for all theex
ited spe
ies simultaneously.As seen in �gure 4.12(a), the wall quen
hing 
oe�
ient mainly a�e
ts the den-sity of ex
ited spe
ies, being quen
hed more e�
iently on the wall when the valuein
reases. The densities of the ground state atoms and mole
ules in
reases a

ord-
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Figure 4.12: The steady state results as a fun
tion of the wall quen
hing 
oef-�
ient of all ex
ited spe
ies. (a) the densities of neutral spe
ies, (b) the densitiesof 
harged spe
ies, (
) the disso
iation fra
tion [N℄/ng, the fra
tion of the N+ ionof the total ion density [N+℄/ni, the ratio of the neutral N atom �ux versus thepositive ion �ux in the axial dire
tion ΓN/Γi and (d) the ele
tron temperature andthe 
ollisional energy loss of N2(X

1Σ+
g , v = 0) and N(4S).
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tron temperature 129ing to the drop in ex
ited spe
ies density, the ex
eption being the density of theN2(X
1Σ+

g , v = 1) whi
h in
reases slightly with in
reasing quen
hing 
oe�
ient. Al-though the wall quen
hing 
oe�
ient has a signi�
ant e�e
t on the ex
ited spe
iesdensity when it is varied in the range 0.1 � 1, wall quen
hing be
omes a negligibleloss pathway of ex
ited spe
ies when the value is less than 0.1. In fa
t, althoughnot shown in �gure 4.12(a), when the quen
hing 
oe�
ient was in the range 0.001� 0.01 the densities of the ex
ited spe
ies were not a�e
ted at all.Although 
onstant when the wall quen
hing 
oe�
ient is less than 0.1, theele
tron density de
reases slightly with wall quen
hing 
oe�
ient above 0.1, asseen in �gure 4.12(b). This de
rease is a result of the drop in N+ density above0.1, being equal to the N+
2 density when wall quen
hing is negligible but a fa
torof 2 lower when wall quen
hing is perfe
tly e�
ient. Meanwhile, the density of N+

2is almost fully independent on the wall quen
hing 
oe�
ient.The disso
iation fra
tion is almost 
onstant with the wall quen
hing 
oe�
ient,as seen in �gure 4.12(d), although de
reasing slightly with in
reased wall quen
hing,or from roughly 31 % to 25 %. The fra
tion of the N+ ion is more signi�
antlya�e
ted, de
reasing from roughly 50 % to 32 % with in
reasing wall quen
hing
oe�
ient. The �ux ratio meanwhile in
reases somewhat with the wall quen
hing
oe�
ient, the neutral atomi
 �ux being about 39 times larger than the ion �uxin the axial dire
tion when wall quen
hing is negligible, but 56 times larger whenwall quen
hing is e�
ient.The ele
tron temperature, shown in �gure 4.12(d), in
reases very subtly withthe wall quen
hing 
oe�
ient, being in the range 2.9 V to 3.1 V. The 
orresponding
ollisional energy loss de
reases insigni�
antly as well, being roughly 630 � 500 Vfor the mole
ule and 440 � 360 V for the atom.



130 The steady state dis
harge4.2.7 Wall re
ombination 
oe�
ientAlthough it is possible to investigate the e�e
ts of the wall re
ombination 
oe�
ientfor a spe
i�
 neutral atom, here we have varied the wall re
ombination 
oe�
ientfrom 10−3 to 1 for all the neutral atoms simultaneously.When the re
ombination 
oe�
ient is small the dis
harge is atomi
 in nature,with the ground state atom N(4S) density being approximately a fa
tor of 5 largerthan the density of the ground state nitrogen mole
ule N2(X
1Σ+

g , v = 0), as seen in�gure 4.13(a). The mole
ular density in
reases with in
reasing wall re
ombination
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Figure 4.13: The steady state results as a fun
tion of the wall re
ombination
oe�
ient of atoms. (a) the densities of neutral spe
ies, (b) the densities of 
hargedspe
ies, (
) the disso
iation fra
tion [N℄/ng, the fra
tion of the N+ ion of the totalion density [N+℄/ni, the ratio of the neutral N atom �ux versus the positive ion �uxin the axial dire
tion ΓN/Γi and (d) the ele
tron temperature and the 
ollisionalenergy loss of N2(X

1Σ+
g , v = 0) and N(4S).
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oe�
ient as the atomi
 density drops. When the re
ombination 
oe�
ient is largerthan roughly 0.05 the density of the N2(X
1Σ+

g , v = 0) mole
ule be
omes largerthan the N(4S) density. When all atoms bombarding the wall are re
ombined intomole
ules the density of the ground state atom is about an order of magnitudelower than of the N2(X
1Σ+

g , v = 0), being 
omparable to the N2(A
3Σ+

u ) density.The distribution of most ex
ited spe
ies is roughly the same for all values of thewall re
ombination 
oe�
ient, the ex
eption being the N(2D) metastable atom,whose density is signi�
antly 
loser to the N(4S) density when the e�
ien
y of wallre
ombination is high.The ele
tron density, shown in �gure 4.13(b), in
reases 
onsiderably as the wallre
ombination 
oe�
ient is in
reased from 0.01 to 1. This is a result of the in
reasedN+
2 density, whi
h in
reases as the neutral mole
ular density in
reases. The N+

2ion is the dominant ion when the wall re
ombination 
oe�
ient is 1, whereas theN+ ion is the dominant ion in the dis
harge when wall re
ombination is ine�
ient.With the mole
ular density in
reasing, the densities of the N+
3 and N+

4 ions in
reaseas well, although their density is never above the N+ density.The disso
iation fra
tion, shown in �gure 4.13(
), is quite sensitive to the wallre
ombination 
oe�
ient, being almost 70 % when the 
oe�
ient is 10−3 but onlyroughly 5 % when it is unity. The fra
tional density of the N+ ion behaves similarly,de
reasing from nearly 70 % to about 12 % with in
reasing wall re
ombination
oe�
ient. The �ux ratio is also heavily a�e
ted, being 170 times the axial ion �uxwhen the wall re
ombination 
oe�
ient is small and only 10 when it is 1.Although the densities are heavily a�e
ted, the ele
tron temperature is inde-pendent on the wall re
ombination 
oe�
ient, being �xed at 3.1 V as shown in�gure 4.13(d). The 
ollisional energy loss is similarly 
onstant, being about 500 Vfor the mole
ule and 350 V for the atom.



132 The steady state dis
harge4.2.8 Chamber radiusSin
e the 
hamber volume and the axial part of the surfa
e area are proportionalto the square of the 
hamber radius, we 
an expe
t quite large variation of resultswhen 
hanging this dimension. This is indeed the 
ase with neutral densities,shown in �gure 4.14(a). The density of N2(X
1Σ+

g , v = 0) in
reases as almostall other densities de
rease uniformly with the 
hamber radius. This is 
ausedby the in
reased area for wall quen
hing and wall re
ombination. The density ofN2(X
1Σ+

g , v = 1) peaks at roughly 15 � 20 
m, and the N2(X
1Σ+

g , v = 6) at roughly
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Figure 4.14: The steady state results as a fun
tion of the rea
tor 
hamber radius.(a) the densities of neutral spe
ies, (b) the densities of 
harged spe
ies, (
) thedisso
iation fra
tion [N℄/ng, the fra
tion of the N+ ion of the total ion density[N+℄/ni, the ratio of the neutral N atom �ux versus the positive ion �ux in theaxial dire
tion ΓN/Γi and (d) the ele
tron temperature and the 
ollisional energyloss of N2(X

1Σ+
g , v = 0) and N(4S).



4.2 � Densities and ele
tron temperature 13310 
m, but are then uniformly de
reasing as well. The densities of the metastableatoms N(2D) and N(2P) de
rease somewhat faster than the N(4S) density.The ele
tron density, shown in �gure 4.14(b), is heavily a�e
ted by an in
reasedradius, falling about 2 orders of magnitude when the radius is in
reased from 5 
mto 50 
m. This is 
aused by the in
reased area for re
ombination of ions on thewall as the radius in
reases, e�e
tively losing free ele
trons from the dis
harge.Although the N+ density is 
omparable to the N+
2 density when the 
hamber has alow radius, it falls very sharply when the radius is in
reased. The density of the N+

3ion de
reases rapidly with in
reased radius as well, whereas the N+
4 density peaksat roughly 15 
m and then de
reases less rapidly, although both of these ions arenegligible.The disso
iation fra
tion, shown in �gure 4.14(
), de
reases rapidly with radius,being nearly 50 % when the radius is 5 
m but less than 1 % when it is 50 
m.Similarly applies to the N+/ni fra
tion, approximately following the disso
iationfra
tion de
rease, although being somewhat larger overall. The �ux fra
tion hasan inverse behavior to the density fra
tions, in
reasing from about 30 to nearly 100with in
reasing radius.Given the strong dependen
e of the densities of the 
hamber radius it is pe
uliarto see in �gure 4.14(d) the ele
tron temperature being almost independent of thisparameter. The ele
tron temperature is pra
ti
ally 
onstant when the radius islarger than 15 
m, roughly 2.8 V, but in
reases slightly when the radius is de
reasedfurther, being roughly 3.4 V at 5 
m. The same applies to the 
ollisional energyloss, in
reases from about 330 V to 700 V for the mole
ule and from roughly 250V to 480 V for the atom with in
reasing radius.



134 The steady state dis
harge4.2.9 Chamber lengthInterestingly, several of the neutral densities have a non-uniform behavior with
hamber length. The N(4S) density de
reases uniformly with in
reasing 
hamberlength, as seen in �gure 4.15(a) The metastable atoms, however, peak at roughly10 
m, being a negligible part of the total atomi
 density when the length is 1
m. The density of the ground state mole
ule N2(X
1Σ+

g , v = 0) has a minimumat roughly 15 
m length, whereas the N2(X
1Σ+

g , v = 1) in
reases uniformly withlength. The N2(X
1Σ+

g , v = 6) density peaks at roughly 20 � 30 
m, indi
ating the
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Figure 4.15: The steady state results as a fun
tion of the 
hamber axial length.(a) the densities of neutral spe
ies, (b) the densities of 
harged spe
ies, (
) thedisso
iation fra
tion [N℄/ng, the fra
tion of the N+ ion of the total ion density[N+℄/ni, the ratio of the neutral N atom �ux versus the positive ion �ux in theaxial dire
tion ΓN/Γi and (d) the ele
tron temperature and the 
ollisional energyloss of N2(X

1Σ+
g , v = 0) and N(4S).



4.2 � Densities and ele
tron temperature 135peak is at longer length for N2(X
1Σ+

g , v < 6). When the 
hamber is 1 
m long thedensities of all ex
ited spe
ies are very small, most of the dis
harge being 
omposedof ground state mole
ules and atoms. When the 
hamber is 100 
m long the onlysigni�
ant spe
ies other than N2(X
1Σ+

g , v = 0) is the N2(X
1Σ+

g , v = 1), the atomi
density only being 
omparable to the N2(X
1Σ+

g , v = 6) density.The ele
tron density, shown in �gure 4.15(b), is quite 
onstant when the 
ham-ber length is less than 10 
m, but de
reases signi�
antly when the length in
reasesbeyond that. The N+
2 ion is always the dominating ion, with the N+ density beingsomewhat lower when the 
hamber length is less than 10 
m and de
reasing rapidlywhen the length is in
reased to 100 
m. Although a negligible part of the total iondensity, the N+

3 and N+
4 densities peak at roughly 20 and 50 
m 
hamber length.As seen in �gure 4.15(
), the disso
iation fra
tion de
reases from roughly 30 %when the 
hamber is 1 � 10 
m long to 3 % when it is 100 
m long. The fra
tionof the N+ ion is roughly 22 % when the 
hamber is 1 
m long and in
reases withlength until it peaks at 32 % when the length is 10 
m. The N+ ion fra
tion thende
reases rapidly when the length is in
reased any further to be roughly 5 % at100 
m length. The �ux ratio is also heavily a�e
ted by the 
hamber length, theneutral atomi
 �ux being 26 times the axial ion �ux when the 
hamber is 1 
mlong and in
reasing rapidly, parti
ularly when the 
hamber is longer than 10 
m,to be roughly 410 times the axial ion �ux when the 
hamber is 100 
m long.The ele
tron temperature in
reases rapidly when the 
hamber length is de-
reased from 10 
m to 1 
m, as seen in �gure 4.15(d), being about 5.9 V when the
hamber is 1 
m long but roughly 2.6 V when it is 100 
m long. The 
ollisionalenergy in
reases a

ordingly with length, being little less than 70 V for both theatom and the mole
ule when the 
hamber is 1 
m long, but about 1100 V for themole
ule and 700 V for the atom at 100 
m 
hamber length.



136 The steady state dis
harge4.3 Rea
tion RatesThe overall 
reation and destru
tion me
hanisms of mole
ules, atoms and ele
tronsare evaluated in �gures 4.16, 4.17 and 4.18. The rea
tion rates for the 
reation anddestru
tion of every parti
le, ex
ept for N2(X
1Σ+

g , v = 2 − 5), are analyzed in�gures 4.19 to 4.29 as a fun
tion of pressure. In all the 
al
ulations, the absorbedpower is �xed at 500 W and the gas �ow rate is �xed at 50 s

m. The 
hamberis assumed to be made of stainless steel, 
ylindri
al with radius R = 10 
m andlength L = 10 
m. Furthermore, the ele
tron energy distribution is assumed to beMaxwellian-like (x = 1).The rea
tion rates for the overall 
reation and destru
tion of neutral nitrogenmole
ules are shown in �gures 4.16(a) and (b), respe
tively. Neutral mole
ulesare mostly 
reated by wall re
ombination of neutral atoms, the re
ombination ofN(4S) being responsible for 40 � 50 % of the overall mole
ule 
reation me
hanism.Pumping of N2(X
1Σ+

g , v = 0) into the 
hamber has a roughly 40 % 
ontribution athigh and low pressure, but is lower at intermediate pressure, roughly 20 %. Wallre
ombination of N+
2 is signi�
ant at low pressure, but has no more than 25 %
ontribution at 1 mTorr.As seen in �gure 4.16(b), the pumping of spe
ies out of the 
hamber is re-sponsible for roughly 25 % of the total loss of mole
ules at low and intermediatepressure, but in
reases to over 60 % at 100 mTorr. At low pressure the disso
iationof N2(X

1Σ+
g , v = 0) has over 30 % 
ontribution, but at higher pressure the disso
i-ation of N2(X

1Σ+
g , v > 0) is more important, its 
ontribution rea
hing a maximumof over 40 % at 20 mTorr. Furthermore, ionization is a signi�
ant fa
tor in theoverall loss of neutral mole
ules at low and intermediate pressure, at most roughly35 % at 1 mTorr.The rea
tion rates for the overall 
reation and destru
tion of neutral nitrogen
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Figure 4.16: The rea
tion rates for (a) the overall 
reation and (b) the overallloss of neutral nitrogen mole
ules versus dis
harge pressure.atoms are shown in �gures 4.17(a) and (b), respe
tively. Neutral nitrogen atomsare mostly 
reated by disso
iation over the entire pressure range, disso
iation ofN2(X
1Σ+

g , v > 0) dominating at intermediate and high pressures. The 
ontributionof disso
iation of N2(X
1Σ+

g , v = 0) is roughly 40 % at 1 mTorr, but de
reases andis less than 20 % at 100 mTorr. Wall re
ombination of N+ is very important at
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Figure 4.17: The rea
tion rates for (a) the overall 
reation and (b) the overallloss of neutral nitrogen atoms versus dis
harge pressure.low pressure, having a 
ontribution of roughly 50 % at 1 mTorr, but is negligibleat high pressure.Neutral nitrogen atoms are lost mainly to wall re
ombination, as shown in�gure 4.17(b). Pumping of N(4S) out of the 
hamber and ionization of N(4S) aresigni�
ant loss pro
esses at low pressure, having a near identi
al 
ontribution ofroughly 20 � 25 % at 1 mTorr.
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Figure 4.18: The rea
tion rates for (a) the 
reation and (b) the loss of freeele
trons versus dis
harge pressure.The rea
tion rates for the overall 
reation and destru
tion of ele
trons are shownin �gures 4.18(a) and (b), respe
tively. Ele
tron impa
t ionization is responsible fornearly all 
reation of free ele
trons. Ionization of N2(X
1Σ+

g , v > 0) is the dominat-ing pro
ess at intermediate and high pressure. Ionization of N(4S) and ionizationof N2(X
1Σ+

g , v = 0) have a similar 
ontribution, ea
h 
ontributing roughly 40 % atlow pressure, but are mu
h less important at higher pressure. Ionization of N(2D) is
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hargesigni�
ant, having 10 � 20 % 
ontribution at low and intermediate pressure. Asso-
iative ionization of atoms and mole
ules, rea
tions (3.52) and (3.53), is signi�
antat high pressure, however the 
ontribution is no more than 20 % at 100 mTorr.As seen in �gure 4.18(b), ele
trons are mainly lost at the wall, the wall re-
ombination of N+ being the most important pro
ess at low pressure and the wallre
ombination of N+
2 having a 40 � 45 % 
ontribution over the entire pressure range.Disso
iative re
ombination of N+

2 has a signi�
ant 
ontribution at high pressure,rea
hing roughly 50 % at 100 mTorr. Disso
iative re
ombination of N+
3 has a slight
ontribution at 100 mTorr, less than 5 %, but is negligible otherwise.The rea
tion rates for the 
reation and destru
tion of N2(X

1Σ+
g , v = 0) areshown in �gures 4.19(a) and (b), respe
tively. The wall quen
hing of vibrationaland metastable states of N2 is responsible for most of the 
reation of N2(X

1Σ+
g , v =

0) at intermediate pressure, with its 
ontribution peaking at 3 � 4 mTorr. Athigher pressure ele
tron impa
t de-ex
itation is more important, being roughly70% at 100 mTorr. At low pressure the re
ombination of ions and atoms andpumping of gas into the 
hamber are the most important pro
esses for the 
reationof N2(X
1Σ+

g , v = 0), ea
h having a 
ontribution of about 20 � 30% at 1 mTorr.As seen in �gure 4.19(b), the N2(X
1Σ+

g , v = 0) is mainly lost to ele
tron impa
tex
itation at intermediate and high pressures, whereas disso
iation, ionization andpumping are the most important destru
tion pro
esses at low pressure.The rea
tion rates for the 
reation and destru
tion of N2(X
1Σ+

g , v = 1) areshown in �gures 4.20(a) and (b), respe
tively. The N2(X
1Σ+

g , v = 1) is mainly
reated by ele
tron impa
t ex
itation of the N2(X
1Σ+

g , v = 0), 
ontributing around50 % over the entire pressure range. Ele
tron impa
t de-ex
itation of N2(X
1Σ+

g , v >

1) and wall quen
hing of N2(X
1Σ+

g , v = 2) are responsible for the rest at high andlow pressure, respe
tively.
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Figure 4.19: The rea
tion rates for (a) the 
reation and (b) the destru
tion ofthe N2(X
1Σ+

g , v = 0) mole
ule versus dis
harge pressure.As seen in �gure 4.20(b), N2(X
1Σ+

g , v = 1) is mainly lost by wall quen
hing atlow pressure and by ele
tron impa
t ex
itation and de-ex
itation at higher pressure.Ionization, pumping and disso
iation have a small 
ontribution, at most roughly15% 
ombined at 1 mTorr.The rea
tion rates for the 
reation and destru
tion of N2(X
1Σ+

g , v = 6) are
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Figure 4.20: The rea
tion rates for (a) the 
reation and (b) the destru
tion ofthe N2(X
1Σ+

g , v = 1) mole
ule versus dis
harge pressure.shown in �gures 4.21(a) and (b), respe
tively. N2(X
1Σ+

g , v = 6) is mostly 
reatedby ele
tron impa
t ex
itation of other ground state nitrogen mole
ules at interme-diate and high pressures. The ele
tron impa
t ex
itation of N2(X
1Σ+

g , v = 0) isthe most important pro
ess at low pressure. The energy pooling of two 
ollidingN2(X
1Σ+

g , v = 5) into N2(X
1Σ+

g , v = 4) and N2(X
1Σ+

g , v = 6) has a signi�
ant
ontribution at high pressure, although not more than 10 % at 100 mTorr.As seen in �gure 4.21(b), the N2(X
1Σ+

g , v = 6) is mostly lost by wall quen
hing
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Figure 4.21: The rea
tion rates for (a) the 
reation and (b) the destru
tion ofthe N2(X
1Σ+

g , v = 6) mole
ule versus dis
harge pressure.at low pressure, 
ontributing nearly 80 % at 1 mTorr but only about 10 % at 100mTorr. Ele
tron impa
t de-ex
itation is responsible for most of the N2(X
1Σ+

g , v =

6) destru
tion at high pressure, but is negligible at 1 mTorr. Ionization, pumpingand disso
iation 
ontribute at most less than 20% at 1 mTorr, 
ombined.The rea
tion rates for the 
reation and destru
tion of N2(A
3Σ+

u ) are shown in�gures 4.22(a) and (b), respe
tively. The metastable N2(A
3Σ+

u ) is near entirely
reated by ele
tron impa
t ex
itation of ground state nitrogen mole
ules, with the
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Figure 4.22: The rea
tion rates for (a) the 
reation and (b) the destru
tion ofthe N2(A
3Σ+

u ) metastable mole
ule versus dis
harge pressure.
ontribution of any other pro
ess being negligible in 
omparison. At low pressurethe ex
itation of N2(X
1Σ+

g , v = 0) dominates, but at higher pressure the ex
itationof N2(X
1Σ+

g , v > 0) is more important.As seen in �gure 4.22(b), the metastable N2(A
3Σ+

u ) is mainly lost to wallquen
hing at low pressure, but at high pressure pooling of ex
itation energy ina 
ollision of two N2(A
3Σ+

u ) mole
ules, rea
tion (3.29), is the dominating loss
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Figure 4.23: The rea
tion rates for (a) the 
reation and (b) the destru
tion ofthe N(4S) atom versus dis
harge pressure.pro
ess. The 
ontribution of ele
tron impa
t de-ex
itation and the transfer of ex-
itation from N2(A
3Σ+

u ) to N(2P), rea
tion (3.40), peak at roughly 10 and 20 % atintermediate pressure, respe
tively. Furthermore, the various ionization and disso-
iation pro
esses have a 
ombined 
ontribution of less than 20 % at 1 mTorr, beingnegligible at 100 mTorr.The rea
tion rates for the 
reation and destru
tion of N(4S) are shown in �gures
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harge4.23(a) and (b), respe
tively. The ground state nitrogen atom, N(4S), is 
reatedmostly by wall quen
hing of metastable atoms, having a 
ontribution no less than40 % even at high pressure. Ele
tron impa
t de-ex
itation of N(2D) has around30 % 
ontribution at high pressure. Wall re
ombination of N+ ions is at most 20% of the total N(4S) 
reation at 1 mTorr, but is negligible at intermediate andhigh pressures. Ele
tron impa
t disso
iation of N2(X
1Σ+

g , v = 0) has a similar
ontribution, but the disso
iation of N2(X
1Σ+

g , v > 0) be
omes more importantwith pressure and is roughly 20 % at 100 mTorr.As seen in �gure 4.23(b), the N(4S) atom is mostly lost to ele
tron impa
tex
itation of N(2D), peaking at 10 mTorr with a roughly 60 % 
ontribution. Thetransfer of ex
itation from metastable nitrogen mole
ules to atoms, rea
tion (3.40),has roughly 30 % 
ontribution at 100 mTorr, but is negligible at low pressure. Theformation of mole
ules by wall re
ombination of atoms is also a strong fa
tor in theloss of N(4S), or about 20-30%. Pumping of N(4S) out of the 
hamber and ele
tronimpa
t ionization 
ontribute about the same, at most about 30% 
ombined at 1mTorr.The rea
tion rates for the 
reation and destru
tion of N(2D) are shown in �g-ures 4.24(a) and (b), respe
tively. The N(2D) metastable atom is 
reated mostly byex
itation from the ground state atom, N(4S). Disso
iation has a similar 
ontribu-tion as in the 
reation of N(4S), disso
iation of N2(X
1Σ+

g , v = 0) being importantat low pressure, whereas the disso
iation of N2(X
1Σ+

g , v > 0) is more important athigh pressure.As seen in �gure 4.24(b), the N(2D) is mostly lost to wall quen
hing, 
ount-ing for roughly 80 % at 1 mTorr, but de
reasing to roughly 40 % at 100 mTorr.Ele
tron impa
t de-ex
itation is also important at intermediate and high pressures,
ontributing to around 35 % at 100 mTorr. As in the loss me
hanism of N(4S),
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Figure 4.24: The rea
tion rates for (a) the 
reation and (b) the destru
tion ofthe N(2D) metastable atom versus dis
harge pressure.formation of mole
ules by asso
iation of N(2D) at the wall is insigni�
ant at lowpressure, but in
reases to near 20% at 100 mTorr.The rea
tion rates for the 
reation and destru
tion of N(2P) are shown in �gures4.25(a) and (b), respe
tively. The N(2P) is 
reated mostly by ele
tron impa
tex
itation at low and intermediate pressures. The transfer of ex
itation from themetastable mole
ule N2(A
3Σ+

u ), rea
tion (3.40), is very important at high and
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Figure 4.25: The rea
tion rates for (a) the 
reation and (b) the destru
tion ofthe N(2P) metastable atom versus dis
harge pressure.intermediate pressures, dominating at 100 mTorr.As seen in �gure 4.25(b), the loss s
heme for the metastable atom N(2P) isnear identi
al with that of the metastable atom N(2D), wall quen
hing being themost important loss me
hanism over the entire pressure range. Ele
tron impa
tde-ex
itation and wall re
ombination of atoms are important at higher pressure,whereas the 
ombined e�e
t of ionization and pumping is small, being at most
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Figure 4.26: The rea
tion rates for (a) the 
reation and (b) the destru
tion ofthe N+ ion versus dis
harge pressure.roughly 10 % at 1 mTorr.The rea
tion rates for the 
reation and destru
tion of N+ are shown in �gures4.26(a) and (b), respe
tively. The atomi
 ion N+ is, as the ion N+
2 , is mostly formedby ele
tron impa
t ionization of its neutral 
ounterpart. The ionization of theground state atom dominates at low pressure while ionization of metastable atomsis more important at high and intermediate pressures. Ele
tron impa
t disso
iative
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hargeex
itation of N+
2 , rea
tion (3.17), has a signi�
ant 
ontribution, in
reasing fromroughly 3 % at 1 mTorr to 12 % at 100 mTorr. Charge transfer, rea
tion (3.22), isonly noti
eable at high pressure with a 7 % 
ontribution at its maximum.As seen in �gure 4.26(b), wall re
ombination is the dominating loss me
hanismof the atomi
 ion N+ at low and intermediate pressure, having a 
ontribution ofroughly 95 � 100 % at 10 � 100 mTorr. However, 
harge transfer, rea
tion (3.23),is very important at high pressure, being responsible for roughly 75 % of the totalN+ loss at 100 mTorr.The rea
tion rates for the 
reation and destru
tion of N+

2 are shown in �gures4.27(a) and (b), respe
tively. The N+
2 ion is mostly 
reated by ele
tron impa
tionization of N2(X). At low pressure the ionization of N2(X

1Σ+
g , v = 0) is thedominating pro
ess, whereas at high and intermediate pressures the ionization ofN2(X

1Σ+
g , v > 0) is more important. Asso
iative ionization of ground state andex
ited atoms, rea
tion (3.52), and 
harge transfer, rea
tion (3.23), ea
h have asigni�
ant 
ontribution at high pressure, roughly 7 � 15 % at 100 mTorr.As seen in �gure 4.27(b), the N+

2 ion is lost mainly by wall re
ombination overthe entire pressure range, having a 
ontribution no less than 40 % at 100 mTorr.Disso
iative re
ombination is very important at intermediate and high pressure,having a roughly 45 % 
ontribution at 100 mTorr. The mole
ular de
ompositionof N+
2 to form the N+

3 ion, rea
tion (3.44), only has a noti
eable 
ontribution athigh pressure, being roughly 10 % at 100 mTorr.The rea
tion rates for the 
reation and destru
tion of N+
3 are shown in �gures4.28(a) and (b), respe
tively. Sin
e the N+

3 ion has no neutral 
ounterpart in themodel, there are a limited number of pathways to 
onsider for the 
reation of ion.As a 
onsequen
e, the N+
3 ion is entirely 
reated by mole
ular de
omposition ofN+

2 , rea
tion (3.44). Third order rea
tions, the other possible pathway 
onsidered
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Figure 4.27: The rea
tion rates for (a) the 
reation and (b) the destru
tion ofthe N+
2 ion versus dis
harge pressure.for the formation of the ion, have a negligible 
ontribution.As seen in �gure 4.28(b), the N+

3 ion is lost mainly to wall re
ombination at lowand intermediate pressures. At high pressure the disso
iative re
ombination of N+
3 ,rea
tions (3.19) and (3.20), be
omes the most important loss me
hanism, with aroughly 50 % 
ontribution at 100 mTorr. Mole
ular de
omposition of N3, rea
tion
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Figure 4.28: The rea
tion rates for (a) the 
reation and (b) the destru
tion ofthe N+
3 ion versus dis
harge pressure.(3.45), is also important at intermediate and high pressures, being responsible forroughly 30 % of the total N+

3 loss at 100 mTorr.The rea
tion rates for the 
reation and destru
tion of N+
4 are shown in �gures4.29(a) and (b), respe
tively. The N+

4 ion is almost entirely 
reated by asso
iativeionization, rea
tion (3.53). The formation of the N+
4 ion is the only instan
e wherethird order rea
tions are not negligible. Combined, they have a noti
eable e�e
t athigh pressure, roughly 30 % at 100 mTorr.
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Figure 4.29: The rea
tion rates for (a) the 
reation and (b) the destru
tion ofthe N+
4 ion versus dis
harge pressure.As seen in �gure 4.29(b), the N+

4 ion is lost very e�e
tively by disso
iativere
ombination, being the dominant 
hannel at high and intermediate pressure.Wall re
ombination is however the dominant pro
ess at low pressure, having aroughly 70 % 
ontribution at 100 mTorr.





Chapter 5
The pulsed-power dis
harge
We assume a 
ylindri
al stainless steel 
hamber. The 
ontent of the 
hamber isassumed to be nearly spatially uniform and the power uniformly deposited intothe plasma bulk. The dis
harge is assumed to 
onsist of 15 spe
ies of nitrogen;the seven lowest lying vibrational levels of the ground state nitrogen mole
uleN2(X

1Σ+
g , v = 0 − 6), the metastable nitrogen mole
ule N2(A

3Σ+
u ), the groundstate nitrogen atom N(4S), the metastable nitrogen atoms N(2D) and N(2P), andthe ions N+

2 , N+, N+
3 and N+

4 . The ele
trons are assumed to have a Maxwellian-like energy distribution. The rea
tion set is summarized in tables A.1 to A.8 inAppendix A. The pulsed model is essentially identi
al to the steady state model,dis
ussed in 
hapter 4, the only di�eren
e being that the absorbed power is nolonger 
onstant over time. Although the power 
an be modulated with any givenwaveform, we 
hoose to modulate it with a re
tangular wave in the 
urrent study.



156 The pulsed-power dis
hargeThe time dependent power 
an be des
ribed by (Ashida et al., 1995)
Pabs(t) =







Pmax 0 ≤ t < α/f

Pmin α/f ≤ t < 1/f

(5.1)where f is the pulse frequen
y, α is the duty ratio, and Pmax and Pmin are theabsorbed power during the on- and o�-periods, respe
tively. The average power,given by
P abs = αPmax − (α − 1)Pmin (5.2)is kept 
onstant when the duty ratio or minimum power are varied. To be able toget a fair 
omparison of a pulsed power simulation and a steady state 
al
ulation,the average power must be the same in both 
ases.When using initial values 
orresponding to zero radi
al and ele
tron density,the simulation must be 
arried out for a very large number of periods before thetime averaged densities, the disso
iation fra
tion in parti
ular, settle to 
onstantvalues. When using initial values obtained from a steady state 
al
ulation, thesimulation only needs to be 
arried out for a relatively few number of pulses beforethe time averaged results stabilize. Thus, the initial values are 
hosen to be theresults of a steady state 
al
ulation for the same 
onditions. The simulation is then
arried out until the results are stable with time. Sin
e the outlet-�ow pressure iskept 
onstant during the simulation, and not the rea
tor pressure as in the steadystate 
al
ulations, the rea
tor pressure may be slightly di�erent at the end of thesimulation than the 
hosen initial rea
tor pressure.



5.1 � Densities and ele
tron temperature 1575.1 Densities and ele
tron temperatureThe stainless steel rea
tor 
hamber was assumed to be 
ylindri
al with a 20 
mdiameter and a 10 
m length. The average absorbed power was �xed at 500 W, theinitial rea
tor pressure was 10 mTorr (the outlet-�ow pressure being �xed at roughly5 mTorr) and the gas �ow rate was �xed at 50 s

m. The pulsed power 
al
ulationresults are summarized in �gures 5.1 to 5.3 as a fun
tion of time, frequen
y andduty ratio.5.1.1 TimeThe results in �gure 5.1 represent two 10 kHz pulses with a 25 % duty ratio,a
quired after simulating for 5 mse
 from a steady state, 
onstant power, initialvalue. The a
tual dis
harge pressure varied from 10.2 � 10.3 mTorr during ea
hpulse, in
reasing slightly from the 10 mTorr initial dis
harge pressure.The densities of ex
ited spe
ies, shown in �gure 5.1(a), in
rease during theon-periods of the pulses, but drop again during the o�-period. We 
onsider thedis
harge to have rea
hed stability when the density drop of ea
h spe
ies equalsthe in
rease over one period. The density of N2(X
1Σ+

g , v = 1) is almost 
onstantwith time, but the densities of all other ex
ited spe
ies 
hange 
onsiderably overa pulse period. The drop in ex
ited spe
ies density a

umulates mostly in theN2(X
1Σ+

g , v = 0) density, although the N(4S) density in
reases slightly as wellduring the o�-period of the pulse.Densities of all 
harged spe
ies, shown in �gure 5.1(b), in
rease during theon-period and de
rease during the o�-period. The time averaged ele
tron densityseems to have in
reased 
onsiderably from the steady state results, or almost bya fa
tor of 2. Having in
reased by roughly a fa
tor of 2 � 3 from its steady statevalue, the N+ density seems to be mostly responsible for this in
rease in ele
tron
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hargedensity. The N+
2 density responds more dynami
ally to the power than the N+density, having a larger density at its peak than the N+, but then drops rapidlyduring the o�-period and is roughly a fa
tor of 3 � 4 below its peak value at theend of the period. Neither of the N+

3 or N+
4 ion densities in
rease by pulsing thepower and are so insigni�
ant that we have omitted the N+

4 density altogether from�gure 5.1(b).Although the disso
iation fra
tion does not in
rease or de
rease signi�
antlywithin ea
h pulse period, as seen in �gure 5.1(
), this is the parameter that takes
0 25 50 75 100 125 150 175 200

10
18

10
19

10
20

 

 

N
2
(X,v=0)

v=1

v=6

N
2
(A)

N(S)

N(D)

N(P)

PSfrag repla
ements(a)(b)(
)(d) (a)(b)(
)(d) t [µse
℄Density[m−3 ℄Density [m ℄
0 25 50 75 100 125 150 175 200

10
14

10
15

10
16

10
17

10
18

 

 

e

N
2
+

N+

N
3
+

PSfrag repla
ements(a)(b)(
)(d)(a) (b)(
)(d) t [µse
℄Density [m ℄ Density[m−3 ℄
0 25 50 75 100 125 150 175 200

0

20

40

60

80

100

 

 

 

 

[N]/n
g

[N+]/n
i

Γ
N

/Γ
i

0

100

200

300

400

500

PSfrag repla
ements(a)(b)(
)(d)(a)(b) (
)
(d) t [µse
℄Fra
tional
on
entr

ation[%℄

Γ
N
/
Γ

i

0 25 50 75 100 125 150 175 200
0

1

2

3

4

5

6

 

 

 

 

T
e

N(S)

N
2
(X,v=0)

10
0

10
10

10
20

10
30

10
40

10
50

10
60

PSfrag repla
ements(a)(b)(
)(d)(a)(b)(
) (d)
t [µse
℄Fra
tional 
on
entration [%℄ T

e

[V℄
E

c

[V℄
Figure 5.1: The plasma parameters as a fun
tion of time for the pulsed nitrogendis
harge. (a) the densities of neutral spe
ies, (b) the densities of 
harged spe
ies,(
) the disso
iation fra
tion [N℄/ng, the fra
tion of the N+ ion of the total iondensity [N+℄/ni, the ratio of the neutral N atom �ux versus the positive ion �uxin the axial dire
tion ΓN/Γi and (d) the ele
tron temperature and the 
ollisionalenergy loss of N2(X

1Σ+
g , v = 0) and N(4S). The frequen
y was 10 kHz and theduty ratio was 25 %.



5.1 � Densities and ele
tron temperature 159the longest to stabilize with time. The disso
iation fra
tion has in
reased some-what from the steady state initial value, in
reasing from 25 % to about 29 % bypulsing the power. The N+ ion fra
tion is mu
h more dynami
 with power than thedisso
iation fra
tion, peaking at the end of the o�-period at 65 %, but de
reasingrapidly when the power is applied to a minimum of 45 %. This is a very signi�-
ant in
rease from the steady state value, having been only about 32 % when thepower was 
onstant, signi�
antly lower than the minimum value when the power ispulsed. The �ux ratio responds even more dynami
ally to the power than the ionratio, the neutral atom �ux being roughly 25 times larger than the axial ion �uxduring the on-period, but then in
reases rapidly to roughly 300 at the end of theo�-period.The ele
tron temperature is extremely dynami
 with respe
t to the power, asseen in �gure 5.1(d), falling near instantly to a very low value, several tenths of a V,when the power is turned o�, but then de
reasing slowly until the power is turnedon again. This is somewhat pe
uliar, given that the ele
tron temperature is knownto be nearly independent of the absorbed power in the steady state 
al
ulations,demonstrated in �gure 4.7(d). Furthermore, unlike the behavior of the densities,the peak value of the ele
tron temperature is not at the end of the on-period, butrather at the start of it. The ele
tron temperature therefore jumps instantly fromseveral tenths of a V to 4.4 V when the power is turned o�, but then relativelyslowly de
reases until the power is turned o� again, then being roughly 3.3 V, 0.3V above the steady state value of 3 V. Also shown in �gure 5.1(d) is the 
ollisionalenergy loss, in
reasing exponentially when the power is turned o�, from roughly300 V when the power is on to about 1035 − 1045 at the end of the o�-period.



160 The pulsed-power dis
harge5.1.2 Frequen
yThe results shown in �gure 5.2 represent a time average over 5 pulses, sampled afterhaving 
arried out the simulation for 5 mse
. The frequen
y was varied from 1 kHzto 1 MHz while the duty ratio was �xed at 25 %. The a
tual dis
harge pressurevaried slightly with frequen
y, being roughly 10.25 mTorr when the frequen
y wasbelow 100 kHz but de
reasing to about 10 mTorr at 1 MHz.The neutral densities, shown in �gure 5.2(a), do not depend strongly on thepulse frequen
y, although there are some variations with frequen
y. The densities of
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Figure 5.2: The plasma parameters as a fun
tion of modulation frequen
y forthe pulsed nitrogen dis
harge. (a) the densities of neutral spe
ies, (b) the densitiesof 
harged spe
ies, (
) the disso
iation fra
tion [N℄/ng, the fra
tion of the N+ ionof the total ion density [N+℄/ni, the ratio of the neutral N atom �ux versus thepositive ion �ux in the axial dire
tion ΓN/Γi and (d) the ele
tron temperature andthe 
ollisional energy loss of N2(X

1Σ+
g , v = 0) and N(4S). The duty ratio was �xedat 25 %.



5.1 � Densities and ele
tron temperature 161ex
ited spe
ies remain relatively 
onstant when the frequen
y is below 50 � 100 kHz,but then in
rease somewhat with higher frequen
y, in parti
ular the N2(X
1Σ+

g , v =

6) density. The densities of ground state spe
ies de
rease a

ordingly, although itis 
onsiderably less pronoun
ed for N(4S) than for N2(X
1Σ+

g , v = 0).The ele
tron density, shown in �gure 5.2(b), is almost 
onstant for frequen-
ies lower than 100 kHz, but drops 
onsiderably when the frequen
y is in
reased,although having dropped by less than a fa
tor of two at 1 MHz. The densitiesof the ions N+ and N+
2 are signi�
antly a�e
ted by frequen
y, the N+ being thedominating ion at low frequen
ies and the N+

2 ion at high frequen
ies. Althoughboth are negligible in the dis
harge, the densities of the N+
3 and N+

4 ions in
reasesomewhat with frequen
y.The disso
iation fra
tion, shown in �gure 5.2(
), is relatively independent offrequen
ies lower than 100 kHz, or about 29 %, but then de
reases to roughly 25 %at 1 MHz. The fra
tion of the N+ ion de
reases signi�
antly with frequen
y, fromabout 69 % at 1 kHz to roughly 31 % at 1 MHz. Thus, it seems to be possible torea
h very high ratio of atomi
 ions in spite of a relatively low disso
iation fra
tionif the pulse frequen
y is su�
iently low. The �ux ratio is unusually 
onstant withfrequen
y, the N atom �ux being between 45 and 55 times the axial ion �ux forthis range of frequen
ies.As seen in �gure 5.2(d), the time averaged ele
tron temperature rea
hes a min-imum of 1.2 V when the frequen
y is roughly 15 kHz. At 1 kHz it is roughly 1.7 V,but is almost equal to the steady state value of 3 V when the frequen
y is 1 MHz.The 
ollisional energy loss is inversely dependent on the ele
tron temperature, asusual, peaking at roughly 2 × 106 V for the mole
ule and 2 × 105 V for the atomwhen the frequen
y is 15 kHz.



162 The pulsed-power dis
harge5.1.3 Duty ratioThe results shown in �gure 5.3 represent a time average over 10 pulses, sampledafter having 
arried out the simulation for a minimum of 12 mse
. The dutyratio was varied from 0.1 % to 100 % while the frequen
y was �xed at 10 kHz.The a
tual dis
harge pressure varied somewhat with de
reasing duty ratio, beingroughly 11.5 mTorr at 0.4 % duty ratio, an in
rease of about 15 % from the 10mTorr initial pressure. Although this may be a relatively large deviation from
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Figure 5.3: The plasma parameters as a fun
tion of modulation frequen
y forthe pulsed nitrogen dis
harge. (a) the densities of neutral spe
ies, (b) the densitiesof 
harged spe
ies, (
) the disso
iation fra
tion [N℄/ng, the fra
tion of the N+ ionof the total ion density [N+℄/ni, the ratio of the neutral N atom �ux versus thepositive ion �ux in the axial dire
tion ΓN/Γi and (d) the ele
tron temperature andthe 
ollisional energy loss of N2(X

1Σ+
g , v = 0) and N(4S). The frequen
y was �xedat 10 kHz. The peak power was adjusted with varying duty ratio to maintain anaverage absorbed power of 500 W.



5.1 � Densities and ele
tron temperature 163the initial dis
harge pressure, the e�e
t is not very signi�
ant, as seen in �gure4.8. The ele
tron temperature and all the radi
al and 
harged spe
ies densities arenegligible when the duty ratio is below 0.4 %. Although this des
ribes a dis
hargethat is turned o�, this behavior might simply be the result of a 
al
ulation error,preventing us from 
on
luding there is a
tually a spe
i�
 minimum duty ratio thatis needed to sustain the dis
harge from steady state. Thus, our dis
ussion of theplasma parameters in �gure 5.3 will only refer to when the duty ratio is above 0.4%. When the duty ratio is 100 % the dis
harge is in fa
t not pulsed and the resultsare simply steady state values.Most of the neutral densities, shown in �gure 5.3(a), are relatively 
onstant withduty ratio. The N2(X
1Σ+

g , v = 0) density is almost 
onstant for duty ratios below10 %, but de
reases 
onsiderably when the duty ratio is in
reased to 100 %. Thedensity of N(4S) de
reases uniformly with in
reasing duty ratio, being larger thanthe N2(X
1Σ+

g , v = 0) density at duty ratios below 2 % but somewhat smaller at100 % duty ratio. The density of the metastable nitrogen atoms N(2D) and N(2P)is however almost independent of duty ratio, in
reasing slightly with in
reasingduty ratio. The density of all ex
ited nitrogen mole
ules in
reases with duty ratio,most signi�
antly the N2(X
1Σ+

g , v = 6) density whi
h in
reases by almost a fa
torof 5 when the duty ratio is in
reased from roughly 5 % to 100 %.The density of 
harged spe
ies, shown in �gure 5.3(b), is strongly a�e
ted bythe duty ratio. The ele
tron density de
reases uniformly with in
reasing duty ratio,being almost an order of magnitude larger when the duty ratio is 0.4 % than in thesteady state, i.e. when the duty ratio is 100 %. Although the N+
2 density in
reasesonly slightly with in
reasing duty ratio, the N+ density de
reases rapidly within
reasing duty ratio, having over a 20 times larger density when the duty ratio is0.4 % than in the steady state. The N+

3 and N+
4 densities de
rease substantially



164 The pulsed-power dis
hargewhen the duty ratio is de
reased from 100 % to 0.4 % and are always negligible in
omparison to the other ions.As seen in �gure 5.3(
), the disso
iation fra
tion in
reases signi�
antly when theduty ratio is de
reased from 100 % to 0.4 %, or from roughly 25 % to about 47 %.The 
orresponding in
rease in the N+ ion fra
tion is 
onsiderably more pronoun
ed,being roughly 32 % in the steady state but almost double the disso
iation fra
tionwhen the duty ratio is 0.4 %, or about 93 %. Similarly to the frequen
y dependen
ein �gure 5.2(
), the �ux ratio is relatively independent of the duty ratio, the N atom�ux being between 50 and 60 times the axial ion �ux. By in
reasing the number ofpoints in the 1 � 10 % duty ratio region, we found that the irregularity in the �uxratio a
tually has a more detailed stru
ture, somewhat resembling a sin
-fun
tion,and is therefore probably not some sort of averaging error as we expe
ted at �rst.The ele
tron temperature, shown in �gure 5.3(d), in
reases with in
reasingduty ratio, as expe
ted, being roughly 0.2 V at 0.4 % duty ratio and about 3 Vin the steady state. The time averaged ele
tron temperature is heavily a�e
ted bythe length of the o�-period, and therefore the duty ratio, be
ause of its dynami
behavior with time, although the ele
tron temperature during the on-time is mu
hhigher. The time averaged 
ollisional loss is extremely large at low duty ratios, orroughly 1020−1030 V, but de
reases to about 400 V for the atom and the mole
ulewhen the duty ratio is 100 %.



5.2 � Rea
tion rates 1655.2 Rea
tion ratesThe 
hamber was assumed to be made of stainless steel, 
ylindri
al with radius
R = 10 
m and length L = 10 
m. The initial rea
tor pressure was 10 mTorr, butsin
e the outlet-�ow pressure was �xed at roughly 5 mTorr during the simulationthe a
tual rea
tor pressure in
reased slightly, varying from 10.2 � 10.3 mTorr duringea
h period. The gas �ow rate was 50 s

m. The power was pulsed with a 10 kHzfrequen
y and a 25 % duty ratio re
tangular waveform, des
ribed by equation(5.1). The average absorbed power was �xed at 500 W and the minimum powerwas �xed at 0 W, su
h that the maximum power was 2000 W. Furthermore, theele
tron energy distribution was assumed to be Maxwellian, x = 1. The overallrea
tion rates for the 
reation and destru
tion of neutral mole
ules, neutral atomsand ele
trons are evaluated as a fun
tion of time over a single pulsed power periodin �gures 5.5, 5.4 and 5.6, respe
tively. Additionally, the rea
tion rates for the
reation and destru
tion of every gas spe
ies, ex
ept N2(X

1Σ+
g , v = 2 − 5), areshown in �gures 5.7 to 5.17.The rea
tion rates for the overall 
reation and destru
tion of neutral nitro-gen mole
ules are shown in �gures 5.4(a) and (b), respe
tively. Neutral nitrogenmole
ules are mostly 
reated from wall re
ombination of N(4S) during both theon- and o�-period. Wall re
ombination of the metastable atoms N(2D) and N(2P)and pumping of N2(X

1Σ+
g , v = 0) into the 
hamber have a similar 
ontribution,or about 15 � 20 %, during both the on- and o�-period. Re
ombination of N+

2 onthe wall is signi�
ant during the on-period, being roughly 10 � 15 %, but be
omesnegligible soon after the power is turned o�.As seen in �gure 5.4(b), neutral nitrogen mole
ules are almost entirely lost bypumping out of the 
hamber during the o�-period, other pro
esses having a neg-ligible e�e
t. The situation is vastly di�erent during the on-period, with pumping
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Figure 5.4: The rea
tion rates for (a) the overall 
reation and (b) the overalldestru
tion of neutral nitrogen mole
ules versus time over a single pulsed powerperiod.being responsible for less than 10 % of the total loss but ele
tron impa
t disso
ia-tion and ele
tron impa
t ionization of N2(X
1Σ+

g , v = 1 − 6) being responsible forroughly 60 % and 25 % of the total loss, respe
tively.The rea
tion rates for the overall 
reation and destru
tion of neutral nitrogenatoms are shown in �gures 5.5(a) and (b), respe
tively. Roughly half of the neutralnitrogen atoms are 
reated by ele
tron impa
t disso
iation of N2(X
1Σ+

g , v = 0−6)
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Figure 5.5: The rea
tion rates for (a) the overall 
reation and (b) the overalldestru
tion of neutral nitrogen atoms versus time over a single pulsed power period.(and a small 
ontribution of N2(A
3Σ+

u )) during the on-period, the disso
iation ofN2(X
1Σ+

g , v = 0) meanwhile being responsible for about 26 � 36 %. However, assoon as the power is turned o� the ele
tron impa
t disso
iation pro
esses be
omenegligible. Disso
iative re
ombination of N+
2 , rea
tions (3.13) � (3.15), qui
kly be-
omes the dominant 
reation pro
ess after the power is turned o�, its 
ontributionbeing between 58 % and 74 %. The importan
e of re
ombination of N+ on the wall
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hargein
reases during both the on- and o�-period, having a 
ontribution of about 23 �37 % during the o�-period and 10 � 16 % during the on-period.As seen in �gure 5.5(b), neutral nitrogen atoms are mostly lost by wall re-
ombination of N(4S) during both periods, being roughly 70 � 77 % during theo�-period but slightly above 50 % during the on-period. Wall re
ombination of themetastable atoms is signi�
ant as well, being 17 � 23 % and 11 � 17 % during theo�- and on-period, respe
tively. Ele
tron impa
t ionization of nitrogen atoms hasa signi�
ant 
ontribution during the on-period, roughly 22 � 30 %, but is negligiblewhen the power is o�. Pumping of N(4S) out of the 
hamber is small, being roughly4 � 5 % of the total atom loss whether the power is on or o�.The rea
tion rates for the overall 
reation and destru
tion of ele
trons are shownin �gures 5.6(a) and (b), respe
tively. Ele
trons are entirely 
reated by ele
tronimpa
t ionization during the on-period, the ionization of atoms and mole
uleshaving a 
ontribution of about 32 � 41 % and 53 � 65 %, respe
tively. When thepower is turned o� the ele
tron impa
t pro
esses be
ome negligible almost instantlyand ele
trons are instead entirely 
reated by asso
iative ionization. The asso
iativeionization of two nitrogen atoms, rea
tion (3.52), is mu
h more important than theionization of two mole
ules, rea
tion (3.53), being responsible for roughly 95 % ofele
tron 
reation during the o�-period.As seen in �gure 5.6(b), ele
trons are lost by the same three pro
esses duringboth the on- and o�-period. Wall re
ombination of the N+ ion is the most impor-tant pro
ess when the power is on, being roughly 48 � 73 % of the total ele
tronloss, and still has a signi�
ant 
ontribution when the power is o�, or roughly 21 �35 %. Disso
iative re
ombination of N2, rea
tions (3.13) � (3.15), is the dominat-ing pro
ess when the power is o�, having a 
ontribution of roughly 55 � 68 %, butabout 5 � 21 % when it is on. Wall re
ombination of N+
2 is mu
h less important
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Figure 5.6: The rea
tion rates for (a) the overall 
reation and (b) the overalldestru
tion of free ele
trons versus time over a single pulsed power period.during both periods, being roughly 8 � 10 % and about 31 % during the o�- andon-periods, respe
tively.The rea
tion rates for the 
reation and destru
tion of the ground state ni-trogen mole
ule N2(X
1Σ+

g , v = 0) are shown in �gures 5.7(a) and (b), respe
-tively. The N2(X
1Σ+

g , v = 0) is 
reated mainly by ele
tron impa
t de-ex
itationof N2(X
1Σ+

g , v = 1 − 6) when the power is o�, 
ontributing at most 73 % soonafter the power is turned o�, but then de
reases and is negligible at the end of the
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Figure 5.7: The rea
tion rates for (a) the 
reation and (b) the destru
tion of theN2(X
1Σ+

g , v = 0) mole
ule versus time over a single pulsed power period.o�-period. Wall quen
hing of N2(X
1Σ+

g , v = 1) and N2(A
3Σ+

u ) is the dominatingpro
ess when the power is turned o�, 
ontributing at most roughly 60 % at the endof the pulse, but is also signi�
ant during the on-period. Wall re
ombination ofneutral atoms is also a signi�
ant 
reation pro
ess after the power has been turnedo�, being about 26 % at the end of the pulse. Furthermore, energy pooling ofN2(A
3Σ+

u ), rea
tion (3.29), and pumping of gas into the 
hamber ea
h 
ontributearound 5 % when the power is turned o�.



5.2 � Rea
tion rates 171As seen in �gure 5.7(b), the pumping of spe
ies out of the 
hamber is thedominating loss me
hanism of N2(X
1Σ+

g , v = 0) after the power is turned o�.Ele
tron impa
t ex
itation is the dominating pro
ess when the power is on, ele
tronimpa
t ionization and disso
iation being responsible for the rest, or roughly 3 �12 %, and pumping out of the 
hamber having pra
ti
ally no 
ontribution. Theex
itation pro
esses do not be
ome negligible very fast, as would be expe
ted fromany ele
tron impa
t pro
ess, given how fast the ele
tron temperature de
reaseswhen the power is turned o�.The rea
tion rates for the 
reation and destru
tion of the vibrationally ex-
ited ground state nitrogen mole
ule N2(X
1Σ+

g , v = 1) are shown in �gures 5.8(a)and (b), respe
tively. On
e the power has been turned o�, the wall quen
hing ofN2(X
1Σ+

g , v = 2) be
omes the dominating pro
ess in the 
reation of N2(X
1Σ+

g , v =

1), meanwhile being responsible for 10 � 20 % of the 
reation when the power is on.Ele
tron impa
t ex
itation of N2(X
1Σ+

g , v = 0) is the dominating pro
ess duringthe on-period, being roughly 60 %, but rather qui
kly be
omes negligible after thepower is turned o�. Ele
tron impa
t de-ex
itation of N2(X
1Σ+

g , v = 2 − 6) has a
ontribution of about 23 � 31 % when the power is on, in
reasing to almost 50 %soon after the power is turned o�, but then de
reasing rather slowly for an ele
tronimpa
t pro
ess, being negligible at the end of the pulse.As seen in �gure 5.8(b), the N2(X
1Σ+

g , v = 1) mole
ules are predominantlylost by wall quen
hing when the power has been turned o�. During the on-periodele
tron impa
t pro
esses dominate, the 
ontribution of ele
tron impa
t ex
itationto N2(X
1Σ+

g , v > 1) being largest, or roughly 39 � 51 %. Ele
tron impa
t de-ex
itation to N2(X
1Σ+

g , v = 0) has about 21 � 29 % 
ontribution, while ionization,disso
iation and pumping out of the 
hamber only a

ount for roughly 2 � 7 %.Wall quen
hing is responsible for the rest of the N2(X
1Σ+

g , v = 1) loss during the
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Figure 5.8: The rea
tion rates for (a) the 
reation and (b) the destru
tion of theN2(X
1Σ+

g , v = 1) mole
ule versus time over a single pulsed power period.on-period, or roughly 14 � 30 %.The rea
tion rates for the 
reation and destru
tion of the vibrationally ex
itedground state nitrogen mole
ule N2(X
1Σ+

g , v = 6) are shown in �gures 5.9(a) and(b), respe
tively. The 
reation s
heme of N2(X
1Σ+

g , v = 6) is somewhat 
om-pli
ated, although it is entirely 
reated from ex
itation or de-ex
itation of otherN2(X
1Σ+

g , v) mole
ules. Ele
tron impa
t ex
itation of N2(X
1Σ+

g , v = 0) andN2(X
1Σ+

g , v = 1 − 3) ea
h 
ontribute around 19 % and 47 % when the power
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Figure 5.9: The rea
tion rates for (a) the 
reation and (b) the destru
tion of theN2(X
1Σ+

g , v = 6) mole
ule versus time over a single pulsed power period.is on, respe
tively, but de
rease rapidly when the power is turned o� and are negli-gible at the end of the pulse. The ele
tron impa
t ex
itation of N2(X
1Σ+

g , v = 4−5)has a pe
uliar behavior when the power is turned o�. Instead of de
reasing as theother ele
tron impa
t ex
itations, its 
ontribution in
reases from about 32 % whenthe power is on to roughly 60 % when 13 µse
 have passed sin
e turning o� the
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hargepower, only then de
reasing to less than 4 % at the end of the o�-period. Transferof vibrational ex
itation, rea
tion (3.35), is negligible when the power is on, butin
reases on
e the power has been turned o�. The 
ontribution of the pooling ofN2(X
1Σ+

g , v = 5) is larger than the 
ombined 
ontribution of transfer of vibrationalex
itation from N2(X
1Σ+

g , v = 1 − 4) to N2(X
1Σ+

g , v = 5), being 52 % and 43 %at the end of the pulse, respe
tively.As seen in �gure 5.9(b), wall quen
hing to N2(X
1Σ+

g , v = 5) is the dominatingme
hanism for N2(X
1Σ+

g , v = 6) loss when the power is turned o�, but has a21 � 38 % 
ontribution during the on-period. Ele
tron impa
t de-ex
itation toN2(X
1Σ+

g , v = 1 − 4), being the dominant loss pro
ess during the on-period witha 28 � 44 % 
ontribution, is also signi�
ant during the o�-period, its 
ontributionpeaking at roughly 63 % soon after the power is turned o� but de
reasing after that.Ele
tron impa
t de-ex
itation of N2(X
1Σ+

g , v = 5) is signi�
ant during the on-period with a 16 � 24 % 
ontribution, de
reasing rapidly after the power is turnedo�. Together with pumping of out the 
hamber, ele
tron impa
t disso
iation andionization of N2(X
1Σ+

g , v = 6) 
ontribute about 5 � 12 % during the on-period,but are negligible during the o� period.The rea
tion rates for the 
reation and destru
tion of the metastable nitrogenmole
ule N2(A
3Σ+

u ) are shown in �gures 5.10(a) and (b), respe
tively. N2(A
3Σ+

u ) ispredominantly lost by disso
iative re
ombination of N+
3 , rea
tion (3.19), when thepower is o� but is negligible when it is on. Although negligible during the on-period as well, the rearrangement of the 
hemi
al bonds of N+

3 , rea
tion (3.45),has a signi�
ant 
ontribution to the 
reation of N2(A
3Σ+

u ) during the o�-period, orroughly 16 � 20 %. Additionally, disso
iative re
ombination of N+
4 , rea
tion (3.21),has around 3 % 
ontribution during the o�-period. Ele
tron impa
t ex
itation ofN2(X

1Σ+
g , v) is entirely responsible for the 
reation of N2(A

3Σ+
u ) during the on-
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Figure 5.10: The rea
tion rates for (a) the 
reation and (b) the destru
tion ofthe N2(A
3Σ+

u ) mole
ule versus time over a single pulsed power period.period, the 
ombined 
ontribution of ex
itation from N2(X
1Σ+

g , v = 1 − 6) beingroughly 55 � 61 %, the ex
itation of N2(X
1Σ+

g , v = 0) representing the rest.As seen in �gure 5.10(b), there are no dominating pro
esses in the loss ofN2(A
3Σ+

u ). During the on-period, ele
tron impa
t de-ex
itation of N2(A
3Σ+

u ) toN2(X
1Σ+

g , v) has a roughly 26 � 39 % 
ontribution and the 
ombined 
ontributionof ele
tron impa
t ionization and disso
iation is roughly 10 � 16 %, both pro
esses
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hargebeing negligible when the power is o�. Pooling of N2(A
3Σ+

u ), rea
tion (3.29), hasthe largest 
ontribution during the o�-period, or about 36 � 45 %, but about 20� 23 % when the power is on. Quen
hing of N2(A
3Σ+

u ) on the wall has a roughly31 � 37 % 
ontribution during the o� period but 16 � 21 % during the on-period.Ex
itation transfer, rea
tion (3.40), has a roughly 20 � 26 % 
ontribution duringthe o�-period but 10 � 16 % during the on-period.The rea
tion rates for the 
reation and destru
tion of the ground state nitrogenatom N(4S) are shown in �gures 5.11(a) and (b), respe
tively. The ground statenitrogen atom N(4S) is predominantly 
reated by wall quen
hing of N(2D) andN(2P) during the o�-period, having a 34 � 38 % 
ontribution when the power ison. Ele
tron impa
t de-ex
itation of N(2D) has a 10 � 25 % 
ontribution during theon-period, but de
reasing rapidly when the power is turned o�. Wall re
ombinationof N+ only has a slight e�e
t, being around 6 % when the power is on and around2 % when it is o�. Ele
tron impa
t disso
iation of N2(X
1Σ+

g , v) are signi�
antpro
esses during the on-period, 
ombined 
ontributing roughly 25 � 46 %.As seen in �gure 5.11(b), N(4S) atoms are lost predominantly by wall re
om-bination during the o�-period and by ele
tron impa
t ex
itation to N(2D) duringthe on-period. Ex
itation transfer, rea
tion (3.40), has a roughly 11 � 16 % 
ontri-bution during the o�-period, but is negligible during the on-period. The 
ombined
ontribution of ele
tron impa
t ionization and pumping of N(4S) out of the 
ham-ber is roughly 6 % when the power is o�, but is negligible when the power ison. Ele
tron impa
t ex
itation to N(2P) has around 15 % 
ontribution during theon-period, but is negligible when the power is o�.The rea
tion rates for the 
reation and destru
tion of the metastable nitrogenatom N(2D) are shown in �gures 5.12(a) and (b), respe
tively. The N(2D) isentirely 
reated by disso
iative re
ombination, rea
tions (3.13) � (3.15), during the
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Figure 5.11: The rea
tion rates for (a) the 
reation and (b) the destru
tion ofthe N(4S) atom versus time over a single pulsed power period.o�-period, whereas ele
tron impa
t ex
itation of N(4S) is the dominating pro
esswhen the power is o�, with a roughly 65 � 76 % 
ontribution. Ele
tron impa
tdisso
iation of N2(X
1Σ+

g , v = 0− 6) has a 
ombined 
ontribution of about 15 � 32% during the on-period, but is negligible when the power is o�.As seen in �gure 5.12(b), N(2D) atoms are mostly lost by quen
hing at the wall,
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Figure 5.12: The rea
tion rates for (a) the 
reation and (b) the destru
tion ofthe N(2D) atom versus time over a single pulsed power period.
ontributing 41 � 55 % during the on-period but in
reasing to about 89 % at theend of the o�-period. Ele
tron impa
t de-ex
itation to N(4S) has about 20 � 34% 
ontribution when the power is on, but de
reasing rapidly on
e the power hasbeen turned o�. Ele
tron impa
t ex
itation to N(2P) is responsible for about 13� 17 % of the N(2D) loss during the on-period, but is negligible when the poweris o�. Re
ombination of N(2D) on the wall has around 10 % 
ontribution during
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Figure 5.13: The rea
tion rates for (a) the 
reation and (b) the destru
tion ofthe N(2P) atom versus time over a single pulsed power period.the o�-period, but around 5 % when the power is on, whi
h is very similar to theele
tron impa
t ionization 
ontribution.The rea
tion rates for the 
reation and destru
tion of the metastable nitrogenatom N(2P) are shown in �gures 5.13(a) and (b), respe
tively. Although onlyhaving a 7 % 
ontribution during the on-time, the metastable nitrogen atom N(2P)is mostly 
reated by transfer of ex
itation from N2(A
3Σ+

u ), rea
tion (3.40), when
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hargethe power is o�. Disso
iative re
ombination, rea
tion (3.15), is responsible for therest of the N(2P) 
reation during the o�-period, having a 
ontribution of roughly 7� 21 %. Ele
tron impa
t ex
itation of N(4S) and N(2D) is the dominating 
reationme
hanism when the power is on, ea
h 
ontributing roughly 60 � 68 % and 23 � 32%, respe
tively.As seen in �gure 5.13(b), N(2P) atoms are primarily lost by wall quen
hing, the
ontribution being around 87 % during the o�-period and about 38 � 51 % duringthe on-period. Wall re
ombination is small during both periods, its 
ontributionbeing around 10 % when the power is o� and around 5 % when it is on. Ele
tronimpa
t ionization and pumping of N(2P) out of the 
hamber have a 
ombined
ontribution of about 5 � 9 % when the power is on, but are negligible when it iso�. Ele
tron impa
t de-ex
itation to N(4S) and N(2D) is responsible for the restof the N(2P) 
reation during the on-time, ea
h having a 
ontribution of roughly 8� 15 % and 26 � 37 %, respe
tively.The rea
tion rates for the 
reation and destru
tion of the N+ ion are shownin �gures 5.14(a) and (b), respe
tively. The atomi
 ion N+ is entirely 
reated by
harge transfer, rea
tion (3.22), when the power is o�, although that pro
ess isnegligible when the power is on. The ele
tron impa
t ionization of N(4S), N(2D)and N(2P) are responsible for most of the N+ 
reation during the on-period, ea
hhaving a 
ontribution of roughly 34 � 49 %, 31 � 41 % and 10 � 13 %, respe
tively.Disso
iative ex
itation, rea
tion (3.17), has no 
ontribution during the o�-period orat the start of the pulse, but in
reases to roughly 11 % at the end of the on-period.As seen in �gure 5.14(b), the N+ ion is almost entirely lost to wall re
ombinationduring the on-period. The 
ontribution of 
harge transfer, rea
tion (3.23), in
reaseswhen the power is turned o�, but is at most roughly 10 % at the end of the pulse,wall re
ombination being responsible for the rest.
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Figure 5.14: The rea
tion rates for (a) the 
reation and (b) the destru
tion ofthe N+ ion versus time over a single pulsed power period.The rea
tion rates for the 
reation and destru
tion of the N+
2 ion are shownin �gures 5.15(a) and (b), respe
tively. The N+

2 ion is entirely 
reated by 
hargetransfer, rea
tion (3.23), and asso
iative ionization, rea
tion (3.52) when the poweris o�, ea
h having a 
ontribution of around 31 and 69 %, respe
tively. Ele
tronimpa
t ionization of N2(X
1Σ+

g , v = 0), N2(X
1Σ+

g , v = 1 − 6) and N2(A
3Σ+

u ) areresponsible for the N+
2 
reation during the on-period, ea
h having a 
ontribution



182 The pulsed-power dis
harge

0 25 50 75 100
0

0.2

0.4

0.6

0.8

1

 

 

Ioniz. of N
2
(X,v=0)

Ioniz. of N
2
(X,v>0)

Ioniz. of N
2
(A)

Associative ioniz.

Charge Transf.PSfrag repla
ements
(a)

(b)(
)(d) t [µse
℄
R i/ΣR i

0 25 50 75 100
0

0.2

0.4

0.6

0.8

1

 

 

Diss. rec.

Wall rec.

Diss. excitation of N
2
+

PSfrag repla
ements(a)
(b)

(
)(d) t [µse
℄
R i/ΣR i

Figure 5.15: The rea
tion rates for (a) the 
reation and (b) the destru
tion ofthe N+
2 ion versus time over a single pulsed power period.of roughly 35 � 42 %, 53 � 55 % and 4 � 9 %, respe
tively.As seen in �gure 5.15(b), disso
iative re
ombination of N+

2 , rea
tions (3.13) to(3.15), is the primary loss 
hannel of N+
2 when the power is o�, having around 86 %
ontribution, but is also very important during the on-period, having a 
ontributionof roughly 17 � 36 %. Re
ombination of N+

2 on the wall is responsible for the restof the loss during the o�-period and is the primary loss 
hannel when the power is
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Figure 5.16: The rea
tion rates for (a) the 
reation and (b) the destru
tion ofthe N+
3 ion versus time over a single pulsed power period.on, having a 
ontribution of roughly 53 � 72 %. Disso
iative ex
itation, rea
tion(3.17), is negligible during the o�-period, but has around 10 % 
ontribution whenthe power is on.The rea
tion rates for the 
reation and destru
tion of the N+

3 ion are shownin �gures 5.16(a) and (b), respe
tively. The 
reation me
hanism for N+
3 does not
hange when the power is pulsed, the rearrangement of N+

2 
hemi
al bonds, re-a
tion (3.44), being entirely responsible for all N+
3 
reation during both on- and
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hargeo�-periods.As seen in �gure 4.28(b), with a 
ontribution of around 86 %, N+
3 is predom-inantly lost by disso
iative re
ombination, rea
tion (3.19), during the o�-period.Disso
iative re
ombination is also very important when the power is on, havingabout 24 � 48 % 
ontribution. Re
ombination of N+

3 on the wall has less than 4% 
ontribution during the o�-period, but is very important during the on-period,having roughly 38 � 58 % 
ontribution. The de
omposition of N+
3 , rea
tion (3.45),has around 15 % 
ontribution when the power is on, de
reasing to around 10 %after the power has been turned o�The rea
tion rates for the 
reation and destru
tion of the N+

4 ion are shownin �gures 5.17(a) and (b), respe
tively. N+
4 ions are predominantly 
reated byasso
iative ionization, rea
tion (3.53), the 
ontribution being over 90 % whetherthe power is on or o�. The 
ombined 
ontribution of three body asso
iation,rea
tion (3.49), is at most roughly 8 % soon after the power is turned on, butde
reases to around 5 % towards the end of the pulse.As seen in �gure 5.17(b), N+

4 are entirely lost by disso
iative re
ombination ofN+
4 , rea
tion (3.21), when the power is o� and is also the dominant loss me
hanismduring the on-period. Re
ombination of N+

4 on the wall is responsible for the restof the N+
4 loss during the on-period, having a 
ontribution of roughly 6 � 15 %.
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Figure 5.17: The rea
tion rates for (a) the 
reation and (b) the destru
tion ofthe N+
4 ion versus time over a single pulsed power period.





Chapter 6
Con
lusion
We �nd that the nitrogen dis
harge is essentially atomi
 when the pressure is around1 mTorr but is highly mole
ular when the pressure is 100 mTorr. The model 
al
u-lations of the ele
tron temperature, ele
tron density and ion fra
tions are in goodagreement with measurements. However, our predi
tion of the density of neutrals,in parti
ular the atomi
 density, are signi�
antly larger than measured values. Thisindi
ates that the disso
iation 
ross se
tion is still questionable, likely being signi�-
antly too large, parti
ularly for the disso
iation of N2(X

1Σ+
g , v > 0). The densityof vibrationally ex
ited ground state mole
ules N2(X

1Σ+
g , v > 1) is negligible whenthe pressure is about 1 mTorr but in
reases rapidly as the pressure is in
reased,being a substantial part of the total mole
ular density when the pressure is above10 mTorr. The atomi
 density also depends strongly on the absorbed power, thedis
harge being essentially atomi
 when the absorbed power is very high but highlymole
ular when the absorbed power is very low. The gas �owrate has very littlee�e
t on the plasma parameters when below 100 s

m, the dis
harge be
omingsomewhat more mole
ular when the �owrate is in
reased to 1000 s

m. Changing



188 Con
lusionthe ele
tron energy distribution fun
tion from Maxwellian to Druyvesteyn a�e
tsmostly the density of ex
ited spe
ies, ground state spe
ies being more importantwhen the distribution is Druyvesteyn-like. The gas temperature has a similar ef-fe
t, the density of ex
ited spe
ies de
reasing with in
reasing gas temperature. Thewall quen
hing 
oe�
ient of the ex
ited spe
ies in the dis
harge must be relativelylarge, above roughly 0.1, to have any e�e
t on the plasma parameters, then onlyde
reasing the ex
ited spe
ies density. The wall re
ombination 
oe�
ient 
ontrolsthe disso
iation fra
tion in the dis
harge, being highly mole
ular when the valueis unity and highly atomi
 when the value approa
hes zero. Yet, the ele
tron tem-perature is independent of the wall re
ombination 
oe�
ient. The atomi
 densityand ele
tron density de
rease rapidly when the 
hamber dimensions are in
reased,although a unity aspe
t ratio seems to be preferred. Neutral atoms are mostly
reated by ele
tron impa
t disso
iation of neutral nitrogen mole
ules, although the
ontribution of wall re
ombination of N+ in
reases with de
reasing pressure anda

ounts for about half the overall 
reation of neutral atoms at 1 mTorr. Neutralatoms are similarly lost mostly by re
ombination at the wall, ex
ept at 1 mTorrwhere pumping of atoms out of the 
hamber and ele
tron impa
t ionization a

ountfor more than half the loss. Disso
iative re
ombination of N+
2 is very importantfor the loss of free ele
trons at high pressure. When the power is pulsed the den-sity of the atomi
 ion N+ is most signi�
antly a�e
ted, with the [N+℄/ne fra
tionin
reasing far beyond the disso
iation fra
tion when the modulation frequen
y orduty ratio is low. As a 
onsequen
e the ele
tron density in
reases 
ompared tothe 
orresponding steady state 
al
ulation. Ele
tron 
ollision pro
esses generallydominate the 
reation and loss of the various spe
ies in the dis
harge when thepower is turned on. When the power is o� the ele
tron temperature drops rapidlyand, as a 
onsequen
e, the 
ontribution of 
onventional ele
tron-neutral 
ollision



189pro
esses qui
kly be
omes negligible. As su
h, neutral atoms are 
reated mostlyby disso
iative re
ombination of N+
2 during the o�-period, but by ele
tron impa
tdisso
iation during the on-period. Disso
iative re
ombination of N+

2 is also thedominant loss pro
ess of N+
2 during the o�-period. The loss me
hanism of N+does however not 
hange signi�
antly when the power is turned o�, the ion beingprimarily lost by wall re
ombination with the power either on or o�.Overall, the model seems to des
ribe the nitrogen dis
harge quite well in 
om-parison to measurements. The ex
eption to this is the density of neutral atomswhi
h seems to be signi�
antly too large. However, the measurements themselvesare not all in good agreement with ea
h other. In some 
ases, the atomi
 den-sity has been measured simultaneously by two or more di�erent methods, yieldingvastly di�erent results. Assuming that the model a
tually overestimates the den-sity of neutral atoms, the fault must be that the ele
tron impa
t disso
iation 
rossse
tion is substantially too large. This may well be the 
ase, sin
e it has beensuggested elsewhere that the disso
iation 
ross se
tion may be too large by a fa
torof 10. The disso
iation 
ross se
tion must therefore be 
onsidered to be in doubt.However, if the fra
tion of neutral atoms de
reases in our model, the fra
tion ofthe N+ ion would inevitably be mu
h lower as well, whi
h is in disagreement withmeasurements. In this respe
t, we feel that the measurements are also in
onsistent.Given the apparent di�
ulty with the measurement of the only parameter that ourmodel is not in good agreement with, we are quite satis�ed with the a

ura
y ofthe model 
al
ulations. Sin
e nitrogen dis
harges are 
ommonly diluted, the moststraightforward addition to this model is to dilute the nitrogen with argon. Theaddition of hydrogen to the gas is mu
h more 
ompli
ated, but may neverthelessbe of even more interest. This will hopefully be the subje
t of future studies.
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Appendix A
The nitrogen rea
tion set
The rea
tions that are used in the model and their rate 
oe�
ients are given in thetables below. The usage of the rea
tions and rate 
oe�
ient is identi
al to the rep-resentation here, sin
e the tables are automati
ally generated ea
h time the modelis loaded. In table A.1 is a summary of ele
tron 
ollision rea
tions and their rate
oe�
ients, 
al
ulated for a Maxwellian distribution of ele
tron energy. A sum-mary of rea
tions involving 
ollisions of two and three heavy spe
ies and their rate
oe�
ients as a fun
tion of gas temperature is given in tables A.2 and A.3, respe
-tively. In table A.4 intera
tions with the wall and the equations used to 
al
ulatethe 
orresponding rate 
oe�
ients are summarized. The transition frequen
y foropti
al emission from ex
ited spe
ies is summarized in table A.5. Rea
tions repre-senting pumping of gaseous spe
ies in and out of the gas 
hamber and the equationsdes
ribing their rate 
oe�
ient are summarized in table A.6. Furthermore, a sum-mary of the rate 
oe�
ients and the energy losses of pro
esses leading to the lossof ele
tron energy is given in tables A.7 and A.8 for 
ollisions with the ground statenitrogen mole
ule and the ground state nitrogen atom, respe
tively.



194 The nitrogen rea
tion setTable A.1: Ele
tron impa
t rate 
oe�
ients.Rea
tion Rate 
oe�
ient [m3/s℄ Referen
ee + N+
2

−→ N(D) + N(D) 8.93 × 10−15 Te
−0.30 175‡e + N+

2 −→ N(S) + N(D) 6.46 × 10−15 Te
−0.30 175‡e + N+

2 −→ N(S) + N(P) 3.61 × 10−15 Te
−0.30 175‡e + N+

2
−→ N(D) + N+ + e 3.72 × 10−14 Te

0.24 e−8.63/Te 16‡e + N+
2

−→ N+ + N+ + e + e 3.74 × 10−16 Te
1.48 e−25.00/Te 16‡e + N+

3 −→ N2(A) + N(S) 1.61 × 10−14 Te
−0.50 124‡e + N+

3 −→ N2(X, v=0) + N(P) 1.61 × 10−14 Te
−0.50 124‡e + N+

4
−→ N2(X, v=0) + N2(A) 3.20 × 10−13 Te

−0.50 124e + N2(X, v=0) −→ N+
2

+ e + e 1.17 × 10−14 Te
0.67 e−17.84/Te 231e + N2(X, v=0) −→ N(D) + N+ + e + e 5.88 × 10−16 Te
1.17 e−22.36/Te 231e + N2(X, v=0) −→ N+ + N+ + e + e + e 9.95 × 10−16 Te
0.56 e−43.62/Te 231e + N2(X, v=1) −→ N+

2
+ e + e 1.41 × 10−14 Te

0.60 e−18.06/Te 231∗e + N2(X, v=1) −→ N(D) + N+ + e + e 4.95 × 10−16 Te
1.22 e−21.66/Te 231∗e + N2(X, v=1) −→ N+ + N+ + e + e + e 9.86 × 10−16 Te
0.56 e−43.32/Te 231∗e + N2(X, v=2) −→ N+

2 + e + e 1.32 × 10−14 Te
0.62 e−17.65/Te 231∗e + N2(X, v=2) −→ N(D) + N+ + e + e 4.14 × 10−16 Te
1.28 e−20.95/Te 231∗e + N2(X, v=2) −→ N+ + N+ + e + e + e 9.77 × 10−16 Te
0.56 e−43.03/Te 231∗e + N2(X, v=3) −→ N+

2 + e + e 1.13 × 10−14 Te
0.67 e−17.03/Te 231∗e + N2(X, v=3) −→ N(D) + N+ + e + e 4.06 × 10−16 Te
1.28 e−20.65/Te 231∗e + N2(X, v=3) −→ N+ + N+ + e + e + e 9.68 × 10−16 Te
0.57 e−42.74/Te 231∗e + N2(X, v=4) −→ N+

2 + e + e 1.57 × 10−14 Te
0.56 e−17.62/Te 231∗e + N2(X, v=4) −→ N(D) + N+ + e + e 4.11 × 10−16 Te
1.28 e−20.45/Te 231∗e + N2(X, v=4) −→ N+ + N+ + e + e + e 9.59 × 10−16 Te
0.57 e−42.46/Te 231∗e + N2(X, v=5) −→ N+

2
+ e + e 1.53 × 10−14 Te

0.57 e−17.31/Te 231∗e + N2(X, v=5) −→ N(D) + N+ + e + e 4.29 × 10−16 Te
1.26 e−20.31/Te 231∗e + N2(X, v=5) −→ N+ + N+ + e + e + e 9.50 × 10−16 Te
0.57 e−42.18/Te 231∗e + N2(X, v=6) −→ N+

2
+ e + e 1.57 × 10−14 Te

0.56 e−17.13/Te 231∗e + N2(X, v=6) −→ N(D) + N+ + e + e 4.25 × 10−16 Te
1.26 e−20.05/Te 231∗e + N2(X, v=6) −→ N+ + N+ + e + e + e 9.42 × 10−16 Te
0.57 e−41.90/Te 231∗e + N2(A) −→ N+

2 + e + e 1.08 × 10−14 Te
0.71 e−12.04/Te 231∗‡e + N2(A) −→ N(D) + N+ + e + e 6.47 × 10−16 Te
1.17 e−16.80/Te 231∗‡e + N2(A) −→ N+ + N+ + e + e + e 9.51 × 10−16 Te
0.61 e−37.29/Te 231∗‡e + N(S) −→ N+ + e + e 4.99 × 10−15 Te
0.77 e−15.24/Te 119e + N(D) −→ N+ + e + e 1.67 × 10−14 Te
0.50 e−13.07/Te 119e + N(P) −→ N+ + e + e 9.42 × 10−15 Te
0.67 e−11.25/Te 119e + N2(X, v=0) −→ N(S) + N(D) + e 1.13 × 10−14 Te
0.52 e−13.56/Te 53e + N2(X, v=1) −→ N(S) + N(D) + e 1.08 × 10−14 Te
0.53 e−13.20/Te 53∗e + N2(X, v=2) −→ N(S) + N(D) + e 1.07 × 10−14 Te
0.53 e−12.94/Te 53∗e + N2(X, v=3) −→ N(S) + N(D) + e 7.62 × 10−15 Te
0.64 e−11.90/Te 53∗e + N2(X, v=4) −→ N(S) + N(D) + e 7.56 × 10−15 Te
0.65 e−11.67/Te 53∗e + N2(X, v=5) −→ N(S) + N(D) + e 1.04 × 10−14 Te
0.54 e−12.20/Te 53∗e + N2(X, v=6) −→ N(S) + N(D) + e 8.82 × 10−15 Te
0.59 e−11.58/Te 53∗e + N2(A) −→ N(S) + N(D) + e 6.33 × 10−15 Te
0.67 e−7.32/Te 53∗e + N2(X, v=0) −→ N2(A) + e 1.53 × 10−14 Te
−0.49 e−8.68/Te 108e + N2(X, v=1) −→ N2(A) + e 1.52 × 10−14 Te
−0.49 e−8.44/Te 108∗e + N2(X, v=2) −→ N2(A) + e 1.42 × 10−14 Te
−0.47 e−8.09/Te 108∗e + N2(X, v=3) −→ N2(A) + e 1.37 × 10−14 Te
−0.46 e−7.81/Te 108∗e + N2(X, v=4) −→ N2(A) + e 1.34 × 10−14 Te
−0.46 e−7.55/Te 108∗e + N2(X, v=5) −→ N2(A) + e 1.30 × 10−14 Te
−0.46 e−7.30/Te 108∗e + N2(X, v=6) −→ N2(A) + e 1.27 × 10−14 Te
−0.45 e−7.05/Te 108∗e + N2(X, v=0) −→ N2(X, v=1) + e 7.85 × 10−14 Te
−1.45 e−2.44/Te 194

∗Obtained by redu
ing the threshold of the 
ross se
tion.
†Obtained by applying the prin
iple of detailed balan
ing on the 
ross se
tion.
‡Magnitude of 
ross se
tion 
hanged (see text).



195Table A.1: (
ontinued)Rea
tion Rate 
oe�
ient [m3/s℄ Referen
ee + N2(X, v=0) −→ N2(X, v=2) + e 4.00 × 10−14 Te
−1.46 e−2.38/Te 194e + N2(X, v=0) −→ N2(X, v=3) + e 2.22 × 10−14 Te
−1.47 e−2.38/Te 194e + N2(X, v=0) −→ N2(X, v=4) + e 1.33 × 10−14 Te
−1.47 e−2.42/Te 194e + N2(X, v=0) −→ N2(X, v=5) + e 9.23 × 10−15 Te
−1.48 e−2.53/Te 194e + N2(X, v=0) −→ N2(X, v=6) + e 5.87 × 10−15 Te
−1.48 e−2.68/Te 194e + N2(X, v=1) −→ N2(X, v=2) + e 6.79 × 10−14 Te
−1.43 e−2.30/Te 64e + N2(X, v=1) −→ N2(X, v=3) + e 3.17 × 10−14 Te
−1.44 e−2.31/Te 64e + N2(X, v=1) −→ N2(X, v=4) + e 1.75 × 10−14 Te
−1.46 e−2.40/Te 64e + N2(X, v=2) −→ N2(X, v=3) + e 5.88 × 10−14 Te
−1.41 e−2.40/Te 64e + N2(X, v=2) −→ N2(X, v=4) + e 2.82 × 10−14 Te
−1.42 e−2.37/Te 64e + N2(X, v=2) −→ N2(X, v=5) + e 1.71 × 10−14 Te
−1.44 e−2.39/Te 64e + N2(X, v=3) −→ N2(X, v=4) + e 5.37 × 10−14 Te
−1.40 e−2.42/Te 64e + N2(X, v=3) −→ N2(X, v=5) + e 2.62 × 10−14 Te
−1.41 e−2.41/Te 64e + N2(X, v=3) −→ N2(X, v=6) + e 1.57 × 10−14 Te
−1.43 e−2.46/Te 64e + N2(X, v=1) −→ N2(X, v=0) + e 7.83 × 10−14 Te
−1.45 e−2.16/Te 64†e + N2(X, v=2) −→ N2(X, v=1) + e 6.74 × 10−14 Te
−1.42 e−2.01/Te 64†e + N2(X, v=2) −→ N2(X, v=0) + e 4.01 × 10−14 Te
−1.46 e−1.81/Te 64†e + N2(X, v=3) −→ N2(X, v=2) + e 5.83 × 10−14 Te
−1.41 e−2.10/Te 64†e + N2(X, v=3) −→ N2(X, v=1) + e 3.19 × 10−14 Te
−1.45 e−1.76/Te 64†e + N2(X, v=3) −→ N2(X, v=0) + e 2.20 × 10−14 Te
−1.47 e−1.51/Te 64†e + N(S) −→ N(D) + e 2.74 × 10−14 Te
−0.40 e−3.35/Te 228e + N(S) −→ N(P) + e 9.11 × 10−15 Te
−0.45 e−4.80/Te 228e + N(D) −→ N(P) + e 1.01 × 10−14 Te
−0.18 e−3.94/Te 228e + N2(A) −→ N2(X, v=0) + e 4.95 × 10−15 Te
−0.47 e−2.50/Te 108†e + N(P) −→ N(D) + e 1.64 × 10−14 Te
−0.17 e−2.69/Te 228†e + N(D) −→ N(S) + e 1.00 × 10−14 Te
−0.36 e−0.83/Te 228†e + N(P) −→ N(S) + e 5.45 × 10−15 Te
−0.41 e−1.05/Te 228†e + N2(X, v=1) −→ N2(X, v=5) + e 1.40 × 10−14 Te
−1.46 e−2.40/Te 64∗‡e + N2(X, v=1) −→ N2(X, v=6) + e 1.29 × 10−14 Te
−1.46 e−2.40/Te 64∗‡e + N2(X, v=2) −→ N2(X, v=6) + e 1.53 × 10−14 Te
−1.44 e−2.39/Te 64∗‡e + N2(X, v=4) −→ N2(X, v=5) + e 4.49 × 10−14 Te
−1.39 e−2.17/Te 64∗‡e + N2(X, v=4) −→ N2(X, v=6) + e 2.12 × 10−14 Te
−1.41 e−2.16/Te 64∗‡e + N2(X, v=5) −→ N2(X, v=6) + e 3.93 × 10−14 Te
−1.39 e−1.95/Te 64∗‡e + N2(X, v=5) −→ N2(X, v=1) + e 1.11 × 10−14 Te
−1.45 e−1.27/Te 64†‡e + N2(X, v=6) −→ N2(X, v=1) + e 9.52 × 10−15 Te
−1.46 e−1.01/Te 64†‡e + N2(X, v=6) −→ N2(X, v=2) + e 1.35 × 10−14 Te
−1.43 e−1.27/Te 64†‡e + N2(X, v=5) −→ N2(X, v=4) + e 4.17 × 10−14 Te
−1.39 e−1.88/Te 64†‡e + N2(X, v=6) −→ N2(X, v=4) + e 1.96 × 10−14 Te
−1.42 e−1.64/Te 64†‡e + N2(X, v=6) −→ N2(X, v=5) + e 3.73 × 10−14 Te
−1.41 e−1.71/Te 64†‡e + N2(X, v=4) −→ N2(X, v=1) + e 1.74 × 10−14 Te
−1.45 e−1.55/Te 64†e + N2(X, v=4) −→ N2(X, v=2) + e 2.83 × 10−14 Te
−1.43 e−1.81/Te 64†e + N2(X, v=5) −→ N2(X, v=2) + e 1.69 × 10−14 Te
−1.43 e−1.53/Te 64†e + N2(X, v=4) −→ N2(X, v=3) + e 5.29 × 10−14 Te
−1.39 e−2.12/Te 64†e + N2(X, v=5) −→ N2(X, v=3) + e 2.57 × 10−14 Te
−1.40 e−1.84/Te 64†e + N2(X, v=6) −→ N2(X, v=3) + e 1.59 × 10−14 Te
−1.43 e−1.65/Te 64†e + N2(X, v=4) −→ N2(X, v=0) + e 1.32 × 10−14 Te
−1.47 e−1.28/Te 194†e + N2(X, v=5) −→ N2(X, v=0) + e 9.19 × 10−15 Te
−1.47 e−1.12/Te 194†e + N2(X, v=6) −→ N2(X, v=0) + e 5.87 × 10−15 Te
−1.48 e−1.00/Te 194†e + N2(A) −→ N2(X, v=1) + e 4.79 × 10−15 Te
−0.47 e−2.50/Te 108†e + N2(A) −→ N2(X, v=2) + e 4.65 × 10−15 Te
−0.46 e−2.51/Te 108†e + N2(A) −→ N2(X, v=3) + e 4.48 × 10−15 Te
−0.45 e−2.50/Te 108†e + N2(A) −→ N2(X, v=4) + e 4.35 × 10−15 Te
−0.45 e−2.51/Te 108†

∗Obtained by redu
ing the threshold of the 
ross se
tion.
†Obtained by applying the prin
iple of detailed balan
ing on the 
ross se
tion.
‡Magnitude of 
ross se
tion 
hanged (see text).



196 The nitrogen rea
tion setTable A.1: (
ontinued)Rea
tion Rate 
oe�
ient [m3/s℄ Referen
ee + N2(A) −→ N2(X, v=5) + e 4.17 × 10−15 Te
−0.44 e−2.50/Te 108†e + N2(A) −→ N2(X, v=6) + e 4.02 × 10−15 Te
−0.43 e−2.50/Te 108†

†Obtained by applying the prin
iple of detailed balan
ing on the 
ross se
tion.Table A.2: Rate 
oe�
ients for 
ollisions of two gaseous spe
iesRea
tion Rate 
oe�
ient [m3/s℄ Referen
eN(S) + N+
2

−→ N2(X, v=3) + N+ 7.20 × 10−19 (300/Tg)−1.00 124N(D) + N+
2 −→ N2(X, v=6) + N+ 7.20 × 10−19 (300/Tg)−1.00 124N(P) + N+
2 −→ N2(X, v=6) + N+ 7.20 × 10−19 (300/Tg)−1.00 124N2(X, v=3) + N+ −→ N(S) + N+

2
2.00 × 10−17 e

−2829/Tg 223N2(X, v=4) + N+ −→ N(S) + N+
2

2.00 × 10−17 223N2(X, v=5) + N+ −→ N(S) + N+
2 2.00 × 10−17 223N2(X, v=6) + N+ −→ N(S) + N+
2 2.00 × 10−17 223N2(A) + N+ −→ N(P) + N+

2
2.00 × 10−17 223N2(X, v=0) + N2(A) −→ N2(X, v=0) + N2(X, v=0) 3.00 × 10−24 124, 102N2(X, v=1) + N2(A) −→ N2(X, v=0) + N2(X, v=1) 3.00 × 10−24 124, 102N2(X, v=2) + N2(A) −→ N2(X, v=0) + N2(X, v=2) 3.00 × 10−24 124, 102N2(X, v=3) + N2(A) −→ N2(X, v=0) + N2(X, v=3) 3.00 × 10−24 124, 102N2(X, v=4) + N2(A) −→ N2(X, v=0) + N2(X, v=4) 3.00 × 10−24 124, 102N2(X, v=5) + N2(A) −→ N2(X, v=0) + N2(X, v=5) 3.00 × 10−24 124, 102N2(X, v=6) + N2(A) −→ N2(X, v=0) + N2(X, v=6) 3.00 × 10−24 124, 102N2(A) + N2(A) −→ N2(X, v=0) + N2(A) 3.50 × 10−16 102, 180N2(X, v=0) + N(D) −→ N2(X, v=0) + N(S) 1.30 × 10−20 219N2(X, v=1) + N(D) −→ N2(X, v=1) + N(S) 1.30 × 10−20 219N2(X, v=2) + N(D) −→ N2(X, v=2) + N(S) 1.30 × 10−20 219N2(X, v=3) + N(D) −→ N2(X, v=3) + N(S) 1.30 × 10−20 219N2(X, v=4) + N(D) −→ N2(X, v=4) + N(S) 1.30 × 10−20 219N2(X, v=5) + N(D) −→ N2(X, v=5) + N(S) 1.30 × 10−20 219N2(X, v=6) + N(D) −→ N2(X, v=6) + N(S) 1.30 × 10−20 219N2(A) + N(D) −→ N2(A) + N(S) 1.30 × 10−20 219N2(X, v=0) + N(P) −→ N2(X, v=0) + N(S) 3.30 × 10−23 219N2(X, v=1) + N(P) −→ N2(X, v=1) + N(S) 3.30 × 10−23 219N2(X, v=2) + N(P) −→ N2(X, v=2) + N(S) 3.30 × 10−23 219N2(X, v=3) + N(P) −→ N2(X, v=3) + N(S) 3.30 × 10−23 219N2(X, v=4) + N(P) −→ N2(X, v=4) + N(S) 3.30 × 10−23 219N2(X, v=5) + N(P) −→ N2(X, v=5) + N(S) 3.30 × 10−23 219N2(X, v=6) + N(P) −→ N2(X, v=6) + N(S) 3.30 × 10−23 219N2(A) + N(P) −→ N2(A) + N(S) 3.30 × 10−23 219N(S) + N(P) −→ N(S) + N(S) 6.20 × 10−19 246N(D) + N(P) −→ N(S) + N(D) 6.20 × 10−19 246N(P) + N(P) −→ N(S) + N(P) 6.20 × 10−19 246N2(A) + N(S) −→ N2(X, v=0) + N(P) 4.00 × 10−17 182N(D) + N(P) −→ N+

2 + e 1.00 × 10−18 124N(P) + N(P) −→ N+
2

+ e 1.00 × 10−18 124N2(A) + N2(A) −→ N+
4

+ e 1.00 × 10−19 81N2(A) + N+
2 −→ N(S) + N+

3 5.50 × 10−17 30N(S) + N+
3 −→ N2(A) + N+

2 6.60 × 10−17 124N(D) + N+
3

−→ N2(A) + N+
2

6.60 × 10−17 124



197Table A.2: (
ontinued)Rea
tion Rate 
oe�
ient [m3/s℄ Referen
eN(P) + N+
3

−→ N2(A) + N+
2

6.60 × 10−17 124N(S) + N+
4

−→ N2(X, v=0) + N2(X, v=0) + N+ 1.00 × 10−17 124N(D) + N+
4 −→ N2(X, v=4) + N2(X, v=4) + N+ 1.00 × 10−17 124N(P) + N+
4 −→ N2(X, v=6) + N2(X, v=6) + N+ 1.00 × 10−17 124N2(X, v=0) + N+

4
−→ N2(X, v=0) + N2(X, v=0) + N+

2
8.67 × 10−23 (300/Tg)−6.45e

900/Tg 81, 225N2(X, v=1) + N+
4

−→ N2(X, v=0) + N2(X, v=1) + N+
2

8.67 × 10−23 (300/Tg)−6.45e
900/Tg 81, 225N2(X, v=2) + N+

4 −→ N2(X, v=0) + N2(X, v=2) + N+
2 8.67 × 10−23 (300/Tg)−6.45e

900/Tg 81, 225N2(X, v=3) + N+
4

−→ N2(X, v=0) + N2(X, v=3) + N+
2

8.67 × 10−23 (300/Tg)−6.45e900/Tg 81, 225N2(X, v=4) + N+
4

−→ N2(X, v=0) + N2(X, v=4) + N+
2

8.67 × 10−23 (300/Tg)−6.45e
900/Tg 81, 225N2(X, v=5) + N+

4 −→ N2(X, v=0) + N2(X, v=5) + N+
2 8.67 × 10−23 (300/Tg)−6.45e

900/Tg 81, 225N2(X, v=6) + N+
4 −→ N2(X, v=0) + N2(X, v=6) + N+

2 8.67 × 10−23 (300/Tg)−6.45e
900/Tg 81, 225N2(A) + N+

4
−→ N2(X, v=0) + N2(A) + N+

2
8.67 × 10−23 (300/Tg)−6.45e900/Tg 81, 225N2(X, v=0) + N2(X, v=1) −→ N2(X, v=0) + N2(X, v=0) 5.19 × 10−28 (300/Tg)−8.51 22N2(X, v=1) + N2(X, v=1) −→ N2(X, v=0) + N2(X, v=1) 5.19 × 10−28 (300/Tg)−8.51 22N2(X, v=1) + N2(X, v=2) −→ N2(X, v=0) + N2(X, v=2) 5.19 × 10−28 (300/Tg)−8.51 22N2(X, v=1) + N2(X, v=3) −→ N2(X, v=0) + N2(X, v=3) 5.19 × 10−28 (300/Tg)−8.51 22N2(X, v=1) + N2(X, v=4) −→ N2(X, v=0) + N2(X, v=4) 5.19 × 10−28 (300/Tg)−8.51 22N2(X, v=1) + N2(X, v=5) −→ N2(X, v=0) + N2(X, v=5) 5.19 × 10−28 (300/Tg)−8.51 22N2(X, v=1) + N2(X, v=6) −→ N2(X, v=0) + N2(X, v=6) 5.19 × 10−28 (300/Tg)−8.51 22N2(X, v=0) + N2(X, v=2) −→ N2(X, v=0) + N2(X, v=1) 1.15 × 10−27 (300/Tg)−8.54 22N2(X, v=1) + N2(X, v=2) −→ N2(X, v=1) + N2(X, v=1) 1.15 × 10−27 (300/Tg)−8.54 22N2(X, v=2) + N2(X, v=2) −→ N2(X, v=1) + N2(X, v=2) 1.15 × 10−27 (300/Tg)−8.54 22N2(X, v=2) + N2(X, v=3) −→ N2(X, v=1) + N2(X, v=3) 1.15 × 10−27 (300/Tg)−8.54 22N2(X, v=2) + N2(X, v=4) −→ N2(X, v=1) + N2(X, v=4) 1.15 × 10−27 (300/Tg)−8.54 22N2(X, v=2) + N2(X, v=5) −→ N2(X, v=1) + N2(X, v=5) 1.15 × 10−27 (300/Tg)−8.54 22N2(X, v=2) + N2(X, v=6) −→ N2(X, v=1) + N2(X, v=6) 1.15 × 10−27 (300/Tg)−8.54 22N2(X, v=0) + N2(X, v=3) −→ N2(X, v=0) + N2(X, v=2) 2.18 × 10−27 (300/Tg)−8.53 22N2(X, v=1) + N2(X, v=3) −→ N2(X, v=1) + N2(X, v=2) 2.18 × 10−27 (300/Tg)−8.53 22N2(X, v=2) + N2(X, v=3) −→ N2(X, v=2) + N2(X, v=2) 2.18 × 10−27 (300/Tg)−8.53 22N2(X, v=3) + N2(X, v=3) −→ N2(X, v=2) + N2(X, v=3) 2.18 × 10−27 (300/Tg)−8.53 22N2(X, v=3) + N2(X, v=4) −→ N2(X, v=2) + N2(X, v=4) 2.18 × 10−27 (300/Tg)−8.53 22N2(X, v=3) + N2(X, v=5) −→ N2(X, v=2) + N2(X, v=5) 2.18 × 10−27 (300/Tg)−8.53 22N2(X, v=3) + N2(X, v=6) −→ N2(X, v=2) + N2(X, v=6) 2.18 × 10−27 (300/Tg)−8.53 22N2(X, v=0) + N2(X, v=4) −→ N2(X, v=0) + N2(X, v=3) 4.32 × 10−27 (300/Tg)−8.30 22N2(X, v=1) + N2(X, v=4) −→ N2(X, v=1) + N2(X, v=3) 4.32 × 10−27 (300/Tg)−8.30 22N2(X, v=2) + N2(X, v=4) −→ N2(X, v=2) + N2(X, v=3) 4.32 × 10−27 (300/Tg)−8.30 22N2(X, v=3) + N2(X, v=4) −→ N2(X, v=3) + N2(X, v=3) 4.32 × 10−27 (300/Tg)−8.30 22N2(X, v=4) + N2(X, v=4) −→ N2(X, v=3) + N2(X, v=4) 4.32 × 10−27 (300/Tg)−8.30 22N2(X, v=4) + N2(X, v=5) −→ N2(X, v=3) + N2(X, v=5) 4.32 × 10−27 (300/Tg)−8.30 22N2(X, v=4) + N2(X, v=6) −→ N2(X, v=3) + N2(X, v=6) 4.32 × 10−27 (300/Tg)−8.30 22N2(X, v=0) + N2(X, v=5) −→ N2(X, v=0) + N2(X, v=4) 6.87 × 10−27 (300/Tg)−8.27 22N2(X, v=1) + N2(X, v=5) −→ N2(X, v=1) + N2(X, v=4) 6.87 × 10−27 (300/Tg)−8.27 22N2(X, v=2) + N2(X, v=5) −→ N2(X, v=2) + N2(X, v=4) 6.87 × 10−27 (300/Tg)−8.27 22N2(X, v=3) + N2(X, v=5) −→ N2(X, v=3) + N2(X, v=4) 6.87 × 10−27 (300/Tg)−8.27 22N2(X, v=4) + N2(X, v=5) −→ N2(X, v=4) + N2(X, v=4) 6.87 × 10−27 (300/Tg)−8.27 22N2(X, v=5) + N2(X, v=5) −→ N2(X, v=4) + N2(X, v=5) 6.87 × 10−27 (300/Tg)−8.27 22N2(X, v=5) + N2(X, v=6) −→ N2(X, v=4) + N2(X, v=6) 6.87 × 10−27 (300/Tg)−8.27 22N2(X, v=0) + N2(X, v=6) −→ N2(X, v=0) + N2(X, v=5) 1.10 × 10−26 (300/Tg)−8.15 22N2(X, v=1) + N2(X, v=6) −→ N2(X, v=1) + N2(X, v=5) 1.10 × 10−26 (300/Tg)−8.15 22N2(X, v=2) + N2(X, v=6) −→ N2(X, v=2) + N2(X, v=5) 1.10 × 10−26 (300/Tg)−8.15 22N2(X, v=3) + N2(X, v=6) −→ N2(X, v=3) + N2(X, v=5) 1.10 × 10−26 (300/Tg)−8.15 22N2(X, v=4) + N2(X, v=6) −→ N2(X, v=4) + N2(X, v=5) 1.10 × 10−26 (300/Tg)−8.15 22N2(X, v=5) + N2(X, v=6) −→ N2(X, v=5) + N2(X, v=5) 1.10 × 10−26 (300/Tg)−8.15 22N2(X, v=6) + N2(X, v=6) −→ N2(X, v=5) + N2(X, v=6) 1.10 × 10−26 (300/Tg)−8.15 22



198 The nitrogen rea
tion setTable A.2: (
ontinued)Rea
tion Rate 
oe�
ient [m3/s℄ Referen
eN2(X, v=3) + N2(A) −→ N2(X, v=0) + N2(A) 3.00 × 10−17 e
−3757/Tg 181N2(X, v=4) + N2(A) −→ N2(X, v=0) + N2(A) 3.00 × 10−17 e
−533/Tg 181N2(X, v=5) + N2(A) −→ N2(X, v=0) + N2(A) 3.00 × 10−17 181N2(X, v=6) + N2(A) −→ N2(X, v=0) + N2(A) 3.00 × 10−17 181N2(X, v=1) + N2(X, v=1) −→ N2(X, v=0) + N2(X, v=2) 1.73 × 10−20 (300/Tg)−1.42 22N2(X, v=1) + N2(X, v=2) −→ N2(X, v=0) + N2(X, v=3) 2.18 × 10−20 (300/Tg)−1.54 22N2(X, v=1) + N2(X, v=3) −→ N2(X, v=0) + N2(X, v=4) 2.60 × 10−20 (300/Tg)−1.55 22N2(X, v=1) + N2(X, v=4) −→ N2(X, v=0) + N2(X, v=5) 2.80 × 10−20 (300/Tg)−1.63 22N2(X, v=1) + N2(X, v=5) −→ N2(X, v=0) + N2(X, v=6) 3.09 × 10−20 (300/Tg)−1.63 22N2(X, v=0) + N2(X, v=2) −→ N2(X, v=1) + N2(X, v=1) 1.73 × 10−20 (300/Tg)−1.42e

−42/Tg 22N2(X, v=2) + N2(X, v=2) −→ N2(X, v=1) + N2(X, v=3) 5.20 × 10−20 (300/Tg)−1.42 22‡N2(X, v=2) + N2(X, v=3) −→ N2(X, v=1) + N2(X, v=4) 5.82 × 10−20 (300/Tg)−1.54 22‡N2(X, v=2) + N2(X, v=4) −→ N2(X, v=1) + N2(X, v=5) 6.51 × 10−20 (300/Tg)−1.55 22‡N2(X, v=2) + N2(X, v=5) −→ N2(X, v=1) + N2(X, v=6) 6.72 × 10−20 (300/Tg)−1.63 22‡N2(X, v=0) + N2(X, v=3) −→ N2(X, v=1) + N2(X, v=2) 2.18 × 10−20 (300/Tg)−1.54e
−82/Tg 22N2(X, v=1) + N2(X, v=3) −→ N2(X, v=2) + N2(X, v=2) 5.20 × 10−20 (300/Tg)−1.42e−40/Tg 22‡N2(X, v=3) + N2(X, v=3) −→ N2(X, v=2) + N2(X, v=4) 1.04 × 10−19 (300/Tg)−1.42 22‡N2(X, v=3) + N2(X, v=4) −→ N2(X, v=2) + N2(X, v=5) 1.09 × 10−19 (300/Tg)−1.54 22‡N2(X, v=3) + N2(X, v=5) −→ N2(X, v=2) + N2(X, v=6) 1.17 × 10−19 (300/Tg)−1.55 22‡N2(X, v=0) + N2(X, v=4) −→ N2(X, v=1) + N2(X, v=3) 2.60×10−20 (300/Tg)−1.55e

−124/Tg 22N2(X, v=1) + N2(X, v=4) −→ N2(X, v=2) + N2(X, v=3) 5.82 × 10−20 (300/Tg)−1.54e
−82/Tg 22‡N2(X, v=2) + N2(X, v=4) −→ N2(X, v=3) + N2(X, v=3) 1.04 × 10−19 (300/Tg)−1.42e
−42/Tg 22‡N2(X, v=4) + N2(X, v=4) −→ N2(X, v=3) + N2(X, v=5) 1.73 × 10−19 (300/Tg)−1.42 22‡N2(X, v=4) + N2(X, v=5) −→ N2(X, v=3) + N2(X, v=6) 1.75 × 10−19 (300/Tg)−1.54 22‡N2(X, v=0) + N2(X, v=5) −→ N2(X, v=1) + N2(X, v=4) 2.80×10−20 (300/Tg)−1.63e

−165/Tg 22N2(X, v=1) + N2(X, v=5) −→ N2(X, v=2) + N2(X, v=4) 6.51×10−20 (300/Tg)−1.55e
−124/Tg 22‡N2(X, v=2) + N2(X, v=5) −→ N2(X, v=3) + N2(X, v=4) 1.09 × 10−19 (300/Tg)−1.54e−83/Tg 22‡N2(X, v=3) + N2(X, v=5) −→ N2(X, v=4) + N2(X, v=4) 1.73 × 10−19 (300/Tg)−1.42e
−42/Tg 22‡N2(X, v=5) + N2(X, v=5) −→ N2(X, v=4) + N2(X, v=6) 2.60 × 10−19 (300/Tg)−1.42 22‡N2(X, v=0) + N2(X, v=6) −→ N2(X, v=1) + N2(X, v=5) 3.09×10−20 (300/Tg)−1.63e

−204/Tg 22N2(X, v=1) + N2(X, v=6) −→ N2(X, v=2) + N2(X, v=5) 6.72×10−20 (300/Tg)−1.63e−162/Tg 22‡N2(X, v=2) + N2(X, v=6) −→ N2(X, v=3) + N2(X, v=5) 1.17×10−19 (300/Tg)−1.55e
−122/Tg 22‡N2(X, v=3) + N2(X, v=6) −→ N2(X, v=4) + N2(X, v=5) 1.75 × 10−19 (300/Tg)−1.54e
−80/Tg 22‡N2(X, v=4) + N2(X, v=6) −→ N2(X, v=5) + N2(X, v=5) 2.60 × 10−19 (300/Tg)−1.42e
−39/Tg 22‡

‡Magnitude of 
ross se
tion 
hanged (see text).Table A.3: Rate 
oe�
ients for 
ollisions of three gaseous spe
ies.Rea
tion Rate 
oe�
ient [m6/s℄ Referen
eN2(X, v=0) + N(S) + N(S) −→ N2(X, v=0) + N2(X, v=0) 8.27 × 10−46 e500/Tg 124, 81N2(X, v=0) + N(S) + N(D) −→ N2(X, v=0) + N2(X, v=1) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=0) + N(S) + N(P) −→ N2(X, v=0) + N2(X, v=3) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=0) + N(D) + N(D) −→ N2(X, v=0) + N2(X, v=3) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=0) + N(D) + N(P) −→ N2(X, v=0) + N2(X, v=6) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=0) + N(P) + N(P) −→ N2(X, v=0) + N2(A) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=1) + N(S) + N(S) −→ N2(X, v=0) + N2(X, v=1) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=1) + N(S) + N(D) −→ N2(X, v=1) + N2(X, v=1) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=1) + N(S) + N(P) −→ N2(X, v=1) + N2(X, v=3) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=1) + N(D) + N(D) −→ N2(X, v=1) + N2(X, v=3) 8.27 × 10−46 e
500/Tg 124, 81



199Table A.3: (
ontinued)Rea
tion Rate 
oe�
ient [m6/s℄ Referen
eN2(X, v=1) + N(D) + N(P) −→ N2(X, v=1) + N2(X, v=6) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=1) + N(P) + N(P) −→ N2(X, v=1) + N2(A) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=2) + N(S) + N(S) −→ N2(X, v=0) + N2(X, v=2) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=2) + N(S) + N(D) −→ N2(X, v=1) + N2(X, v=2) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=2) + N(S) + N(P) −→ N2(X, v=2) + N2(X, v=3) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=2) + N(D) + N(D) −→ N2(X, v=2) + N2(X, v=3) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=2) + N(D) + N(P) −→ N2(X, v=2) + N2(X, v=6) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=2) + N(P) + N(P) −→ N2(X, v=2) + N2(A) 8.27 × 10−46 e500/Tg 124, 81N2(X, v=3) + N(S) + N(S) −→ N2(X, v=0) + N2(X, v=3) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=3) + N(S) + N(D) −→ N2(X, v=1) + N2(X, v=3) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=3) + N(S) + N(P) −→ N2(X, v=3) + N2(X, v=3) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=3) + N(D) + N(D) −→ N2(X, v=3) + N2(X, v=3) 8.27 × 10−46 e500/Tg 124, 81N2(X, v=3) + N(D) + N(P) −→ N2(X, v=3) + N2(X, v=6) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=3) + N(P) + N(P) −→ N2(X, v=3) + N2(A) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=4) + N(S) + N(S) −→ N2(X, v=0) + N2(X, v=4) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=4) + N(S) + N(D) −→ N2(X, v=1) + N2(X, v=4) 8.27 × 10−46 e500/Tg 124, 81N2(X, v=4) + N(S) + N(P) −→ N2(X, v=3) + N2(X, v=4) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=4) + N(D) + N(D) −→ N2(X, v=3) + N2(X, v=4) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=4) + N(D) + N(P) −→ N2(X, v=4) + N2(X, v=6) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=4) + N(P) + N(P) −→ N2(X, v=4) + N2(A) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=5) + N(S) + N(S) −→ N2(X, v=0) + N2(X, v=5) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=5) + N(S) + N(D) −→ N2(X, v=1) + N2(X, v=5) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=5) + N(S) + N(P) −→ N2(X, v=3) + N2(X, v=5) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=5) + N(D) + N(D) −→ N2(X, v=3) + N2(X, v=5) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=5) + N(D) + N(P) −→ N2(X, v=5) + N2(X, v=6) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=5) + N(P) + N(P) −→ N2(X, v=5) + N2(A) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=6) + N(S) + N(S) −→ N2(X, v=0) + N2(X, v=6) 8.27 × 10−46 e500/Tg 124, 81N2(X, v=6) + N(S) + N(D) −→ N2(X, v=1) + N2(X, v=6) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=6) + N(S) + N(P) −→ N2(X, v=3) + N2(X, v=6) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=6) + N(D) + N(D) −→ N2(X, v=3) + N2(X, v=6) 8.27 × 10−46 e
500/Tg 124, 81N2(X, v=6) + N(D) + N(P) −→ N2(X, v=6) + N2(X, v=6) 8.27 × 10−46 e500/Tg 124, 81N2(X, v=6) + N(P) + N(P) −→ N2(X, v=6) + N2(A) 8.27 × 10−46 e
500/Tg 124, 81N2(A) + N(S) + N(S) −→ N2(X, v=0) + N2(A) 8.27 × 10−46 e
500/Tg 124, 81N2(A) + N(S) + N(D) −→ N2(X, v=1) + N2(A) 8.27 × 10−46 e
500/Tg 124, 81N2(A) + N(S) + N(P) −→ N2(X, v=3) + N2(A) 8.27 × 10−46 e500/Tg 124, 81N2(A) + N(D) + N(D) −→ N2(X, v=3) + N2(A) 8.27 × 10−46 e
500/Tg 124, 81N2(A) + N(D) + N(P) −→ N2(X, v=6) + N2(A) 8.27 × 10−46 e
500/Tg 124, 81N2(A) + N(P) + N(P) −→ N2(A) + N2(A) 8.27 × 10−46 e
500/Tg 124, 81N(S) + N(S) + N(S) −→ N2(X, v=0) + N(S) 1.00 × 10−44 81N(S) + N(S) + N(D) −→ N2(X, v=1) + N(S) 1.00 × 10−44 81N(S) + N(S) + N(P) −→ N2(X, v=3) + N(S) 1.00 × 10−44 81N(S) + N(D) + N(D) −→ N2(X, v=3) + N(S) 1.00 × 10−44 81N(S) + N(D) + N(P) −→ N2(X, v=6) + N(S) 1.00 × 10−44 81N(S) + N(P) + N(P) −→ N2(A) + N(S) 1.00 × 10−44 81N(D) + N(D) + N(D) −→ N2(X, v=3) + N(D) 1.00 × 10−44 81N(D) + N(D) + N(P) −→ N2(X, v=6) + N(D) 1.00 × 10−44 81N(D) + N(P) + N(P) −→ N2(A) + N(D) 1.00 × 10−44 81N(P) + N(P) + N(P) −→ N2(A) + N(P) 1.00 × 10−44 81N2(X, v=0) + N(S) + N+ −→ N2(X, v=0) + N+

2 1.00 × 10−41 124N2(X, v=1) + N(S) + N+ −→ N2(X, v=1) + N+
2

1.00 × 10−41 124N2(X, v=2) + N(S) + N+ −→ N2(X, v=2) + N+
2

1.00 × 10−41 124N2(X, v=3) + N(S) + N+ −→ N2(X, v=3) + N+
2 1.00 × 10−41 124N2(X, v=4) + N(S) + N+ −→ N2(X, v=4) + N+
2 1.00 × 10−41 124N2(X, v=5) + N(S) + N+ −→ N2(X, v=5) + N+
2

1.00 × 10−41 124



200 The nitrogen rea
tion setTable A.3: (
ontinued)Rea
tion Rate 
oe�
ient [m6/s℄ Referen
eN2(X, v=6) + N(S) + N+ −→ N2(X, v=6) + N+
2

1.00 × 10−41 124N2(A) + N(S) + N+ −→ N2(A) + N+
2

1.00 × 10−41 124N2(X, v=0) + N(D) + N+ −→ N2(X, v=0) + N+
2 1.00 × 10−41 124N2(X, v=1) + N(D) + N+ −→ N2(X, v=1) + N+
2 1.00 × 10−41 124N2(X, v=2) + N(D) + N+ −→ N2(X, v=2) + N+
2

1.00 × 10−41 124N2(X, v=3) + N(D) + N+ −→ N2(X, v=3) + N+
2

1.00 × 10−41 124N2(X, v=4) + N(D) + N+ −→ N2(X, v=4) + N+
2 1.00 × 10−41 124N2(X, v=5) + N(D) + N+ −→ N2(X, v=5) + N+
2

1.00 × 10−41 124N2(X, v=6) + N(D) + N+ −→ N2(X, v=6) + N+
2

1.00 × 10−41 124N2(A) + N(D) + N+ −→ N2(A) + N+
2 1.00 × 10−41 124N2(X, v=0) + N(P) + N+ −→ N2(X, v=0) + N+

2 1.00 × 10−41 124N2(X, v=1) + N(P) + N+ −→ N2(X, v=1) + N+
2

1.00 × 10−41 124N2(X, v=2) + N(P) + N+ −→ N2(X, v=2) + N+
2

1.00 × 10−41 124N2(X, v=3) + N(P) + N+ −→ N2(X, v=3) + N+
2 1.00 × 10−41 124N2(X, v=4) + N(P) + N+ −→ N2(X, v=4) + N+
2 1.00 × 10−41 124N2(X, v=5) + N(P) + N+ −→ N2(X, v=5) + N+
2

1.00 × 10−41 124N2(X, v=6) + N(P) + N+ −→ N2(X, v=6) + N+
2

1.00 × 10−41 124N2(A) + N(P) + N+ −→ N2(A) + N+
2 1.00 × 10−41 124N2(X, v=0) + N2(X, v=0) + N+

2 −→ N2(X, v=0) + N+
4 5.20 × 10−41 (300/Tg)2.20 96N2(X, v=0) + N2(X, v=1) + N+

2
−→ N2(X, v=0) + N+

4
5.20 × 10−41 (300/Tg)2.20 96N2(X, v=0) + N2(X, v=2) + N+

2
−→ N2(X, v=0) + N+

4
5.20 × 10−41 (300/Tg)2.20 96N2(X, v=0) + N2(X, v=3) + N+

2 −→ N2(X, v=0) + N+
4 5.20 × 10−41 (300/Tg)2.20 96N2(X, v=0) + N2(X, v=4) + N+

2 −→ N2(X, v=0) + N+
4 5.20 × 10−41 (300/Tg)2.20 96N2(X, v=0) + N2(X, v=5) + N+

2
−→ N2(X, v=0) + N+

4
5.20 × 10−41 (300/Tg)2.20 96N2(X, v=0) + N2(X, v=6) + N+

2
−→ N2(X, v=0) + N+

4
5.20 × 10−41 (300/Tg)2.20 96N2(X, v=0) + N2(A) + N+

2 −→ N2(X, v=0) + N+
4 5.20 × 10−41 (300/Tg)2.20 96N2(X, v=1) + N2(X, v=1) + N+

2
−→ N2(X, v=1) + N+

4
5.20 × 10−41 (300/Tg)2.20 96N2(X, v=1) + N2(X, v=2) + N+

2
−→ N2(X, v=1) + N+

4
5.20 × 10−41 (300/Tg)2.20 96N2(X, v=1) + N2(X, v=3) + N+

2 −→ N2(X, v=1) + N+
4 5.20 × 10−41 (300/Tg)2.20 96N2(X, v=1) + N2(X, v=4) + N+

2 −→ N2(X, v=1) + N+
4 5.20 × 10−41 (300/Tg)2.20 96N2(X, v=1) + N2(X, v=5) + N+

2
−→ N2(X, v=1) + N+

4
5.20 × 10−41 (300/Tg)2.20 96N2(X, v=1) + N2(X, v=6) + N+

2
−→ N2(X, v=1) + N+

4
5.20 × 10−41 (300/Tg)2.20 96N2(X, v=1) + N2(A) + N+

2 −→ N2(X, v=1) + N+
4 5.20 × 10−41 (300/Tg)2.20 96N2(X, v=2) + N2(X, v=2) + N+

2 −→ N2(X, v=2) + N+
4 5.20 × 10−41 (300/Tg)2.20 96N2(X, v=2) + N2(X, v=3) + N+

2
−→ N2(X, v=2) + N+

4
5.20 × 10−41 (300/Tg)2.20 96N2(X, v=2) + N2(X, v=4) + N+

2
−→ N2(X, v=2) + N+

4
5.20 × 10−41 (300/Tg)2.20 96N2(X, v=2) + N2(X, v=5) + N+

2 −→ N2(X, v=2) + N+
4 5.20 × 10−41 (300/Tg)2.20 96N2(X, v=2) + N2(X, v=6) + N+

2 −→ N2(X, v=2) + N+
4 5.20 × 10−41 (300/Tg)2.20 96N2(X, v=2) + N2(A) + N+

2
−→ N2(X, v=2) + N+

4
5.20 × 10−41 (300/Tg)2.20 96N2(X, v=3) + N2(X, v=3) + N+

2
−→ N2(X, v=3) + N+

4
5.20 × 10−41 (300/Tg)2.20 96N2(X, v=3) + N2(X, v=4) + N+

2 −→ N2(X, v=3) + N+
4 5.20 × 10−41 (300/Tg)2.20 96N2(X, v=3) + N2(X, v=5) + N+

2 −→ N2(X, v=3) + N+
4 5.20 × 10−41 (300/Tg)2.20 96N2(X, v=3) + N2(X, v=6) + N+

2
−→ N2(X, v=3) + N+

4
5.20 × 10−41 (300/Tg)2.20 96N2(X, v=3) + N2(A) + N+

2
−→ N2(X, v=3) + N+

4
5.20 × 10−41 (300/Tg)2.20 96N2(X, v=4) + N2(X, v=4) + N+

2 −→ N2(X, v=4) + N+
4 5.20 × 10−41 (300/Tg)2.20 96N2(X, v=4) + N2(X, v=5) + N+

2
−→ N2(X, v=4) + N+

4
5.20 × 10−41 (300/Tg)2.20 96N2(X, v=4) + N2(X, v=6) + N+

2
−→ N2(X, v=4) + N+

4
5.20 × 10−41 (300/Tg)2.20 96N2(X, v=4) + N2(A) + N+

2 −→ N2(X, v=4) + N+
4 5.20 × 10−41 (300/Tg)2.20 96N2(X, v=5) + N2(X, v=5) + N+

2 −→ N2(X, v=5) + N+
4 5.20 × 10−41 (300/Tg)2.20 96N2(X, v=5) + N2(X, v=6) + N+

2
−→ N2(X, v=5) + N+

4
5.20 × 10−41 (300/Tg)2.20 96N2(X, v=5) + N2(A) + N+

2
−→ N2(X, v=5) + N+

4
5.20 × 10−41 (300/Tg)2.20 96N2(X, v=6) + N2(X, v=6) + N+

2 −→ N2(X, v=6) + N+
4 5.20 × 10−41 (300/Tg)2.20 96N2(X, v=6) + N2(A) + N+

2 −→ N2(X, v=6) + N+
4 5.20 × 10−41 (300/Tg)2.20 96N2(A) + N2(A) + N+

2
−→ N2(A) + N+

4
5.20 × 10−41 (300/Tg)2.20 96



201Table A.3: (
ontinued)Rea
tion Rate 
oe�
ient [m6/s℄ Referen
eN2(X, v=0) + N2(X, v=0) + N+ −→ N2(X, v=0) + N+
3

1.70 × 10−41 (300/Tg)2.10 96N2(X, v=0) + N2(X, v=1) + N+ −→ N2(X, v=0) + N+
3

1.70 × 10−41 (300/Tg)2.10 96N2(X, v=0) + N2(X, v=2) + N+ −→ N2(X, v=0) + N+
3 1.70 × 10−41 (300/Tg)2.10 96N2(X, v=0) + N2(X, v=3) + N+ −→ N2(X, v=0) + N+
3 1.70 × 10−41 (300/Tg)2.10 96N2(X, v=0) + N2(X, v=4) + N+ −→ N2(X, v=0) + N+
3

1.70 × 10−41 (300/Tg)2.10 96N2(X, v=0) + N2(X, v=5) + N+ −→ N2(X, v=0) + N+
3

1.70 × 10−41 (300/Tg)2.10 96N2(X, v=0) + N2(X, v=6) + N+ −→ N2(X, v=0) + N+
3 1.70 × 10−41 (300/Tg)2.10 96N2(X, v=0) + N2(A) + N+ −→ N2(X, v=0) + N+

3
1.70 × 10−41 (300/Tg)2.10 96N2(X, v=1) + N2(X, v=1) + N+ −→ N2(X, v=1) + N+

3
1.70 × 10−41 (300/Tg)2.10 96N2(X, v=1) + N2(X, v=2) + N+ −→ N2(X, v=1) + N+

3 1.70 × 10−41 (300/Tg)2.10 96N2(X, v=1) + N2(X, v=3) + N+ −→ N2(X, v=1) + N+
3 1.70 × 10−41 (300/Tg)2.10 96N2(X, v=1) + N2(X, v=4) + N+ −→ N2(X, v=1) + N+
3

1.70 × 10−41 (300/Tg)2.10 96N2(X, v=1) + N2(X, v=5) + N+ −→ N2(X, v=1) + N+
3

1.70 × 10−41 (300/Tg)2.10 96N2(X, v=1) + N2(X, v=6) + N+ −→ N2(X, v=1) + N+
3 1.70 × 10−41 (300/Tg)2.10 96N2(X, v=1) + N2(A) + N+ −→ N2(X, v=1) + N+

3 1.70 × 10−41 (300/Tg)2.10 96N2(X, v=2) + N2(X, v=2) + N+ −→ N2(X, v=2) + N+
3

1.70 × 10−41 (300/Tg)2.10 96N2(X, v=2) + N2(X, v=3) + N+ −→ N2(X, v=2) + N+
3

1.70 × 10−41 (300/Tg)2.10 96N2(X, v=2) + N2(X, v=4) + N+ −→ N2(X, v=2) + N+
3 1.70 × 10−41 (300/Tg)2.10 96N2(X, v=2) + N2(X, v=5) + N+ −→ N2(X, v=2) + N+
3 1.70 × 10−41 (300/Tg)2.10 96N2(X, v=2) + N2(X, v=6) + N+ −→ N2(X, v=2) + N+
3

1.70 × 10−41 (300/Tg)2.10 96N2(X, v=2) + N2(A) + N+ −→ N2(X, v=2) + N+
3

1.70 × 10−41 (300/Tg)2.10 96N2(X, v=3) + N2(X, v=3) + N+ −→ N2(X, v=3) + N+
3 1.70 × 10−41 (300/Tg)2.10 96N2(X, v=3) + N2(X, v=4) + N+ −→ N2(X, v=3) + N+
3 1.70 × 10−41 (300/Tg)2.10 96N2(X, v=3) + N2(X, v=5) + N+ −→ N2(X, v=3) + N+
3

1.70 × 10−41 (300/Tg)2.10 96N2(X, v=3) + N2(X, v=6) + N+ −→ N2(X, v=3) + N+
3

1.70 × 10−41 (300/Tg)2.10 96N2(X, v=3) + N2(A) + N+ −→ N2(X, v=3) + N+
3 1.70 × 10−41 (300/Tg)2.10 96N2(X, v=4) + N2(X, v=4) + N+ −→ N2(X, v=4) + N+

3
1.70 × 10−41 (300/Tg)2.10 96N2(X, v=4) + N2(X, v=5) + N+ −→ N2(X, v=4) + N+

3
1.70 × 10−41 (300/Tg)2.10 96N2(X, v=4) + N2(X, v=6) + N+ −→ N2(X, v=4) + N+

3 1.70 × 10−41 (300/Tg)2.10 96N2(X, v=4) + N2(A) + N+ −→ N2(X, v=4) + N+
3 1.70 × 10−41 (300/Tg)2.10 96N2(X, v=5) + N2(X, v=5) + N+ −→ N2(X, v=5) + N+

3
1.70 × 10−41 (300/Tg)2.10 96N2(X, v=5) + N2(X, v=6) + N+ −→ N2(X, v=5) + N+

3
1.70 × 10−41 (300/Tg)2.10 96N2(X, v=5) + N2(A) + N+ −→ N2(X, v=5) + N+

3 1.70 × 10−41 (300/Tg)2.10 96N2(X, v=6) + N2(X, v=6) + N+ −→ N2(X, v=6) + N+
3 1.70 × 10−41 (300/Tg)2.10 96N2(X, v=6) + N2(A) + N+ −→ N2(X, v=6) + N+

3
1.70 × 10−41 (300/Tg)2.10 96N2(A) + N2(A) + N+ −→ N2(A) + N+

3
1.70 × 10−41 (300/Tg)2.10 96N2(X, v=0) + N(S) + N+

2 −→ N2(X, v=0) + N+
3 9.00 × 10−42 e

400/Tg 124N2(X, v=1) + N(S) + N+
2 −→ N2(X, v=1) + N+

3 9.00 × 10−42 e
400/Tg 124N2(X, v=2) + N(S) + N+

2
−→ N2(X, v=2) + N+

3
9.00 × 10−42 e

400/Tg 124N2(X, v=3) + N(S) + N+
2

−→ N2(X, v=3) + N+
3

9.00 × 10−42 e
400/Tg 124N2(X, v=4) + N(S) + N+

2 −→ N2(X, v=4) + N+
3 9.00 × 10−42 e

400/Tg 124N2(X, v=5) + N(S) + N+
2 −→ N2(X, v=5) + N+

3 9.00 × 10−42 e
400/Tg 124N2(X, v=6) + N(S) + N+

2
−→ N2(X, v=6) + N+

3
9.00 × 10−42 e

400/Tg 124N2(A) + N(S) + N+
2

−→ N2(A) + N+
3

9.00 × 10−42 e
400/Tg 124N2(X, v=0) + N(D) + N+

2 −→ N2(X, v=0) + N+
3 9.00 × 10−42 e

400/Tg 124N2(X, v=1) + N(D) + N+
2

−→ N2(X, v=1) + N+
3

9.00 × 10−42 e400/Tg 124N2(X, v=2) + N(D) + N+
2

−→ N2(X, v=2) + N+
3

9.00 × 10−42 e
400/Tg 124N2(X, v=3) + N(D) + N+

2 −→ N2(X, v=3) + N+
3 9.00 × 10−42 e

400/Tg 124N2(X, v=4) + N(D) + N+
2 −→ N2(X, v=4) + N+

3 9.00 × 10−42 e
400/Tg 124N2(X, v=5) + N(D) + N+

2
−→ N2(X, v=5) + N+

3
9.00 × 10−42 e400/Tg 124N2(X, v=6) + N(D) + N+

2
−→ N2(X, v=6) + N+

3
9.00 × 10−42 e

400/Tg 124N2(A) + N(D) + N+
2 −→ N2(A) + N+

3 9.00 × 10−42 e
400/Tg 124N2(X, v=0) + N(P) + N+

2 −→ N2(X, v=0) + N+
3 9.00 × 10−42 e

400/Tg 124N2(X, v=1) + N(P) + N+
2

−→ N2(X, v=1) + N+
3

9.00 × 10−42 e400/Tg 124



202 The nitrogen rea
tion setTable A.3: (
ontinued)Rea
tion Rate 
oe�
ient [m6/s℄ Referen
eN2(X, v=2) + N(P) + N+
2

−→ N2(X, v=2) + N+
3

9.00 × 10−42 e
400/Tg 124N2(X, v=3) + N(P) + N+

2
−→ N2(X, v=3) + N+

3
9.00 × 10−42 e

400/Tg 124N2(X, v=4) + N(P) + N+
2 −→ N2(X, v=4) + N+

3 9.00 × 10−42 e
400/Tg 124N2(X, v=5) + N(P) + N+

2 −→ N2(X, v=5) + N+
3 9.00 × 10−42 e

400/Tg 124N2(X, v=6) + N(P) + N+
2

−→ N2(X, v=6) + N+
3

9.00 × 10−42 e
400/Tg 124N2(A) + N(P) + N+

2
−→ N2(A) + N+

3
9.00 × 10−42 e

400/Tg 124Table A.4: Wall intera
tions.Rea
tion Rate 
oe�
ient [1/s℄ γN2(X, v = 1) + wall −→ N2(X, v = 0)

2

4

Λ
2
0

DN2(v=1) +
2V (2 − γQ,N2(v=1) )

AvN2(v=1)γQ,N2(v=1) 3

5

−1 1N2(X, v = 2) + wall −→ N2(X, v = 1)

2

4

Λ
2
0

DN2(v=2) +
2V (2 − γQ,N2(v=2) )

AvN2(v=2)γQ,N2(v=2) 3

5

−1 1N2(X, v = 3) + wall −→ N2(X, v = 2)

2

4

Λ
2
0

DN2(v=3) +
2V (2 − γQ,N2(v=3) )

AvN2(v=3)γQ,N2(v=3) 3

5

−1 1N2(X, v = 4) + wall −→ N2(X, v = 3)

2

4

Λ
2
0

DN2(v=4) +
2V (2 − γQ,N2(v=4) )

AvN2(v=4)γQ,N2(v=4) 3

5

−1 1N2(X, v = 5) + wall −→ N2(X, v = 4)

2

4

Λ
2
0

DN2(v=5) +
2V (2 − γQ,N2(v=5) )

AvN2(v=5)γQ,N2(v=5) 3

5

−1 1N2(X, v = 6) + wall −→ N2(X, v = 5)

2

4

Λ
2
0

DN2(v=6) +
2V (2 − γQ,N2(v=6) )

AvN2(v=6)γQ,N2(v=6) 3

5

−1 1N2(A) + wall −→ N2(X, v = 0)

2

4

Λ
2
0

DN2(A)
+

2V (2 − γQ,N2(A)
)

AvN2(A)
γQ,N2(A)

3

5

−1 1N(D) + wall −→ N(S) 2

4

Λ
2
0

DN(D) +
2V (2 − γQ,N(D) )
AvN(D)γQ,N(D) 3

5

−1 0.93N(P) + wall −→ N(S) 2

4

Λ
2
0

DN(P) +
2V (2 − γQ,N(P) )

AvN(P)γQ,N(P) 3

5

−1 0.93N(S) + wall −→ 0.5N2(X, v = 0)

2

4

Λ
2
0

DN(S) +
2V (2 − γre
,N(S) )
AvN(S)γre
,N(S) 3

5

−1 0.07N(D) + wall −→ 0.5N2(X, v = 0)

2

4

Λ
2
0

DN(D) +
2V (2 − γre
,N(D) )
AvN(D)γre
,N(D) 3

5

−1 0.07N(P) + wall −→ 0.5N2(X, v = 0)

2

4

Λ
2
0

DN(P) +
2V (2 − γre
,N(P) )
AvN(P)γre
,N(P) 3

5

−1 0.07N+
2

+ wall −→ N2(X, v = 0) 2u
B,N

+
2

(R2hL + RLhR)/R2LN+ + wall −→ N(S) 2u
B,N+(R2hL + RLhR)/R2LN+

3 + wall −→ N2(X, v = 0) + N(S) 2u
B,N

+
3

(R2hL + RLhR)/R2LN+
4 + wall −→ N2(X, v = 0) + N2(X, v = 0) 2u

B,N
+
4

(R2hL + RLhR)/R2L



203Table A.5: Spontaneous emission of ex
ited spe
ies.Rea
tion Rate 
oe�
ient [1/s℄ Referen
eN2(A) −→ N2(X, v = 0) + ~ω 4.22 × 10−1 184N(P) −→ N(S) + ~ω 5.40 × 10−3 185N(P) −→ N(D) + ~ω 5.30 × 10−2 241N(D) −→ N(S) + ~ω 1.90 × 10−5 241Table A.6: Pumping of spe
ies in and out of the 
hamber.Rea
tion Rate 
oe�
ient [1/s℄[ Pump In ℄ −→ N2(X, v = 0) QN2(X)
/VN2(X, v = 0) −→ [ Pump Out ℄ Qin/pVN2(X, v = 1) −→ [ Pump Out ℄ Qin/pVN2(X, v = 2) −→ [ Pump Out ℄ Qin/pVN2(X, v = 3) −→ [ Pump Out ℄ Qin/pVN2(X, v = 4) −→ [ Pump Out ℄ Qin/pVN2(X, v = 5) −→ [ Pump Out ℄ Qin/pVN2(X, v = 6) −→ [ Pump Out ℄ Qin/pVN2(A) −→ [ Pump Out ℄ Qin/pVN(S) −→ [ Pump Out ℄ Qin/pVN(D) −→ [ Pump Out ℄ Qin/pVN(P) −→ [ Pump Out ℄ Qin/pVN+

2 −→ [ Pump Out ℄ Qin/pVN+ −→ [ Pump Out ℄ Qin/pVN+
3

−→ [ Pump Out ℄ Qin/pVN+
4

−→ [ Pump Out ℄ Qin/pVTable A.7: Ele
tron energy loss by the nitrogen mole
ule, N2(X
1Σ+

g , v = 0).Final state Threshold [eV℄ Rate 
oe�
ient [m3/s℄ Referen
e
N

+
2 15.6 1.04 × 10−14 Te

0.76 e−17.76/Te 231
X 1Σ+

g (v = 0) 3me/mN2(X)
Te 1.09 × 10−13 Te

0.34 e−0.21/Te 69, 108
X 1Σ+

g (v = 0, j = 2) 0.00148 1.16 × 10−13 Te
−1.45 e−2.21/Te 177, 34

X 1Σ+
g (v = 1) 0.289 7.85 × 10−14 Te

−1.45 e−2.44/Te 194
X 1Σ+

g (v = 2) 0.574 4.00 × 10−14 Te
−1.46 e−2.38/Te 194

X 1Σ+
g (v = 3) 0.856 2.22 × 10−14 Te

−1.47 e−2.38/Te 194
X 1Σ+

g (v = 4) 1.13 1.33 × 10−14 Te
−1.47 e−2.42/Te 194

X 1Σ+
g (v = 5) 1.41 9.23 × 10−15 Te

−1.48 e−2.53/Te 194
X 1Σ+

g (v = 6) 1.68 5.87 × 10−15 Te
−1.48 e−2.68/Te 194

A 3Σ+
u 6.17 1.53 × 10−14 Te

−0.49 e−8.68/Te 108
B 3Πg 7.35 3.76 × 10−14 Te

−0.73 e−9.82/Te 108
W 3∆u 7.36 2.05 × 10−14 Te

−0.50 e−10.61/Te 108
B′ 3Σ−

u 8.16 2.29 × 10−14 Te
−0.82 e−12.42/Te 108

a′ 1Σ−
u 8.4 1.18 × 10−14 Te

−0.78 e−10.90/Te 108
a 1Πg 8.55 2.51 × 10−14 Te

−0.30 e−10.24/Te 108
w 1∆u 8.89 1.26 × 10−14 Te

−0.78 e−10.59/Te 108
C 3Πu 11 7.43 × 10−14 Te

−0.86 e−12.66/Te 108



204 The nitrogen rea
tion setTable A.7: (
ontinued)Final state Threshold [eV℄ Rate 
oe�
ient [m3/s℄ Referen
e
E 3Σ+

g 11.9 2.57 × 10−15 Te
−0.74 e−10.93/Te 108

a′′ 1Σ+
g 12.3 5.40 × 10−15 Te

−0.41 e−13.83/Te 108Table A.8: Ele
tron energy loss by the nitrogen atom, N(4S).Final state Threshold [eV℄ Rate 
oe�
ient [m3/s℄ Referen
e
N+ 14.5 4.99 × 10−15 Te

0.77 e−15.24/Te 119
4S 3me/mN(S)Te 4.26 × 10−13 Te

−0.98 e−1.60/Te 189, 162
2D 2.38 2.74 × 10−14 Te

−0.40 e−3.35/Te 228
2P 3.58 9.11 × 10−15 Te

−0.45 e−4.80/Te 228
3s 4P 10.3 7.37 × 10−15 Te

0.37 e−9.06/Te 228
2s2p4 4P 10.9 9.67 × 10−15 Te

0.13 e−11.47/Te 228
4s 4P 12.9 2.37 × 10−15 Te

−0.16 e−13.45/Te 228
3d 4P 13 1.92 × 10−15 Te

0.12 e−13.66/Te 228
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