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AbstratA global (volume averaged) model is developed for a nitrogen disharge for thepressure range 1-100 mTorr. A reation set is reated and the reation rate o-e�ients reviewed and ritially evaluated. The disharge is assumed to onsistof 15 speies of nitrogen; the seven lowest lying vibrational levels of the groundstate nitrogen moleule N2(X
1Σ+

g , v = 0 − 6), the metastable nitrogen moleuleN2(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 eletron energy distribu-tion funtion is allowed to vary from Maxwellian to Druyvesteyn distribution. Fora disharge in the steady state the plasma parameters, suh as the partile densitiesand eletron energy, are presented versus absorbed power, disharge pressure, gas�owrate, gas temperature, eletron energy distribution funtion, wall reombina-tion oe�ient, wall quenhing oe�ient, and hamber dimensions. Furthermore,the global model is applied to investigate the reation rates for the reation andloss of the disharge speies as a funtion of disharge pressure. Additionally, for apulsed power disharge the plasma parameters are presented versus time, frequenyand duty ratio, and the reation rates are investigated as a funtion of time. We�nd that the steady state alulations are in good agreement with measurements,with the exeption of the dissoiation fration. We �nd that the disharge is essen-tially atomi at 1 mTorr, but highly moleular at 100 mTorr. Vibrationally exitednitrogen moleules are found to be important above 10 mTorr, but negligible at 1mTorr. Furthermore, we predit that the N+ density an be inreased signi�antlyby pulsing the power with low values of the modulation frequeny and duty ratio,resulting in a higher eletron density ompared to the steady state alulations.
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Chapter 1
Introdution
Low pressure nitrogen disharges have a wide range of appliations, partiularlywithin the semiondutor industry. They are used as an N atom soure for thegrowth of III-V nitrides in plasma assisted moleular beam epitaxy (Czerwie et al.,2005; Moustakas et al., 1993). The Ar/N2 disharge is applied in reative mag-netron sputtering to grow TiN thin �lms (Tao et al., 2002). Nitridation proessesare applied to form high quality oxynitride �lms that at as a boron di�usion bar-rier for the gate oxide (Niimi and Luovsky, 1999). A mixture of N2/H2 is usedto eth organi �lms with low dieletri onstant (Ishikawa et al., 2006). Nitro-gen disharges are also employed in surfae post-proessing of various metals andalloys. Plasma nitriding is used as an eonomial method to improve hardness,orrosion, wear resistane and surfae quality of stainless steel (Wang et al., 2006;Shah et al., 2008). Additionally, plasma soure ion implantation of nitrogen is usedto substantially redue the wear rate of various alloys (Conrad et al., 1987; Choet al., 2001), ommonly inreasing the lifetime by 2 � 3 orders of magnitude.The volume averaged global model for high density disharges was developed



4 Introdutionby Lieberman and Gottsho (1994) for noble gases and extended to moleular 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 spetrometer mea-surements (Gudmundsson and Lieberman, 1998; Gudmundsson et al., 1999, 2000).A time dependent global model was developed by Ashida et al. (1995) to desribea pulsed disharge and extended to inlude hlorine (Ashida and Lieberman, 1997)and oxygen disharge (Kim et al., 2006). The main idea of a global model is toneglet the omplexity whih arises when spatial variations are onsidered and togenerate a model that enompasses large number of reations in order to modela proessing plasma with a limited omputing power. Thus, the model does notdesribe spatial distribution but aptures salings of plasma parameters with on-trol parameters. The model allows us to investigate various phenomena, suh asthe e�ets of exited speies, negative ions and partiular reations on the overalldisharge.Here a global model of a nitrogen disharge is developed for the pressure regime1 � 100 mTorr. In the model presented here the eletron energy distribution is al-lowed to vary from Maxwellian to Druyvesteyn distribution. Thus, for eletronimpat reations a ross setion is used to alulate the rate oe�ient. The pa-rameters of the global model, inluding the energy balane and partile balane, arede�ned in hapter 2. The reation set is introdued in hapter 3. The steady statenitrogen disharge is disussed in hapter 4. The model alulations are omparedto measured values before evaluating the prodution and loss mehanisms of eahgas speies. Similarly, the pulsed nitrogen disharge is disussed in hapter 5.



Chapter 2
The global (volume averaged)model
We assume a ylindrial stainless steel hamber of radius R and length L. A steady�ow Q of neutral speies is introdued through the inlet. The disharge pressureis maintained by onurrently pumping neutral speies, radials and positive ionsout of the hamber. The operating pressure of the disharge 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�leexept 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 toollisions with ions and exited speies are negleted beause their density is smallin omparison to the density of the ground state neutral speies. Furthermore, forboth positive and negative ions, only singly ionized speies are onsidered, theirdensity being muh larger than of the multiple ionized speies.



6 The global (volume averaged) model2.1 Basi disharge parametersPlasma disharges 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, respetively. Theabove expression is often alled the plasma approximation and is one of the mostbasi priniples in plasma disharge theory. The approximation is generally goodthroughout the disharge, exept for the plasma sheath region, in whih it is notaurate (Lieberman and Lihtenberg, 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 eletron energy.This relation is ommonly known as the Bohm riterion, whih results in an ionveloity exeeding the ion sound veloity in a ollisionless sheath. The Bohmveloity for an ion i, when generalized for an eletronegative plasma, is thereforegiven as (Lieberman and Lihtenberg, 2005, p. 347)
uB,i =

[
eTe(1 + α)

mi(1 + αγ)

]1/2 (2.2)where e = 1.6 × 10−19 C is the eletron harge, Te is the e�etive eletron tem-perature in volts, mi is the mass of the orresponding ion, α = n−/ne is theeletronegativity in the disharge and γ = Te/Ti is the ratio of eletron and iontemperatures.In a disharge onsisting of several gaseous speies and free eletrons, the dif-fusion onstant for the speies α is given by (Lieberman and Lihtenberg, 2005,



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

eTeλ
(α)

m(α)v(α)
(2.3)where v(α) is the mean veloity of the speies α,

v(α) =

(
8eT(α)

πm(α)

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

λ(α)
=

∑

j

njσsc
(α)
j

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

(α)
j

is the sattering ross setionfor the ollision of the speies α with the gas speies j. The ambipolar di�usionoe�ient, when generalized for an eletronegative plasma, is given as (Liebermanand Lihtenberg, 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 speies 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 typefae T refers to a temperature value in Kelvin, whereas the romantypefae T refers to a temperature value in volts.



8 The global (volume averaged) model2.2 E�etive area for partile lossThe e�etive area for ion loss in a ylindrial geometry of radius R and length L isgiven by Lieberman and Gottsho (1994) and Lieberman and Lihtenberg (2005)as
Aeff = 2π(R2hL + 2πRLhR) (2.8)where hR and hL are saling fators that desribe the ratios of sheath versus bulkdensity in the radial and axial diretions, respetively. 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, respetively. These solutionsare not valid at higher pressure where λi ≤ Ti/Te(L, R) and a onstant di�usionoe�ient model is more appropriate. To inlude this regime Lee and Lieberman(1995) developed a heuristi equation, whih, when generalized for an eletroneg-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 eletron energy distribution funtion 9where J1(χ) is the �rst order Bessel funtion, χ01 ≃ 2.405 is the �rst zero of thezero order Bessel funtion J0, α = n−/ne is the eletronegativity of the disharge,
γ = Te/Ti is the fration of the eletron and ion temperatures, Da is the ambipolardi�usion oe�ient, given by equation (2.6), and uB is the Bohm veloity, given byequation (2.2).As λi and Ti are allowed to vary from ion to ion, eah ion is allowed to havedi�erent e�etive area for ion loss, A

(α)
eff . The third term in the expressions forthe saling fators, equations (2.11) and (2.12), were added in this work and werenot inluded in our previous model of the O2/Ar disharge (Gudmundsson andThorsteinsson, 2007b) to aount for di�usion at higher pressures, approximatelyin the range 30 − 100 mTorr. This addition is expeted to derease the e�etivearea for ion loss ompared to previous models sine the saling fators, hL and hR,derease.2.3 The eletron energy distribution funtionIn the global model alulation we assume a partiular eletron energy distributionfuntion for the disharge, the simplest being the Maxwellian-like distribution. Ina apaitively oupled disharge the eletron energy distribution funtion is om-monly found to be bi-Maxwellian (Godyak et al., 1993). For a low pressure (< 30mTorr) indutively oupled disharge, measurements have shown that the eletronenergy distribution is lose to being Maxwellian-like in moleular gases, suh as inN2 and O2 disharges (Gudmundsson et al., 1999; Singh and Graves, 2000a,b). Foratomi gases, most ommonly argon, the eletron 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 eletrons, and the eletron energy distribution more resembles the so alled



10 The global (volume averaged) modelDruyvesteyn distribution, both for atomi (Li, 2006) and moleular gases (Singhand Graves, 2000b). Furthermore, the eletron energy distribution of the nitrogendisharge has a strange anomaly; at low disharge power a hole is often observed ataround 3 eV. This hole has been attributed to the strong vibrational loss propertyof nitrogen disharges (Singh and Graves, 2000b). Beause of these variations in theeletron energy distribution funtion it is important to evaluate the sensitivity ofthe results to the hoie of eletron energy distribution funtion. A suitable methodwould be to ompare the results obtained when assuming a Maxwellian-like eletronenergy distribution to those obtained when assuming a Druyvesteyn-like eletronenergy distribution. A global model of an argon disharge has been developedwhere the eletron 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 eletron energydistribution (bi-Maxwellian) in and argon disharge and ompared the results tomeasurements with a satisfatory outome. However, using a two temperature dis-tribution is not as onvenient as allowing the distribution funtion to vary from aMaxwellian distribution to Druyvesteyn eletron energy distribution funtion. Thereason for this lies in the strong resemblane of the Maxwellian and Druyvesteyndistributions, primarily in their mathematial expressions. A general equation forthe eletron energy distribution funtion, 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 whih depend on the energy E and the dis-



2.3 � The eletron energy distribution funtion 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 eletron energy,
〈E〉 =

3

2
eTe (2.16)and Γ(ξ) is the solution to the gamma funtion with ξ1 = 3/2x and ξ2 = 5/2x.When the eletron energy distribution funtion hanges there are several parame-ters that are a�eted. First and foremost are the rate oe�ients of eletron impatreations that are found by averaging the orresponding ross setion, σ(E), overthe assumed distribution funtion,

K(Te) = 〈σ(E) ve〉 =

(
2 e

me

)1/2
∞∫

0

σ(E) E1/2f(E) dE (2.17)To obtain an analytial expression for the rate oe�ients as a funtion of eletrontemperature we �t the result to the Arrhenius form,
K(Te) = A × Te

B × exp (−C/Te
x) (2.18)For non-eletron impat reation the rate oe�ients do not depend on theenergy of eletrons and are not a�eted by the hoie of the eletron energy dis-tribution funtion. Previous models of moleular disharges (Lee et al., 1994; Leeand Lieberman, 1995; Patel, 1998; Gudmundsson et al., 2001; Kim et al., 2006;Gudmundsson and Thorsteinsson, 2007b) utilize a olletion of reations and rate



12 The global (volume averaged) modeloe�ients that have been averaged over the Maxwellian distribution funtion.Being able to hange the distribution funtion therefore requires a set of reationsand their orresponding eletron energy dependent ross setions instead of simplytheir rate oe�ients. Changing the distribution funtion from a Maxwellian-liketo a Druyvesteyn-like distribution results in lower rate oe�ients for reationsthat have high thresholds, suh as ionization, but may inrease rate oe�ients forreations with low thresholds, in partiular 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 eletron energy is proportional to the square of the eletron veloity, hangingthe energy distribution funtion therefore hanges the average eletron veloity,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 veloity hanges, with the Bohm veloitynow 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 eletron �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 analytial solution when x = 1, for the Maxwellian-likedistribution, but for other values of x the sheath potential has to be determined



2.3 � The eletron energy distribution funtion 13numerially. 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 introduing the hange of variables u = E − Vs and t = (E − Vs)
−1 forthe left and right integrals, respetively, 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) numerially and obtain Vswith an iteration. However, sine the solution depends on both the densities and theeletron temperature, the alulation would need to be done in eah iteration step.This proved to be extremely ine�ient, the model alulations taking roughly 10 �100 times longer to �nish ompared to when an analytial solution of Vs was used.The analytial solution for Vs for a Maxwellian-like eletron energy distributionfuntion, derived from equation (2.21), is
Vs = −Te ln

(

4
niuB

neve

) (2.24)For an argon disharge it has been shown that Vs dereases with an inreasing x(Gudmundsson, 2001). In an attempt to �nd an approximate expression for thesheath potential, a heuristi solution was developed to aount for its dependeny
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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 numerially orret solution, given by equation (2.23), (solid line) in an argondisharge where ni = ne.
of the distribution parameter, x. By �tting the aurate solution of Vs in an argondisharge to a simple power law dependeny of x, we arrive at

Vs = −Te ln

(

4
niuB

neve

)

x−0.43 (2.25)By omparing equation (2.25) to the aurate numerial solution of (2.23) in anargon disharge, 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 eletron 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 eletron-ion pair loss is

ET = Ec + Ee + Ee (2.28)The ollisional energy loss per eletron-ion pair reated, Ec, disussed in setion2.4 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 reations and thereforeany error in ET is mainly attributed to ross setion errors, rather than errors ine.g. Vs. Furthermore, as x inreases there is a steep inrease in the ollisional energyloss, Ec, as an be seen in �gure 2.3. Thus, it has to be onluded that using theheuristi solution for the sheath potential Vs, given by equation (2.25), instead ofthe numerially orret solution, given by equation (2.23), is more than aurateenough, at least for the urrent study.
2.4 The ollisional energy loss per ionization eventCollisional energy loss per eletron-ion pair reated, Ec, is an important parameterin our model sine it represents a signi�ant part of the total power loss inludedin the energy balane equation disussed in setion 2.6.2. Before an eletron-ionpair is reated through ionization, the eletron is likely to have lost a part of itsenergy to proesses suh as exitation or elasti sattering. Thus, assuming a singleionization proess for eah ion, the total ollisional energy loss per eletron-ion pair



16 The global (volume averaged) modelreated is given by (Lieberman and Lihtenberg, 2005, p. 81)
KizEc = KizEiz + KexEex + KelEel (2.29)where K and E refer to the rate oe�ient and eletron energy loss of the ionization,exitation and elasti sattering proesses, and

Eel =
3me

M
(2.30)is the mean eletron energy loss of elasti sattering by a gaseous speies with amass M .The ollisional energy loss is usually found separately for eah neutral speies.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 eletron energy loss of proess
β and speies α, respetively. Nβ,α is the total number of energy loss proesses
β due to ollisions with speies α. The proesses in the sum over β should in-lude all eletron-neutral ollisions, that is all rotational, vibrational and eletroniexitation, dissoiation, attahment and detahment proesses, along with elastiollisions and ionization (Lee and Lieberman, 1995). Here, however, we will onlyinlude elasti, exitation, and basi ionization proesses, as they are expeted todominate other proesses. In any ase, the resulting error should not be largerthan errors arising from e.g. ross setions or the assumption of the eletron energydistribution funtion. For a Maxwellian energy distribution for the eletrons the



2.4 � The ollisional energy loss per ionization event 17exitation proesses are important and ontribute signi�antly to Ec and thus haveto be inluded. However, when assuming a Druyvesteyn energy distribution ofeletrons, even the exitation rate oe�ients ontribute little to Ec, and it wouldbe su�ient to only inlude elasti sattering and ionization proesses in the al-ulation of the ollisional energy loss. This has been on�rmed by alulating theollisional energy loss with and without onsidering eletron energy losses due toexitation. Although the exitation proesses had a signi�ant ontribution for aMaxwellian eletron energy distribution, their ontribution to the total ollisionalenergy loss was negligible for a Druyvesteyn eletron energy distribution.The ollisional energy loss has been alulated for eletron energy losses due toollisions with moleular 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 rosssetions used to alulate the rate oe�ients in equation (2.31) are disussed atlength in hapter 3 (setions 3.2, 3.3 and 3.7 in partiular). The rate oe�ientsand energy loss of eah of the proesses, alulated assuming a Maxwellian eletronenergy distribution, are summarized in tables A.7 and A.8. The ollisional energyloss per eletron-ion pair reated is shown in �gures 2.2 and 2.3. Figure 2.2(a) showsthe ollisional energy loss per eletron-ion pair reated for atomi nitrogen in theground state, N(4S), and moleular nitrogen in the ground state, N2(X
1Σ+

g , v = 0),alulated assuming a Maxwellian-like eletron energy distribution. The ollisionalenergy losses are very similar for the two speies when the eletron temperatureis above 3 V, the ollisional loss of the moleule inreasing signi�antly fasterwhen the eletron temperature dereases any further. The ollisional loss for themoleule is about 4.5× 107 V and about 2× 106 V for the atom when the eletrontemperature is 1 V, but are very similar at 100 V, or roughly 16 V and 18.8 V,respetively. Figure 2.2(b) shows the ollisional loss of the moleular and atomi
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Figure 2.2: The ollisional energy loss per eletron-ion pair reated, Ec, asa funtion of the eletron temperature for the ground state nitrogen moleule,N2(X

1Σ+
g , v = 0), and the ground state nitrogen atom, N(4S), when assuming (a)a Maxwellian eletron energy distribution and (b) a Druyvesteyn eletron energydistribution.
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Figure 2.3: The ollisional energy loss per eletron-ion pair reated, Ec, as afuntion of the eletron temperature for (a) the ground state nitrogen moleule,N2(X

1Σ+
g , v = 0), and (b) the ground state nitrogen atom, N(4S). The ele-tron energy distribution funtion is varied from being Maxwellian-like (x = 1)to Druyvesteyn-like (x = 2).



20 The global (volume averaged) modelnitrogen alulated assuming a Druyvesteyn eletron energy distribution. Theollisional energy losses are very similar for the two speies when the eletrontemperature is high, but unlike for the Maxwellian eletron energy distributionase shown in �gure 2.2(a), the ollisional losses beome di�erent muh sooner, orwhen the eletron temperature is below roughly 7 V, and inrease substantiallymore rapidly with dereasing eletron temperature. The ollisional loss is so largeat 1 V eletron temperature that we hose to omit parts of it that exeed 1010 V,being about 1042 V and 1026 V for the moleule and atom, respetively. When theeletron temperature is 100 V the ollisional losses are very similar, or 15.8 V and16.8 V for the moleule and atom, respetively.When hanging the distribution funtion from Maxwellian to Druyvesteyn,i.e. x = 1 → 2, as is done in �gure 2.3, the energy loss inreases exponentially,partiularly at low eletron temperatures. With its high threshold, the ionizationrate oe�ient dereases signi�antly when a Druyvesteyn distribution is assumed.This is normal as the tail of the Druyvesteyn distribution is notieably 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 moleule has asigni�antly stronger dependene on x than the atom.
2.5 Detailed balaningThe reation

A + B −→ C + D (2.32)



2.5 � Detailed balaning 21is diretly related to the inverse reation
C + D −→ A + B (2.33)by detailed balaning (Lieberman and Lihtenberg, 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 redued mass of the forward and inverse reations,
mR =

mAmB

mA + mB
and m′

R =
mCmD

mC + mD
(2.35)for the diret and inverse proesses, respetively. Similarly the relative veloitiesare given by vR and v′R, and the ross setions by σ(vR) and σ′(v′R). Furthermore,the degeneraies of the partiles A, B, C and D are given by gA, gB, gC and gD,respetively.

Our ross setions are given as a funtion of eletron energy E , and not therelative veloity vR, as in equation (2.34). Kineti energy and veloity of a partileare related by
eE =

1

2
mRv2

R (2.36)and sine mR = m′

R for eletron impat exitation or de-exitation, 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 eletron impat exitation or de-exitation and thereforewe onlude that the ross setion for the inverse proess is related to the diretproess by the equation

σ′(E ′) =

(

1 +
Ea

E ′

)
gB

gD
σ(E ′ + Ea) (2.40)for those proesses. Dubé and Herzenberg (1979) alulated ross setions for bothvibrational exitation and de-exitation, as well as stating that their alulationswere onsistent with the priniple of detailed balaning. Using equation (2.40)on the v = 1 → 2 ross setion alulated by Dubé and Herzenberg, we found anear perfet �t to their v = 2 → 1 ross setion, giving us on�dene in equation(2.40) and supporting their assessment that the alulations are onsistent withthe priniple of detailed balaning. Furthermore, Mihajlov et al. (1999) gave anexpression for the detailed balaning of a ross setion whih 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 atually never used in the model alulations to alulate inversereation rate oe�ients sine eletron ollision ross setions, and onsequentlyequation (2.40), are utilized instead. The rate oe�ient is obtained by averagingthe ross setion aquired with equation (2.40) over the eletron energy distributionfuntion. However, equation (2.41) is useful to manually hek if the saling of agiven Maxwellian averaged inverse reation rate oe�ient is onsistent with thepriniple of detailed balaning.2.6 System of equationsThe global (volume averaged) model is based on two types of balane equationsto determine partile densities and eletron temperature in the disharge. Thesystem of equations onsists of a set of non-linear partile balane equations, onefor eah disharge speies, along with a single energy balane equation. Sine theenergy balane and partile balane equations are strongly oupled, the system ofequations must be solved simultaneously. A numerial solver is the only viablehoie for suh a omplex model.2.6.1 Partile balaneThe partile balane equation for a disharge speies α is given as (Lieberman andLihtenberg, 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 speies α, respe-tively.Di�usion to the walls is inluded in the divergene term in equation (2.42).



24 The global (volume averaged) modelHowever, it is possible to inlude any loss to the walls, inluding 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) redues to
dn(α)

dt
= G(α) − L(α) (2.43)Furthermore, for steady state alulations the left hand side is zero and the balaneequation is further simpli�ed, G(α) = L(α), i.e. the generation of eah speies mustbe equal to its annihilation.Loss and generation of a speies an our through various proesses, but herewe will onsider loss and generation as a result of reations of eletrons with gaseousspeies, reations of multiple gaseous speies with eah other, reations on the wall,the �ow of gas in and out of the hamber and the spontaneous optial emission ofexited speies.

Volume lossesFor the reation of two speies,
A + B

K
−→ produts (2.44)that involves the loss or generation of a speies α the reation rate is

R(α)
r = nAnBK (2.45)



2.6 � System of equations 25For the spontaneous emission of an exited speies A∗,
A∗ −→ A + hν (2.46)involving the loss or generation of a speies α (A∗ or A, respetively), the reationrate is given

R
(α)
rad = nA∗

1

τrad,A∗

(2.47)where τrad,A∗ is the radiative lifetime of the exited speies A∗.Losses at wallsFor the reombination of positive ions on the wall
A+ + wall −→ A (2.48)that involves the loss or generation of a speies α (A+ or A, respetively), thereation 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 veloity for the ion A+,given by equation (2.2), and Aeff is the e�etive area for partile loss, as given byequation (2.8).For the reombination of neutral atoms on the wall

B + wall −→ 1

2
B2 (2.50)



26 The global (volume averaged) modelwhih involves the loss or generation of a speies α (B or B2, respetively), thereation 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 reombination oe�ient, vB is the mean veloity givenby equation (2.4), DB is the di�usion oe�ient of the neutral speies B given byequation (2.3) and Λ0 is the e�etive di�usion length, given by Chantry (1987) fora ylindrial hamber of length L and radius R,
Λ0 =

[(
π

L

)2

+

(
2.405

R

)2
]−1/2 (2.52)For the quenhing of exited partiles B∗ on the wall,

B∗ + wall −→ B (2.53)whih involves the loss or generation of a speies α (B∗ or B, respetively), thereation rate has the same expression as for wall reombination, equation (2.51), butwith a wall quenhing oe�ient γQ,B∗ instead of the wall reombination oe�ientand the subsripts B replaed by B∗.Pumping lossesThe rate due to the �ow of a speies 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 speies α into the hamber in sm and the fator

4.48 × 1017 onverts sm to partiles/se.



2.6 � System of equations 27The rate due to the �ow of a speies 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 sm, p is the outlet-�owpressure in Torr and the fator 1.27 × 10−5 onverts sm to Torr-m3/se.Partile balane equationsBy summing over proesses β that involve the generation or loss of a partile α,
βG and βL, respetively, the partile balane equation (2.43) for eah speies, 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)Sine the disharge is quasi-neutral, aording to equation (2.1), the eletronsare balaned automatially due to the balane equations for the ions. We willtherefore exlude the equation for the balane of eletrons in the global modelalulations and obtain the eletron density from the ion densities with the help ofequation (2.1). This will inrease the e�ieny of the global model alulations tosome extent.2.6.2 Energy balaneThe 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 balane 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 disharge hamber, Aeff is the e�etive area forpartile loss in the hamber given by equation (2.8) and uB is the Bohm veloitygiven by equation (2.2). Ei and Ee are the mean kineti energy lost per ion andeletron lost, given by equations (2.26) and (2.27), respetively. The sum is overall ollisional energy loss proesses β, with rate oe�ients Kβ,α and energy loss
Eβ,α, for ollisions with the speies α. At last, ne, ni and ng refer to the densitiesof eletrons, ions and neutral speies, respetively.The seond term on the right hand side of (2.57) represents the loss of powerdue to ollisions of gaseous speies, and the third term the power loss due tokineti energy loss of ions and eletrons as they bombard the hamber walls. Theleft hand side represents the time di�erential of the mean eletron 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 spei� parameters
There are several parameters in a disharge that are spei� to the type of gas beingstudied. Here we will disuss all the parameters spei� to the nitrogen disharge.The nitrogen reation set will be reviewed in setions 3.1 to 3.7. We will onsider15 speies of nitrogen in the disharge; the seven lowest lying vibrational levels ofthe ground state nitrogen moleule N2(X

1Σ+
g , v = 0 − 6), the metastable nitrogenmoleule 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 extensiveolletions of reation 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 researh and thus for a lower eletron energy thanis expeted in proessing disharges. Additionally, Guerra et al. (2004) reated thereation set for modelling disharges in the pressure range 1 � 10 Torr. As we allowthe eletron energy distribution funtion to vary, a set of eletron impat rosssetions is required. The most extensive olletion of ross setions for eletronollisions with nitrogen moleules an be found in the reviews by Itikawa (2006)



30 Nitrogen spei� parametersand Tabata et al. (2006). We will disuss the wall interation proesses in setion3.8. The available data for the wall reombination oe�ient of neutral atoms willbe reviewed, as well as the oe�ients for the wall quenhing of the various exitedspeies in the disharge. The sattering ross setions for di�erent partiles in thedisharge will be disussed in setion 3.9. Furthermore, the gas temperature willbe disussed in setion 3.10.3.1 Eletron impat dissoiationDissoiation is a fundamental mehanism in moleular gas disharges. The disso-iation energy of the ground state nitrogen moleule has been established to liearound 9.8 eV (Ren et al., 2005; Lofthus and Krupenie, 1977). The overall disso-iation mehanism in nitrogen disharges is not qualitatively understood and therole of ollisional dissoiation or predissoiation, the spontaneous dissoiation ofmoleules exited to a high eletroni or vibrational level, is not known. The disso-iation mehanism is sometimes desribed by the sum of exitations to dissoiativeeletroni and vibrational levels (Guerra and Loureiro, 1995, 1997; Guerra et al.,2004; Zipf and Mlaughlin, 1978; Phelps, 2008). In the urrent study, we will disre-gard predissoiation and only assume that the dissoiation is indued by ollisionswith eletrons, whih may in e�et inlude the ontribution of predissoiation ofhighly exited speies.3.1.1 Eletron impat dissoiation of the nitrogen moleuleThe mehanism of the eletron impat dissoiation of the nitrogen moleule is stillnot ompletely understood. There are several proesses that ontribute to the over-all dissoiation proess. Aside from the predissoiation of highly exited moleules,



3.1 � Eletron impat dissoiation 31eletron impat dissoiation of exited moleules, inluding eletronially, vibra-tionally and rotationally exited moleules, is important as well. However, rosssetion data is only available for the general reation
e + N2 −→ N + N + e (3.1)where neither the state of the reatant or produts is learly spei�ed.Winters (1966) measured the total dissoiation ross setion by monitoring thepressure inside a onstant volume hamber during eletron-N2 impat. The mea-sured ross setion has been suggested to be too large sine it inludes ontributionfrom dissoiative ionization (Itikawa et al., 1986). A ross setion purely for rea-tion (3.1) an be extrated by subtrating the dissoiative ionization ross setion(setion 3.2.1) from this total ross setion. In a study of the predissoiation ofhighly exited states of the nitrogen moleule, Zipf and Mlaughlin (1978) obtaineda dissoiation ross setion that is in agreement with the total ross setion mea-sured by Winters (1966).Cosby (1993) measured the ross setion for reation (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 deteted no systematidi�erene in results between the two beams, indiating that the ross setionsfor the dissoiation of vibrationally and eletronially exited moleules are notvery di�erent from the ross setion for dissoiation of the ground state moleuleN2(X
1Σ+

g , v = 0). A omparison with the result of Winters reveals a signi�antdisrepany between the two ross setions. Therefore, Cosby reommended a rosssetion that was a weighted average of both ross setions. Mi and Bonham (1998)measured the ross setion at two energies. The results were in good agreement with
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Figure 3.1: The ross setion for the eletron impat dissoiation of the groundstate nitrogen moleule N2(X
1Σ+

g , v = 0) versus eletron energy as reommendedby Cosby (1993). The ross setion is a weighted average of the ross setionsmeasured by Winters (1966) and Cosby (1993).the ross setion reommended by Cosby (1993). Furthermore, reent ompilationsof eletron-N2 ollision data (Tabata et al., 2006; Itikawa, 2006) support the use ofCosby's reommended ross setion. This ross setion is shown in �gure 3.1Like Itikawa (2006) pointed out, further researh is needed onerning the stateof the dissoiation produts. Although theory predits that the least energy isneeded for produing two atoms in the ground state, no sophistiated measurementsor simulations have been made to expliitly obtain the overall produt branhingratio in the eletron impat dissoiation of N2. Nevertheless, the produt branh-ing ratio has been measured repeatedly for the dissoiative reombination of N+
2 ,as mentioned in setion 3.4.1. With an analysis of translational energy release dis-tribution, Cosby (1993) saw an indiation of N(4S) + N(2D) being the dominanthannel, 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 produt yieldsin the predissoiation of highly exited levels of N2 by Walter et al. (1993) show



3.1 � Eletron impat dissoiation 33that while the ground state atom N(4S) is always produed, two N(4S) atoms arealmost never produed in a single dissoiation event. The other produt 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 produts 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 dissoiationhannel, 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 reatant moleule. Thus, approximations mustbe made to obtain ross setions for eletron impat dissoiation of exited nitrogenmoleules. In the ase of the eletron impat ionization of the nitrogen moleule(see setion 3.2.1), threshold redution is muh more important than saling theross setion for ionization of the ground state moleule in order to approximate theross setion for ionization of the metastable moleule. One ould even argue thatthe saling is not appropriate, as the di�erene in magnitude is within the errorlimits of the orresponding ross setions. This is even more true for the dissoia-tion of N2, now under disussion, beause of the lak of any spei� measurementsor preditions. Even though it is only an approximation, using a threshold reduedross setion is at least more appropriate than just disregarding dissoiation fromexited moleules altogether. We will therefore take this approah for the eletronimpat dissoiation of vibrationally and eletronially exited nitrogen moleules.



34 Nitrogen spei� parameters3.2 Eletron impat ionizationIonization is a ruial part of any disharge, sine the amount of free eletronsis largely de�ned by the e�ieny of the ionization reations. In low pressuredisharges, eletron impat ionization is the dominating ionization mehanism,whereas in disharges operating at higher pressure assoiative or Penning ioniza-tion may dominate (Guerra et al., 2004). Here we will disuss the eletron impationization of nitrogen moleules and atoms. The ionization potential for the groundstate nitrogen moleule 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 Eletron impat ionization of the nitrogen moleuleIonization of nitrogen moleules an our in a number of ways, but sine we onlytake into aount singly ionized partiles, our sope tightens to the diret anddissoiative ionization of the nitrogen moleule, that is
e + N2 −→ N+

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

−→ N+ + N+ + 3e (3.4)respetively. The diret ionization, reation (3.2), should be muh more likely thanthe dissoiative ionization, reations (3.3) and (3.4).Several groups have measured or alulated a ross setion for the diret ion-ization, reation (3.2), but do not speify the state of the moleule being ionized,



3.2 � Eletron impat ionization 35although their nitrogen moleules are likely dominated by ground state nitrogenmoleules. Itikawa (2006) reommended the ross setion given by Lindsay andMangan (2003), whih in turn based their ross setion 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 theoretially predited the rosssetion and most (Halas and Adamzyk, 1972; Crowe and MConkey, 1973; Krish-nakumar and Srivastava, 1990; Tian and Vidal, 1998; Hudson et al., 2003; Freundet al., 1990; Daly and Powell, 1966) are in an exellent agreement with Straub et al.(1996). Beause of the high level of agreement with other measurements and thelaimed measurement error of only 5.5%, we will onsider the the ross setion mea-sured by Straub et al. as the point of referene for the ionization of ground statenitrogen moleules, reation 3.2. A few more studies (Cook and Peterson, 1962;Märk, 1975; Bari and Medani, 1982; Abramzon et al., 1999) measure or alulatethe ross setion as well, but are less onsistent with the data above. Armentroutet al. (1981) measured the ross setions for the diret ionization of both groundstate and metastable nitrogen moleules. Freund et al. (1990) repeated the mea-surements in order to improve the reliability of the measurement of the metastableionization ross setion. The measurement for the ground state ionization was on-tent with the previous result and onsistent with the ross setion measured byStraub et al. (1996) and Tian and Vidal (1998).As for the dissoiative ionization, we notie a lak of produt branhing ratios,with most authors only measuring the prodution of N+ from eletron impat onN2 (Straub et al., 1996; Krishnakumar and Srivastava, 1990; Crowe and MConkey,1973; Rapp et al., 1965; Cook and Peterson, 1962; Daly and Powell, 1966). Tianand Vidal (1998) measured the ross setion for reations (3.2), (3.3) and (3.4)independently with the use of ovariane mapping mass spetrosopy. As with



36 Nitrogen spei� parametersthe previously mentioned N+ prodution ross setions, their ross setions alsoinlude ontribution from N2+
2 prodution, being indistinguishable in a mass spe-trometer beause of equal mass to harge ratio. They estimate the ontributionof N2+

2 prodution to be negligible, while Halas and Adamzyk (1972) measuredthe ontribution to be as muh as 10%, dereasing with inreasing 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 onlusion and ignore the ontribution of N2+
2 to the N+prodution ross setions.Sine the data of Tian and Vidal (1998) is nearly idential to the orrespondingross setions of Straub et al. (1996), it is regarded to be reliable as well, bothfor diret and dissoiative ionization. We will therefore use both the diret anddissoiative ionization ross setions for ground state ionization from Tian and Vi-dal in the model. The eletron impat ross setions for diret and dissoiativeionization of the nitrogen moleule is shown in �gure 3.2. Very few measurementsor alulations of the ross setion for eletron impat ionization of exited statesof the nitrogen moleule exist. Armentrout et al. (1981) and Freund et al. (1990)measured the ross setion for the diret ionization of the metastable moleuleN2(A

3Σ+
u ), whereas Bari and Medani (1982) used a weighted ross setion alu-lation to predit it theoretially. The metastable ionization ross setions of thosetwo are in a reasonable agreement, although their ground state ionization rosssetions are not. However, the ross setion for the eletron impat ionization ofthe ground state nitrogen moleule measured by Freund et al. (1990) is onsistentwith the ross setion measured by Straub et al. (1996), whereas the ross setionby Bari and Medani (1982) is not. We will therefore use the ross setion fromFreund et al. (1990) for the diret ionization of the metastable nitrogen moleule.
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Eletron energy [eV℄Figure 3.2: The ross setion for the eletron impat ionization of the groundstate nitrogen moleule versus eletron energy (Tian and Vidal, 1998). The solid,dashed and dotted lines refer to the prodution of N+
2 , N(2D) + N+ and N+ +N+, respetively. The dashed line has been multiplied by 4, and the dotted by16, for a more detailed representation, but are shown in their original sale on theinset graph. The orresponding ross setions for the ionization of exited nitrogenmoleules are threshold redued and saled versions of the above ross setions (seetext), and are therefore not shown.As no ross setion data exists for the dissoiative ionization of exited nitro-gen moleules, we will approximate them by saling the magnitude and reduingthe threshold of other ross setions. A omparison of the ross setions for theionization of the ground state and the metastable moleules, as measured by Fre-und et al. (1990), an be used to determine the saling and threshold redution.Applying the result to the ross setion of Tian and Vidal (1998) should yield areliable ross setion for the diret ionization of the metastable nitrogen moleule,N2(A

3Σ+
u ). As illustrated in �gure 3.3, making the ground state ross setion ofFreund et al. 20% larger and reduing the threshold by 6.17 eV, the energy ofwhih the metastable N2(A

3Σ+
u ) lies above the ground state nitrogen moleuleN2(X

1Σ+
g , v = 0), gave a good math to the metastable ionization ross setionalso measured by Freund et al. (1990). A better math at high energies ould have
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Eletron energy [eV℄Figure 3.3: The eletron impat ionization ross setion for the nitrogen moleule.Comparison of the ross setions 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) saling and reduing the threshold of the ground state ionization ross setion.been ahieved by di�erent saling of the ross setion magnitude, but we regardthe low energy auray to be more desireable.A similar method an be used to �nd ross setions for ionization of vibrationallyexited moleules. We assume that only the N2(X
1Σ+

g , v = 0) is present in theimpat moleule beam in the above data, but no experiments are to be foundthat attempt to measure the ross setion for ionization of moleules in a spei�vibrationally exited state. An approximation would be to only shift the thresholdthe energy of whih eah state lies above the ground state N2(X
1Σ+

g , v = 0),without saling the magnitude of the ross setion. The alulations of Caiatoreet al. (1982) show that this is approximately orret, as the ionization ross setionshave redued thresholds but a similar magnitude with inreasing vibrational levelof N2(X
1Σ+

g , v). The result is most likely satisfatory and in any ase better thandisregarding ionization from vibrational states altogether.Sine no information was found regarding the state of the neutral atom produed



3.2 � Eletron impat ionization 39in reation (3.3), and taking into aount the branhing ratios from dissoiativereombination (se 3.4.1), we will simply assume that N(2D) is the only produt.This may not be very aurate, perhaps even inaurate, but this hannel is likelyto be of no importane for neutral nitrogen atom prodution anyway, although itmight be important in the prodution of the atomi ion N+.Eletron energy lossFor the alulation of the ollisional energy loss due to ollisions with ground statenitrogen moleules, Ec, given by equation (2.31), the individual ross setions forreations (3.2), (3.3) and (3.4), shown in �gure 3.2, are not neessary. Instead, itwill be adequate to use the total ross setion for the ionization of the nitrogenmoleule, the sum of the three individual ross setions measured by Tian andVidal (1998) and shown in �gure 3.2. Furthermore, to obtain the threshold of theionization of the nitrogen moleule, we will use the value given by Lias (2005) forthe energy loss assoiated with the prodution of N+
2 , 15.6 eV.3.2.2 Eletron impat ionization of the nitrogen atomThe overall ross setion for the eletron impat ionization of the nitrogen atom,

e + N −→ N+ + 2e (3.5)has been both predited theoretially (Seaton, 1959; Peah, 1970, 1971; Omidvaret al., 1972; MGuire, 1971; Yu et al., 2006) and measured (Smith et al., 1962; Brooket al., 1978). These ross setions inlude ontribution from multiple ionizationof nitrogen atoms and do not disriminate the state of the nitrogen atom beforeimpat. However, all the measurements and theoretial preditions are in quitegood agreement with eah other, indiating that the overall ross setion is reliable.



40 Nitrogen spei� parameters

0 200 400 600 800 1000
0

0.5

1

1.5

2

2.5

PSfrag replaements(a)(b)()(d) Crosssetion[1
0−20 m2 ℄

Eletron energy [eV℄Figure 3.4: The ross setion for eletron impat ionization of the nitrogen atomalulated by Kim and Deslaux (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 Deslaux (2002) alulated the ross setions for the eletron impationization of N(4S), N(2D) and N(2P), individually. Their results are in agreementwith the overall ross setion measurements of Brook et al. (1978), indiating thatthe alulation is reliable as well. We will therefore use the ross setions alulatedby Kim and Deslaux (2002) for ionization of eah of the neutral atoms we inludein the model. The ross setions are in part shown in �gure 3.4, exluding the datain the range 1000 � 5000 eV.Eletron energy lossFor the eletron energy loss due to ollision with the ground state nitrogen atom,N(4S), we will use the ross setion alulated by Kim and Deslaux (2002), on-sistent with our hoie 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 � Eletron impat exitation 413.3 Eletron impat exitationIf gas speies in exited levels are onsidered, the reations responsible for theirexitation are very important. The dominating exitation mehanism is generallythe eletron impat exitation, whih we will disuss here. The exited speies on-sidered in this study are the two metastable nitrogen atoms N(2D) and N(2P), withexitation energies of 2.38 eV and 3.58 eV, respetively (Ralhenko et al., 2008), themetastable nitrogen moleule N2(A
3Σ+

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

g , v = 1 − 6), having vibrationalenergies of 0.29, 0.57, 0.86, 1.13, 1.41 and 1.68 eV, respetively (Ren et al., 2005;Lofthus and Krupenie, 1977).3.3.1 Eletron impat eletroni exitation of the nitrogenmoleuleIn the urrent study we are only interested in the lowest lying metastable state ofthe nitrogen moleule, so eletron impat eletroni exitation simply refers to thereation
e + N2(X

1Σ+
g , v) −→ N2(A

3Σ+
u ) + e (3.6)Bari and Medani (1982) alulated the ross setion for the exitation of theground state nitrogen moleule and ompared the result to the various measure-ments and alulations that had been performed up to that time. The ross setion,being in a surprisingly good agreement with the measurement of Borst (1972), is in-onsistent with the ross setion measurement of Cartwright et al. (1977), the mostreliable ross setion in the omparison. A renormalization of the measurement of
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Figure 3.5: Eletron impat eletroni exitation of the ground state nitrogenmoleule N2(X
1Σ+

g , v = 0) to N2(A
3Σ+

u ). Comparison of the ross setions alu-lated by da Costa and Lima (2007) (solid line) and by Gillan et al. (1996) (dashedline). The dotted line shows the ross setion reommended by Itikawa (2006),assembled from the ross setion alulated by Gillan et al. (1996) at low energyand several measured ross setions at high energy.Cartwright et al. (1977) by members of the same group, only further emphasizedthe inonsisteny. Several measurements (Ohmori et al., 1988; Campbell et al.,2001; Johnson et al., 2005) and alulations (da Costa and Lima, 2007; Tashiroand Morokuma, 2007; Gillan et al., 1996; Huo et al., 1987; Phelps and Pithford,1985) show onsiderable variation in results. Most of the alulated ross setionshave a similar behavior at low eletron energy, the only exeption being the rosssetion alulated by da Costa and Lima (2007), where the apparent threshold isonsiderably lower than in the other alulations (see �gure 3.5). The measure-ments, on the other hand, are in quite good agreement at high eletron energy.Itikawa (2006) assembled a ross setion using the theoretial alulation of Gillanet al. (1996) for low eletron energy, and a weighted average of several measure-ments at higher eletron energy.Although the apparent threshold observed in the alulation of da Costa and



3.3 � Eletron impat exitation 43Lima (2007) is loser than other alulations to what we would expet of 6.17 eV,the high energy part of the ross setion is inonsistent with all other ross setionalulations or measurements. Thus, we disard their ross setion alulationaltogether. Furthermore, reent ross setion alulations (Tashiro and Morokuma,2007) are also in good agreement with the ross setion of Gillan et al. (1996), andtherefore with the low energy part of the ross setion reommended by Itikawa(2006). Therefore, we will use the ross setion suggested by Itikawa (2006) forreation (3.6), shown in �gure 3.5 as a dotted line.Eletroni exitation of a vibrationally exited nitrogen moleule is also likelyan important fator in the reation of N2(A
3Σ+

u ). However, little information isavailable in the literature on this reation, in partiular on spei� vibrationalstates. All of the experiments mentioned above for the exitation of a ground statemoleule probably inlude ontributions of exitation from vibrationally exitedmoleules. Caiatore et al. (1982) alulated the ross setion for the exitationto N2(A
3Σ+

u ), N2(C
3Πu), N2(b

1Πu), N2(B
3Πg) and N2(a

1Πg) by eletron impatexitation of N2(X
1Σ+

g , v). Unfortunately, the exitation of the �rst metastablelevel was only alulated for eletron impat on N2(X
1Σ+

g , v = 0), whereas the rosssetions for the latter four levels were alulated for impat with N2(X
1Σ+

g , v =

0 , 5 , 10). The ross setion for the exitation of the �rst level was shown to bein a reasonable agreement with the ross setion measured by Cartwright et al.(1977), whih in turn is in good agreement with the ross setion reommendedby Itikawa (2006). The ross setions for exitations of the vibrationally exitedmoleules not only shifted to lower eletron energy, but also inreased in magnitudewith inreasing vibrational level of the reatant moleule. Although the redutionin threshold energy was roughly the same, the magnitude inrease was irregularand di�erent for eah of the four eletroni levels. This makes it impossible for



44 Nitrogen spei� parametersus to apply any kind of saling rule to obtain ross setions for the exitation ofN2(A
3Σ+

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

g , v). To obtain these ross setionswe will simply redue the threshold of the ross setion, assuming there is no hangein magnitude for this partiular exitation.Eletron energy lossFor the alulation of the ollisional energy loss, Ec, we will use the same rosssetion for the exitation of the �rst exited level, the metastable N2(A
3Σ+

u ), asfound above and shown in �gure 3.5. For the eletroni exitation of higher levelswe will solely rely on the ross setions given by Itikawa (2006), in total onsideringthe �rst 10 eletronially exited levels. The ross setions 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 whih eah eletronially exited speies liesabove the absolute ground state moleule, N2(X
1Σ+

g , v = 0).The determination of the ross setion for the rotational exitation of the ni-trogen moleule,
e + N2(X

1Σ+
g , v = 0, j = 0) −→ N2(X

1Σ+
g , v = 0, j = 2) + e (3.7)is di�ult both theoretially and experimentally, espeially at energies above 1eV. The available data was reviewed by Itikawa (2006) and Brunger et al. (2003),both reommending 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) reommended the theoretial ross setion of Kutz and Meyer (1995), givenfor energy in the range 1 � 1000 eV, but on an arbitrary sale and thus needing asuitable normalization. Aording to Itikawa (2006), the ross setion is too large inthe resonane region but otherwise onsistent with experiments. Using vibrational
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Figure 3.6: The ross setions for the eletron impat exitation of (a) the B3Πg,
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g eletroni states of nitrogen moleule. The ross setion for the exita-tion to the N2(A

3Σ+
u ) metastable moleule is shown in �gure 3.5.
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Figure 3.7: The ross setion for the rotational exitation of the nitrogenmoleule. It is assembled from the ross setion reommended by Brunger et al.(2003) in the energy range 1.5 meV � 1.25 eV and the ross setion approximatedby Phelps (2008) in the energy range 2 � 3.6 eV.ross setion data, Phelps (2008) approximated the ross setion for rotationalvibration, resulting in non-zero values in the range 1.2 � 3.6 eV, essentially in theresonane region. The resonane peak is signi�antly smaller than the peak in theross setion alulation of Kutz and Meyer (1995), indiating that for this energythis ross setion is more appropriate. We will therefore assemble and use a rosssetion onsisting of the ross setion reommended by Brunger et al. (2003) forthe energy range 1.5 meV � 1.25 eV and the ross setion 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 exitationenergy of the �rst rotational exitation, j = 0 → 2, or 1.48 × 10−3. The thresholdfor the rotational exitation is therefore 3 � 4 orders of magnitude smaller thanof the other eletron energy loss proesses. This makes it very unlikely for therotational exitation ross setion to be important at all for the ollisional energyloss, espeially sine the ross setion is not unusually large.



3.3 � Eletron impat exitation 473.3.2 Eletron impat vibrational exitation of the groundstate nitrogen moleuleVibrational levels of the ground state N2(X
1Σ+

g , v) are thought to be very impor-tant in nitrogen disharges. The vibrational exitation of the nitrogen moleule,
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 orret population distribution among the vibra-tionally exited nitrogen moleules. That in turn is important for various proesseswithin the disharge, suh as ionization, dissoiation and eletroni exitation ofthe nitrogen moleule beause of the lowered threshold for those reations. To getan aurate image of the vibrational level population distribution, we need to havereliable ross setions for all of the vibrational exitations.While a great number of vibrational states of the ground state nitrogen moleuleexist, the �rst 10 levels are the most well doumented, with the v = 0 → v =

1 exitation 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 inludedthere are 55 exitations possible ( 1
2v(v + 1)), as well as the same number of de-exitations. Here we will restrit the alulations to the �rst 6 levels, v = 0 − 6,sine more data is available for these in the literature.Shulz (1964) measured the ross setion for vibrational exitation from theground state, v = 0, of the nitrogen moleule. Although the ross setions areon an arbitrary sale, they are ommonly used (Phelps, 2008; Mihajlov et al.,1999) after having been normalized with other absolute measurements, sine theirhigh resolution aptures the resonant struture observed in some of the subsequentmeasurements and alulations. Of those, probably the most signi�ant are the



48 Nitrogen spei� parametersmeasurements of Allan (1985) and Vii et al. (1996), and the alulations of Mor-gan (1986) and Huo et al. (1987). It is evident after analyzing these ross setionsthat simply using a threshold redution would be highly inaurate, even inorret,when vibrational exitation is onerned. As the ross setion is dominated by itsresonant part, the apparent threshold is not diretly related to the energy di�er-ene of vibrational levels. Furthermore, the maximum value of the largest peakdereases with vibrational level, with the resonant struture hanging as well.Even though most of both the experimental and theoretial data are in goodagreement with eah other, this is still an ative subjet, for example with themeasurements of Risti¢ et al. (2007) and the alulation of Sarma et al. (2007)being quite reent. The review by Campbell et al. (2004) inludes a ompilation ofross setions for the �rst 10 levels using the swarm experiment data of Ohmori et al.(1988). Additionally, they took into aount the previous ompilation of Brungerand Bukman (2002) and the swarm data alulation of Robertson et al. (1997).With all the ross setions mentioned being in a reasonably good agreement, thehoie of ross setions for the v = 0 → v = 1 − 6 transitions is probably not veryimportant. The ross setions measured by Risti¢ et al. are an appropriate hoie,being both reent and in good agreement with other measurements.There is muh less data available for transitions within vibrational levels than isfor vibrational exitation from the ground state, v = 0. Threshold redution alonean not be utilized beause of the inauray of its use in vibrational exitation,as previously mentioned. Therefore experimentally or theoretially predited rosssetions must be used. To alulate the ross setions for the exitation from onevibrationally exited level v to a higher vibrationally exited level k, Mihajlov et al.



3.3 � Eletron impat exitation 49(1999) used a semi-empirial 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 respet to the ground state. Theross setion alulation for any given transition v = j → k needs three rosssetions; the elasti sattering ross setion, the ross setions for the transition

v = 0 → j and the ross setion for the transition v = 0 → k. Their alulatedross setions therefore strongly depend on the quality of those three ross setionsobtained from other literature data. For ground state vibrational exitations theyused the ross setions given by Phelps (2008) that are based on the previouslymentioned measurement of Shulz (1964). In their survey, Campbell et al. (2004)reommended using the ross setions alulated 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 exitation.Campbell et al. indiated that no other data were available for these exitationswithin 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 setions of Dubé and Herzenbergare more onsistent with eah other. We feel that the inonsisteny observed inthe ross setions by Mihajlov et al. is an error, rather than a physial propertyof vibrational exitations. The error might simply be beause of the relativelypoor vibrational exitation ross setions used in the alulation by Mihajlov et al.(1999), and thus it would be interesting to see the alulation repeated using, forexample, the vibrational exitation ross setions of Risti¢ et al. (2007). Unsureof whih of the sets for vibrational level transition ross setions would be orretwe tried running the model with both. When using the ross setions of Mihajlov
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Figure 3.8: Cross setions for eletron impat vibrational exitation ofN2(X
1Σ+

g , v) versus eletron energy. The vibrational transition is indiated by thelabel on eah graph. The ross setions for exitations from the ground state werealulated by Risti¢ et al. (2007) while the ross setions for the exitations fromthe vibrationally exited states were alulated by Dubé and Herzenberg (1979).et al. (1999), the population within vibrational levels was inonsistent, with a non-uniform density derease or inrease with vibrational level. This is not likely to bephysially aurate, as indiated by the various vibrational population distributionsthat have been alulated or measured (Capitelli et al., 2007; Ono and Teii, 1983;



3.3 � Eletron impat exitation 51Nagpal and Ghosh, 1990; Biloiu et al., 2007a;White and Ross, 1976; Darraht et al.,1993). When using the ross setions of Dubé and Herzenberg (1979) the densitypro�le of vibrational levels was muh more believable, uniformly dereasing withvibrational level. Furthermore, this test showed that the overall result depends verystrongly on this hoie, as densities of vibrational levels were muh higher with theformer set, whih in turn generally inreases the density of atoms. Although itmay be neessary to use the semi-empirial formula, equation (3.9), on our hoieof ross setions for vibrational exitation of v = 0, those measured by Risti¢ et al.(2007), we will simply use the ross setions for transitions within vibrational levelsalulated by Dubé and Herzenberg (1979). The ross setions for both vibrationalexitation from ground state and other vibrational states an be seen on �gure 3.8.The remaining vibrational exitation ross setions, the ones Dubé and Herzen-berg (1979) did not alulate, need to be approximated somehow or else the popu-lation in the a�eted vibrational levels may be underestimated. By analyzing thepattern in the hange of maximum value of the ross setions between vibrationallevel transitions, we �tted an exponential funtion, A exp(−Bζ)+C, in an attemptto extrapolate a value for the missing transitions. Our approximation of these rosssetions will therefore be found by using both threshold redution and dereasingthe absolute value of the ross setion in aordane to this extrapolation. Theproess for the saling extrapolation is demonstrated in �gure 3.9.The eletron impat vibrational relaxation of nitrogen moleules is just as im-portant as the orresponding exitation proesses. If it is not fully inluded in thereation set, the population in the vibrational levels will be overestimated. Dubéand Herzenberg (1979) alulated some of these ross setions, either with the samemethod as for the vibrational exitation ross setions or by simply applying the
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priniple of detailed balaning on the diret ross setions, shown in �gure 3.8. Inany ase, the given ross setions were said to onform to the priniple of detailedbalaning. Sine Dubé and Herzenberg (1979) did not alulate all the vibrationalrelaxation ross setions, not giving a omplete inverse set of the given exitationross setions, we opt to simply apply the priniple of detailed balaning, equation(2.40), on all the vibrational exitation ross setions to obtain the orrespondingvibrational relaxation ross setions. The agreement of the result with the relax-ation ross setion given by Dubé and Herzenberg (1979) was exellent, with theross setions being pratially idential.



3.3 � Eletron impat exitation 53Eletron energy lossConsistent with the disussion above, we will use the ross setions given by Risti¢et al. (2007) for the exitation of the ground state nitrogen moleule N2(X
1Σ+

g , v =

0) to the �rst 6 vibrational levels, v = 0 → 1, 2, 3, 4, 5, 6. Cross setions for ex-itations of the ground state moleules 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 setions dereasesquite 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 inlude only the transitions from the ground state to the �rst six levels in thealulation 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 ofwhih eah vibrational level is above the absolute ground state, N2(X

1Σ+
g , v = 0).3.3.3 Eletron impat exitation of the nitrogen atomSine we only take into aount the �rst two metastable levels of nitrogen atoms,the eletron impat exitation of the nitrogen atom onsists of three reations, onone hand the exitation 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 exitation of the �rst metastable atom,

e + N(2D) −→ N(2P) + e (3.12)
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Figure 3.10: The ross setions for the eletron impat exitation of the nitrogenatom alulated by Tayal and Zatsarinny (2005). Solid line: 4S→2D, reation(3.10). Dashed line: 4S→2P, reation (3.11). Dotted line: 2D→2P, reation (3.12).Kato (1994) reviewed the available eletron impat exitation data for nitrogen(Smith et al., 1967; Henry et al., 1969; Ormonde et al., 1973; Thomas and Nesbet,1975; Berrington et al., 1975) and reommended the best ross setions for thevarious exitations. No experimental data was available at the time and all theross setions for reations (3.10), (3.11) and (3.12) were all theoretial preditions.Although all the available data was in a rather good agreement, Kato regardedthe alulations of Berrington et al. (1975) to be the most reliable ross setionsavailable.Ramsbottom and Bell (1994) alulated the ross setions for reations (3.10),(3.11) and (3.12), with results very similar to the alulation of Berrington et al.(1975). Yang and Doering (1996) measured the ross setion for reation (3.10)with the result being in a good agreement with the results of Berrington et al..Tayal and Zatsarinny have done a more sophistiated alulation of this ele-tron impat exitation by inluding more states than the previous alulations(Tayal and Beatty, 1999; Tayal, 2000; Tayal and Zatsarinny, 2005). The most ad-



3.3 � Eletron impat exitation 55vaned alulation (Tayal and Zatsarinny, 2005) inludes 39 states, ompared tothe 8 states inluded in the alulations of Berrington et al. (1975), for example.The di�erenes of the two are however quite minor, but for reation (3.10) theross setion of Tayal and Zatsarinny (2005) is loser to the measurements of Yangand Doering (1996). Beause of the good agreement with all the aforementioneddata, we will use the ross setions alulated by Tayal and Zatsarinny (2005) forreations (3.10), (3.11) and (3.12). The ross setions are shown in �gure 3.10.Eletron energy lossAs well as alulating the ross setion for the two lowest lying metastable atoms,N(2D) and N(2P), Tayal and Zatsarinny (2005) alulated the ross setions forthe higher lying levels 3s4P, 2s2p4 4P, 4s4P and 3d4P. As revealed in the review byKato (1994), other ross setion determinations for the higher lying levels exist,but are mostly for the same levels as Tayal and Zatsarinny (2005) alulated for.Frost et al. (1998) studied the various transitions in atomi nitrogen both theo-retially 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, inluding 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 setions given by Tayal and Zatsarinny (2005). However, sine onlythe Maxwellian averaged rate oe�ients are given, and no ross setions, the datais of limited use to us. For the eletron energy loss, we will therefore solely rely onthe ross setions alulated by Tayal and Zatsarinny (2005). The ross setionsfor the higher level exitations are shown in �gure 3.11. Furthermore, we will usedata from the NIST database (Ralhenko et al., 2008) for the energy levels of the
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Figure 3.11: The ross setions for the exitation to the 3s4P, 2s2p4 4P, 4s4P and3d4P levels of the nitrogen atom versus eletron energy as alulated by Tayal andZatsarinny (2005).exited atomi speies, both for the metastable atoms and the higher lying exitedlevels.
3.4 Collisions of eletrons with ionsCollision of an eletron and an ion an lead to the reombination of the eletronwith the ion. However, sine momentum transfer prevents two bodies from mergingdiretly, the produt is likely to dissoiate. The reombination of an eletron andan atomi ion is only possible by optial emission, believed to be a muh slowerreation than the eletron simply detahing again, and therefore not importantin low-pressure disharges (Lieberman and Lihtenberg, 2005, p. 295). We willtherefore only onsider eletron ollisions with the nitrogen moleular ions N+

2 , N+
3and N+

4 .



3.4 � Collisions of eletrons with ions 573.4.1 Dissoiative reombination of the N+
2 ionDissoiative reombination of N+

2 ours when an eletron ollides with a moleularpositive ion, ombines with it, resulting with the neutral moleule subsequentlydissoiating,
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 dissoiative reombination has been of onsiderable interest among re-searhers. Many studies have taken plae that either measure or theoretiallypredit the absolute rate oe�ient or ross setion. However, with the proesshaving no threshold almost all rate oe�ients (or ross setions) are only givenfor the eletron temperature below 1 V. This is a problem for our appliation asthe model is only valid in the regime 1 < Te < 10 V. Although an eletron impatross setion does not neessarily need to be given over this entire eletron energyrange, it is important that it is at least valid somewhere on the interval, or thetail and even the main part of the eletron energy distribution funtion will bedisregarded, resulting in an invalid rate oe�ient for eletron temperature largerthan 1 V. This is the ase for eah and every theoretial (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.-Maurie, 2004; Muland MGowan, 1979; Canosa et al., 1991; Kasner, 1967; Geoghegan et al., 1991)data for dissoiative reombination 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 dissoiative reombination of N+
2 asa funtion of the eletron temperature. The squares 2 are the portion of the rateoe�ients measured by Peterson et al. (1998) that are in the eletron 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 funtion of eletron energy in the range 1 meV to 10 eV for the dissoiativereombination of ground state N+

2 . A deonvolution proedure, desribed by Mowatet al. (1995), was then used to aquire a ross setion in the eletron energy range1 meV to 1 eV. This proedure, likely being the inverse proess of obtaining arate oe�ient from a ross setion with equation (2.17), required the assumptionof a spei� eletron energy distribution funtion, in this ase the Maxwelliandistribution. Thus, we onlude that the absolute rate oe�ient measured byPeterson et al. (1998) an be used diretly 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 branhing ratio for the dissoiative reombination of a wide range of ionswas reviewed by Floresu-Mithell and Mithell (2006). Branhing of the total rateoe�ient for the dissoiative reombination of N+

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



3.4 � Collisions of eletrons with ions 59(3.16), respetively. Oddone et al. (1997) had similar results, although with the pe-uliar ratios 0.53:0.53:0.12:0 for the same reations. Peterson et al. (1998) measuredthe branhing ratios along with the aforementioned rate oe�ient; 0.47:0.34:0.19:0.All authors agree that reation (3.16) is negligible. For the sake of onsisteny, andwith all authors being in a relatively good agreement, we will use both the branh-ing ratio and rate oe�ient measured by Peterson et al. (1998) for reations (3.13)to (3.16).3.4.2 Dissoiative exitation and ionization of the N+
2 ionIf the eletron does not sueed in ombining with the ion in an eletron-ion ol-lision, there are still several possibilities for a reation to proeed. The ion ouldsimply be exited 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 dissoiate. Sine no exited ions or multiple-ionized ions are inludedin the urrent study, we will onsider the eletron impat dissoiation of the N+
2ion. The dissoiation is normally followed by either an exitation or ionization ofthe resulting nitrogen atom,

e + N+
2 −→ N+ + N(2D) + e (3.17)

−→ N+ + N+ + 2e (3.18)whih are referred to as dissoiative exitation and dissoiative ionization, respe-tively.Van Zyl and Dunn (1967) measured the total ross setion for prodution ofN+ and N2+
2 , the sum of single ionization and reations (3.17) and (3.18). Norenet al. (1989) measured the ross setion near threshold (7 � 12 eV), but their



60 Nitrogen spei� parametersdata was very sattered, not exhibiting any lear trend. Peterson et al. (1998)measured the dissoiative exitation ross setion, reation (3.17), but only witha purpose of probing the internal states of the ions, before ultimately doing theprimary measurement of the dissoiative reombination (see setion 3.4.1). With anestimated error of ±20%, this measurement is not very aurate, although it has amagnitude similar to some of the data points of Noren et al. (1989). By subtratingthe dissoiative exitation ross setion from the total ross setion of Van Zyl andDunn, Peterson et al. also extrated an approximation to the dissoiative ionizationross setion. But sine the dissoiative exitation ross setion was only measuredfor energies up to 50 eV, only 3 � 4 eV above the dissoiative ionization threshold,the result is probably mostly invalid.Kim et al. (2000) alulated the ross setion for the total ionization of N+
2 ,that is the sum of single ionization and dissoiative ionization, reation (3.18).The ross setion alulation performed by Deutsh et al. (2002) is furthermoreonsistent with the alulation of Kim et al..Bahati et al. (2001) measured the individual ross setions for the dissoiativeexitation and the dissoiative ionization, as well as for single ionization. Thedissoiative ionization ross setion is the only redible ross setion we ould �nd,aside from the one approximated by Peterson et al. (1998), making it hard toompare to anything. A omparison of the dissoiative exitation ross setionwith that of Peterson et al. (1998) shows a signi�ant disrepany, or of about afator of 3. Bahati et al. were aware of this disrepany and tried to explain itwith various tests, but with no suess. The total dissoiation ross setion, thesum of the single ionization and dissoiative ionization ross setions, is also in apoor agreement with the results of Kim et al. (2000) and Deutsh et al. (2002),although only of a fator of about 1.5. It is thus obvious that an appropriate hoie
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Figure 3.13: The ross setion for the dissoiative exitation of N+
2 , reation(3.17), versus eletron energy. The solid line is the ross setion of Bahati et al.(2001) saled up by a fator of 3. The squares 2 are the ross setion measurementpoints of Peterson et al. (1998).of ross setion for reations (3.17) and (3.18) is not straightforward. In view of theprodut separation tehnique used by Bahati et al. (2001), of the three measuredross setions the single ionization ross setion is the most likely to be orret.This is further supported with the single ionization ross setion being assigned theleast estimated error. With that in mind, a omparison with the total ionizationalulations of Kim et al. (2000) and Deutsh et al. (2002) an give us an indiationof how far o� the dissoiative ionization ross setion is. In that way, we foundthat the disrepany is near idential to the dissoiative exitation disrepanywith Peterson et al. (1998), or about a fator of 3 too small. Rather than usingthe ross setions measured by Bahati for reations (3.17) and (3.18) unmodi�ed,it is probably a better hoie to �rst sale them up by a fator of 3. This way, weget a very good agreement with the measurement of Peterson et al. for reation(3.17) but with the ross setion extending to muh higher eletron 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 setion for the dissoiative ionization of N+
2 , reation(3.18), versus eletron energy. The solid line is the ross setion of Bahati et al.(2001), saled upwards by a fator of 3. For omparison to alulations, the dash-dot line is the sum of the single ionization ross setion of Bahati et al. and thesolid line. The dotted line is the orresponding ross setion of Kim et al. (2000)and the dashed line is the alulation of Deutsh et al. (2002).alulations of Kim et al. (2000) and Deutsh et al. (2002), as seen on �gure 3.14,assuming the single ionization ross setion of Bahati et al. is aurate. Thereis still a possibility that all the ross setion measurements of Bahati et al. areaurate with the other measurements and alulations being in error, althoughthis is statistially the less likely senario. Therefore, we will use the solid lineross setions in �gures 3.13 and 3.14 in the model for the dissoiative exitationand dissoiative ionization of N+

2 , respetively. Those reations are not expetedto ontribute a lot to our overall alulation result anyway, but this hoie of rosssetions should provide an upper limit of their ontribution. If the reations proveto be important, using the original values from Bahati et al. instead ould give anindiation of the quality of their unmodi�ed ross setions, as well as demonstratinghow sensitive the overall result is to those reations.The produt atom in reation (3.17) is assumed to be N(2D). None of the



3.4 � Collisions of eletrons with ions 63experiments mentioned above speify the state of the atom, but sine the atomis probably the N(2D) metastable atom we will simply assume that other atomsare not formed in this reation. How inaurate this may be should not be impor-tant sine this reation should be negligible in the prodution of nitrogen atoms.However, the reation might be an important hannel for the prodution of atominitrogen ions, and an thus not be exluded either.3.4.3 Dissoiative reombination of N+
3The dissoiative reombination of N+

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

3 −→ N + N2 (3.19)
−→ N + N + N (3.20)As with dissoiative reombination of N+

2 a measured ross setion in the energyrange of interest ould not be found. We are therefore fored to use energy depen-dent rate oe�ients that we assume to be valid in our range. Reently, Zhauner-hyk et al. (2007) measured the ross setion and branhing ratios of the rea-tion above, using the same or similar equipment as Peterson et al. (1998) usedfor his measurements of dissoiative reombination of N+
2 . A rate oe�ient of

6.47× 10−13 m3/s was only obtained for eletron temperature of 25 meV, whih isof limited use to us. Instead we will use the temperature dependent value reom-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 branhing ratio, Zhaunerhyk et al. found that the reation hasa strong tendeny towards the reation of N + N2, or over 90%. Therefore the



64 Nitrogen spei� parameterslatter reation above, (3.20), will not be onsidered at all. As with the dissoiativereombination of N+
2 , we will assume that at least one of the produts is in anexited state. Therefore, reation (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 thesehannels have a 0.5:0.5 branhing ratio.

3.4.4 Dissoiative reombination of N+
4For the dissoiation of N+

4 we will only onsider the reation
e + N+

4 −→ N2 + N2 (3.21)The rate oe�ient for the dissoiative reombination of N+
4 has been measured orreommended by several authors (Kossyi et al., 1992; Fitaire et al., 1984; Whitakeret al., 1981; Cao and Johnsen, 1991). The results were in exellent agreement witheah other, with the exeption of Cao and Johnsen (1991) who found about oneorder of magnitude larger rate oe�ient. However, the eletron energy assoiatedwith these rate oe�ients is far below our range of interest. As we did with thedissoiative reombination of N+

3 , we will use the rate oe�ient reommended byKossyi et al. (1992), 3.2×10−13Te
−1/2 m3/s, assuming the temperature dependeneholds in the interval 1 < Te < 10 V. Furthermore, we will assume that one ofthe moleules formed is in an exited state, as is generally the ase for dissoiativereombination and has been suggested for reation (3.21) (Cao and Johnsen, 1991),suh that the metastable nitrogen moleule N2(A

3Σ+
u ) is always produed alongwith the ground state nitrogen moleule N2(X

1Σ+
g , v = 0) in reation (3.21).



3.5 � Reations of gaseous speies 653.5 Reations of gaseous speiesReations involving no eletrons are independent of the eletron temperature, butdepend on the gas temperature; the temperature of the olliding gaseous speies.The rate oe�ients are therefore independent of the eletron energy distributionfuntion, and a rate oe�ient desribing the behavior with gas temperature issu�ient instead of a ross setion. The most extensive olletion of rate oe�-ients between gaseous speies are those by Kossyi et al. (1992), Herron (1999) andSho�eld (1973, 1979).3.5.1 Charge transferSine the ionization energy of the nitrogen atom is about 1.1 eV less than that ofthe moleule, the reation
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 fator 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 reatant atom, applying to ollisions with both ground stateand metastable nitrogen atoms. We will also assume that the produed nitrogenmoleule is in a state roughly 1.1 eV above the energy of the reatant atom, theharge transfer being near resonant.The inverse reation,

N+ + N2 −→ N + N+
2 (3.23)



66 Nitrogen spei� parametershas an energy threshold of approximately 1.1 eV, thus having a small rate oe�-ient. However, when the reatant nitrogen moleule is in an exited state morethan 1.1 eV above the ground state, the reation has no threshold and the rateoe�ient may be large. For ollisions with nitrogen moleules 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 dereases exponen-tially with energy threshold, being very small for a v = 3 reatant and negligiblefor reatants in lower vibrationally exited states. Therefore, for a harge transferwith a v = 3 reatant we will multiply the rate oe�ient with the exponentialfator exp(−2829/Tg), but disregard any harge transfers with reatants in thelower vibrational levels v = 0− 2. Furthermore, we will assume that the produednitrogen atom is in a state having 1.1 eV less energy than the reatant moleule,the harge transfer being near resonant.3.5.2 Quenhing by the nitrogen moleuleVibrational exitationThe vibration � translation energy exhange, i.e. the quenhing of vibrationallyexited ground state moleules N2(X

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

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 largeoe�ient for quenhing of vibrational levels muh exeeding v = 6. Billing andFisher (1979) alulated the rate oe�ient at various temperatures, yielding values



3.5 � Reations of gaseous speies 67in the range 0.4 − 22 × 10−25 m3/s for a 500 K temperature, inreasing withvibrational level j. These rate oe�ients are ommonly used in kineti modeling ofnitrogen disharges (Guerra and Loureiro, 1997, 1995; Guerra et al., 2004) and havebeen shown to be in exellent agreement with more reent and presumably moreaurate alulations (Caiatore et al., 2005; Adamovih et al., 1998; Adamovih,2001). We will therefore use the values alulated by Billing and Fisher (1979) fortemperatures in the range 400 � 700 K, after �tting them to the usual power lawdependene with the gas temperature.The alulations by Adamovih (2001) indiate that quenhing of vibrationalenergy by two or more levels has a rate oe�ient at least 6 � 7 orders of magnitudesmaller than for the single level quenhing of reation (3.24). We will thereforeassume that quenhing by multiple vibrational levels is negligible, and will onlyinlude the single vibrational level quenhing of reation (3.24).The quenhing of vibrational exitation of the ground state nitrogen moleule bya ollision with the metastable moleule N2(A
3Σ+

u ) an our by the intermediatereation
N2(A

3Σ+
u ) + N2(X

1Σ+
g , v ≥ 5) −→ N2(B

3Πg) + N2(X
1Σ+

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

u ) and N2(B
3Πg), the above reation is exothermi and an have alarge rate oe�ient. The reation was studied by Piper (1989a) who found a rateoe�ient of 3 × 10−17 m3/s. Sine the B3Πg level is not metastable and has alifetime of only several miroseonds (Piper et al., 1989), it radiates quikly bakto the metastable state A3Σ+

u . We will therefore assume that e�etively, quenhingof vibrational exitation of the ground state nitrogen moleule by a ollision with



68 Nitrogen spei� parametersthe metastable N2(A
3Σ+

u ) proeeds by the reation
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 reation (3.25), 3 ×

10−17 m3/s. When the ground state reatant moleule is in a vibrational levelbelow v = 5 the reation is endothermi, and the rate oe�ient dereases expo-nentially with the threshold energy, i.e. exp(−Ta/Tg) where Ta = eEa/k. We willtherefore assume an exponential temperature fator of Ta = 533 K and Ta = 3757K when the ground state nitrogen moleule is in vibrational levels v = 4 and v = 3,respetively, whereas the rate oe�ients for reatants in lower vibrational levelsare assumed to be negligible.Eletroni exitationThe quenhing of the metastable nitrogen moleule N2(A
3Σ+

u ) by the nitrogenmoleule,
N2(A

3Σ+
u ) + N2 −→ N2(X

1Σ+
g , v = 0) + N2 (3.27)is relatively well doumented, but the disrepany between some of the availabledata (Clark and Setser, 1980; Kossyi et al., 1992; Herron, 1999), as muh as bya fator of 200, makes the hoie 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 unertainty 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 aurate. Instead, wewill use the value reommended by both Kossyi et al. (1992) and Herron (1999),



3.5 � Reations of gaseous speies 69
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 moleules in any vibrational state. However, given that the pooling of themetastable nitrogen moleule 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 quenhing rateoe�ient mentioned above does not apply to the self quenhing of N2(A
3Σ+

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

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

3Σ+
u ) with a lifetime ranging from a fewhundredths of a miroseond to a few miroseonds (Piper et al., 1989; Dileeet al., 2007). The metastable nitrogen moleule N2(A

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

N2(A
3Σ+

u ) + N2(A
3Σ+

u ) −→ N2(A
3Σ+

u ) + N2(X
1Σ+

g , v = 0) (3.29)e�etively 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 quenhing of the metastable atom N(2D) by thenitrogen moleule,
N(2D) + N2 −→ N(4S) + N2 (3.30)



70 Nitrogen spei� parameterswas measured by Sugawara et al. (1980) to be 1.3×10−20 m3/s. This value is quitelose to the rate oe�ient suggested by other studies (Herron, 1999; Kossyi et al.,1992; Sho�eld, 1979) and we will therefore use this value. Furthermore, we willassume the rate oe�ient applies to impats with both ground state and exitednitrogen moleules.The quenhing of the metastable atom N(2P) by the nitrogen moleule,
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 prodution of N(4S), but found no indiation of any N(2D)prodution. This rate oe�ient is roughly 10 times larger than values suggestedin other studies (Sho�eld, 1979; Gordiets et al., 1995; Kossyi and Silakov, 2005),but is the basis in the reommendation 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 quenhed to the ground state, N(4S), byimpat with nitrogen moleules, and that the rate oe�ient is independent of thestate of the quenher moleule.3.5.3 Quenhing by the nitrogen atomThe quenhing of vibrational energy of the ground state nitrogen moleule by aollision with the neutral nitrogen atom is generally negligible for low vibrationallevels. Guerra et al. (2004) disregarded the e�et altogether for vibrational levelsbelow v = 7, assuming the rate oe�ient vanishes for suh low vibrational levels.This approximation is justi�able sine the rate oe�ient is very small, on the



3.5 � Reations of gaseous speies 71order of 10−27 m3/s, for nitrogen moleules 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 inluding any quenhing of vibrationalenergy by ollisions with atoms for the relatively low vibrational levels onsideredin the urrent study.The rate oe�ient for the quenhing 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. Beause of the omplexity of the measurement, the rate oe�ientwas not expeted to be aurate to more than 20 %. Although other authorsreommend larger values (Sho�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 produtatom 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 quenher atom.The rate oe�ient for the quenhing of the metastable nitrogen atom N(2D)by other neutral nitrogen atoms was inluded in none of the olletions of nitrogenreation rate oe�ients (Sho�eld, 1979; Guerra et al., 2004; Gordiets et al., 1995;Tatarova et al., 2005; Herron, 1999; Kossyi et al., 1992), although Sho�eld (1979)mentioned that no measurements had been reported for the reation. Therefore, wewill simply assume that the reation is negligible. However, given that the e�etive



72 Nitrogen spei� parametersquenhing of the N(2D) by atomi oxygen an have a onsiderable e�et on thedensity of N(2D) in the upper atmosphere (Piper, 1989), this assumption is notneessarily aurate and should be taken with a grain of salt. If the quenhing ofthe metastable atom N(2P) turns out to be important in the overall destrutionmehanism of N(2P), the quenhing of the N(2D) is probably important as well.3.5.4 Transfer of exitationVibrational exitationThe vibration - vibration energy exhange, i.e. the near resonant transfer of vibra-tional exitation between two olliding ground state moleules,
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 exitedground state moleules, often observed in the afterglow of nitrogen disharges athigher pressure (Guerra et al., 2004). The rate oe�ient is known to dependstrongly on the vibrational level, as well as the gas temperature, suh that it is notpossible to use a single value for the general reation given above. There exist anumber of studies that have attempted to alulate or formulate the rate oe�ientsfor various vibrational levels as a funtion of gas temperature (da Silva et al., 2008;Adamovih et al., 1998; Adamovih, 2001; Caiatore et al., 2005). However, therate oe�ients alulated by Billing and Fisher (1979) are generally used as a pointof referene in those studies and are ommonly used in disharge 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



3.5 � Reations of gaseous speies 73range of j values, numeri values are never given for other values of k than 1. Wewill use the Shwartz, Slawsky and Herzfeld theory (Shwartz et al., 1952; Shwartzand Herzfeld, 1954; Kek and Carrier, 1965; Bray, 1968) to derive the missing rateoe�ients for k = 2 − 6 from the rate oe�ients given by Billing and Fisher(1979) for k = 1. Assuming that the anharmoniity of the nitrogen moleule 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 defets of the two transitions. Now, sine
∆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, sine it is apparent that transitions for j + 1 < kare slightly endothermi by the negative vibrational energy defet, resulting in



74 Nitrogen spei� parametersa smaller expeted rate oe�ient. The ativation 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 aurate theories (Adamovih et al., 1998; Adamovih, 2001), as given byAhn et al. (2004). The rate oe�ients Kj′,j′+1
1,0 , used to alulate the missingtransitions, are taken from Billing and Fisher (1979), after �tting them to theusual power law dependene with gas temperature in the range 300 � 1000 K. Theresulting values for the various transitions are tabulated in table A.2.The alulations of Adamovih (2001) indiate that vibrational energy jumpsof more than one level, i.e. when the reatants and produts 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 inlude the vibrational energy transferof reation (3.35).Eletroni exitationThe transfer of eletroni exitation from the neutral nitrogen moleule 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 disussed 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 produtatom is always the higher lying metastable atom N(2P) (Meyer et al., 1970; Piper,1989b), i.e. the latter hannel in the reation above is assumed to be negligible.



3.5 � Reations of gaseous speies 753.5.5 Dissoiation of ionsThe dissoiation 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 reommended by Kossyi et al. (1992).We will use this rate oe�ient and assume that it is independent of the state ofthe reatant atom and that the produed moleules will have a ombined energyroughly orresponding to the energy level of the reatant atom.An upper limit of the rate oe�ient for the dissoiation of the N+

4 ion by aollision with the neutral nitrogen moleule,
N+

4 + N2 −→ N+
2 + N2 + N2 (3.43)was given by Kossyi et al. (1992) as a funtion 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 disrepany is strange, espeially sineboth authors ite the same soure for the rate oe�ient. However, the reom-mendation by Kossyi et al. (1992) is abnormally large while the value used byGordiets et al. is loser to what to normally expet from a gaseous reation rateoe�ient. Sine 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 reatant moleule and thatthe additional neutral moleule produt will be in the ground state.



76 Nitrogen spei� parameters3.5.6 Rearrangement of hemial 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 moleule,

N+
2 + N2 −→ N+

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

2 ion, Bowers et al.(1974) suggested a rate oe�ient of 5.5×10−17 m3/s, although without speifyingthe state of the nitrogen moleule. This is onsistent with the upper limit of the rateoe�ient given by Kossyi et al. (1992), 3 × 10−16 m3/s. Ja�e et al. (1973) founda rate oe�ient of about fator 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 rateoe�ient measured by Bowers et al. (1974) for reation (3.44). The reation isonly possible if either the ion or the moleule reatants are in an exited level sinethe appearane 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. Sine we do not disriminatebetween the states of the N+
2 ion in our global model alulations, we will assumethat the rate oe�ient is only appliable when the neutral nitrogen moleule isthe metastable N2(A

3Σ+
u ), as indiated by Kossyi et al. (1992). Furthermore, wewill assume that the produed neutral atom is in the ground state.The inverse reation of reation (3.44), the destrution of N+

3 by the rearrange-ment of hemial bonds,
N+

3 + N −→ N+
2 + N2 (3.45)should have no energy threshold in ontrast to the threshold predited for reation



3.5 � Reations of gaseous speies 77(3.44). However, this is not neessarily the ase sine the reation might proeedthrough 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, whih is ofsimilar magnitude as the rate oe�ient used for reation (3.44). Furthermore, wewill assume that the reation has no threshold, suh that the rate oe�ient is thesame for reatant atoms in any state and that the neutral moleule produed isalways the metastable nitrogen moleule N2(A
3Σ+

u ).3.5.7 Three body assoiationAssoiation generally an only our through three body ollisions, as momentumonservation does not allow two bodies to diretly form a single body. Thus,assoiation of two bodies is generally explained by the assistane of a third body.Assoiation of two neutral speiesThe rate oe�ient for the assoiation of two atoms by a ollision with the nitrogenmoleule,
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) whih was given for the interation of ground state partiles.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-ations of atoms and moleules in both ground and exited states. Furthermore,we will assume that the produed moleule is in an exited state aording to theombined energy level of the atoms it is omposed of (Kossyi et al., 1992).



78 Nitrogen spei� parametersThe assoiation 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 produed moleule (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 exited states, and that the produt moleule is ina state aording to the ombined energy level of the atoms it is omposed of.Assoiation of an ion and a neutral speiesThe ion-atom assoiation

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 moleulesin any state.The onversion of the N+

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

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 reation are also of the same



3.5 � Reations of gaseous speies 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 rateoe�ient applies to ollisions of both ground state and exited nitrogen moleules.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 moleule,
N+ + N2 + N2 −→ N+

3 + N2 (3.50)�nding a value of 1.7× 10−41(300/Tg)
2.1 m6/s, whih 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 exited and groundstate moleules with the N+ ion.The rate oe�ient for the assoiation of the N+

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

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 exited moleules and atoms.
3.5.8 IonizationThe formation of the N+

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

2 + e (3.52)



80 Nitrogen spei� parametersan have a large rate oe�ient when the sum of the exitation energy of thereatants and the dissoiation energy of N+
2 is larger than the ionization energy ofthe N2 moleule. We will use the rate oe�ient reommended by Kossyi et al.(1992), 1× 10−18 m3/s, when at least one of the reatants is the N(2P) metastableatom.The formation of the N+

4 ion by the assoiation of two moleules,
N2 + N2 −→ N+

4 + e (3.53)an have a large rate oe�ient when the nitrogen moleules have a su�iently highombined exitation energy suh 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 moleules. In the pressure regime 1 � 100 mTorr, eletron im-pat ionization is generally the dominating pathway for reation of ions. However,sine the N+

4 ion has no neutral ounterpart in the urrent reation set, assoiativeionization is probably the dominating pathway in its reation. Therefore, we annot exlude the reation, as we would normally do, but we will instead try to use arate oe�ient that is representative of an e�etive rate oe�ient for the reationof the ion N+
4 . Gordiets et al. (1995) gave a rate oe�ient for a similar reation,deviating from the above reation only in one of the reatants being vibrationallyexited 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 reation 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 reatants is the higher lying metastable moleule N2(a

′ 1Σ−
u ),not onsidered in the urrent study. Thus, the assumption of reation (3.53) islikely appropriate, with the rate oe�ient probably not being muh larger thanwould be observed e�etively in an experiment.



3.6 � Optial emission of exited speies 81Penning ionization, suh as the reation
N2 + N2 −→ N2+

2 + N2 + e (3.54)is believed to be a negligible part of the overall ionization mehanism in the lowpressure regime of 1 � 100 mTorr, even though it has been found to be importantin higher pressure disharges (Guerra et al., 2004). The reation an have a largerate oe�ient when the ombined exitation energy of the reatants surpassesthe ionization energy of the N2 moleule. The ombined exitation energy of twometastable moleules N2(A
3Σ+

u ) is about 3 eV below the ionization energy of theN2 moleule. The reation an therefore only proeed if a higher lying metastablespeies, suh as the N2(a
′ 1Σ−

u ), were inluded in the model, as was the ase withthe assoiative ionization. Thus, instead of approximating the rate oe�ient, aswe did for reation (3.53), we will simply exlude reation (3.54) from the reationset, sine it is almost ertainly negligible for the reation of N+
2 .3.6 Optial emission of exited speiesEah exited speies eventually returns to some lower energy level by, for exam-ple, spontaneously emitting a light of a spei� wavelength orresponding to thederease in energy. The strongest optial emission is by eletri dipole radiation,whih is only permitted for a given exited level if a set of seletion rules is ful�lled.If the eletri dipole radiation is not permitted, optial emission an only our bymagneti dipole radiation or other mehanisms that are muh weaker than eletridipole radiation. Partiles in a spei� exited level thus have a spei� lifetime,varying from level to level, before spontaneously emitting light and returning tosome lower energy level. From some energy levels no eletri dipole radiation is



82 Nitrogen spei� parameterspermitted. These levels are alled metastable and have muh longer lifetime, τrad,than other exited levels, muh exeeding 10−6 se. Metastable speies an there-fore be present in a onsiderable quantity in a gas disharge. Beause of the highlifetime of metastable partiles, the spontaneous emission is not believed to playan important role in the loss of metastable partiles. We will however inlude theproess, just to on�rm that it is of no importane. An extensive olletion of life-times of exited nitrogen atoms is given in the ompilation by Wiese et al. (1996).Furthermore, a olletion of lifetimes of exited nitrogen moleules is given in theompilation by Lofthus and Krupenie (1977).Sine the nitrogen moleule has no permanent dipole moment (Patel, 1964;Weber and Deutsh, 1966), eletri dipole radiation from the vibrational levels ofthe ground state nitrogen moleule is not permitted. The lifetime of vibrationallyexited moleules an therefore be expeted to be very long, and sine no dataould 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 moleule. We will use the v = 0 valueof 2.37 se, whih is in a reasonably good agreement with other reported values forthe lifetime (Shemansky and Carleton, 1969; Lofthus and Krupenie, 1977; Meyeret al., 1971).



3.6 � Optial emission of exited speies 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, whih was found tobe in a reasonable agreement with earlier theoretial alulations (Godefroid andFisher, 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 theoretial Einsteinoe�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 muh higher than for the other two atomi transitions, or τrad = 5.3 × 104 se,originating from the largest theoretial 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 moleules inluded in the model.



84 Nitrogen spei� parameters3.7 Elasti eletron satteringAs there is no loss or generation of a speies involved in elasti ollisions, the elastisattering ross setion does not play a role in the partile balane equations (2.56).However, it plays a vital role in the determination of the ollisional energy loss, Ec,given by equation (2.31), whih is an important parameter in the energy balaneequation (2.57). The total eletron impat sattering ross setion is the sum of allpossible eletron ollision ross setions, and an be important in determining themaximum value of a partiular inelasti ollision ross setion. Elasti ollisions arethose where the kineti energy is onserved, with the internal energy of the partilesbeing unhanged. While inelasti ollisions have a partiular energy threshold,elasti proesses do not, and thus the low energy part of the total sattering rosssetion onsists only of the elasti sattering ross setion. The elasti ross setiontherefore has to over a wide range of eletron energy in order for the rate oe�ientto be aurate, preferably from a few meV to a few keV. This an often only beaomplished by assembling the ross setion from more than one measurement oralulation, as most authors only over a subset of the energy range needed.3.7.1 Elasti sattering by the N2(X
1Σ+

g , v = 0) moleuleThe elasti sattering of eletrons by impat with the nitrogen moleule has beenquite well studied, both theoretially (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; Nikel 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 reommended the best rosssetions (Itikawa et al., 1986; Brunger and Bukman, 2002; Bukman et al., 2003;Itikawa, 2006). Allan (2005) measured the di�erential elasti ross setion in the
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Figure 3.15: The elasti sattering ross setion of eletron-N2 ollisions. Thedata in the range 20 meV � 3.5 eV is a part of the theoretial elasti satteringross setion of Feng et al. (2003), and the data in the range 4 � 1000 eV is a partof the elasti sattering ross setion reommended by Itikawa (2006). The insetreveals the resonant struture in more detail with the energy on a linear sale.resonane region, 0.5 � 5 eV. The result is in agreement with previous measurementsand reommendations, but sine this integral elasti ross setion onsists of only 3measurement points, there is not enough detail in the resonane region for the rosssetion to be usable. Although a detailed integral ross setion ould be derivedfrom the detailed di�erential ross setions given by Allan (2005), we will useother similarly aurate integral ross setions that are more detailed. Feng et al.(2003) alulated the di�erential and integral elasti sattering ross setion in theenergy range 20 meV � 10 eV. Their di�erential ross setions were in an exellentagreement 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 setion. Theross setion is furthermore in good agreement with the ross setion reommendedby Itikawa (2006) below 0.5 eV. We therefore will use the theoretial ross setion



86 Nitrogen spei� 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 setion reommended by Itikawa (2006), whih isin part unhanged sine his previous elasti ross setion reommendation (Itikawaet al., 1986), and thus should be quite aurate. The resulting ross setion isshown in �gure 3.15.3.7.2 Elasti sattering by the N(4S) atomAlthough there exist many alulations of the ross setion for the elasti eletronsattering 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 rosssetion has only been measured twie (Neynaber et al., 1963; Miller et al., 1970).Most of the data is very dated, espeially the measurements, with the theoretialalulation of Ramsbottom and Bell (1994) being the most reent. At high en-ergy, larger than 2 eV, most of the alulated ross setion are similar, all beinglarger than the measurement of Neynaber et al. (1963) by at least a fator of two.However, for energy lower than 2 eV some of the ross setions begin to deviatefrom the rest, eventually exhibiting a very strong resonant peak at several meV.The other ross setions simply derease uniformly with dereasing energy. Thelow energy measurement of Miller et al. (1970), even though suggested to be takenwith a grain of salt, supports the former result, inreasing with dereasing energyand thus indiating the existene of the low energy resonane. Ramsbottom andBell (1994) ould reprodue exellent agreement with both instanes in their al-ulations, showing that the di�erene only lies in the assumption of the existeneof a bound state of N−. Taking into aount the measurement of Miller et al.(1970) and the fat that there is no experimental evidene of a bound N− state,
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Figure 3.16: The elasti sattering ross setion for the ollision of eletrons andnitrogen atoms versus eletron energy. The data in the range 25 meV � 3.5 eV isa part of the theoretial elasti sattering ross setion of Ramsbottom and Bell(1994). The data in the range 5 � 9 eV is the most reliable portion of the elastisattering ross setion 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 sale.
Ramsbottom and Bell regard the ross setion with the resonant peak to be themore aurate.As the experimental data is relatively poor, we prefer to use of the theoretialross setions. Given the relatively good agreement with experimental data, wewill use the most reent alulation of Ramsbottom and Bell (1994) in the energyrange 0.025 � 3.5 eV. To extend the ross setion 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 sattering, no data ould befound that gave the ross setion at any higher energy. The resulting ross setionis shown in �gure 3.16.



88 Nitrogen spei� parameters3.8 Wall interationsWall interations are very important in low pressure disharges. Wall reombina-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 at as a sink for exitation energy, ommonly quenhingexited moleules and atoms quite e�etively.3.8.1 Wall reombination oe�ientThe wall reombination oe�ient, γrec, is a very important disharge parameter.At low pressure, when heavy partile ollisions are less likely, wall reombinationof 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 reombination oe�ient γrecmay deide the frational dissoiation, nat/ng, in the disharge. Depending on theappliation, the frational dissoiation is regarded as one of the most importantparameters in a proessing plasma, and thus the importane of the wall reom-bination oe�ient an not be taken lightly. The reombination oe�ient doeshowever hange not only with the wall material, but also with the quality of thesurfae, suh 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 spei� requirement offrational dissoiation. Furthermore, the wall reombination oe�ient γrec maydepend on pressure, as is the ase with the oxygen disharge (Gudmundsson andThorsteinsson, 2007b), and with gas temperature as well.Singh et al. (2000) measured the reombination oe�ient for neutral oxygenand nitrogen atoms on a stainless steel surfae in a low pressure indutive dis-harge hamber. The wall reombination oe�ient obtained, an average of values



3.8 � Wall interations 89measured while varying the disharge pressure and power, was γrec = 0.07.A variety of other experimental and theoretial determinations exist for thewall reombination oe�ient, γrec, in a nitrogen disharge. In a study of thee�et of wall material in an N2�O2 post-disharge, Kutasi and Loureiro (2007)reviewed some of the available data for various surfae materials. The majority ofthe studies are for the reombination of atoms on a glass, pyrex, quartz or othersilia surfae materials (Capitelli et al., 2007; Herron et al., 1959; Young, 1961;Sanier et al., 1962; Lefèvre et al., 2000; Belmonte et al., 1999; Gordiets et al.,1996; Yamashita, 1979; Tunis Wentink et al., 1958), yielding wall reombinationoe�ients of approximately 10−6−10−4 in the pressure regime 0.1−11 Torr. Thewall reombination 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 surfaes inthe same pressure regime, yielding values of approximately 10−3, 10−2, 10−4 � 10−2,
10−3, 5 × 10−3 and 10−2, respetively. Beause of the pressure dependene, thesemeasurements are of limited use to us, all being above the operating pressure regimeof interest here. However, they do indiate that the reombination oe�ient isonsiderably smaller for glass, quartz and pyrex than it is for a hamber madeof stainless-steel, iron or aluminum, for example. Sine the power is generallyoupled to the plasma through a dieletri window in an indutively oupled plasmahamber or a eletron ylotron disharge, at least some part of the hamber mustexhibit this low wall reombination oe�ient, e�etively lowering the overall wallreombination oe�ient of the hamber.In a study of the dissoiation degree in a low pressure indutively oupleddisharge, Nakano et al. (2002) estimated the wall reombination oe�ient of the



90 Nitrogen spei� parametersdisharge 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), indiating the wall reombination oe�ient is signi�antly larger inthe pressure regime 1 � 100 mTorr, ompared to the pressure regime of the otherstudies, 0.1 � 11 Torr.Sine we assume the hamber in our global model study is made of stainlesssteel, we prefer to use the wall reombination oe�ients measured by Singh et al.(2000). Although the measurement demonstrates that the wall reombination o-e�ient has an inverse dependene on pressure, we are not able to derive a pressuredependent wall reombination oe�ient as was done in the O2/Ar disharge model(Gudmundsson and Thorsteinsson, 2007b). The wall reombination oe�ient wasonly measured in the pressure regime 15 � 30 mTorr, whih is too narrow to extrap-olate a pressure dependent wall reombination oe�ient that is valid for pressurebelow 10 mTorr. We will therefore simply use the aforementioned average wallreombination 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 moleule is inthe ground state, N2(X
1Σ+

g , v = 0), as predited by Capitelli et al. (2007) for asilia surfae. Furthermore, we will assume that the measured wall reombinationoe�ient represents an overall value for the hamber, inluding the e�et of thelower wall reombination oe�ient at dieletri windows.3.8.2 Wall quenhing oe�ientsQuenhing of exited speies by impat with the wall an be an important fatorin their loss. However, exited speies are also lost rapidly through other hannels,



3.8 � Wall interations 91suh as eletron impat de-exitation, whih redues the impat of wall quenhingon exited partile densities.Wall quenhing of vibrationally exited moleulesBlak et al. (1974) measured the vibrational relaxation of N2(X
1Σ+

g , v = 1) bya ollision with various surfae materials at pressure above 7.5 Torr. The wallquenhing oe�ients were found to be in the range 2× 10−4 for pyrex to 5× 10−3for aluminum. Morgan and Shi� (1963) estimated the wall quenhing oe�ientsfor vibrationally exited ground state nitrogen moleules on a pyrex surfae to beroughly 4.5 × 10−4. Egorov et al. (1973) measured the vibrational deativationprobability in a ollision with a glass surfae 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 desribing the behavior of the quenhing 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)whih, for a 600 K gas temperature, would result in a wall quenhing oe�ient ofabout 2 at 1 mTorr, i.e. two moleules quenhing for eah ollision of a single vi-brationally exited moleule on the wall. This disrepany, along with the fat thatthe limited pressure range is about 2 � 3 orders of magnitudes above ours, preventsus from using this equation diretly. However, the implied pressure dependeneindiates that the vibrationally exited moleules are quenhed quite e�etivelyin the pressure regime 1 � 100 mTorr. Thus, in spite of the relatively low valuesfound at muh higher pressure, we will assume the wall quenhing oe�ient forvibrationally exited moleules has reahed unity in the operating pressure regimeof an indutively oupled disharge, that is γN2(X,v) = 1.



92 Nitrogen spei� parametersWall quenhing of the metastable moleule N2(A
3Σ+

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

u ) metastable nitrogen moleule isquenhed with approximately 30% e�ieny on a quartz surfae at a 3 Torr pres-sure. Given the general inverse dependene of the quenhing oe�ient with pres-sure (Egorov et al., 1973; Kozlov et al., 1987a), it is not unreasonable to assume thatat the muh lower pressure of 1 � 100 mTorr essentially all N2(A
3Σ+

u ) moleules ol-liding with the wall are quenhed 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 ) arequenhed 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 wallquenhing oe�ient, γN2(A) = 1, and assume that it applies to a stainless steelhamber at 1 � 100 mTorr.Wall quenhing of the metastable atoms N(2D) and N(2P)As well as reombining to form a moleule, as mentioned above, exited atomsare quenhed 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 exited atoms that do not ombine with other atoms on the wall are insteadquenhed. Furthermore, Lin and Kaufman (1971) found that N(2D) and N(2P) arequenhed very e�iently on a pyrex wall with a 3 � 16 Torr pressure, or withapproximately a unity wall quenhing oe�ient. On a gold surfae, Kozlov et al.(1987b) found a quenhing 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 quenhing oe�ient. Therefore, we will simplyassume that γN(2D) = γN(2P) = 1 − γrec = 0.93.



3.9 � Sattering ross setions 933.8.3 Wall reombination of ionsWe assume all positive ions reombine on the wall, and therefore all the ions weonsider in the nitrogen disharge. Thus, the nitrogen ions N+
2 and N+ reombineto form their neutral ounterparts N2 and N, respetively, with a rate given byequation (2.49). However, the heavier ions we onsider as well, N+

3 and N+
4 , an notreombine in the same way sine we do not onsider the heavy neutrals N3 and N4.As an approximation, we will assume the heavy moleular ion N+

3 reombines on thewall and subsequently dissoiates to produe both a neutral nitrogen moleule andan atom. Similarly, we will assume the heavier ion N+
4 reombines on the wall toform two neutral nitrogen moleules. Sine these heavy moleular ions are expetedto have a rather weak bond, the approximation is likely satisfatory. Furthermore,assuming the neutral ounterparts N3 and N4 are formed in the wall reombination,we expet their bond to be weak and the moleules to dissoiate quikly, suh thattheir formation an in e�et be ignored altogether. This assessment is furthersupported by the sarity of data found regarding those two heavy neutrals.3.9 Sattering ross setionsIn order to alulate the mean free path of a given partile, given by equation(2.5), the sattering ross setion of impats of that partile with all speies in thedisharge must be known. In an argon disharge the ion-neutral sattering rosssetion is approximately 1 × 10−18 m2 (Lieberman and Lihtenberg, 2005, p. 80).In order to aquire a simple estimate of the mean free path, this value is ommonlyused as a rough approximation of the ross setions in other similar gases as well.Another ommon approximation is the so alled hard sphere model. It assumesthat all disharge partiles are hard spheres and the sattering ross setion is



94 Nitrogen spei� parameterssimply given by
σsc = π(a1 + a2)

2 (3.60)where a1 and a2 are the radii of the inident and target partiles. Sine atoms do notbehave as hard spheres nor have a preisely de�ned radius, this model is probablynot very aurate. Furthermore, moleules are generally not sphere shaped, thenitrogen moleule being loser to a ylindrial shape, for example. However, thesattering ross setion, and therefore the mean free path of the inident partile,are likely to depend on the size of both the inident and target partiles, suhas predited by the hard sphere model. We will assume that the sattering rosssetions sale proportionally with the ombined number of atoms of the inidentand target partiles, that is
σsc ∝ A1 + A2 (3.61)where A1 and A2 are the number of atoms in the inident and target partiles. Byde�ning an e�etive radius of a moleule as the radius of a sphere with the samevolume as on�ned by the moleule, we found this to approximately orrespondto the square dependeny of the ombined radius as predited by the hard spheremodel.Phelps (1991) determined the ross setions for ollisions of the nitrogen moleulewith itself and the ions N+ and N+

2 in the energy range 0.1 � 10 keV. Sine thegas temperature is assumed to be 600 K, we extrapolate the ross setions to lowerenergy, 50 meV, in order to �nd a suitable ross setion value (Lieberman andLihtenberg, 2005, p. 80). Furthermore, for the ollision of the neutral nitrogenmoleule with the neutral nitrogen atom, Phelps (1991) reommended using 60%



3.10 � Gas temperature 95Table 3.1: The sattering ross setions, σsc [10−20 m2], for the various ollisionsin the disharge. The ross setions are assumed to be independent of the exitationlevel of the partiles. The values marked with a star are derived from the rosssetions given by Phelps (1991). The unmarked values are derived from the markedvalues aording to equation (3.61). The ion-ion sattering ross setions 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 setion, saling with approximately the square of the ombinednumber of atoms.Stallop et al. (1991) alulated the ross setion 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 sattering ross setion, themomentum transfer ollision is generally just as important and thus the value doesnot neessarily orrespond to the entire sattering ross setion. We will thereforesale the ross setion values of Phelps (1991) instead, aording to equation (3.61),to obtain values for the sattering ross setions 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 sattering ross setions are negligible and that the sattering rosssetion is not dependent on the exitation level of partiles. The resulting satteringross setion values are summarized in table 3.13.10 Gas temperatureThe gas temperature de�nes the mean thermal veloity of gas partiles and ana�et the rate oe�ients of reations involving the ollision of two heavy speies.



96 Nitrogen spei� parametersFurthermore, the temperature of the gas speies is neessary in order to determinetheir density from the disharge pressure. Even though the gas temperature antherefore be regarded as an important parameter in plasma disharge modelling, itis ommonly simply assumed to be equal to the room temperature. This may be asatisfatory approximation for simple modelling of some plasma disharges, but inthe urrent study of the indutively oupled nitrogen disharge we will use a moresuitable value, obtained from spei� measurements of the gas temperature.In a apaitively oupled disharge the gas temperature is lose to the room tem-perature, roughly 300 � 400 K. However, the gas temperature is generally muhhigher in an indutively oupled disharge, often assumed to be 600 K, whih is thetemperature we have used in previous models of the oxygen disharge (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 speiesand disharge onditions. The gas temperature in an indutively oupled hlorinedisharge is for example known to be as high as 1250 K, depending on the dishargepower and pressure (Donnelly and Malyshev, 2000). The high temperature is asso-iated with the unusually high dissoiation degree observed in hlorine disharges.We expet the gas temperature in the nitrogen disharge to be signi�antly lower,given its relatively low degree of dissoiation.The gas temperature is generally determined by a spetrosopi method, ratherthan by diret temperature measurement, suh as by a thermoouple. Sine thetemperature of the hamber walls does not represent the temperature of the gasspeies in the plasma bulk, ranging from 320 K to 340 K on the walls of a stainlesssteel hamber (Singh et al., 2000), a diret gas temperature measurement wouldneed to be done within the disharge hamber. Beause of its sensitivity and sim-pliity, the spetrosopi 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 spei�ally for indutively oupled disharges in thepressure range 1 � 100 mTorr and with a 50 � 1000 W input power. Bakowski et al.(2004) measured the gas temperature in a magnetially on�ned indutively ou-pled disharge hamber as a funtion of power in the range 100 � 400 W. The gastemperature exhibited an apparent linear inrease with inreasing power, varyingfrom 300 K to 460 K, while its dependene with pressure was found to be negligible.Tuszewski (2006) measured the gas temperature as a funtion of both power andpressure in a low-frequeny indutively oupled nitrogen disharge, �nding a weakinrease with pressure but a stronger dependene with power, inreasing 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 funtion of nitrogen ontent in rare gas indutively 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 helion nitrogen disharge operating ata 600 W input power. Although no dependene of power or pressure was reported,a higher gas temperature was obtained for a measurement taken in the axial di-retion ompared to a measurement taken in the radial diretion of the dishargehamber. Linss et al. (2005) measured the gas temperature as a funtion of bothpressure and power in an rf magnetron disharge. A two temperature �t to thespetrosopi data gave a gas temperature of about 410 � 470 K as the power wasinreased from 50 to 500 W while showing little dependene with pressure, whereasa �onventional �t� gave a muh steeper and unexpeted inrease with pressure.The determinations of the gas temperature mentioned above were all for nitro-gen disharges in the pressure range 1 � 100 mTorr. Sine the studies indiated
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Figure 3.17: The gas temperature Tg in low-pressure (1 � 100 mTorr) nitrogendisharges as a funtion 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 dependene with pressure, we will assume that the gas temperature isonstant within that range. A gas temperature of 600 K found at a 1 Torr pressureand 1000 W power in an rf nitrogen disharge (Porter and Harshbarger, 1979),further supports this assessment. However, it is apparent that the gas temperaturedepends strongly enough on the disharge power suh that it an not be ignored.The various �ndings of the gas temperature are summarized in �gure 3.17 as afuntion of the disharge power along with a linear �t to the data, desribing thedependene with power, and the average temperature value (a onstant temper-ature �t). In the low power region, i.e. as the disharge enters the apaitivelyoupled mode (E-mode) and exits the indutively oupled mode (H-mode), the gastemperature is likely to exhibit a more omplex behavior with disharge power thanis predited by the linear �t in �gure 3.17. Taking into aount the measurement ofBakowski et al. (2004), the derease in temperature is more rapid at lower power,



3.10 � Gas temperature 99ultimately reahing a gas temperature of lose to 300 K. Saturation of temperaturean also be expeted at very high powers. However, sine the global model is onlyvalid within the indutively oupled regime and fails at lower power, we will assumethe linear �t is satisfatory within the operating parameters of the disharge.Tuszewski (2006) found that the temperature of ions is approximately 2 � 2.5larger than of the neutral speies in a 0.46 MHz indutively oupled disharge, orabout 1000 K. This behavior was assumed to be a result of the lower frequeny usedin the disharge ompared to in other measurements that use a 13.56 MHz drivingfrequeny and �nd equal temperatures of ions and neutrals. We will assume thepower in the global model is driven with a frequeny of 13.56 MHz, and thereforethat all nitrogen gas speies, ions and neutrals, have an equal temperature as afuntion of power Pabs, Ti = Tg = 0.17 × Pabs + 387 K, in the steady state globalmodel alulations. However, in the time dependent part of this study the power ispulsed with a frequeny muh smaller than the driving frequeny, or 1 � 1000 kHz,suh that the eletrons and ions an respond to the slower �elds and be onsiderablyhotter than the neutral gas partiles in the disharge. We ould therefore assumethat the temperature of positive nitrogen ions is roughly 2.25 times higher thanthe temperature of neutral speies in the pulsed power global model alulations.However, in order to see more learly the di�erene 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 dependene on averageabsorbed power as in the steady state model. In any ase, we expet the ion heatingto have an insigni�antly e�et on the outome. A steady state alulation, wherethe temperature of ions was inreased gradually from the neutral gas temperatureto 1000 K, demonstrated that the ion densities, neutral densities and the eletrontemperature remained virtually onstant with varying temperature of ions.





Chapter 4
The steady state disharge
We assume a ylindrial stainless steel hamber of radius R and length L. A steady�ow Q of neutral speies is introdued through the inlet.The ontent of the hamberis assumed to be nearly spatially uniform and the power deposited uniformly intothe plasma bulk. The disharge is assumed to onsist of 15 speies of nitrogen;the seven lowest lying vibrational levels of the ground state nitrogen moleuleN2(X

1Σ+
g , v = 0 − 6), the metastable nitrogen moleule 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 moleules N3 and N4 are assumed to beunstable in the disharge and will not be inluded, supported by the absene of rateoe�ients for reations with these partiles. All negative ions are also assumedto be unstable and will therefore be exluded, supported by the extremely lowlifetime of for example the N−

2 ion, roughly 10−14 se (Mihajlov et al., 1999). Thereation set used is summarized in appendix A, tables A.1 to A.8. The eletronsare generally assumed to have a Maxwellian-like energy distribution in the range 1� 10 eV, but the eletron energy distribution funtion will also be allowed to vary



102 The steady state dishargeorresponding to the general distribution funtion given by equation (2.13).4.1 Comparison with measurementsSingh and Graves (2000a,b) measured the eletron temperature, Te, eletron den-sity, frational dissoiation and the frational density of ions at various pressuresand disharge powers in an indutively oupled disharge in a stainless steel ham-ber with the dimensions R = 10 m and L = 10 m. The gas �ow rate into thehamber was not spei�ed and we will therefore assume a 50 sm gas �ow rate inthe alulation. Sine only the total rf-power was spei�ed for the measurement,we will assume a 75 % power oupling e�ieny, i.e. Pabs/Prf = 0.75 (Hopwood,1994). The measured eletron density and eletron temperature are ompared toour alulations in �gure 4.1. The measured dissoiation fration and the frationof ion densities are ompared to our alulations in �gure 4.2. The agreement ofthe model and measurements is quite good for the eletron density, the eletrontemperature, the [N+℄/[N+
2 ℄ ratio and the [N+

3 ℄/[N+
2 ℄ ratio. However, the measureddissoiation fration is muh lower than what the model predits, the model seem-ingly overestimating the atomi density by a fator of roughly 3 � 5, depending onabsorbed power. Furthermore, we predit a linear inrease of dissoiation frationwith absorbed power, whereas the measurements show relatively little variationwith absorbed power. This ould be the result of inorretly assuming that the gas�ow in the measurement was 50 sm, but sine assuming a gas �ow of 500 smwould only derease the dissoiation fration by less than 2 %, it an not be the onlyexplanation. The ion fration measurement seems to ontradit the dissoiationfration measurement, with one indiating a rather atomi nature of the disharge,while the other indiates the moleules are the dominating speies. To reproduethe low dissoiation fration in our model for this hamber we ould either signi�-
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Figure 4.1: Calulations and measurements of (a) the densities of ions and ele-trons and (b) the eletron temperature as a funtion of reator pressure. In (a), thetriangles are the eletron density measured by Singh and Graves (2000a) and thelower solid line is the eletron density alulated while exluding all vibrationallyexited ground state moleules N2(X

1Σ+
g , v = 1 − 6). In (b), the irles # are thee�etive eletron temperatures measured by Singh and Graves (2000a) and the solidand dotted lines, nearly indistinguishable, are the eletron temperature alulatedwhile inluding and exluding N2(X

1Σ+
g , v = 1−6), respetively. The gas �ow ratewas 50 sm and the absorbed power 240 W in the alulation, 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: Calulations and measurements of (a) the fration of atomi neutralspeies and (b) the fration of ions as a funtion of absorbed power. In (a), theirles are the [N℄/[N2℄ density ratio measured by Singh and Graves (2000b). In(b), the irles and squares are # the [N+℄/[N+
2 ℄ density ratio and 2 the [N+

3 ℄/[N+
2 ℄density ratio measured by Singh and Graves (2000b), respetively. The dottedlines represent the alulation when exluding vibrationally exited ground statenitrogen moleules, N2(X

1Σ+
g , v = 1 − 6). The gas �ow was 50 sm and thereator pressure was 30 mTorr. The total rf-power reported for the measurementwas saled down 25% to roughly orrespond to the absorbed power used in thealulation. The hamber was made of stainless steel, with the dimensions R = 10m and L = 10 m.



4.1 � Comparison with measurements 105antly inrease the wall reombination oe�ient, γrec, or derease the dissoiationross setion. As the wall reombination 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 dissoiation ross setion would need to be saled down by a fator of 4 � 5.As expeted, this also dereased the [N+℄/[N+
2 ℄ fration signi�antly, then being ina poor agreement with the measurement. Although the dissoiation ross setionmight be too large, a disrepany of a fator of 4 � 5 from the true value has tobe onsidered an unlikely event. However, sine it has been suggested elsewhere inthe literature that the ross setion may be too large by a fator of 10 (Cenian andChernukho, 2003), a disrepany of a fator of 5 is not neessarily that far fethed.The fat that this has merely been suggested only underlines the doubt that sur-rounds this partiular ross setion. When dissoiation of vibrationally exitedground state nitrogen moleules was exluded in our alulations, suh that onlythe N2(X

1Σ+
g , v = 0) and N2(A

3Σ+
u ) dissoiate, we got a muh better agreementof the dissoiation fration with the measurement. Furthermore, when the modelwas run without inluding any of the vibrationally exited ground state nitrogenmoleules, an exellent agreement with the dissoiation fration measurement wasahieved. This is shown by the dotted line in �gure 4.2(a). The eletron density,the lower solid line in �gure 4.1(a), dereased more rapidly with pressure than withthe vibrationally exited moleules inluded, but was still in good agreement withthe measurement. Exluding vibrationally exited moleules had a negligible e�eton the eletron temperature, demonstrated by the dotted line being almost indis-tinguishable from the solid line in �gure 4.1(b). However, exluding the vibrationalexited moleules had roughly the same e�et on the [N+℄/[N+

2 ℄ fration, shownby the dotted line in �gure 4.2, as on the dissoiation fration, being signi�antly



106 The steady state dishargesmaller and therefore in poor agreement with the measurement.It is possible that the dissoiation ross setion, believed to apply solely tothe dissoiation of N2(X
1Σ+

g , v = 0), inludes a signi�ant ontribution from thedissoiation of vibrationally exited ground state moleules. Additionally, the rosssetions for the dissoiation of vibrationally exited moleules may be signi�antlysmaller than for the N2(X
1Σ+

g , v = 0), and not only with a redued thresholdas we assume in the urrent study. The atomi density disrepany is likely to beaused by a ombination of these fators. Instead of arbitrarily on�guring them toreah an agreement with the dissoiation fration measurement, meanwhile losingthe good agreement with the atomi ion fration, we will use the ross setionunmodi�ed in the urrent study and try to disuss and explain the disrepany weobserve between alulation and measurement.Agarwal et al. (2003) measured the absolute atomi and metastable moleuledensities in an indutively oupled disharge. The hamber was made of stainlesssteel, 30 m in diameter and 18 m in length (Aydil, 2003). The �owrate was�xed at 50 sm. 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�ieny as before, or 75%, yielding an absorbed power of approximately 563 W. Most of the metastablemoleule signal was attributed to the N2(A
3Σ+

u ) moleule, whereas the state ofthe observed atoms was not disussed. We will assume the measured atomi den-sity onsists of both ground state and metastable atoms, and therefore we willompare the measurement to the sum of all the neutral atom densities preditedby our model. As is evident in �gure 4.3(a) there is quite high disrepany be-tween our alulation of the atomi density and the measurement. The di�ereneis even greater than the disrepany between the dissoiation fration measure-
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Figure 4.3: Calulations and measurements of (a) the density of nitrogen atomsand (b) the density of N2(A
3Σ+

u ) as a funtion of pressure. The irles # are theatomi nitrogen density and metastable nitrogen moleule density measured byAgarwal et al. (2003). The dotted lines represent the alulation when exludingvibrationally exited ground state nitrogen moleules, N2(X
1Σ+

g , v = 1 − 6). Theabsorbed power was 563 W in the alulation, whereas the total rf-power reportedin the measurement was 750 W (Aydil, 2003). The gas �owrate was 50 sm inboth the measurement and alulation. The hamber was made of stainless steel,with the dimensions R = 15 m and L = 18 m (Aydil, 2003).



108 The steady state dishargement of Singh and Graves (2000b). The alulated atomi density is roughly anorder of magnitude larger than the measured density at 10 mTorr, but less thanfator of two larger at 100 mTorr. Furthermore, we predit that the atomi densitydereases signi�antly with pressure, whereas the measurement shows little vari-ation of atomi density with pressure. Thus, this measurement mostly on�rmsour suspiion that the model overestimates the neutral atomi density onsider-ably. When vibrationally exited moleules were exluded in the alulations, theatomi density dereased signi�antly, as shown by the dotted line in �gure 4.3(a),and was in aeptable 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, whih would in partexplain the di�erene from our alulation. However, we have no �rm reason tobelieve this is the ase and it is more likely that some or all of the dissoiationross setions are too large. The measured and alulated metastable moleuleN2(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 exellent when the alulation is performed withoutinluding the vibrationally exited levels N2(X
1Σ+

g , v = 1 − 6). Similarly to dis-soiation, this indiates that the ross setions for eletron impat exitation ofvibrationally exited ground state moleules to N2(A
3Σ+

u ) are somewhat too large,likely not simply being threshold redued ounterparts of the ross setion for theexitation from N2(X
1Σ+

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

u ) as a funtion of pres-sure and power in an indutively oupled plasma hamber with a 35 m diameterand a 17 m length. The gas �owrate was not spei�ed in the measurement,but we will assume a 50 sm �owrate for the alulation. Sine only the to-



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

u ) density with inreasing pressure is observed inthe measurement, whereas the model predits the density to be nearly onstant,only dereasing slightly with pressure above 40 mTorr. This indiates that theN2(A
3Σ+

u ) is quenhed muh more e�etively by ground state nitrogen moleulesN2(X
1Σ+

g , v = 0− 6), whose density inreases rapidly with pressure, than the ur-rent rate oe�ient implies. At 100 mTorr the model predits a density a fatorof 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) dereases rapidly with de-reasing pressure, i.e. the vibrational temperature depends strongly on dishargepressure. Thus, assuming a similar behavior of N2(A
3Σ+

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

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

u , v > 0) density with inreasing 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 prediting a density roughly a fator of3 � 5 larger than in the measurement, depending on power. The agreement withthe measurement is better when the alulation is performed without inludingN2(X
1Σ+

g , v = 1 − 6), the metastable moleule density dereasing by roughly afator of 2. The rapid derease in N2(A
3Σ+

u ) density with pressure, as observed inthe measurement in �gure 4.4(a), is still not reprodued in the alulation. Thus,
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Absorbed power [W℄Figure 4.4: Calulations and measurements of the total N2(A

3Σ+
u ) density as (a)a funtion of pressure with the absorbed power �xed at 75 W and (b) as a funtionof absorbed power with the pressure �xed at 25 mTorr. The irles # are themetastable nitrogen moleule densities measured by Hanok et al. (2006). Thedotted lines represent the alulation when exluding vibrationally exited groundstate nitrogen moleules, N2(X

1Σ+
g , v = 1 − 6). The total rf-power reported forthe measurement was saled down 25% to roughly orrespond to the absorbedpower used in the alulation. The gas �ow rate was assumed to be 50 sm. Thedisharge 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 alulation annot be explained only by the ross setions for the exitation of N2(A
3Σ+

u ) fromN2(X
1Σ+

g , v = 1 − 6) being too large.Cho et al. (2001) measured the eletron density and the ratio of the ions N+
2and N+ as a funtion of power and pressure in a ylindrial indutively oupledplasma hamber with a 50 m diameter and a 56 m length. The gas �owrate wasnot spei�ed, but we will assume a 50 sm �owrate for the alulation. Only thetotal rf-power was reported for the measurement, and therefore we will assume a 75% power oupling e�ieny to obtain the absorbed power to use in the alulation.The alulation is in an exellent agreement with the measurement of the eletrondensity, as seen in �gure 4.5(a). However, the alulation predits a signi�antlylower density of the atomi ion N+ than found in the measurement. The high ratioof N+ is inonsistent with the low dissoiation fration 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 thereforeindiate a high ratio of atomi ions but a low ratio of neutral atoms, whih isvery hard to believe to be physially aurate. 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 eletron density alulation with the measurementgets worse at higher pressure, being roughly a fator of 2 smaller at 2 mTorr.Exluding N2(X
1Σ+

g , v = 1 − 6) in the alulations has a negligible e�et on theeletron density, shown by the dotted lines in �gures 4.5(a) and (b).Zhu and Pu (2008) measured the eletron density as a funtion of power andthe eletron temperature as a funtion of reator pressure in an indutively oupledplasma hamber with a 60 m diameter and a 40 m length. The gas �owrate wasnot spei�ed, but we will assume a 50 sm �owrate in the alulation. Only the
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2 density, 2 the N+ density and � the eletrondensity measured by Cho et al. (2001). The dotted lines represent the alulationwhen vibrationally exited ground state nitrogen moleules, N2(X
1Σ+

g , v = 1− 6),are exluded. The rf-power reported for the measurement was saled down 25%to roughly orrespond to the absorbed power used in the alulation. The gas�ow rate was assumed to be 50 sm. The disharge hamber had the dimensions
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4.1 � Comparison with measurements 113total rf-power was spei�ed, and therefore we will assume a 75 % power ouplinge�ieny to obtain the absorbed power to use in the alulation. The alulatedeletron 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. Exluding N2(X
1Σ+

g , v = 1 − 6) has a onsiderable e�eton the eletron density, the lower solid line in �gure 4.6(a), partiularly as theabsorbed power is inreased, although it is still in relatively good agreement withthe measurement. The measured and alulated eletron temperature, omparedin �gure 4.6(b), are in good agreement as well. As in �gure 4.1(b), exludingN2(X
1Σ+

g , v = 1− 6) in the alulations has no e�et on the eletron temperature.Biloiu et al. (2007a) measured the dissoiation fration in a helion dishargehamber with a 15 m diameter and 30 m length. A single value of 13 % wasreported when the disharge was operating in H-mode with a 10 mTorr dishargepressure 500 W total rf-power. Using an absorbed power of 375 W and a gas�owrate of 50 sm in the alulation, we found exatly the same value for thedissoiation fration, 13 %. This indiates that there is a disagreement betweendi�erent measurements of the atomi density or dissoiation fration. In an in-dutively oupled disharge with a low aspet ratio, Czerwie et al. (2005) founda dissoiation fration of up to 70 %, showing that the high dissoiation frationpredited 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 eletron density, eletron temperature andthe dissoiation fration in an indutively oupled plasma as a funtion of pres-sure and power. The eletron density was almost one order of magnitude larger
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1Σ+
g , v = 1 − 6), exluded. In (b),the irles # are the eletron temperature measured by Zhu and Pu (2008) and thedotted line, nearly indistinguishable from the solid line, is the eletron tempera-ture alulated while exluding N2(X

1Σ+
g , v = 1− 6). The total rf-power reportedfor the measurement was saled down 25% to roughly orrespond to the absorbedpower used in the alulation. The gas �ow rate was assumed to be 50 sm. Thedisharge hamber had the dimensions R = 30 m and L = 40 m.



4.1 � Comparison with measurements 115than our orresponding alulations, although the alulation and measurementexhibited similar behavior with absorbed power and disharge pressure. The ele-tron temperature in the measurement was of similar value and had a similar trendwith pressure as the eletron temperature given by our alulation, although themeasured eletron temperature showed signi�ant variation with absorbed powerinstead of being onstant with power as we antiipated. The measured dissoia-tion fration inreases with inreasing power as in the alulations, but is almostonstant with pressure instead of inreasing rapidly with dereasing pressure aspredited by our model. The dissoiation fration is signi�antly lower than ouralulations as well, being anywhere between 2 and 13 times lower. It is apparentthat our model is not in partiularly good agreement with the measurements byNakano et al. (2002), but given the the peuliar power dependene of the eletrontemperature we feel these measurements are not as reliable as the other measure-ments. Nevertheless, the measurement of the dissoiation fration is one moreindiation of the atomi density being overestimated by our model.Kitajima et al. (2008) measured the dissoiation fration in an indutively ou-pled disharge. Sine the dimensions of the hamber were not spei�ed for themeasurement we were not able to ompare the result to our alulations. Themeasured dissoiation fration was smaller than what is normally observed, alwaysbeing less than 1 %. However, the trend of the measured dissoiation fration datais in agreement with the behavior normally observed in the alulations, inreasingwith inreasing power and dereasing with inreasing pressure.Shin et al. (2008) measured the dissoiation fration, eletron temperature andthe eletron density in a indutively oupled disharge. The dissoiation frationwas measured by two di�erent methods, yielding vastly di�erent results. The dis-soiation fration found by mass spetrosopy was very large, even exeeding the



116 The steady state dishargevalue predited by our model for the same hamber and onditions, and inreasedsigni�antly with pressure rather than dereasing as predited by our model. Thedissoiation fration measured by atinometry was about an order of magnitudelower than the other measurement and dereased with inreasing power. Thisis in ontrast to other measurements and our alulations that predit that thedissoiation fration inreases with absorbed power. Furthermore, the two mea-surements are not onsistent with eah other with regards to their behavior withpressure and power. The dissoiation fration we alulated for the same hamberand onditions lies somewhere between the two measurements, being somewhatloser to the optial measurement. The measured eletron density was signi�antlysmaller than predited by our alulations, although exhibiting the expeted be-havior with power. The measured eletron temperature dereased slightly withinreasing power, but otherwise had a value lose to what predited by our model.Given the relatively good agreement of the alulations with all the measure-ments in �gures 4.1(a), 4.5(a), 4.5(b) and 4.6(a), the model seems to desribe theeletron density quite well. There is also a relatively good agreement with theeletron temperature measurements in �gures 4.1(b) and 4.6(b). The disagreementof alulations and measurements for the neutral atom density shown in �gures4.2(a) and 4.3(a) indiates that the model overestimates the density of neutralatoms onsiderably. However, we believe that the low dissoiation fration andrelatively large [N+℄/[N+
2 ℄ ratio reported by measurements are ontraditory, pre-venting us from onluding that the model is atually overestimates the atomidensity. The alulated 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 dependene of pressure.



4.2 � Densities and eletron temperature 1174.2 Densities and eletron temperatureThe reator hamber was assumed to be ylindrial with a 20 m diameter and a10 m length. The absorbed power was �xed at 500 W, the disharge pressure at10 mTorr and the gas �ow rate at 50 sm. The steady state alulation resultsare summarized in �gures 4.7 to 4.15 as a funtion of absorbed power, dishargepressure, gas �owrate, eletron energy distribution funtion, gas temperature, wallquenhing oe�ient, wall reombination oe�ient, hamber radius and hamberlength. Eah of the �gures onsists of four parts. In �gure (a) the density of theneutrals are displayed as a funtion 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 spaed. Thus, it serves no purpose to displaythem spei�ally in the already somewhat rowded �gure (a). In �gure (b) theeletron density and the densities of eah ion are shown. The density of the ionN+
4 is sometimes so low that only show parts of it are shown. In �gure () thedissoiation fration and the fration of N+ of the total ion density are shown withthe sale 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 diretion, 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), respetively.Note that only the dissoiation and ion fration are in %, whereas the �ux ratiois generally muh larger than 1 and is therefore shown on a di�erent sale, al-though sometimes inidentally equal to the left axis sale. In �gure () the eletrontemperature and the orresponding ollisional energy loss, Ec, are shown.



118 The steady state disharge4.2.1 Absorbed powerThe atomi density inreases 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 disharge is essentially atomi with atomiradials representing roughly 65 % of the total neutral density. The fration ofexited speies inreases signi�antly as well, although not as rapidly. The vibra-tional level of the ground state moleule has an order of magnitude lower densitythan the N2(X
1Σ+

g , v = 0) at low power, whereas at high power the di�erene
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Figure 4.7: The plasma parameters as a funtion of absorbed power for the steadystate disharge. (a) the densities of neutral speies, (b) the densities of hargedspeies, () the dissoiation fration [N℄/ng, the fration 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 diretion ΓN/Γi and (d) the eletron temperature and the ollisionalenergy loss of N2(X

1Σ+
g , v = 0) and N(4S).



4.2 � Densities and eletron temperature 119is less than a fator of 2. The density of the metastable N2(A
3Σ+

u ) is relativelyonstant with absorbed power, but peaks at roughly 600 W. It is a signi�antpart of the total moleular 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 inreases 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 moleule N2(X
1Σ+

g , v = 0), whih really puts into perspetive how atomi thedisharge is at these onditions.The eletron density inreases 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, respetively,and represent a negligible part of the total ion density, irrespetive of power.The fration of N+ ions in the total ion density is similar to the dissoiationfration and has the same basi behavior with power, as an be seen in �gure 4.7(),although it inreases more rapidly. The ratio of the neutral atomi �ux versus thetotal ion �ux in the axial diretion inreases rapidly with dereasing power, butsaturates at roughly 80 for absorbed power below 150 � 200 W. At 2000 W theratio is roughly 16.The eletron 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 harateristi that we an now on�rm is no di�erent inthe nitrogen disharge model. The ollisional energy loss dereases somewhat withinreasing absorbed power, varying from 620 � 320 V for the moleule and 430 �240 V for the atom for absorbed power in the range 50 � 2000 W.



120 The steady state disharge4.2.2 Disharge pressureAs an be seen from �gure 4.8(a), the density of the N2(X
1Σ+

g , v = 0) inreasesalmost linearly with pressure as the atomi density peaks at intermediate pres-sure. The vibrationally exited ground state moleules are a negligible part of theoverall moleular density at low pressures, but inrease suh 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 fator 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 funtion of disharge pressure for thesteady state disharge. (a) the densities of neutral speies, (b) the densities ofharged speies, () the dissoiation fration [N℄/ng, the fration 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 diretion ΓN/Γi and (d) the eletron temperature andthe ollisional energy loss of N2(X

1Σ+
g , v = 0) and N(4S).



4.2 � Densities and eletron temperature 121are negligible at low pressure.The eletron 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 dereases 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 inreases rapidlywith pressure as well, but is still an insigni�ant part of the total ion density at100 mTorr.The dissoiation fration, shown in �gure 4.8(), is large at low pressure, roughly60 % at 1 mTorr, but dereases so rapidly with pressure that it is just above 1 %at 100 mTorr. The fration of the N+ ion has a similar behavior to the dissoiationfration, the two urves never being onsiderably di�erent in magnitude, althoughthe N+ fration dereases slower than the dissoiation fration when the pressureis below 10 mTorr and dereases faster at higher pressure. The fration of neutralatomi �ux versus total ion�ux in the axial diretion depends very strongly onpressure, from being about 8 at 1 mTorr to almost 700 at 100 mTorr.The eletron temperature and the orresponding ollisional energy loss areshown in �gure 4.8(d). The eletron temperature is strongly a�eted 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 eletron energy, meanwhile inreases signi�antly with pressure, from about40 V at 1 mTorr to roughly 13.5 kV at 100 mTorr for the moleule.



122 The steady state disharge4.2.3 Gas �ow into the hamberThe gas �owrate has a relatively small e�et on the neutral densities, shown in�gure 4.9(a), partiularly in omparison with the e�et of absorbed power andpressure. In fat, when the �owrate is below 100 sm all the densities are pra-tially onstant. As the gas �owrate is inreased to 1000 sm, the density ofN2(X
1Σ+

g , v = 0) inreases onsiderably on aount of the atomi density whihdereases by approximately a fator of 2. Even at 1000 sm, the densities of the vi-brationally exited ground state moleules N2(X
1Σ+

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

u ) have hanged very insigni�antly.
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Figure 4.9: The steady state results as a funtion of gas �owrate. (a) the densitiesof neutral speies, (b) the densities of harged speies, () the dissoiation fration[N℄/ng, the fration 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 diretion ΓN/Γi and(d) the eletron temperature and the ollisional energy loss of N2(X

1Σ+
g , v = 0)and N(4S).



4.2 � Densities and eletron temperature 123The density of harged speies is shown in �gure 4.9(b). The eletron densityis essentially independent of the gas �owrate, only dereasing slightly when thedensity of the atomi ion dereases above 100 sm. The density of N+
2 hangesvery little with gas �ow, growing only slightly when the gas �owrate is inreasedto 1000 sm. The densities of the ions N+

3 and N+
4 are not a�eted as well, beingnegligible.The dissoiation fration is pratially onstant when the gas �ow is less than100 sm, as an be seen in �gure 4.9(), but dereases signi�antly when it isinreased to 1000 sm, or roughly by a fator of 2. The behavior of the N+ ionfration is almost idential, simply being several perent above the dissoiationfration. The �ux ratio also dereases by less than a fator of two, being roughly57 at 10 sm and 33 at 1000 sm, the majority of this variation ourring above100 sm.The eletron 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 moleule and 350 V for theatom.It is apparent that the gas �owrate is not a very e�etive ontrol parameterin the urrent study. Its e�et is partiularly weak in omparison to the e�et ofpressure or absorbed power. Sine the majority of the measurements we omparedto our alulations in setion 4.1 did not speify the gas �owrate, the assumptionof 50 sm is likely su�iently aurate, with the gas �owrate having suh a littlee�et on the results as demonstrated in �gure 4.9.



124 The steady state disharge4.2.4 Eletron energy distribution funtionThe neutral densities are not signi�antly a�eted by the eletron energy distribu-tion funtion, as seen in �gure 4.10(a). In fat, the N2(A
3Σ+

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

g , v = 1) and N(4S) derease onlyslightly when the distribution funtion is varied from Maxwellian to Druyvesteynby varying the parameter x in equation (2.13). The densities of N(2D) and N(2P)derease by roughly a fator of 2. The most signi�ant derease is the density
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Figure 4.10: The plasma parameters for the steady state disharge versus theeletron energy distribution funtion, varying from Maxwellian-like (x = 1) toDruyvesteyn (x = 2) distribution funtion aording to equation (2.13). (a) thedensities of neutral speies, (b) the densities of harged speies, () the dissoiationfration [N℄/ng, the fration 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 diretion ΓN/Γiand (d) the eletron temperature and the ollisional energy loss of N2(X

1Σ+
g , v = 0)and N(4S).



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

g , v = 6) whih dereases by roughly a fator of 4. All of the den-sity dereases seem to aumulate in the N2(X
1Σ+

g , v = 0), its density inreasingonsiderably with inreasing x, or roughly by a fator of 2.The eletron density, shown in �gure 4.10(b), dereases signi�antly with vary-ing eletron energy distribution funtion, being roughly a fator of 3 lower with aDruyvesteyn distribution than with a Maxwellian distribution. The densities of theN+
2 , N+ and N+

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

x, although its density is negligible.The frational onentration of atomi neutrals and ions does not hange sig-ni�antly with eletron energy distribution funtion, as seen in �gure 4.10(). Thedissoiation fration dereases from roughly 25 % to 18 %, while the N+ ion fra-tion is almost independent of the eletron energy distribution funtion, roughly 30%. The �ux ratio hanges relatively subtly as well, inreasing from 55 to 86 withinreasing x.The e�et of the eletron energy distribution funtion on the eletron temper-ature is more pronouned, as seen in �gure 4.10(d), inreasing from roughly 3 Vwith a Maxwellian distribution to 4.7 V with a Druyvesteyn distribution. Theollisional energy loss does not exhibit the usual inverse behavior with the eletrontemperature, but rather inreases with inreasing x as the eletron temperature.The ollisional energy loss inreases from roughly 500 V to 1000 V for the moleule,whereas is is almost independent of x for the atom, being �xed at roughly 360 V.



126 The steady state disharge4.2.5 Gas temperatureAlthough the gas temperature is not onsidered a ontrol parameter, it is impor-tant to see the e�et of inorretly assuming its value. The neutral densities, shownin �gure 4.11(a), all derease with inreasing gas temperature. This is a normalbehavior sine, aording to the ideal gas law, the densities are inversely propor-tional to the gas temperature when the pressure is kept onstant. The densitiesof exited atoms and moleules derease signi�antly faster than of ground stateatoms and moleules, the derease 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 funtion of the gas temperature. (a) thedensities of neutral speies, (b) the densities of harged speies, () the dissoiationfration [N℄/ng, the fration 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 diretion ΓN/Γiand (d) the eletron temperature and the ollisional energy loss of N2(X

1Σ+
g , v = 0)and N(4S).



4.2 � Densities and eletron 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 eletron density is thereforealmost onstant with gas temperature as well. Sine the N+
3 and N+

4 ions are notreated by eletron impat as the other ions, their density drops with the neutraldensity and therefore the gas temperature, although both of these ions, in partiularthe N+
4 , are negligible in the disharge for any gas temperature.As seen in �gure 4.11(), the dissoiation fration hanges somewhat with gastemperature, from roughly 20 % at 300 K to about 31 % at 1200 K. The frationof the N+ ion is however roughly onstant, only dereasing slightly with gas tem-perature from 32 % at 300 K to 28 % at 1200 K. The atom/ion �ux ratio dereasesby over a fator of 2 with inreasing gas temperature, being roughly 73 at 300 Kand 34 at 1200 K. This is a muh more signi�ant hange than implied by thedissoiation and N+ ion fration.The eletron temperature, shown in �gure 4.11(d), inreases as the gas tem-perature is inreased, although not proportionally. At 300 K it is roughly 2.7 V,whereas at 1200 K it has inreased to about 4.1 V. The ollisional energy loss de-reases aordingly when the gas temperature is inreased from 300 K to 1200 K,from roughly 900 V to 170 V for the moleule and from roughly 600 V to 140 Vfor the atom.Neither the eletron density nor the dissoiation fration were heavily a�etedby the gas temperature. The gas temperature may therefore be in a signi�anterror without signi�antly a�eting the results of our model.



128 The steady state disharge4.2.6 Wall quenhing oe�ientAlthough it is possible to only investigate the e�et of the quenhing oe�ient fora spei� exited speies, suh as for the quenhing of N2(A
3Σ+

u ) on the wall forexample, here we varied the wall quenhing oe�ient from 0.01 to 1 for all theexited speies simultaneously.As seen in �gure 4.12(a), the wall quenhing oe�ient mainly a�ets the den-sity of exited speies, being quenhed more e�iently on the wall when the valueinreases. The densities of the ground state atoms and moleules inreases aord-
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Figure 4.12: The steady state results as a funtion of the wall quenhing oef-�ient of all exited speies. (a) the densities of neutral speies, (b) the densitiesof harged speies, () the dissoiation fration [N℄/ng, the fration 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 diretion ΓN/Γi and (d) the eletron temperature andthe ollisional energy loss of N2(X

1Σ+
g , v = 0) and N(4S).



4.2 � Densities and eletron temperature 129ing to the drop in exited speies density, the exeption being the density of theN2(X
1Σ+

g , v = 1) whih inreases slightly with inreasing quenhing oe�ient. Al-though the wall quenhing oe�ient has a signi�ant e�et on the exited speiesdensity when it is varied in the range 0.1 � 1, wall quenhing beomes a negligibleloss pathway of exited speies when the value is less than 0.1. In fat, althoughnot shown in �gure 4.12(a), when the quenhing oe�ient was in the range 0.001� 0.01 the densities of the exited speies were not a�eted at all.Although onstant when the wall quenhing oe�ient is less than 0.1, theeletron density dereases slightly with wall quenhing oe�ient above 0.1, asseen in �gure 4.12(b). This derease is a result of the drop in N+ density above0.1, being equal to the N+
2 density when wall quenhing is negligible but a fatorof 2 lower when wall quenhing is perfetly e�ient. Meanwhile, the density of N+

2is almost fully independent on the wall quenhing oe�ient.The dissoiation fration is almost onstant with the wall quenhing oe�ient,as seen in �gure 4.12(d), although dereasing slightly with inreased wall quenhing,or from roughly 31 % to 25 %. The fration of the N+ ion is more signi�antlya�eted, dereasing from roughly 50 % to 32 % with inreasing wall quenhingoe�ient. The �ux ratio meanwhile inreases somewhat with the wall quenhingoe�ient, the neutral atomi �ux being about 39 times larger than the ion �uxin the axial diretion when wall quenhing is negligible, but 56 times larger whenwall quenhing is e�ient.The eletron temperature, shown in �gure 4.12(d), inreases very subtly withthe wall quenhing oe�ient, being in the range 2.9 V to 3.1 V. The orrespondingollisional energy loss dereases insigni�antly as well, being roughly 630 � 500 Vfor the moleule and 440 � 360 V for the atom.



130 The steady state disharge4.2.7 Wall reombination oe�ientAlthough it is possible to investigate the e�ets of the wall reombination oe�ientfor a spei� neutral atom, here we have varied the wall reombination oe�ientfrom 10−3 to 1 for all the neutral atoms simultaneously.When the reombination oe�ient is small the disharge is atomi in nature,with the ground state atom N(4S) density being approximately a fator of 5 largerthan the density of the ground state nitrogen moleule N2(X
1Σ+

g , v = 0), as seen in�gure 4.13(a). The moleular density inreases with inreasing wall reombination
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Figure 4.13: The steady state results as a funtion of the wall reombinationoe�ient of atoms. (a) the densities of neutral speies, (b) the densities of hargedspeies, () the dissoiation fration [N℄/ng, the fration 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 diretion ΓN/Γi and (d) the eletron temperature and the ollisionalenergy loss of N2(X

1Σ+
g , v = 0) and N(4S).



4.2 � Densities and eletron temperature 131oe�ient as the atomi density drops. When the reombination oe�ient is largerthan roughly 0.05 the density of the N2(X
1Σ+

g , v = 0) moleule beomes largerthan the N(4S) density. When all atoms bombarding the wall are reombined intomoleules 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 exited speies is roughly the same for all values of thewall reombination oe�ient, the exeption being the N(2D) metastable atom,whose density is signi�antly loser to the N(4S) density when the e�ieny of wallreombination is high.The eletron density, shown in �gure 4.13(b), inreases onsiderably as the wallreombination oe�ient is inreased from 0.01 to 1. This is a result of the inreasedN+
2 density, whih inreases as the neutral moleular density inreases. The N+

2ion is the dominant ion when the wall reombination oe�ient is 1, whereas theN+ ion is the dominant ion in the disharge when wall reombination is ine�ient.With the moleular density inreasing, the densities of the N+
3 and N+

4 ions inreaseas well, although their density is never above the N+ density.The dissoiation fration, shown in �gure 4.13(), is quite sensitive to the wallreombination oe�ient, being almost 70 % when the oe�ient is 10−3 but onlyroughly 5 % when it is unity. The frational density of the N+ ion behaves similarly,dereasing from nearly 70 % to about 12 % with inreasing wall reombinationoe�ient. The �ux ratio is also heavily a�eted, being 170 times the axial ion �uxwhen the wall reombination oe�ient is small and only 10 when it is 1.Although the densities are heavily a�eted, the eletron temperature is inde-pendent on the wall reombination 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 moleule and 350 V for the atom.



132 The steady state disharge4.2.8 Chamber radiusSine the hamber volume and the axial part of the surfae area are proportionalto the square of the hamber radius, we an expet 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) inreases as almostall other densities derease uniformly with the hamber radius. This is ausedby the inreased area for wall quenhing and wall reombination. 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 funtion of the reator hamber radius.(a) the densities of neutral speies, (b) the densities of harged speies, () thedissoiation fration [N℄/ng, the fration 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 diretion ΓN/Γi and (d) the eletron temperature and the ollisional energyloss of N2(X

1Σ+
g , v = 0) and N(4S).



4.2 � Densities and eletron temperature 13310 m, but are then uniformly dereasing as well. The densities of the metastableatoms N(2D) and N(2P) derease somewhat faster than the N(4S) density.The eletron density, shown in �gure 4.14(b), is heavily a�eted by an inreasedradius, falling about 2 orders of magnitude when the radius is inreased from 5 mto 50 m. This is aused by the inreased area for reombination of ions on thewall as the radius inreases, e�etively losing free eletrons from the disharge.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 inreased. The density of the N+

3ion dereases rapidly with inreased radius as well, whereas the N+
4 density peaksat roughly 15 m and then dereases less rapidly, although both of these ions arenegligible.The dissoiation fration, shown in �gure 4.14(), dereases 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 fration, approximately following the dissoiationfration derease, although being somewhat larger overall. The �ux fration hasan inverse behavior to the density frations, inreasing from about 30 to nearly 100with inreasing radius.Given the strong dependene of the densities of the hamber radius it is peuliarto see in �gure 4.14(d) the eletron temperature being almost independent of thisparameter. The eletron temperature is pratially onstant when the radius islarger than 15 m, roughly 2.8 V, but inreases slightly when the radius is dereasedfurther, being roughly 3.4 V at 5 m. The same applies to the ollisional energyloss, inreases from about 330 V to 700 V for the moleule and from roughly 250V to 480 V for the atom with inreasing radius.



134 The steady state disharge4.2.9 Chamber lengthInterestingly, several of the neutral densities have a non-uniform behavior withhamber length. The N(4S) density dereases uniformly with inreasing 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 1m. The density of the ground state moleule N2(X
1Σ+

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

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

g , v = 6) density peaks at roughly 20 � 30 m, indiating the
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Figure 4.15: The steady state results as a funtion of the hamber axial length.(a) the densities of neutral speies, (b) the densities of harged speies, () thedissoiation fration [N℄/ng, the fration 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 diretion ΓN/Γi and (d) the eletron temperature and the ollisional energyloss of N2(X

1Σ+
g , v = 0) and N(4S).



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

g , v < 6). When the hamber is 1 m long thedensities of all exited speies are very small, most of the disharge being omposedof ground state moleules and atoms. When the hamber is 100 m long the onlysigni�ant speies other than N2(X
1Σ+

g , v = 0) is the N2(X
1Σ+

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

g , v = 6) density.The eletron density, shown in �gure 4.15(b), is quite onstant when the ham-ber length is less than 10 m, but dereases signi�antly when the length inreasesbeyond 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 dereasing rapidlywhen the length is inreased 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 dissoiation fration dereases from roughly 30 %when the hamber is 1 � 10 m long to 3 % when it is 100 m long. The frationof the N+ ion is roughly 22 % when the hamber is 1 m long and inreases withlength until it peaks at 32 % when the length is 10 m. The N+ ion fration thendereases rapidly when the length is inreased any further to be roughly 5 % at100 m length. The �ux ratio is also heavily a�eted by the hamber length, theneutral atomi �ux being 26 times the axial ion �ux when the hamber is 1 mlong and inreasing rapidly, partiularly 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 eletron temperature inreases 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 thehamber is 1 m long but roughly 2.6 V when it is 100 m long. The ollisionalenergy inreases aordingly with length, being little less than 70 V for both theatom and the moleule when the hamber is 1 m long, but about 1100 V for themoleule and 700 V for the atom at 100 m hamber length.



136 The steady state disharge4.3 Reation RatesThe overall reation and destrution mehanisms of moleules, atoms and eletronsare evaluated in �gures 4.16, 4.17 and 4.18. The reation rates for the reation anddestrution of every partile, exept for N2(X
1Σ+

g , v = 2 − 5), are analyzed in�gures 4.19 to 4.29 as a funtion of pressure. In all the alulations, the absorbedpower is �xed at 500 W and the gas �ow rate is �xed at 50 sm. The hamberis assumed to be made of stainless steel, ylindrial with radius R = 10 m andlength L = 10 m. Furthermore, the eletron energy distribution is assumed to beMaxwellian-like (x = 1).The reation rates for the overall reation and destrution of neutral nitrogenmoleules are shown in �gures 4.16(a) and (b), respetively. Neutral moleulesare mostly reated by wall reombination of neutral atoms, the reombination ofN(4S) being responsible for 40 � 50 % of the overall moleule reation mehanism.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 %. Wallreombination 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 speies out of the hamber is re-sponsible for roughly 25 % of the total loss of moleules at low and intermediatepressure, but inreases to over 60 % at 100 mTorr. At low pressure the dissoiationof N2(X

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

1Σ+
g , v > 0) is more important, its ontribution reahing a maximumof over 40 % at 20 mTorr. Furthermore, ionization is a signi�ant fator in theoverall loss of neutral moleules at low and intermediate pressure, at most roughly35 % at 1 mTorr.The reation rates for the overall reation and destrution of neutral nitrogen
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Figure 4.16: The reation rates for (a) the overall reation and (b) the overallloss of neutral nitrogen moleules versus disharge pressure.atoms are shown in �gures 4.17(a) and (b), respetively. Neutral nitrogen atomsare mostly reated by dissoiation over the entire pressure range, dissoiation ofN2(X
1Σ+

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

g , v = 0) is roughly 40 % at 1 mTorr, but dereases andis less than 20 % at 100 mTorr. Wall reombination of N+ is very important at
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Figure 4.17: The reation rates for (a) the overall reation and (b) the overallloss of neutral nitrogen atoms versus disharge 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 reombination, as shown in�gure 4.17(b). Pumping of N(4S) out of the hamber and ionization of N(4S) aresigni�ant loss proesses at low pressure, having a near idential ontribution ofroughly 20 � 25 % at 1 mTorr.
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Figure 4.18: The reation rates for (a) the reation and (b) the loss of freeeletrons versus disharge pressure.The reation rates for the overall reation and destrution of eletrons are shownin �gures 4.18(a) and (b), respetively. Eletron impat ionization is responsible fornearly all reation of free eletrons. Ionization of N2(X
1Σ+

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

g , v = 0) have a similar ontribution, eah ontributing roughly 40 % atlow pressure, but are muh less important at higher pressure. Ionization of N(2D) is



140 The steady state dishargesigni�ant, having 10 � 20 % ontribution at low and intermediate pressure. Asso-iative ionization of atoms and moleules, reations (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), eletrons are mainly lost at the wall, the wall re-ombination of N+ being the most important proess at low pressure and the wallreombination of N+
2 having a 40 � 45 % ontribution over the entire pressure range.Dissoiative reombination of N+

2 has a signi�ant ontribution at high pressure,reahing roughly 50 % at 100 mTorr. Dissoiative reombination of N+
3 has a slightontribution at 100 mTorr, less than 5 %, but is negligible otherwise.The reation rates for the reation and destrution of N2(X

1Σ+
g , v = 0) areshown in �gures 4.19(a) and (b), respetively. The wall quenhing 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 eletron impat de-exitation is more important, being roughly70% at 100 mTorr. At low pressure the reombination of ions and atoms andpumping of gas into the hamber are the most important proesses for the reationof N2(X
1Σ+

g , v = 0), eah 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 eletron impatexitation at intermediate and high pressures, whereas dissoiation, ionization andpumping are the most important destrution proesses at low pressure.The reation rates for the reation and destrution of N2(X
1Σ+

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

g , v = 1) is mainlyreated by eletron impat exitation of the N2(X
1Σ+

g , v = 0), ontributing around50 % over the entire pressure range. Eletron impat de-exitation of N2(X
1Σ+

g , v >

1) and wall quenhing of N2(X
1Σ+

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

g , v = 0) moleule versus disharge pressure.As seen in �gure 4.20(b), N2(X
1Σ+

g , v = 1) is mainly lost by wall quenhing atlow pressure and by eletron impat exitation and de-exitation at higher pressure.Ionization, pumping and dissoiation have a small ontribution, at most roughly15% ombined at 1 mTorr.The reation rates for the reation and destrution of N2(X
1Σ+

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

g , v = 1) moleule versus disharge pressure.shown in �gures 4.21(a) and (b), respetively. N2(X
1Σ+

g , v = 6) is mostly reatedby eletron impat exitation of other ground state nitrogen moleules at interme-diate and high pressures. The eletron impat exitation of N2(X
1Σ+

g , v = 0) isthe most important proess 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�antontribution 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 quenhing
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Figure 4.21: The reation rates for (a) the reation and (b) the destrution ofthe N2(X
1Σ+

g , v = 6) moleule versus disharge pressure.at low pressure, ontributing nearly 80 % at 1 mTorr but only about 10 % at 100mTorr. Eletron impat de-exitation is responsible for most of the N2(X
1Σ+

g , v =

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

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

u ) is near entirelyreated by eletron impat exitation of ground state nitrogen moleules, with the
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Figure 4.22: The reation rates for (a) the reation and (b) the destrution ofthe N2(A
3Σ+

u ) metastable moleule versus disharge pressure.ontribution of any other proess being negligible in omparison. At low pressurethe exitation of N2(X
1Σ+

g , v = 0) dominates, but at higher pressure the exitationof 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 wallquenhing at low pressure, but at high pressure pooling of exitation energy ina ollision of two N2(A
3Σ+

u ) moleules, reation (3.29), is the dominating loss
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Figure 4.23: The reation rates for (a) the reation and (b) the destrution ofthe N(4S) atom versus disharge pressure.proess. The ontribution of eletron impat de-exitation and the transfer of ex-itation from N2(A
3Σ+

u ) to N(2P), reation (3.40), peak at roughly 10 and 20 % atintermediate pressure, respetively. Furthermore, the various ionization and disso-iation proesses have a ombined ontribution of less than 20 % at 1 mTorr, beingnegligible at 100 mTorr.The reation rates for the reation and destrution of N(4S) are shown in �gures



146 The steady state disharge4.23(a) and (b), respetively. The ground state nitrogen atom, N(4S), is reatedmostly by wall quenhing of metastable atoms, having a ontribution no less than40 % even at high pressure. Eletron impat de-exitation of N(2D) has around30 % ontribution at high pressure. Wall reombination of N+ ions is at most 20% of the total N(4S) reation at 1 mTorr, but is negligible at intermediate andhigh pressures. Eletron impat dissoiation of N2(X
1Σ+

g , v = 0) has a similarontribution, but the dissoiation of N2(X
1Σ+

g , v > 0) beomes 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 eletron impatexitation of N(2D), peaking at 10 mTorr with a roughly 60 % ontribution. Thetransfer of exitation from metastable nitrogen moleules to atoms, reation (3.40),has roughly 30 % ontribution at 100 mTorr, but is negligible at low pressure. Theformation of moleules by wall reombination of atoms is also a strong fator in theloss of N(4S), or about 20-30%. Pumping of N(4S) out of the hamber and eletronimpat ionization ontribute about the same, at most about 30% ombined at 1mTorr.The reation rates for the reation and destrution of N(2D) are shown in �g-ures 4.24(a) and (b), respetively. The N(2D) metastable atom is reated mostly byexitation from the ground state atom, N(4S). Dissoiation has a similar ontribu-tion as in the reation of N(4S), dissoiation of N2(X
1Σ+

g , v = 0) being importantat low pressure, whereas the dissoiation 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 quenhing, ount-ing for roughly 80 % at 1 mTorr, but dereasing to roughly 40 % at 100 mTorr.Eletron impat de-exitation is also important at intermediate and high pressures,ontributing to around 35 % at 100 mTorr. As in the loss mehanism of N(4S),
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Figure 4.24: The reation rates for (a) the reation and (b) the destrution ofthe N(2D) metastable atom versus disharge pressure.formation of moleules by assoiation of N(2D) at the wall is insigni�ant at lowpressure, but inreases to near 20% at 100 mTorr.The reation rates for the reation and destrution of N(2P) are shown in �gures4.25(a) and (b), respetively. The N(2P) is reated mostly by eletron impatexitation at low and intermediate pressures. The transfer of exitation from themetastable moleule N2(A
3Σ+

u ), reation (3.40), is very important at high and
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Figure 4.25: The reation rates for (a) the reation and (b) the destrution ofthe N(2P) metastable atom versus disharge pressure.intermediate pressures, dominating at 100 mTorr.As seen in �gure 4.25(b), the loss sheme for the metastable atom N(2P) isnear idential with that of the metastable atom N(2D), wall quenhing being themost important loss mehanism over the entire pressure range. Eletron impatde-exitation and wall reombination of atoms are important at higher pressure,whereas the ombined e�et of ionization and pumping is small, being at most
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Figure 4.26: The reation rates for (a) the reation and (b) the destrution ofthe N+ ion versus disharge pressure.roughly 10 % at 1 mTorr.The reation rates for the reation and destrution of N+ are shown in �gures4.26(a) and (b), respetively. The atomi ion N+ is, as the ion N+
2 , is mostly formedby eletron impat 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. Eletron impat dissoiative



150 The steady state dishargeexitation of N+
2 , reation (3.17), has a signi�ant ontribution, inreasing fromroughly 3 % at 1 mTorr to 12 % at 100 mTorr. Charge transfer, reation (3.22), isonly notieable at high pressure with a 7 % ontribution at its maximum.As seen in �gure 4.26(b), wall reombination is the dominating loss mehanismof the atomi ion N+ at low and intermediate pressure, having a ontribution ofroughly 95 � 100 % at 10 � 100 mTorr. However, harge transfer, reation (3.23),is very important at high pressure, being responsible for roughly 75 % of the totalN+ loss at 100 mTorr.The reation rates for the reation and destrution of N+

2 are shown in �gures4.27(a) and (b), respetively. The N+
2 ion is mostly reated by eletron impationization of N2(X). At low pressure the ionization of N2(X

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

1Σ+
g , v > 0) is more important. Assoiative ionization of ground state andexited atoms, reation (3.52), and harge transfer, reation (3.23), eah 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 reombination overthe entire pressure range, having a ontribution no less than 40 % at 100 mTorr.Dissoiative reombination is very important at intermediate and high pressure,having a roughly 45 % ontribution at 100 mTorr. The moleular deompositionof N+
2 to form the N+

3 ion, reation (3.44), only has a notieable ontribution athigh pressure, being roughly 10 % at 100 mTorr.The reation rates for the reation and destrution of N+
3 are shown in �gures4.28(a) and (b), respetively. Sine 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 onsequene, the N+
3 ion is entirely reated by moleular deomposition ofN+

2 , reation (3.44). Third order reations, the other possible pathway onsidered
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Figure 4.27: The reation rates for (a) the reation and (b) the destrution ofthe N+
2 ion versus disharge 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 reombination at lowand intermediate pressures. At high pressure the dissoiative reombination of N+
3 ,reations (3.19) and (3.20), beomes the most important loss mehanism, with aroughly 50 % ontribution at 100 mTorr. Moleular deomposition of N3, reation
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Figure 4.28: The reation rates for (a) the reation and (b) the destrution ofthe N+
3 ion versus disharge 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 reation rates for the reation and destrution of N+
4 are shown in �gures4.29(a) and (b), respetively. The N+

4 ion is almost entirely reated by assoiativeionization, reation (3.53). The formation of the N+
4 ion is the only instane wherethird order reations are not negligible. Combined, they have a notieable e�et athigh pressure, roughly 30 % at 100 mTorr.
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Figure 4.29: The reation rates for (a) the reation and (b) the destrution ofthe N+
4 ion versus disharge pressure.As seen in �gure 4.29(b), the N+

4 ion is lost very e�etively by dissoiativereombination, being the dominant hannel at high and intermediate pressure.Wall reombination is however the dominant proess at low pressure, having aroughly 70 % ontribution at 100 mTorr.





Chapter 5
The pulsed-power disharge
We assume a ylindrial stainless steel hamber. The ontent of the hamber isassumed to be nearly spatially uniform and the power uniformly deposited intothe plasma bulk. The disharge is assumed to onsist of 15 speies of nitrogen;the seven lowest lying vibrational levels of the ground state nitrogen moleuleN2(X

1Σ+
g , v = 0 − 6), the metastable nitrogen moleule 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 eletrons are assumed to have a Maxwellian-like energy distribution. The reation set is summarized in tables A.1 to A.8 inAppendix A. The pulsed model is essentially idential to the steady state model,disussed in hapter 4, the only di�erene 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 retangular wave in the urrent study.



156 The pulsed-power dishargeThe time dependent power an be desribed 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 frequeny, α is the duty ratio, and Pmax and Pmin are theabsorbed power during the on- and o�-periods, respetively. 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 alulation,the average power must be the same in both ases.When using initial values orresponding to zero radial and eletron density,the simulation must be arried out for a very large number of periods before thetime averaged densities, the dissoiation fration in partiular, settle to onstantvalues. When using initial values obtained from a steady state alulation, 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 alulation for the same onditions. The simulation is thenarried out until the results are stable with time. Sine the outlet-�ow pressure iskept onstant during the simulation, and not the reator pressure as in the steadystate alulations, the reator pressure may be slightly di�erent at the end of thesimulation than the hosen initial reator pressure.



5.1 � Densities and eletron temperature 1575.1 Densities and eletron temperatureThe stainless steel reator hamber was assumed to be ylindrial with a 20 mdiameter and a 10 m length. The average absorbed power was �xed at 500 W, theinitial reator pressure was 10 mTorr (the outlet-�ow pressure being �xed at roughly5 mTorr) and the gas �ow rate was �xed at 50 sm. The pulsed power alulationresults are summarized in �gures 5.1 to 5.3 as a funtion of time, frequeny andduty ratio.5.1.1 TimeThe results in �gure 5.1 represent two 10 kHz pulses with a 25 % duty ratio,aquired after simulating for 5 mse from a steady state, onstant power, initialvalue. The atual disharge pressure varied from 10.2 � 10.3 mTorr during eahpulse, inreasing slightly from the 10 mTorr initial disharge pressure.The densities of exited speies, shown in �gure 5.1(a), inrease during theon-periods of the pulses, but drop again during the o�-period. We onsider thedisharge to have reahed stability when the density drop of eah speies equalsthe inrease over one period. The density of N2(X
1Σ+

g , v = 1) is almost onstantwith time, but the densities of all other exited speies hange onsiderably overa pulse period. The drop in exited speies density aumulates mostly in theN2(X
1Σ+

g , v = 0) density, although the N(4S) density inreases slightly as wellduring the o�-period of the pulse.Densities of all harged speies, shown in �gure 5.1(b), inrease during theon-period and derease during the o�-period. The time averaged eletron densityseems to have inreased onsiderably from the steady state results, or almost bya fator of 2. Having inreased by roughly a fator of 2 � 3 from its steady statevalue, the N+ density seems to be mostly responsible for this inrease in eletron



158 The pulsed-power dishargedensity. The N+
2 density responds more dynamially 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 fator of 3 � 4 below its peak value at theend of the period. Neither of the N+

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

4 density altogether from�gure 5.1(b).Although the dissoiation fration does not inrease or derease signi�antlywithin eah pulse period, as seen in �gure 5.1(), this is the parameter that takes
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Figure 5.1: The plasma parameters as a funtion of time for the pulsed nitrogendisharge. (a) the densities of neutral speies, (b) the densities of harged speies,() the dissoiation fration [N℄/ng, the fration 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 diretion ΓN/Γi and (d) the eletron temperature and the ollisionalenergy loss of N2(X

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



5.1 � Densities and eletron temperature 159the longest to stabilize with time. The dissoiation fration has inreased some-what from the steady state initial value, inreasing from 25 % to about 29 % bypulsing the power. The N+ ion fration is muh more dynami with power than thedissoiation fration, peaking at the end of the o�-period at 65 %, but dereasingrapidly when the power is applied to a minimum of 45 %. This is a very signi�-ant inrease 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 dynamially 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 inreases rapidly to roughly 300 at the end of theo�-period.The eletron temperature is extremely dynami with respet 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 dereasing slowly until the power is turnedon again. This is somewhat peuliar, given that the eletron temperature is knownto be nearly independent of the absorbed power in the steady state alulations,demonstrated in �gure 4.7(d). Furthermore, unlike the behavior of the densities,the peak value of the eletron temperature is not at the end of the on-period, butrather at the start of it. The eletron temperature therefore jumps instantly fromseveral tenths of a V to 4.4 V when the power is turned o�, but then relativelyslowly dereases 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, inreasing 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 disharge5.1.2 FrequenyThe results shown in �gure 5.2 represent a time average over 5 pulses, sampled afterhaving arried out the simulation for 5 mse. The frequeny was varied from 1 kHzto 1 MHz while the duty ratio was �xed at 25 %. The atual disharge pressurevaried slightly with frequeny, being roughly 10.25 mTorr when the frequeny wasbelow 100 kHz but dereasing to about 10 mTorr at 1 MHz.The neutral densities, shown in �gure 5.2(a), do not depend strongly on thepulse frequeny, although there are some variations with frequeny. The densities of
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Figure 5.2: The plasma parameters as a funtion of modulation frequeny forthe pulsed nitrogen disharge. (a) the densities of neutral speies, (b) the densitiesof harged speies, () the dissoiation fration [N℄/ng, the fration 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 diretion ΓN/Γi and (d) the eletron 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 eletron temperature 161exited speies remain relatively onstant when the frequeny is below 50 � 100 kHz,but then inrease somewhat with higher frequeny, in partiular the N2(X
1Σ+

g , v =

6) density. The densities of ground state speies derease aordingly, although itis onsiderably less pronouned for N(4S) than for N2(X
1Σ+

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

2 ion at high frequenies. Althoughboth are negligible in the disharge, the densities of the N+
3 and N+

4 ions inreasesomewhat with frequeny.The dissoiation fration, shown in �gure 5.2(), is relatively independent offrequenies lower than 100 kHz, or about 29 %, but then dereases to roughly 25 %at 1 MHz. The fration of the N+ ion dereases signi�antly with frequeny, fromabout 69 % at 1 kHz to roughly 31 % at 1 MHz. Thus, it seems to be possible toreah very high ratio of atomi ions in spite of a relatively low dissoiation frationif the pulse frequeny is su�iently low. The �ux ratio is unusually onstant withfrequeny, the N atom �ux being between 45 and 55 times the axial ion �ux forthis range of frequenies.As seen in �gure 5.2(d), the time averaged eletron temperature reahes a min-imum of 1.2 V when the frequeny 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 frequeny is 1 MHz.The ollisional energy loss is inversely dependent on the eletron temperature, asusual, peaking at roughly 2 × 106 V for the moleule and 2 × 105 V for the atomwhen the frequeny is 15 kHz.



162 The pulsed-power disharge5.1.3 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 frequeny was �xed at 10 kHz.The atual disharge pressure varied somewhat with dereasing duty ratio, beingroughly 11.5 mTorr at 0.4 % duty ratio, an inrease 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 funtion of modulation frequeny forthe pulsed nitrogen disharge. (a) the densities of neutral speies, (b) the densitiesof harged speies, () the dissoiation fration [N℄/ng, the fration 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 diretion ΓN/Γi and (d) the eletron temperature andthe ollisional energy loss of N2(X

1Σ+
g , v = 0) and N(4S). The frequeny 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 eletron temperature 163the initial disharge pressure, the e�et is not very signi�ant, as seen in �gure4.8. The eletron temperature and all the radial and harged speies densities arenegligible when the duty ratio is below 0.4 %. Although this desribes a dishargethat is turned o�, this behavior might simply be the result of a alulation error,preventing us from onluding there is atually a spei� minimum duty ratio thatis needed to sustain the disharge from steady state. Thus, our disussion 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 disharge is in fat 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 dereases onsiderably when the duty ratio is inreased to 100 %. Thedensity of N(4S) dereases uniformly with inreasing 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, inreasing slightly with inreasingduty ratio. The density of all exited nitrogen moleules inreases with duty ratio,most signi�antly the N2(X
1Σ+

g , v = 6) density whih inreases by almost a fatorof 5 when the duty ratio is inreased from roughly 5 % to 100 %.The density of harged speies, shown in �gure 5.3(b), is strongly a�eted bythe duty ratio. The eletron density dereases uniformly with inreasing 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 inreasesonly slightly with inreasing duty ratio, the N+ density dereases rapidly withinreasing 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 derease substantially



164 The pulsed-power dishargewhen the duty ratio is dereased from 100 % to 0.4 % and are always negligible inomparison to the other ions.As seen in �gure 5.3(), the dissoiation fration inreases signi�antly when theduty ratio is dereased from 100 % to 0.4 %, or from roughly 25 % to about 47 %.The orresponding inrease in the N+ ion fration is onsiderably more pronouned,being roughly 32 % in the steady state but almost double the dissoiation frationwhen the duty ratio is 0.4 %, or about 93 %. Similarly to the frequeny dependenein �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 inreasing the number ofpoints in the 1 � 10 % duty ratio region, we found that the irregularity in the �uxratio atually has a more detailed struture, somewhat resembling a sin-funtion,and is therefore probably not some sort of averaging error as we expeted at �rst.The eletron temperature, shown in �gure 5.3(d), inreases with inreasingduty ratio, as expeted, being roughly 0.2 V at 0.4 % duty ratio and about 3 Vin the steady state. The time averaged eletron temperature is heavily a�eted bythe length of the o�-period, and therefore the duty ratio, beause of its dynamibehavior with time, although the eletron temperature during the on-time is muhhigher. The time averaged ollisional loss is extremely large at low duty ratios, orroughly 1020−1030 V, but dereases to about 400 V for the atom and the moleulewhen the duty ratio is 100 %.



5.2 � Reation rates 1655.2 Reation ratesThe hamber was assumed to be made of stainless steel, ylindrial with radius
R = 10 m and length L = 10 m. The initial reator pressure was 10 mTorr, butsine the outlet-�ow pressure was �xed at roughly 5 mTorr during the simulationthe atual reator pressure inreased slightly, varying from 10.2 � 10.3 mTorr duringeah period. The gas �ow rate was 50 sm. The power was pulsed with a 10 kHzfrequeny and a 25 % duty ratio retangular waveform, desribed by equation(5.1). The average absorbed power was �xed at 500 W and the minimum powerwas �xed at 0 W, suh that the maximum power was 2000 W. Furthermore, theeletron energy distribution was assumed to be Maxwellian, x = 1. The overallreation rates for the reation and destrution of neutral moleules, neutral atomsand eletrons are evaluated as a funtion of time over a single pulsed power periodin �gures 5.5, 5.4 and 5.6, respetively. Additionally, the reation rates for thereation and destrution of every gas speies, exept N2(X

1Σ+
g , v = 2 − 5), areshown in �gures 5.7 to 5.17.The reation rates for the overall reation and destrution of neutral nitro-gen moleules are shown in �gures 5.4(a) and (b), respetively. Neutral nitrogenmoleules are mostly reated from wall reombination of N(4S) during both theon- and o�-period. Wall reombination 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. Reombination of N+

2 onthe wall is signi�ant during the on-period, being roughly 10 � 15 %, but beomesnegligible soon after the power is turned o�.As seen in �gure 5.4(b), neutral nitrogen moleules are almost entirely lost bypumping out of the hamber during the o�-period, other proesses having a neg-ligible e�et. The situation is vastly di�erent during the on-period, with pumping



166 The pulsed-power disharge

0 25 50 75 100
0

0.2

0.4

0.6

0.8

1

 

 

Wall rec. of N
2
+ ion

Wall rec. of N(2D,2P)

Wall rec. of N(4S)

Pumped in

PSfrag replaements
(a)

(b)()(d) t [µse℄
R i/ΣR i

0 25 50 75 100
0

0.2

0.4

0.6

0.8

1

 

 

Dissociation

Pumped out

Ionization

PSfrag replaements(a)
(b)

()(d) t [µse℄
R i/ΣR i

Figure 5.4: The reation rates for (a) the overall reation and (b) the overalldestrution of neutral nitrogen moleules versus time over a single pulsed powerperiod.being responsible for less than 10 % of the total loss but eletron impat dissoia-tion and eletron impat ionization of N2(X
1Σ+

g , v = 1 − 6) being responsible forroughly 60 % and 25 % of the total loss, respetively.The reation rates for the overall reation and destrution of neutral nitrogenatoms are shown in �gures 5.5(a) and (b), respetively. Roughly half of the neutralnitrogen atoms are reated by eletron impat dissoiation of N2(X
1Σ+

g , v = 0−6)
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Figure 5.5: The reation rates for (a) the overall reation and (b) the overalldestrution 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 dissoiation ofN2(X
1Σ+

g , v = 0) meanwhile being responsible for about 26 � 36 %. However, assoon as the power is turned o� the eletron impat dissoiation proesses beomenegligible. Dissoiative reombination of N+
2 , reations (3.13) � (3.15), quikly be-omes the dominant reation proess after the power is turned o�, its ontributionbeing between 58 % and 74 %. The importane of reombination of N+ on the wall



168 The pulsed-power dishargeinreases 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 reombination of themetastable atoms is signi�ant as well, being 17 � 23 % and 11 � 17 % during theo�- and on-period, respetively. Eletron impat 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 reation rates for the overall reation and destrution of eletrons are shownin �gures 5.6(a) and (b), respetively. Eletrons are entirely reated by eletronimpat ionization during the on-period, the ionization of atoms and moleuleshaving a ontribution of about 32 � 41 % and 53 � 65 %, respetively. When thepower is turned o� the eletron impat proesses beome negligible almost instantlyand eletrons are instead entirely reated by assoiative ionization. The assoiativeionization of two nitrogen atoms, reation (3.52), is muh more important than theionization of two moleules, reation (3.53), being responsible for roughly 95 % ofeletron reation during the o�-period.As seen in �gure 5.6(b), eletrons are lost by the same three proesses duringboth the on- and o�-period. Wall reombination of the N+ ion is the most impor-tant proess when the power is on, being roughly 48 � 73 % of the total eletronloss, and still has a signi�ant ontribution when the power is o�, or roughly 21 �35 %. Dissoiative reombination of N2, reations (3.13) � (3.15), is the dominat-ing proess when the power is o�, having a ontribution of roughly 55 � 68 %, butabout 5 � 21 % when it is on. Wall reombination of N+
2 is muh less important
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Figure 5.6: The reation rates for (a) the overall reation and (b) the overalldestrution of free eletrons versus time over a single pulsed power period.during both periods, being roughly 8 � 10 % and about 31 % during the o�- andon-periods, respetively.The reation rates for the reation and destrution of the ground state ni-trogen moleule 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 eletron impat de-exitationof N2(X
1Σ+

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

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

g , v = 1) and N2(A
3Σ+

u ) is the dominatingproess 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 reombination ofneutral atoms is also a signi�ant reation proess after the power has been turnedo�, being about 26 % at the end of the pulse. Furthermore, energy pooling ofN2(A
3Σ+

u ), reation (3.29), and pumping of gas into the hamber eah ontributearound 5 % when the power is turned o�.



5.2 � Reation rates 171As seen in �gure 5.7(b), the pumping of speies out of the hamber is thedominating loss mehanism of N2(X
1Σ+

g , v = 0) after the power is turned o�.Eletron impat exitation is the dominating proess when the power is on, eletronimpat ionization and dissoiation being responsible for the rest, or roughly 3 �12 %, and pumping out of the hamber having pratially no ontribution. Theexitation proesses do not beome negligible very fast, as would be expeted fromany eletron impat proess, given how fast the eletron temperature dereaseswhen the power is turned o�.The reation rates for the reation and destrution of the vibrationally ex-ited ground state nitrogen moleule N2(X
1Σ+

g , v = 1) are shown in �gures 5.8(a)and (b), respetively. One the power has been turned o�, the wall quenhing ofN2(X
1Σ+

g , v = 2) beomes the dominating proess in the reation of N2(X
1Σ+

g , v =

1), meanwhile being responsible for 10 � 20 % of the reation when the power is on.Eletron impat exitation of N2(X
1Σ+

g , v = 0) is the dominating proess duringthe on-period, being roughly 60 %, but rather quikly beomes negligible after thepower is turned o�. Eletron impat de-exitation of N2(X
1Σ+

g , v = 2 − 6) has aontribution of about 23 � 31 % when the power is on, inreasing to almost 50 %soon after the power is turned o�, but then dereasing rather slowly for an eletronimpat proess, being negligible at the end of the pulse.As seen in �gure 5.8(b), the N2(X
1Σ+

g , v = 1) moleules are predominantlylost by wall quenhing when the power has been turned o�. During the on-periodeletron impat proesses dominate, the ontribution of eletron impat exitationto N2(X
1Σ+

g , v > 1) being largest, or roughly 39 � 51 %. Eletron impat de-exitation to N2(X
1Σ+

g , v = 0) has about 21 � 29 % ontribution, while ionization,dissoiation and pumping out of the hamber only aount for roughly 2 � 7 %.Wall quenhing is responsible for the rest of the N2(X
1Σ+

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

g , v = 1) moleule versus time over a single pulsed power period.on-period, or roughly 14 � 30 %.The reation rates for the reation and destrution of the vibrationally exitedground state nitrogen moleule N2(X
1Σ+

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

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

g , v) moleules. Eletron impat exitation of N2(X
1Σ+

g , v = 0) andN2(X
1Σ+

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

g , v = 6) moleule versus time over a single pulsed power period.is on, respetively, but derease rapidly when the power is turned o� and are negli-gible at the end of the pulse. The eletron impat exitation of N2(X
1Σ+

g , v = 4−5)has a peuliar behavior when the power is turned o�. Instead of dereasing as theother eletron impat exitations, its ontribution inreases from about 32 % whenthe power is on to roughly 60 % when 13 µse have passed sine turning o� the



174 The pulsed-power dishargepower, only then dereasing to less than 4 % at the end of the o�-period. Transferof vibrational exitation, reation (3.35), is negligible when the power is on, butinreases one 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 vibrationalexitation 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, respetively.As seen in �gure 5.9(b), wall quenhing to N2(X
1Σ+

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

g , v = 6) loss when the power is turned o�, but has a21 � 38 % ontribution during the on-period. Eletron impat de-exitation toN2(X
1Σ+

g , v = 1 − 4), being the dominant loss proess 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 dereasing after that.Eletron impat de-exitation of N2(X
1Σ+

g , v = 5) is signi�ant during the on-period with a 16 � 24 % ontribution, dereasing rapidly after the power is turnedo�. Together with pumping of out the hamber, eletron impat dissoiation andionization of N2(X
1Σ+

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

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

u ) ispredominantly lost by dissoiative reombination of N+
3 , reation (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 hemial bonds of N+

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

u ) during the o�-period, orroughly 16 � 20 %. Additionally, dissoiative reombination of N+
4 , reation (3.21),has around 3 % ontribution during the o�-period. Eletron impat exitation 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 reation rates for (a) the reation and (b) the destrution ofthe N2(A
3Σ+

u ) moleule versus time over a single pulsed power period.period, the ombined ontribution of exitation from N2(X
1Σ+

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

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

u ). During the on-period, eletron impat de-exitation of N2(A
3Σ+

u ) toN2(X
1Σ+

g , v) has a roughly 26 � 39 % ontribution and the ombined ontributionof eletron impat ionization and dissoiation is roughly 10 � 16 %, both proesses



176 The pulsed-power dishargebeing negligible when the power is o�. Pooling of N2(A
3Σ+

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

u ) on the wall has a roughly31 � 37 % ontribution during the o� period but 16 � 21 % during the on-period.Exitation transfer, reation (3.40), has a roughly 20 � 26 % ontribution duringthe o�-period but 10 � 16 % during the on-period.The reation rates for the reation and destrution of the ground state nitrogenatom N(4S) are shown in �gures 5.11(a) and (b), respetively. The ground statenitrogen atom N(4S) is predominantly reated by wall quenhing of N(2D) andN(2P) during the o�-period, having a 34 � 38 % ontribution when the power ison. Eletron impat de-exitation of N(2D) has a 10 � 25 % ontribution during theon-period, but dereasing rapidly when the power is turned o�. Wall reombinationof N+ only has a slight e�et, being around 6 % when the power is on and around2 % when it is o�. Eletron impat dissoiation of N2(X
1Σ+

g , v) are signi�antproesses during the on-period, ombined ontributing roughly 25 � 46 %.As seen in �gure 5.11(b), N(4S) atoms are lost predominantly by wall reom-bination during the o�-period and by eletron impat exitation to N(2D) duringthe on-period. Exitation transfer, reation (3.40), has a roughly 11 � 16 % ontri-bution during the o�-period, but is negligible during the on-period. The ombinedontribution of eletron impat 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. Eletron impat exitation to N(2P) has around 15 % ontribution during theon-period, but is negligible when the power is o�.The reation rates for the reation and destrution of the metastable nitrogenatom N(2D) are shown in �gures 5.12(a) and (b), respetively. The N(2D) isentirely reated by dissoiative reombination, reations (3.13) � (3.15), during the
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Figure 5.11: The reation rates for (a) the reation and (b) the destrution ofthe N(4S) atom versus time over a single pulsed power period.o�-period, whereas eletron impat exitation of N(4S) is the dominating proesswhen the power is o�, with a roughly 65 � 76 % ontribution. Eletron impatdissoiation 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 quenhing at the wall,
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Figure 5.12: The reation rates for (a) the reation and (b) the destrution ofthe N(2D) atom versus time over a single pulsed power period.ontributing 41 � 55 % during the on-period but inreasing to about 89 % at theend of the o�-period. Eletron impat de-exitation to N(4S) has about 20 � 34% ontribution when the power is on, but dereasing rapidly one the power hasbeen turned o�. Eletron impat exitation 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�. Reombination of N(2D) on the wall has around 10 % ontribution during
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Figure 5.13: The reation rates for (a) the reation and (b) the destrution ofthe N(2P) atom versus time over a single pulsed power period.the o�-period, but around 5 % when the power is on, whih is very similar to theeletron impat ionization ontribution.The reation rates for the reation and destrution of the metastable nitrogenatom N(2P) are shown in �gures 5.13(a) and (b), respetively. Although onlyhaving a 7 % ontribution during the on-time, the metastable nitrogen atom N(2P)is mostly reated by transfer of exitation from N2(A
3Σ+

u ), reation (3.40), when



180 The pulsed-power dishargethe power is o�. Dissoiative reombination, reation (3.15), is responsible for therest of the N(2P) reation during the o�-period, having a ontribution of roughly 7� 21 %. Eletron impat exitation of N(4S) and N(2D) is the dominating reationmehanism when the power is on, eah ontributing roughly 60 � 68 % and 23 � 32%, respetively.As seen in �gure 5.13(b), N(2P) atoms are primarily lost by wall quenhing, theontribution being around 87 % during the o�-period and about 38 � 51 % duringthe on-period. Wall reombination is small during both periods, its ontributionbeing around 10 % when the power is o� and around 5 % when it is on. Eletronimpat ionization and pumping of N(2P) out of the hamber have a ombinedontribution of about 5 � 9 % when the power is on, but are negligible when it iso�. Eletron impat de-exitation to N(4S) and N(2D) is responsible for the restof the N(2P) reation during the on-time, eah having a ontribution of roughly 8� 15 % and 26 � 37 %, respetively.The reation rates for the reation and destrution of the N+ ion are shownin �gures 5.14(a) and (b), respetively. The atomi ion N+ is entirely reated byharge transfer, reation (3.22), when the power is o�, although that proess isnegligible when the power is on. The eletron impat ionization of N(4S), N(2D)and N(2P) are responsible for most of the N+ reation during the on-period, eahhaving a ontribution of roughly 34 � 49 %, 31 � 41 % and 10 � 13 %, respetively.Dissoiative exitation, reation (3.17), has no ontribution during the o�-period orat the start of the pulse, but inreases 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 reombinationduring the on-period. The ontribution of harge transfer, reation (3.23), inreaseswhen the power is turned o�, but is at most roughly 10 % at the end of the pulse,wall reombination being responsible for the rest.
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Figure 5.14: The reation rates for (a) the reation and (b) the destrution ofthe N+ ion versus time over a single pulsed power period.The reation rates for the reation and destrution of the N+
2 ion are shownin �gures 5.15(a) and (b), respetively. The N+

2 ion is entirely reated by hargetransfer, reation (3.23), and assoiative ionization, reation (3.52) when the poweris o�, eah having a ontribution of around 31 and 69 %, respetively. Eletronimpat 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, eah having a ontribution
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Figure 5.15: The reation rates for (a) the reation and (b) the destrution ofthe N+
2 ion versus time over a single pulsed power period.of roughly 35 � 42 %, 53 � 55 % and 4 � 9 %, respetively.As seen in �gure 5.15(b), dissoiative reombination of N+

2 , reations (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 %. Reombination 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 reation rates for (a) the reation and (b) the destrution ofthe N+
3 ion versus time over a single pulsed power period.on, having a ontribution of roughly 53 � 72 %. Dissoiative exitation, reation(3.17), is negligible during the o�-period, but has around 10 % ontribution whenthe power is on.The reation rates for the reation and destrution of the N+

3 ion are shownin �gures 5.16(a) and (b), respetively. The reation mehanism for N+
3 does nothange when the power is pulsed, the rearrangement of N+

2 hemial bonds, re-ation (3.44), being entirely responsible for all N+
3 reation during both on- and



184 The pulsed-power dishargeo�-periods.As seen in �gure 4.28(b), with a ontribution of around 86 %, N+
3 is predom-inantly lost by dissoiative reombination, reation (3.19), during the o�-period.Dissoiative reombination is also very important when the power is on, havingabout 24 � 48 % ontribution. Reombination 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 deomposition of N+
3 , reation (3.45),has around 15 % ontribution when the power is on, dereasing to around 10 %after the power has been turned o�The reation rates for the reation and destrution of the N+

4 ion are shownin �gures 5.17(a) and (b), respetively. N+
4 ions are predominantly reated byassoiative ionization, reation (3.53), the ontribution being over 90 % whetherthe power is on or o�. The ombined ontribution of three body assoiation,reation (3.49), is at most roughly 8 % soon after the power is turned on, butdereases to around 5 % towards the end of the pulse.As seen in �gure 5.17(b), N+

4 are entirely lost by dissoiative reombination ofN+
4 , reation (3.21), when the power is o� and is also the dominant loss mehanismduring the on-period. Reombination 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 reation rates for (a) the reation and (b) the destrution ofthe N+
4 ion versus time over a single pulsed power period.





Chapter 6
Conlusion
We �nd that the nitrogen disharge is essentially atomi when the pressure is around1 mTorr but is highly moleular when the pressure is 100 mTorr. The model alu-lations of the eletron temperature, eletron density and ion frations are in goodagreement with measurements. However, our predition of the density of neutrals,in partiular the atomi density, are signi�antly larger than measured values. Thisindiates that the dissoiation ross setion is still questionable, likely being signi�-antly too large, partiularly for the dissoiation of N2(X

1Σ+
g , v > 0). The densityof vibrationally exited ground state moleules N2(X

1Σ+
g , v > 1) is negligible whenthe pressure is about 1 mTorr but inreases rapidly as the pressure is inreased,being a substantial part of the total moleular density when the pressure is above10 mTorr. The atomi density also depends strongly on the absorbed power, thedisharge being essentially atomi when the absorbed power is very high but highlymoleular when the absorbed power is very low. The gas �owrate has very littlee�et on the plasma parameters when below 100 sm, the disharge beomingsomewhat more moleular when the �owrate is inreased to 1000 sm. Changing



188 Conlusionthe eletron energy distribution funtion from Maxwellian to Druyvesteyn a�etsmostly the density of exited speies, ground state speies being more importantwhen the distribution is Druyvesteyn-like. The gas temperature has a similar ef-fet, the density of exited speies dereasing with inreasing gas temperature. Thewall quenhing oe�ient of the exited speies in the disharge must be relativelylarge, above roughly 0.1, to have any e�et on the plasma parameters, then onlydereasing the exited speies density. The wall reombination oe�ient ontrolsthe dissoiation fration in the disharge, being highly moleular when the valueis unity and highly atomi when the value approahes zero. Yet, the eletron tem-perature is independent of the wall reombination oe�ient. The atomi densityand eletron density derease rapidly when the hamber dimensions are inreased,although a unity aspet ratio seems to be preferred. Neutral atoms are mostlyreated by eletron impat dissoiation of neutral nitrogen moleules, although theontribution of wall reombination of N+ inreases with dereasing pressure andaounts for about half the overall reation of neutral atoms at 1 mTorr. Neutralatoms are similarly lost mostly by reombination at the wall, exept at 1 mTorrwhere pumping of atoms out of the hamber and eletron impat ionization aountfor more than half the loss. Dissoiative reombination of N+
2 is very importantfor the loss of free eletrons at high pressure. When the power is pulsed the den-sity of the atomi ion N+ is most signi�antly a�eted, with the [N+℄/ne frationinreasing far beyond the dissoiation fration when the modulation frequeny orduty ratio is low. As a onsequene the eletron density inreases ompared tothe orresponding steady state alulation. Eletron ollision proesses generallydominate the reation and loss of the various speies in the disharge when thepower is turned on. When the power is o� the eletron temperature drops rapidlyand, as a onsequene, the ontribution of onventional eletron-neutral ollision



189proesses quikly beomes negligible. As suh, neutral atoms are reated mostlyby dissoiative reombination of N+
2 during the o�-period, but by eletron impatdissoiation during the on-period. Dissoiative reombination of N+

2 is also thedominant loss proess of N+
2 during the o�-period. The loss mehanism of N+does however not hange signi�antly when the power is turned o�, the ion beingprimarily lost by wall reombination with the power either on or o�.Overall, the model seems to desribe the nitrogen disharge quite well in om-parison to measurements. The exeption to this is the density of neutral atomswhih seems to be signi�antly too large. However, the measurements themselvesare not all in good agreement with eah 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 atually overestimates the den-sity of neutral atoms, the fault must be that the eletron impat dissoiation rosssetion is substantially too large. This may well be the ase, sine it has beensuggested elsewhere that the dissoiation ross setion may be too large by a fatorof 10. The dissoiation ross setion must therefore be onsidered to be in doubt.However, if the fration of neutral atoms dereases in our model, the fration ofthe N+ ion would inevitably be muh lower as well, whih is in disagreement withmeasurements. In this respet, we feel that the measurements are also inonsistent.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 auray ofthe model alulations. Sine nitrogen disharges are ommonly diluted, the moststraightforward addition to this model is to dilute the nitrogen with argon. Theaddition of hydrogen to the gas is muh more ompliated, but may neverthelessbe of even more interest. This will hopefully be the subjet of future studies.
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Appendix A
The nitrogen reation set
The reations that are used in the model and their rate oe�ients are given in thetables below. The usage of the reations and rate oe�ient is idential to the rep-resentation here, sine the tables are automatially generated eah time the modelis loaded. In table A.1 is a summary of eletron ollision reations and their rateoe�ients, alulated for a Maxwellian distribution of eletron energy. A sum-mary of reations involving ollisions of two and three heavy speies and their rateoe�ients as a funtion of gas temperature is given in tables A.2 and A.3, respe-tively. In table A.4 interations with the wall and the equations used to alulatethe orresponding rate oe�ients are summarized. The transition frequeny foroptial emission from exited speies is summarized in table A.5. Reations repre-senting pumping of gaseous speies in and out of the gas hamber and the equationsdesribing their rate oe�ient are summarized in table A.6. Furthermore, a sum-mary of the rate oe�ients and the energy losses of proesses leading to the lossof eletron energy is given in tables A.7 and A.8 for ollisions with the ground statenitrogen moleule and the ground state nitrogen atom, respetively.



194 The nitrogen reation setTable A.1: Eletron impat rate oe�ients.Reation Rate oe�ient [m3/s℄ Referenee + 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 reduing the threshold of the ross setion.
†Obtained by applying the priniple of detailed balaning on the ross setion.
‡Magnitude of ross setion hanged (see text).



195Table A.1: (ontinued)Reation Rate oe�ient [m3/s℄ Referenee + 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 reduing the threshold of the ross setion.
†Obtained by applying the priniple of detailed balaning on the ross setion.
‡Magnitude of ross setion hanged (see text).



196 The nitrogen reation setTable A.1: (ontinued)Reation Rate oe�ient [m3/s℄ Referenee + 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 priniple of detailed balaning on the ross setion.Table A.2: Rate oe�ients for ollisions of two gaseous speiesReation Rate oe�ient [m3/s℄ RefereneN(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)Reation Rate oe�ient [m3/s℄ RefereneN(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 reation setTable A.2: (ontinued)Reation Rate oe�ient [m3/s℄ RefereneN2(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 setion hanged (see text).Table A.3: Rate oe�ients for ollisions of three gaseous speies.Reation Rate oe�ient [m6/s℄ RefereneN2(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)Reation Rate oe�ient [m6/s℄ RefereneN2(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 reation setTable A.3: (ontinued)Reation Rate oe�ient [m6/s℄ RefereneN2(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)Reation Rate oe�ient [m6/s℄ RefereneN2(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 reation setTable A.3: (ontinued)Reation Rate oe�ient [m6/s℄ RefereneN2(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 interations.Reation 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 exited speies.Reation Rate oe�ient [1/s℄ RefereneN2(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 speies in and out of the hamber.Reation 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: Eletron energy loss by the nitrogen moleule, N2(X
1Σ+

g , v = 0).Final state Threshold [eV℄ Rate oe�ient [m3/s℄ Referene
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 reation setTable A.7: (ontinued)Final state Threshold [eV℄ Rate oe�ient [m3/s℄ Referene
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: Eletron energy loss by the nitrogen atom, N(4S).Final state Threshold [eV℄ Rate oe�ient [m3/s℄ Referene
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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