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Resumo

Este trabalho descreve um modelo computacional chamado de “volume averaged global

model” para um plasma de oxigênio produzido em um reator do tipo indutivo associado à

uma fonte de tensão alternada que opera em uma frequência de 13,56 MHz. Este modelo

considera um extenso conjunto de reações que inclui as espécies: O2(X3Σ−g ), O2(a1∆g),

O2(b1Σ+
g ), O2(A3Σ+

u , A’3∆u, c1Σ−u ), O+
2 , O−2 , O(3P), O(1D), O+, O−, O3, O+

3 , O−3 e

elétrons. Os valores dos coeficientes de reação de algumas reações são avaliados e novos

valores são propostos. Calculou-se as densidades das várias espécies em função da pressão

na faixa de 1 à 100 mTorr. Neste trabalho também avaliou-se a influência da função

de distribuição de energia dos elétrons (FDEE) e do material das paredes do reator.

Diferenças nos resultados para funções de distribuição Maxwelliana e não Maxwellianas

mostram a importância de usar FDEEs adequadas no estudo computacional de descargas

elétricas em oxigênio. Também foi estudado as diferenças devido a reatores de diferentes

materiais comparando resultados para um reator de alumı́nio anodizado com um reator

de aço inoxidável. Devido ao baixo coeficiente de recombinação de átomos de oxigênio em

paredes de alumı́nio anodizado a produção de átomos de oxigênio em reatores de alumı́nio

anodizado aumenta quando comparado com um reator de aço inoxidável. Entretanto,

essa diferença diminui quando a pressão aumenta. Assim, reatores de alumı́nio anodizado

são mais apropriados em aplicações onde se deseja uma maior concentração de átomos de

oxigênio. A formação e a aniquilação dos estados singletos metaestáveis da molécula de

oxigênio foram avaliadas. Encontrou-se que a densidade de O2(a1∆g) pode ser menor do

que a densidade de O2(b1Σ+
g ) contradizendo resultados anteriores. As taxas de reação para

formação e aniquilação de O2(a1∆g) e O2(b1Σ+
g ) foram avaliadas e as mais importantes

reações foram indicadas. O processo de perda de O− foi também estudado. Recentemente,

resultados experimentais têm mostrado que a velocidade com que cada ı́on entra na bainha

pode se aproximar de um valor comum. Este valor seria aquele obtido da solução do

critério de Bohm generalizado assumindo que todos os ı́ons alcançam a bainha com a

mesma velocidade. Assim, neste trabalho também estudou-se essa velocidade comum dos

ı́ons através de uma expressão obtida da relação de dispersão para um plasma com várias

espécies de ı́ons positivos e negativos. Quando a eletronegatividade aumenta na região da

bainha, a velocidade comum dos ı́ons diminui como ocorre para a velocidade de Bohm.



Abstract

This work describes a computational model called volume averaged global model for an

oxygen plasma produced in an inductive reactor coupled to an AC power source which

operates at a frequency of 13.56 MHz. This model considers an extensive reaction set that

includes the species: O2(X3Σ−g ), O2(a1∆g), O2(b1Σ+
g ), O2(A3Σ+

u , A’3∆u, c1Σ−u ), O+
2 , O−2 ,

O(3P), O(1D), O+, O−, O3, O+
3 , O−3 , and electrons. Rate coefficients for some reactions

are evaluated and new values are proposed. It was calculated the densities of various

species as a function of discharge pressure in the pressure range 1 – 100 mTorr. In this

work, the influence of the electron energy distribution function (EEDF) and the wall ma-

terial were also evaluated. Differences in the results for Maxwellian and non-Maxwellian

distributions show the importance of using a proper EEDF in discharge modelling. It

was also explored the differences due to different reactor wall materials comparing the

results for an anodized aluminium reactor with a stainless steel reactor. Due to the low

recombination coefficient for oxygen atoms on the anodized aluminium walls, the yield

of atomic oxygen in anodized aluminium reactors increases significantly as compared to

stainless steel reactors. However, the difference of the yield of atomic oxygen in these re-

actors decreases as pressure increases. Thus, anodized aluminium reactors can be desired

for applications where a high concentration of atomic oxygen is required. Formation and

annihilation of the singlet molecular metastables were evaluated. It was found that the

O2(a1∆g) density can be lower than the O2(b1Σ+
g ) density contradicting previous results.

The relative reaction rates for formation and annihilation of O2(a1∆g) and O2(b1Σ+
g ) are

evaluated and the most important reactions are indicated. Recently, experimental results

have shown that the velocity of each ion at the sheath edge can approximate to a com-

mon value. One of these values would be the solution of the generalized Bohm criterion

assuming that all ions reach the sheath edge at the same velocity. Thus, in this work, it

was also studied this common velocity of the ions through an expression obtained from

the dispersion relation for a plasma with many species of positive and negative ions. As

the electronegativity at the sheath increases, the common velocity of the ions decreases

as the Bohm velocity.
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1 Introduction

In physical science, the term plasma was firstly used by Irving Langmuir to describe

the region of an electrical discharge with the same number of ions and electrons [1]. The

reason for Langmuir choose the word plasma was the resemblance between that region

of the discharge and the blood plasma – electrons, ions and molecules were compared

to red and white corpuscles and germs [2, 3]. Plasma is the fourth state of matter, i.e.,

matter can be found in the solid, liquid, gas or plasma states. It should be mentioned here

that the Bose-Einstein condensate is also considered as a state of matter. The concept

of a fourth state of matter was proposed by Michael Faraday and reasserted by Willian

Crookes [4]. Providing energy to the matter in the gaseous state, neutral atoms and

molecules fragment into ions and electrons and the matter changes to the plasma state.

Thus, say that a plasma is an ionized gas is correct, although it would be weird if plasma

is accepted as a state of matter as it is weird to say that a liquid is a melted solid. The

status of plasma as a state of matter has been questioned [5] which would make plasma

an ionized gas, but not all ionized gas is a plasma. Every gas has even a small degree

of ionization; therefore, according to Chen [6], an ionized gas is in the plasma state if it

satisfies three conditions:

1. Quasineutrality: plasma dimensions have to be much larger than the Debye length

so that local concentrations of charge or external potentials can be shielded out in

a short distance compared to the plasma dimensions.

2. Collective behavior: the particles in the plasma exhibit a collective behaviour due

to inner interactions in response to the local conditions.

3. The third condition is a mathematical relationship between the plasma frequency

and the rate of collisions between charged and neutral particles which determines

if the motion of the charged particles is controlled by electromagnetic forces or

hydrodynamic forces.

Flames, lightning, and the Aurora Borealis (the Nothern Lights) are some examples of

natural plasma phenomena that we are used to. Regarding flames, if the three conditions

stated above were satisfied, they are plasmas [7]. As claimed by von Engel and Cozens [8],
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“the part of a flame that possesses the well-known properties of an electric plasma is called

“flame plasma”, and thus not every type of flame deserves this distinction”. However, it is

possible to find in the literature statements asserting that flames are plasmas [9,10].

Most of the observable matter in the universe is in the plasma state. Thus, plasma

physics is of great importance to space physics and astrophysics. Space plasma physics is

limited to the study of plasmas occuring naturally in the Solar System while plasma astro-

physics is concerned with birth, evolution and death of visible structures in the universe

like stars and galaxies. In plasma conferences, these two research areas are frequently

presented in one area – space and astrophysical plasmas. The European Physical Society

Conference on Plasma Physics divides the plasma science into four topical areas: mag-

netic confinement fusion, beam plasma and inertial fusion, low temperature plasmas, and

basic and astrophysical plasmas [11]. The subject of this work is in the low tempera-

ture plasma area which adresses weakly ionized plasmas. These plasmas are also named

collisional plasmas because coupling, i.e., the transfer of energy, occurs first from the

power source to electrons and ions then to neutral atoms and molecules through collisions

producing chemically active species.

Low temperature plasmas can be arranged into thermal plasmas and non-thermal

plasmas [12, 13]. Here, thermal plasma means a thermal quasi-equilibrium state where

electrons, ions and neutral atoms and molecules have approximately the same tempera-

ture. A complete equilibrium state is found in high temperature plasmas. The term “cold

plasmas” is assigned to non-thermal low temperature plasmas [13–15] where there is a

non-equilibrium state due to a low rate of collisions resulting in high electron tempera-

ture and heavy particle temperatures in the range of the room temperature. Thus, cold

plasmas are weakly ionized plasmas while hot plasmas are fully ionized plasmas as fusion

plasmas, solar wind, and stellar interiors.

This work presents a study of an oxygen cold plasma produced in a reactor for in-

ductively coupled plasmas (ICPs). In the past decades, there has been an increasing

interest in oxygen discharges due to their applications in different areas such as plasma

materials processing, plasma sterilization [16], plasma medicine [17], and oxygen-iodine

lasers [18] to name a few. Plasma materials processing in microelectronics fabrication

uses oxygen plasma for ashing of photoresist [19–22], removal and/or treatment of poly-

mer films [23,24], oxidation of silicon [25], and deposition of oxide-based materials which

is performed in oxygen diluted discharges [26]. In the chapter 2, an ICP is presented

along with a glow discharge and a capacitively coupled plasma (CCP) in order to obtain

a thorough understanding of the kind of plasma that was studied here. Regarding the

importance of the metastable states for studies of oxygen plasmas, a short explanation

of spectroscopic notation for atoms and diatomic molecules is presented in the chapter

3. It serves as a guide for students that are not familiar with this subject. For a full
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understanding, the references that are found in the text are recommended. Chapter 4

presents a reviewed reaction set for modelling of oxygen discharges. The mathematical

background of the volume averaged global model is presented in the chapter 5.

One of the computational approaches to study the plasma chemistry is the volume

averaged global model that is characterized by its simplicity. The spatial variations of

the plasma parameters are neglected in the model, thus it only calculates the average

parameters. This allows including a large number of reactions with relatively low com-

puter time. Initially, the volume averaged global model was developed to describe the

characteristics of argon plasmas created in different kinds of high density low pressure

plasma sources [27]. Subsequently, it was used to study the chemistry of atomic and

molecular gas discharges and gas mixtures [28–30]. In fact, the volume averaged global

model is particularly useful when exploring complex and convoluted chemistries. There

have been various modifications of the volume averaged global model over the years in

order to improve the understanding of the plasma chemistry and obtain modelling results

closer to the experimental data.

Utilizing good databases of reactions and rate constants [31–35], a volume averaged

global model similar to that proposed by Kim et al [36, 37] was developed further to

include a larger number of reactions in order to evaluate oxygen discharges. There are a

great number of studies of oxygen discharges, both experimental [38–42] and modelling

efforts [28,29,36,37,40,43–45], of which some are compared with the results obtained in this

work presented in the chapter 6. In this chapter, it was evaluated changes in the electron

energy distribution function (EEDF). Most efforts to model the plasma chemistry of the

oxygen discharge have assumed Maxwellian EEDF [28, 37, 40, 44, 46]. Modelling studies

where the effects of non-Maxwellian EEDFs on the plasma parameters are evaluated have

been reported for Ar discharge [47], N2 discharge [48], Cl2 discharge [49,50], Ar/O2 mixture

discharge [45], and CF4 discharge [51]. It is not known so far similar studies for oxygen

discharges other than the scientific papers [52,53] that are results of this work. This study

also compares plasma produced in a stainless steel reactor with a plasma produced in an

anodized aluminium reactor.

Recently, experimental results have shown that the velocity of the ions at the sheath

edge can approximate to a common value [54–56]. One of these values would be the

solution of the generalized Bohm criterion assuming that all ions reach the sheath edge

at the same with the same velocity – the ions sound speed of the system. An expression

for the ion sound speed of the system for a plasma with multiple positive and negative

ions obtained from the dispersion relation at the sheath edge is presented in the chapter

7. Changes in the energy distribution functions of electrons and negative ions can also be

evaluated through this expression. As the electronegativity at the sheath edge is high, the

ion sound speed of the system decreases. Moreover, changes in the distribution functions
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of electrons and negative ions are also significant. Finally, the concluding remarks are

presented in the chapter 8. The annex A provides the cross sections for the electron-

impact reactions used in the model.



2 Plasma sources – glow discharge,

CCP, and ICP

Chapman wrote in his book [57]: “Amongst sputtering and plasma etching folks, the

words ‘plasma’ and ‘glow discharge’ tend to be used synonymously – to the horror of

plasma physicists, I’m sure!”. A glow discharge is one of the three regimes of an electrical

discharge – the others are dark discharge and arc discharge. The characteristics of an elec-

trical discharge as luminescence, current density, voltage-current graph, and breakdown

voltage depend on how it was produced; i.e., depend on gas, geometry and material of the

electrodes, and vessel. As a glow discharge is an electrical discharge, ‘electrical discharge’

usually is also used as synonymous of ‘plasma’. However, one should keep in mind that

plasma refers to a region of an electrical discharge.

A direct current (DC) glow discharge is produced when a DC voltage is applied between

two electrodes in a gas and it is high enough to overcome the breakdown point. Then,

a sequence of bright and dark layers can be seen along the discharge tube. Therefore,

the glow discharge is divided in different regions: the Aston Dark Space, the Cathode

Glow, the Cathode Dark Space also called Crooks Dark Space or Hittorf Dark Space, the

Negative Glow, the Faraday Dark Space, the Positive Column, the Anode Glow, and the

Anode Dark Space (see figure 2.1).

In the Aston Dark Space, electrons that were emitted from cathode have insufficient

energy to excite atoms or molecules, thus this region is dark. Across this layer, electrons

receive energy from the electric field. At the beginning of the Cathode Glow, electron

energies are sufficient to excite atoms or molecules which return to the ground state emit-

ting a photon (hν). The frequency ν depends on the gas in the discharge tube. Photons

are also emitted when ions that are in excited states due to electron-ion recombination

return to the ground state. In the spectrum of a DC glow discharge, there are line spectra

of excited neutrals and broadband spectra of excited ions [58]. At the end of the Cath-

ode Glow, there are the low energy electron group that lost energy in inelastic collisions

and the high energy electron group that kept accumulating energy through this layer.

Electrons from the first group do not have energy enough to excite atoms or molecules
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while electrons from the second group ionize atoms or molecules instead of excite them.

Therefore, the next region is dark.

In the Cathode Dark Space, the number of electrons has a significant increase due to

ionization processes. Electrons receive energy through the Cathode Dark Space. When

they are able to excite atoms or molecules again, the brightest region of the DC glow

discharge begins – the Negative Glow. Electrons lose energy through inelastic collisions in

the Negative Glow becoming unable to excite neutrals. Due to the wide range of electron

energies at the beginning of the Negative Glow, the end of the Negative Glow is not well

defined fading into the Faraday Dark Space.

As electrons go further from the cathode, the electric field becomes weaker because the

voltage difference applied between the electrodes have a significant fall in the regions close

to the cathode due to the build up of positive ions. Thus, in the Faraday Dark Space,

electrons receive less energy from the electric field as compared to the previous layers

that explains why it is the longest dark layer. At the beginning of the Positive Column,

electron have sufficient energy to excite atoms or molecules again. While in the Cathode

Glow there is an excess of positive ions and in the Negative Glow there is an excess of

negative ions, in the Positive Column there is a balance of positive ions and negative ions

and electrons. It is the first bright layer where the charge neutrality condition is valid.

It is in the Positive Column where the ionized gas satisfies the plasma requirements. At

the end of the Positive Column, ionization is possible again due to the increase of the

electric field which also repel positive ions to the Positive Column resulting in the Anode

Glow which is a layer even brighter than the Positive Column. Electrons that lost energy

through inelastic collisions in the Anode Glow go into the anode with low energy crossing

a dark region where they receive energy but it is not enough to excite neutrals again. The

Anode Dark Space is featured by an excess of low energy electrons.

FIGURE 2.1 – A sketch of the bright and dark layers of a DC glow discharge [59].

A DC discharge requires conducting electrodes; however, in some applications as sput-

ter deposition and plasma etching, the electrodes are covered with non-conducting ma-
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terials. In this case a DC voltage does not sustain the discharge because the electrode

covered with a non-conducting material will charge up to a floating potential resulting

in the same fluxes of ions and electrons. There will be only one short-lived discharge.

The discharge can be sustained if an AC voltage is applied between the electrodes instead

of a DC voltage. However, the time required by the non-conducting electrode charges

up has to be less than half of the period of the AC supply otherwise there will be a

series of short-lived discharges. Thus, the frequencies used in these discharges are usu-

ally in the radio-frequency range (1 KHz – 103 MHz). The frequency of 13.54 MHz is

the most used because it is the frequency alloted by the international communications

authorities to avoid interferences with communications. This kind of discharge is called

capacitively coupled (CC) radio-frequency (RF) discharge – radio-frequency because it

works in the radio-frequency range and capacitively coupled because the input power is

coupled through two electrodes like a capacitor. Figure 2.2 shows a schematic of a reactor

for CCPs.

FIGURE 2.2 – Schematic of a reactor for a CCP [60].

The input power can also be coupled by electromagnetic induction. The development

of ICPs is due to the requirements of microelectronic industry that searched for plasma

sources that could offer a high flux of low energy electrons [59,60]. In CC RF discharges,

voltage and current are not independent; therefore, the increase of ion flux is obtained

along with the increase of sheath voltages resulting in high energy ions that damage

wafers in plasma processings. The magnetic improvements of cc rf discharges – like RF

magnetron also called MEIRE – results in an improvement of power transfer and plasma

confinement changing it from the low density plasma source group to the high density

plasma source group; however, their applications find limits due to uniformity problems.

In ICPs, RF power is applied to the inductive element which can be a helical conductor

in cylindrical geometries or a flat spiral conductor in planar geometries. The RF currents

in the inductive element result in a RF magnetic flux that penetrates in the plasma region

inducing a RF electric field that provides energy to electrons which ionize gas atom and/or

molecules sustaining the plasma. Figure 2.3 shows the RF magnetic and the RF electric

fields produced by a planar spiral coupler in an ICP.
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It is required a non-conducting wall – called window – to separate the inductive element

from the plasma otherwise the RF magnetic field would not penetrate in the plasma region

due to electromagnetic shielding. However, degradation and deposition on the windown

during the process represent a problem that interferes in the efficiency of power transfer.

Low power transfer results in low electron density and excessive heating of the inductive

element. The coupling efficiency in planar RF ICPs is analysed in [61].

FIGURE 2.3 – The RF magnetic and RF electric fields produced by a planar spiral
coupler [62].

Hopwood et al [63] studied the electromagnetic fields produced by a planar square

coil in a planar RF ICP. The RF magnetic field was measured, the RF electric field was

calculated from the measured RF magnetic field, and a finite element analysis program

was used to model the electromagnetic fields within a cold collisionless plasma. It was

found that the radial component of the RF magnetic field Br – the RF magnetic field is

represented in cylindrical coordinates – presents a exponentially decrease as the distance

from the window increases. As function of the radius of the chamber, Br has low values in

the centre of the chamber, increases up to a maximum value at a distance from the centre

around half of the radius of the chamber, then it decreases having low values at the edge

of the chamber (see figure 2.4). The axial component of the RF magnetic field Bz has a

maximum value in the centre of the chamber while the azimuthal component Bφ is null.

The RF electric field, given by the equation [63]

~E ' Br exp(−z/δ)
iωεµ0δ

φ̂, (2.1)

has only the azimuthal component and presents the same radial variation as Br. In

Eq. 2.1, ε is the complex plasma permitivity, µ0 is the permitivity of the free space,

ω is the RF frequency, and δ is the skin depth which represents the distance from the

window at which the magnetic field is attenuated by a factor of 1/e. Figure 2.4 shows

the RF electric field obtained through finite element analysis. The size of each arrow

in this figure is proportional to the magnitude of the RF electric field. Despite of the
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assumptions in the model that make the calculations feasible, the modelling results agree

with the experimental results.

FIGURE 2.4 – The RF electric field within a cold collisionless plasma produced by a
planar square coil. It was calculated through a finite element analysis program [63].

The inductive coupling enables high density of ions and low voltages across the plasma

sheaths which make it appropriate for many applications [59]. However, ICPs operate

at low pressures requiring expensive pumping systems that is an issue in the plasma

processing area motivating researches in atmospheric plasma processes [64].



3 Spectroscopic notation

3.1 Spectroscopic notation for atoms

The exact solution of the Schrödinger equation for monoelectronic atoms provides the

framework to the study of complex atoms. Obtain the solution of the Schrödinger equation

for monoelectronic atoms is facilitated by the spherical symmetry of Coulomb potential

that allows to use the variable separation method which give solutions only for discrete

values of energy. These energy values are the eigenvalues and the solutions, i.e., the wave

functions that satisfy the Schrödinger equation for these energy values, are the eigenfunc-

tions of the Schrödinger equation. The probability density of these eigenfunctions does

not depend on time, thus they are steady-states of the system. These steady-states are

labelled by three quantum numbers: n, l, and m. The magnetic quantum number m and

the orbital quantum number l stem from the angular part of the Schrödinger equation.

The solutions of the angular part of the Schrödinger equation are spherical harmonics that

depend on l and m. The principal quantum number n stems from the radial part of the

Schrödinger equation. The solutions of the radial part of the Schrödinger equation that

depend on n and l are expressed through Laguerre polynomials. The discrete values of the

energy are determined by the principal quantum number n through the expression [65]:

En = −µZ
2e4

2~2n2
, (3.1)

where Z is the number of protons in the nucleus, e is the elementary charge, ~ = h/2π,

and µ = mN +me/(mN +me) is the effective mass of the reduced system, i.e., the reduced

mass calculated through the mucleus mass mN and the electron mass me.

They correspond to the energy of the shell that the electron can occupy, therefore

n specifies the shell. It has integer values from 1 up to the number of the outermost

occupied electron shell (n = 1, 2, 3, ...). The orbital quantum number l, which is also called

azimuthal quantum number or angular quantum number, corresponds to the subshell

occupied by the electron. It also gives the magnitude of the orbital angular momentum ~L

which is L2 = ~2l(l+ 1). It has integer values from 0 up to n− 1 (l = 0, 1, ..., n− 1). The
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magnetic quantum number m corresponds to the orbital within the subshell. It gives the

projection of the orbital angular momentum on the z axis Lz = m~. It has integer values

from −l up to l (m = −l, ..., 0, ..., l).

Through measurements of the orbital magnetic dipole moment of the electron, it was

identified that the electron has an intrinsic angular momentum which was called spin and

represented by ~S. The magnitude of the electron spin is given by S =
√
s(s+ 1)~, where

s is the spin quantum number that takes the value 1/2. The magnitude of the projection

of the electron spin on the z axis is given by Sz = ms~, where ms is the spin projection

quantum number that has integer values from −s to s (ms = −s, ..., s). Therefore, it

can take the values 1/2 and −1/2. The steady-states are now labelled by four quantum

numbers: n, l, ml, and ms. The magnetic quantum number that was represented by m

changed to ml.

The total angular momentum ~J is given by ~J = ~L + ~S. The magnitude of the total

angular momentum is calculated by J =
√
j(j + 1)~ where j is the main total angular

momentum quantum number. The values that j can take are 1/2 for l = 0 and l + 1/2

and l − 1/2 for l 6= 0. The magnitude of the projection of the total angular momentum

on the z axis is given by Jz = mj~ where mj is the secondary total angular momentum

quantum number that has integer values from −j to j (mj = −j, ..., j). The quantum

number ml and ms can be placed by j and mj in the quantum number set that specifies

the steady-states of the system. In fact, there are problems where the steady-states have

to be specified by n, l, j, and mj as in the calculation of the spin-orbit potential.

The Coulomb potential of complex atoms, i.e., atoms with more than one electron, has

terms due to electron-nucleus interactions and terms due to electron-electron interactions.

These latter are the non-central part of the potential which forbid to use the variable

separation method. Thus, approximate methods try to regain the monoeletronic atom

problem. In the Hartree-Fock approximation, there is a Schrödinger equation for each

eletron with a Coulomb potential that represents the interaction between the electron and

an effective nuclear charge which is the nuclear charge shielded by the other electrons.

The steady-state of the system is given by the product of the steady-states of each electron

and the energy is given by the sum of the energies of the steady-states of each electron.

Until now, the standard notation of many quantum mechanic books was followed, i.e.,

the upper case letters L, S, and J are used to represent the module of the orbital angular

momentum ~L, spin ~S, and total angular momentum ~J , respectively, while the lower case

letters l, s, and j are used to represent quantum numbers associated with these angular

momenta. However, it is usual change this notation when dealing with complex atoms due

to the need of coupling many angular momenta from many electrons in the atom. Single

electron angular momenta are represented by lower case letters while upper case letters

are used to represent the angular momenta that result from angular momentum coupling.
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For the ith electron in an atom, ~li is the orbital angular momentum, li is the orbital

angular momentum quantum number, ~si is the spin, si is the spin quantum number, ~ji

is the total angular momentum, and ji is the main total angular momentum quantum

number. As the main two coupling schemes are L-S or Russell-Saunders coupling and j-j

coupling which use this notation even in their names, from now on, it will be used this

notation.

In the Russell-Saunders coupling, the orbital angular momenta of the electrons are

added resulting in the total orbital angular momentum, ~L =
∑

i
~li, and the spin of the

electrons are added resulting in the total spin, ~S =
∑

i ~si. Then, they are added resulting

in the total angular momentum, ~J = ~L + ~S. In the j-j coupling, first the total angular

momentum is obtained by adding the orbital angular momentum and the spin for each

electron, ~ji = ~li+~si, then the total angular momentum of the electrons are added resulting

in the total angular momentum, ~J =
∑

i
~ji. In light atoms, ~L and ~S are conserved

quantities due to weak relativistic effects, but ~L and ~S are no longer conserved quantities

in heavy atoms and j-j coupling have to be used. Spin is a quantum phenomenon without

a similar classic one. It is obtained through relativistic quantum mechanic, therefore spin-

orbit coupling is a relativistic effect. In light atoms, coupling between orbital angular

momentum and spin of individual electrons is weak compared to coupling between orbital

angular momenta of electrons [66–68].

The configuration of a state shows how the electrons are distributed through the shells

and sub-shells in the atom. The oxygen configuration in the ground states is 1s22s22p4.

In spectrocopical notation, an atom configuration is splited in terms, a term is splited

in levels, a level is splited in sub-levels which are the true states of the atom. A term

is represented by 2S+1L(o), where the superscript 2S + 1 is the spin multiplicity, L is the

total orbital angular momentum, and the superscript o appears for odd parity terms. The

values of L 0, 1, 2, 3, 4, 5... are designated by the upper case letters S, P,D, F,G,H...,

respectively. A term with S = 0 represents a singlet state, with S = 1/2 a doublet state,

with S = 1 a triplet state, and so forth. A level is represented by 2S+1L
(o)
J , where the

subscript J is the total angular momentum. A level splits into 2J + 1 sub-levels that

are determined by the total magnetic quantum number MJ . To determine the energy

ordering of levels and sub-levels, it is used the Hund’s rules [69]:

1. For a given configuration, the term with maximum spin multiplicity lies lowest in

energy.

2. For a given configuration and spin multiplicity, the term with the largest value of L

lies lowest in energy.

3. For atoms with less than half-filled shells, the level with the lowest value of J lies

lowest in energy.
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4. For atoms with more than half-filled shells, the level with the highest value of J lies

lowest in energy.

Oxygen atoms in the ground state have more than half filled subshell. In this case,

it is usual to determine the terms by considering vacancies or holes instead of electrons.

Thus, the terms for oxygen in the ground states are the same as for carbon in the ground

state which are 1S, 1D, and 3P. The latter term is the lowest energy term according to the

second Hund’s rule. As L = 1 and S = 1 in the term 3P, J can take the values of 0, 1,

and 2, therefore the levels 3P0, 3P1, and 3P2 are possible. According to the fourth Hund’s

rule, the level 3P2 is the ground state of atomic oxygen.

3.2 Spectroscopic notation for diatomic molecules

Electrons move much faster than nuclei due to their small mass, therefore it is pos-

sible to say that they rearrange instantaneously when the nuclei change their positions

in a molecule. Thus, the motions of electrons and nuclei can be treated separately as an

approximation which is used in the Born-Oppenheimer approximation. Schrödinger equa-

tions for electrons are solved for nuclei in fixed positions. From the solutions for different

positions of the nuclei, the potential energy curve is obtained for diatomic molecules while

the potential energy surface is obtained for polyatomic molecules. Figure 3.1 shows the

potential energy curves for the ground state X3Σ−g and some of the excited states including

the singlet states a1∆g and b1Σ+
g of the oxygen molecule.

One can solve exactly the Schrödinger equation for hydrogen atom working in spherical

coordinates. Using the Born-Oppenheimer approximation, one can solve exactly only

the hydrogen molecule-ion H+
2 working in ellipsoidal coordinates. As the solutions for

hydrogen atom are called atomic orbitals, the solutions for hydrogen molecule-ion H+
2 are

called molecular orbitals. Molecular orbitals can be approximated by linear combinations

of atomic orbitals (LCAO). A molecule configuration represents how the electrons are

distributed into the molecular orbitals that came from LCAO. The ground state of the

oxygen molecule which is (σg1s)2(σ∗u1s)2(σg2s)2(σ∗u2s)2(σg2p)2(πu2p)4(π∗g2p)2 gives rise to

three states: the ground state 3Σ−g and the two low-lying excited states 1∆g and 1Σ+
g .

A molecular term symbol is represented by 2S+1Λ and a state by 2S+1ΛΩ, where Λ is

the quantum number of the component of the total orbital angular momentum ~L along

the internuclear axis, S is the total spin quantum number that determines the magnitude

of the total spin ~S, and Ω is the quantum number of the component of ~L + ~S along the

internuclear axis. As the component of the total spin ~S along the internuclear axis is Σ,

Ω is given by Ω =| Λ + Σ |.

The coupling scheme for molecular term symbol of diatomic molecules is the Hund’s
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case (a) [70, 71]. The orbital angular momenta of electrons are coupled resulting in the

total angular momentum ~L. The spin of electrons are coupled resulting in the total spin
~S. ~L and ~S precess rapidly about the molecular axis with fixed projections Λ~ and Σ~,

respectively. The quantum number Λ can take the values of 0,1,2,3,... which corresponds

to the letters Σ, Π, ∆, Φ, Γ,... , respectively. The quantum number Σ can take the

values of −S,−S + 1, ..., S − 1, S. The total angular momentum ~J is given by the sum of

the rotational angular momentum ~N and the projection of ~L + ~S on the molecular axis,

therefore, in the Hund’s case (a), the projection of ~J along the molecular axis is Ω~.

FIGURE 3.1 – Potential energy curves for oxygen molecule [72].

As there are many states with the same term symbol, a letter is added to distinguish

them. The letter X is reserved to the ground state, the uppercase letters A, B, C,...

are used for excited states with the same multiplicity in order of increasing energy, and

the lowercase letters a, b, c,... are used for states that have multiplicity different from

the ground state in order of increasing energy. The subscripts g and u came from the

german words gerade and ungerade which means even and odd.This symetry property is

used to classify homonuclear molecules only. If the wavefunction obtained from LCAO

does not change its sign when nuclei are interchanged, then it is even or symmetric to

inversion through the center of the molecule and the letter g is added to its molecular

term otherwise it is odd or antisymmetric and the letter u is added to its molecular term.
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The superscripts + or - that are attached in the Σ states mean that the wavefunction is

symmetric or antisymmetric to reflection through a plane that contains the internuclear

axis. For Λ > 0 states, symmetric and antisymmetric componets are present due to

degeneracy, therefore no superscript is added to the term.

FIGURE 3.2 – The Hund’s case (a). [71].



4 Reaction set for oxygen discharge

modelling

The oxygen chemistry is complicated due to the presence of metastable atomic and

molecular species and their interactions, in particular dissociative attachment and de-

tachment processes, that dictate the negative ion density. It is in particular the two low

lying metastable states designated by a1∆g and b1Σ+
g , which are located 0.98 and 1.627

eV above the ground state, respectively, that can play a significant role in the overall

chemistry. The a1∆g state can be produced in significant amount due to its stability

against deactivation by collisions with other molecules and chamber walls. Both these

metastable states have approximately the same nuclear separation and similarly shaped

potential curves as the ground state X3Σ−g [72]. It is well established that collisions with

these metastable states have in many cases larger cross sections and thus higher reac-

tion rates than corresponding collisions with the ground state molecule. Thus, these long

lived metastable species may be of particular interest as reactive species in the field of

plasma medicine [73, 74]. Often the higher b1Σ+
g state is neglected in modelling studies.

In fact, the b1Σ+
g state is often reported as being present in small concentrations. One

reason would be the wall deactivation which is recognized as the major loss channel for

both metastable species and ions. Among the few works that address the b1Σ+
g state

wall deactivation, it is reported as being much higher than the a1∆g state wall deactiva-

tion [75–79]. However, recent global model studies have suggested that the b1Σ+
g state is

present in sizeable amounts and plays a significant role in dissociation, ionization and, in

particular, it is a significant contributor to the loss of O− through detachment [43,44].

The reaction set of the model developed in this work works with the oxygen molecule in

the ground state O2(X3Σ−g ), the metastable singlet states of the oxygen molecule O2(a1∆g)

and O2(b1Σ+
g ), the metastable Herzberg states O2(A3Σ+

u ,A’3∆u,c1Σ−u ), the molecular ions

O+
2 and O−2 , the oxygen atom in the ground state O(3P), in the non-Rydberg states, O(1D),

O(1S), and O(3Po), and in the Rydberg states, O(5So) and O(3So), the ions of the atom

O+ and O−, ozone O3 and its ions O+
3 and O−3 , and electrons. Table 4.1 lists the electron

impact reactions, table 4.2 lists the reactions between heavy neutral particles, table 4.3

lists reactions between heavy charged particles, table 4.4 lists the rate of decay of the
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metastable species, and table 4.5 lists the wall surface reactions and wall recombination

and quenching coefficients. In the tables, the Herzberg states O2(A3Σ+
u , A’3∆u, c1Σ−u ) are

represented as OH
2 .

The cross sections for reactions 1–22, 27, 28, 39, 42–52, and 54 are available in the

literature. For some reactions, it is possible to find different references with different cross

sections, therefore each reaction in table 4.1 is followed by the reference that has the cross

sections selected for this model. These cross sections were also included in annex A. Given

the cross sections, the rate coefficients are calculated by equation 5.2, here assuming a

Maxwellian EEDF.

TABLE 4.1 – Electron-impact reactions.

No. Reaction Ref. No. Reaction Ref.

1 e + O3 −→ 2e + O+
3 [80] 29 e + O2(a1∆g) −→ e + O2(b1Σ+

g ) [81]

2 e + O3 −→ 2e + O(3P) + O+
2 [80] 30 e + O2(a1∆g) −→ e + OH

2 [81]
3 e + O3 −→ e + O(3P) + O+ + O− [80] 31 e + O2(a1∆g) −→ e + O(3P) + O(1D) [81]

4 e + O3 −→ O2(X3Σ−
g ) + O− [82] 32 e + O2(b1Σ+

g ) −→ e + OH
2 [81]

5 e + O3 −→ O(3P) + O−
2 [82] 33 e + O2(b1Σ+

g ) −→ 2e + O+
2 [81]

6 e + O2(X3Σ−
g ) −→ e + O2(X3Σ−

g ) [33] 34 e + O2(b1Σ+
g ) −→ e + O(3P) + O(3P) [81]

7 e + O2(X3Σ−
g ) −→ 2e + O+

2 [83] 35 e + O2(b1Σ+
g ) −→ 2e + O(3P) + O+ [81]

8 e + O2(X3Σ−
g ) −→ e + O(3P) + O(3P) [84] 36 e + O2(b1Σ+

g ) −→ e + O2(X3Σ−
g ) [81]

9 e + O2(X3Σ−
g ) −→ 2e + O(3P) + O+ [83] 37 e + O2(b1Σ+

g ) −→ O(3P) + O− [81]

10 e + O2(X3Σ−
g ) −→ O(3P) + O− [33] 38 e + O2(b1Σ+

g ) −→ e + O(3P) + O(1D) [81]

11 e + O2(X3Σ−
g ) −→ e + O+ + O− [85] 39 e + OH

2 −→ O(3P) + O− [86]

12 e + O2(X3Σ−
g ) −→ e + O2(rot) [84] 40 e + OH

2 −→ e + O(3P) + O(3P) [81]

13 e + O2(X3Σ−
g ) −→ e + O2(v1) [84] 41 e + OH

2 −→ e + O(3P) + O(1D) [81]

14 e + O2(X3Σ−
g ) −→ e + O2(v2) [84] 42 e + O+

2 −→ e + O(3P) + O+ [87]

15 e + O2(X3Σ−
g ) −→ e + O2(v3) [84] 43 e + O+

2 −→ 2e + O+ + O+ [87]

16 e + O2(X3Σ−
g ) −→ e + O2(v4) [84] 44 e + O+

2 −→ O(3P) + O(3P) [88]

17 e + O2(X3Σ−
g ) −→ e + O2(a1∆g) [89] 45 e + O+

2 −→ O(3P) + O(1D) [88]

18 e + O2(X3Σ−
g ) −→ e + O2(b1Σg) [89] 46 e + O(3P) −→ e + O(3P) [34]

19 e + O2(X3Σ−
g ) −→ e + OH

2 [33] 47 e + O(3P) −→ 2e + O+ [90]

20 e + O2(X3Σ−
g ) −→ e + O(3P) + O(1D) [84] 48 e + O(3P) −→ e + O(1D) [91]

21 e + O2(X3Σ−
g ) −→ e + O(1D) + O(1D) [84] 49 e + O(3P) −→ e + O(1S) [91]

22 e + O2(X3Σ−
g ) −→ e + O2(14.7eV) [84] 50 e + O(3P) −→ e + O(3Po) [91]

23 e + O2(a1∆g) −→ 2e + O+
2 [81] 51 e + O(3P) −→ e + O(5So) [91]

24 e + O2(a1∆g) −→ e + O(3P) + O(3P) [81] 52 e + O(3P) −→ e + O(3So) [91]
25 e + O2(a1∆g) −→ 2e + O(3P) + O+ [81] 53 e + O(3P) −→ e + Oh∗ [91]

26 e + O2(a1∆g) −→ e + O2(X3Σ−
g ) [81] 54 e + O− −→ 2e + O(3P) [92]

27 e + O2(a1∆g) −→ O(3P) + O− [93] 55 e + O(1D) −→ 2e + O+ [28]
28 e + O2(a1∆g) −→ O(1D) + O− [93] 56 e + O(1D) −→ e + O(3P) [81]

The rate coefficients for electron impact ionization (reaction 23), electron impact dis-

sociation (reaction 24), and electron impact dissociative ionization (reaction 25) from

the metastable O2(a1∆g) are calculated by applying threshold reduction to the rate co-

efficients for reactions 7, 8, and 9, respectively [81]. It means that the rate coefficients

for reactions 7, 8, and 9 are multiplied by exp(0.98/Te) in order to reduce the thresh-

old energy since the excitation energy of O2(a1∆g) is 0.98 eV. Reaction 26 represents

the de-excitation of the metastable O2(a1∆g) through electron impact collision and its

rate coefficient is calculated by applying the principle of detailed balancing [81]. In this

method, the rate coefficient calculated for reaction 17 is multiplied by (3/2) exp(0.98/Te)

where the exponential factor considers the lowering of the threshold energy for the reverse

process and the fraction (3/2) due to the three degenerate states of the ground state of
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the oxygen molecule and the two degenerate states of the O2(a1∆g). The rate coefficients

for reactions 29, 30, and 31 are calculated by applying threshold reduction to the rate

coefficients for reactions 18, 19, and 20, respectively [81].

TABLE 4.2 – Collisions among the heavy neutral particles in the oxygen discharge and
the rate coefficients.

No. Reaction Rate coefficient [m3/s] Ref.

57 O3 + O3 −→ O(3P) + O2(X3Σ−
g ) + O3 1.65×10−15exp(−11433/Tg) [94]

58 O3 + O(1D) −→ O2(X3Σ−
g ) + O2(X3Σ−

g ) 1.2×10−16 [31]

59 O3 + O(1D) −→ O2(X3Σ−
g ) + O(3P) + O(3P) 1.2×10−16 [31]

60 O3 + O(1D) −→ O2(X3Σ−
g ) + O2(a1∆g) 2.7×10−16 [31]

61 O3 + O(1D) −→ O(3P) + O3 2.4×10−16 [31, 35]

62 O2(X3Σ−
g ) + O3 −→ O(3P) + O2(X3Σ−

g ) + O2(X3Σ−
g ) 7.26×10−16exp(−11400/Tg) [31]

63 O2(X3Σ−
g ) + O2(X3Σ−

g ) −→ O(3P) + O3 7.972×10−18exp(−49824/Tg) [95]

64 O2(X3Σ−
g ) + O2(a1∆g) −→ O2(X3Σ−

g ) + O2(X3Σ−
g ) 2.2×10−24(Tg/300)0.8 [32]

65 O2(X3Σ−
g ) + O2(a1∆g) −→ O(3P) + O3 2.95×10−27(Tg/300)0.5 [96]

66 O2(X3Σ−
g ) + O2(b1Σ+

g ) −→ O2(X3Σ−
g ) + O2(a1∆g) 3.8×10−28Tg2.405exp(−200/Tg) [97]

67 O2(X3Σ−
g ) + O2(b1Σ+

g ) −→ O2(X3Σ−
g ) + O2(X3Σ−

g ) 4×10−23 [31, 35]

68 O2(X3Σ−
g ) + O2(b1Σ+

g ) −→ O2(a1∆g) + O2(a1∆g) 2.4×10−24(Tg/300)3.8exp(−3080/Tg) [31]

69 O2(X3Σ−
g ) + OH

2 −→ O2(b1Σ+
g ) + O2(b1Σ+

g ) 2.9×10−19 [98]

70 O2(X3Σ−
g ) + O(1D) −→ O(3P) + O2(X3Σ−

g ) 7×10−18exp(67/Tg) [98]

71 O2(X3Σ−
g ) + O(1D) −→ O(3P) + O2(a1∆g) 1×10−18 [31]

72 O2(X3Σ−
g ) + O(1D) −→ O(3P) + O2(b1Σ+

g ) 2.56×10−17exp(67/Tg) [31,35]

73 O2(a1∆g) + O3 −→ O(3P) + O2(X3Σ−
g ) + O2(X3Σ−

g ) 6.01×10−17exp(−2853/Tg) [99]

74 O2(a1∆g) + O3 −→ O(1D) + O2(X3Σ−
g ) + O2(X3Σ−

g ) 1×10−17 [31]

75 O2(a1∆g) + O3 −→ O2(X3Σ−
g ) + O3 3×10−21 [100]

76 O2(a1∆g) + O2(a1∆g) −→ O2(X3Σ−
g ) + O2(b1Σ+

g ) 1.8×10−24(Tg/300)3.8exp(700/Tg) [101]

77 O2(a1∆g) + O2(a1∆g) −→ O2(X3Σ−
g ) + O2(X3Σ−

g ) 5.5×10−29(Tg/300)0.5 [102]

78 O2(b1Σ+
g ) + O3 −→ O(3P) + O2(X3Σ−

g ) + O2(X3Σ−
g ) 1.5×10−17 [35, 99]

79 O2(b1Σ+
g ) + O3 −→ O2(X3Σ−

g ) + O3 3.3×10−18 [35]

80 O2(b1Σ+
g )+ O3 −→ O2(a1∆g) + O3 3.3×10−18 [35]

81 O2(b1Σ+
g ) + O2(b1Σ+

g ) −→ O2(X3Σ−
g ) + O2(a1∆g) 3.6×10−23(Tg/300)0.5 [96]

82 O(3P) + O3 −→ O2(X3Σ−
g ) + O2(X3Σ−

g ) 1.8×10−17exp(−2300/Tg) [31]

83 O(3P) + O3 −→ O(3P) + O(3P) + O2(X3Σ−
g ) 2.9×10−16exp(−11400/Tg) [103]

84 O(3P) + O3 −→ O2(X3Σ−
g ) + O2(a1∆g) 1×10−17exp(−2300/Tg) [31]

85 O(3P) + O3 −→ O2(X3Σ−
g ) + O2(b1Σ+

g ) 2.8×10−21exp(−2300/Tg) [31]

86 O(3P) + O2(a1∆g) −→ O(3P) + O2(X3Σ−
g ) 1.3×10−22 [104]

87 O(3P) + O2(b1Σ+
g ) −→ O(3P) + O2(a1∆g) 4×10−20 [105]

88 O(3P) + O2(b1Σ+
g ) −→ O(3P) + O2(X3Σ−

g ) 4×10−20 [105]

89 O(3P) + OH
2 −→ O(3P) + O2(X3Σ−

g ) 4.95×10−18 [106]
90 O(3P) + OH

2 −→ O(1D) + O2(a1∆g) 2.7×10−18 [106]

91 O(3P) + OH
2 −→ O(1D) + O2(b1Σ+

g ) 1.35×10−18 [106]
92 O(3P) + O(1D) −→ O(3P) + O(3P) 8×10−18 [107]

There are no cross sections available in the literature for electron impact on O2(b1Σ+
g )

(reactions 32–38). The rate coefficients for all of these reactions are calculated by thresh-

old reduction from the ground state except the rate coefficient for de-excitation of the

O2(b1Σ+
g ) (reaction 36) which is calculated by the principle of detailed balancing [81].

Thus, the rate coefficient for reaction 36 is calculated through the rate coefficient for re-

action 18 which is multiplied by 3 exp(1.627/Te), where the factor 3 is due to the three

degenerate states of the O2(b1Σ+
g ) and 1.627 inside the exponential is due to the threshold

energy for the reverse process. The rate coefficients for dissociation of the Herzberg states

O2(A3Σ+
u , A’3∆u, c1Σ−u ) (reactions 40 and 41) are calculated by applying threshold reduc-

tion to reactions 8 and 20, respectively, where the exponential factor is exp(4.34/Te) [81].

In reaction 53, Oh∗ represents all the excited states of the atomic oxygen excluding
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the non-Rydberg states, O(1D), O(1S), and O(3Po), and the Rydberg states, O(5So) and

O(3So). The cross sections utilized to calculate the rate coefficient for this reaction is given

by subtracting the cross sections for the excited states O(1D), O(1S), O(3Po), O(5So), and

O(3So) from the total e + O(3P)−→ e + O∗ excitation cross section without autoionization

[91]. The rate coefficient for electron impact ionization of the metastable oxygen atom

O(1D) (reaction 55) is calculated by threshold reduction of the rate coefficient for reaction

47 with exp(1.96/Te) as the exponential factor. The rate coefficient for reaction 56 (de-

excitation of the O(1D) by electron impact) is calculated by detailed balancing [81]. For

this reaction, the rate coefficient for reaction 48 is multiplied by (9/5) exp(1.96/Te), where

the exponential factor considers the lowering of the threshold energy for the reverse process

and the fraction (9/5) due to the nine degenerate states of the ground states of the oxygen

atom and the five degenerate states of the metastable oxygen atom O(1D).

TABLE 4.3 – Collisions involving the heavy charged particles in the oxygen discharge and
the rate coefficients.

No. Reaction Rate coefficient [m3/s] Ref.

93 O−
3 + O2(X3Σ−

g ) −→ e + O2(X3Σ−
g ) + O3 2.3×10−17 [31]

94 O−
3 + O(3P) −→ O2(X3Σ−

g ) + O−
2 1×10−16 [31]

95 O−
3 + O(3P) −→ e + O2(X3Σ−

g ) + O2(X3Σ−
g ) 3×10−16 [31]

96 O−
3 + O+

2 −→ O2(X3Σ−
g ) + O3 2×10−14(Tg/300)0.5 [52]

97 O−
3 + O+

2 −→ O(3P) + O(3P) + O3 2×10−14(Tg/300)0.5 [52]

98 O−
3 + O+ −→ O(3P) + O3 2×10−14(Tg/300)0.5 [52]

99 O−
2 + O3 −→ O2(X3Σ−

g ) + O−
3 1.3×10−15 [108]

100 O−
2 + O2(X3Σ−

g ) −→ e + O2(X3Σ−
g ) + O2(X3Σ−

g ) 2.7×10−16(Tg/300)0.5exp(−5590/Tg) [32]

101 O−
2 + O2(a1∆g) −→ e + O2(X3Σ−

g ) + O2(X3Σ−
g ) 2×10−16 [109]

102 O−
2 + O2(b1Σ+

g ) −→ e + O2(X3Σ−
g ) + O2(X3Σ−

g ) 3.6×10−16 [31]

103 O−
2 + O(3P) −→ O2(X3Σ−

g ) + O− 1.755×10−16 [110]

104 O−
2 + O(3P) −→ e + O3 2.145×10−16 [110]

105 O−
2 + O+

2 −→ O2(X3Σ−
g ) + O2(X3Σ−

g ) 2×10−14(Tg/300)0.5 [52]

106 O−
2 + O+

2 −→ O(3P) + O(3P) + O2(X3Σ−
g ) 2×10−14(Tg/300)0.5 [52]

107 O−
2 + O+ −→ O(3P) + O2(X3Σ−

g ) 2×10−14(Tg/300)0.5 [52]

108 O− + O3 −→ O(3P) + O−
3 1.4×10−15 [108]

109 O− + O3 −→ e + O2(X3Σ−
g ) + O2(X3Σ−

g ) 3.01×10−16(Tg/300)0.5 [96]

110 O− + O3 −→ O2(X3Σ−
g ) + O−

2 0.3×10−15 [108]

111 O− + O2(X3Σ−
g ) −→ e + O3 5×10−21 [32]

112 O− + O2(X3Σ−
g ) −→ e + O(3P) + O2(X3Σ−

g ) 2.4×10−18 [31, 95]

113 O− + O2(X3Σ−
g ) −→ O(3P) + O−

2 6.9×10−17 [111]

114 O− + O2(a1∆g) −→ O(3P) + O−
2 4.75×10−17 [112]

115 O− + O2(a1∆g) −→ e + O3 1.42×10−16 [112]

116 O− + O2(b1Σ+
g ) −→ e + O(3P) + O2(X3Σ−

g ) 6.9×10−16 [113]

117 O− + O(3P) −→ e + O2(X3Σ−
g ) 2.3×10−16 [112]

118 O− + O+
2 −→ O(3P) + O2(X3Σ−

g ) 2.6×10−14(300/Tg)0.44 [114]

119 O− + O+
2 −→ O(3P) + O(3P) + O(3P) 2.6×10−14(300/Tg)0.44 [114]

120 O− + O+ −→ O(3P) + O(3P) 4×10−14(300/Tg)0.43 [114]

121 O2(X3Σ−
g ) + O+ −→ O(3P) + O+

2 2×10−17(300/Tg)0.5 [31]

122 O3 + O+ −→ O2(X3Σ−
g ) + O+

2 1×10−16 [32]

123 O2(a1∆g) + O+ −→ O(3P) + O+
2 2×10−17 [100]

Table 4.2 presents collisions involving the heavy neutral particles. The rate coefficients

are for the most part taken directly from the literature, mainly from the collections of

Eliasson and Kogelshatz [31] and Baulch et al. [35]. For reaction 66, we made a new fit to

the data of Borrell et al. [97] as there was an inconsistency in the literature [32,115]. For

reaction 67, we use the rate coefficient of 4× 10−23 m3/s for quenching of the metastable
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O2(b1Σ+
g ) by the molecular oxygen in the ground state as recommended by Baulch et

al. [35] which are based on the measurements realized by Martin et al. [116] and Lawton

et al. [117].

The rate coefficient for the quenching of O2(b1Σ+
g ) by O(3P),

O(3P) + O2(b1Σ+
g ) −→ products,

has been measured by Slanger and Black [105] to be 8×10−20 m3/s. We assume half leads

to creation of the oxygen molecule in the ground state O2(X3Σ−g ) and the other half leads

to the metastable oxygen molecule O2(a1∆g), thus reactions 87 and 88, respectively.

Table 4.3 presents the reactions among the heavy charged particles. The rate coef-

ficients for mutual neutralization among O−3 and O+
2 (reactions 96 and 97), O−3 and O+

(reaction 98), O−2 and O+
2 (reactions 105 and 106), and O−2 and O+ (reaction 107) are as-

sumed to be 2×10−14(Tg/300)0.5 in agreement with the mutual neutralization among O−

and O+
2 (reactions 118 and 119) and O− and O+ (reaction 120) as discussed elsewhere [114].

Also, this is consistent with recent experimental measurements of rate coefficients for ion-

ion mutual neutralization involving the halide anions Cl−, Br−, and I− [118].

TABLE 4.4 – Decay of metastable species.

No. Reaction Decay rate [s−1] Ref.

124 OH
2 −→ O2(X3Σ−

g ) + hν 6.25 [119]

125 O2(b1Σ+
g ) −→ O2(X3Σ−

g ) + hν 0.14 [31]

126 O2(a1∆g) −→ O2(X3Σ−
g ) + hν 2.256×10−4 [120]

127 O(1D) −→ O(3P) + hν 6.8×10−3 [31]

The rate of decay of the metastable species are listed in table 4.4. The O2(a1∆g) has the

lowest rate decay, therefore its long radiative lifetime enables potential applications [121],

since as this excited state is more reactive than the ground state. Table 4.5 lists the

surface reactions and the wall quenching and recombination coefficients. We assume

here that the wall recombination coefficient for oxygen atoms on stainless steel surfaces

depends on pressure through γO = 0.1438 exp(2.5069/p) for pressures above 2 mTorr and

γO = −0.25p + 1 for pressures under 2 mTorr [122]. The pressure dependence on the

wall recombination coefficient was achieved by fitting all the available data for stainless

steel surfaces. The same wall recombination coefficient was used for O(1D) as no data

is available. The wall quenching coefficient for O2(a1∆g) on stainless steel surfaces was

assumed to be 0.007 [123] and the wall quenching coefficients for O(1D), O2(b1Σ+
g ), and

O2(A3Σ+
u , A’3∆u, c1Σ−u ) were assumed to be 0.1 [79]. This assumption is based on the

findings that the wall quenching coefficient for b1Σ+
g state is about 100 times higher than

for the 1∆g state [76, 77] as no direct measurements exist. Interactions between O3 and

surface are neglected [122]. The negative ions do not react with the walls due to the sheath

potential, therefore they are lost by recombination and detachment reactions in the bulk



CHAPTER 4. REACTION SET FOR OXYGEN DISCHARGE MODELLING 30

of the plasma. The ion-neutral cross section σion necessary to calculate the ion-neutral

mean free path λion was assumed to be σion = 7.5 × 10−19 m2 [124] for O+, O+
2 , and O+

3

and the same value was used for the neutral mean free path λn to calculate the h factor

for neutrals.

TABLE 4.5 – Quenching coefficients and recombination coefficients for stainless steel
surfaces and surface reactions.

No. Reaction γ–stainless steel Ref.

128 O2(a1∆g) −→ O2(X3Σ−
g ) 0.007 [123]

129 O2(b1Σ+
g ) −→ O2(X3Σ−

g ) 0.1 [79]

130 OH
2 −→ O2(X3Σ−

g ) 0.1 [79]

131 O(3P) −→ (1/2)O2(X3Σ−
g ) 0.1438 exp(2.5069/p) [122]

132 O(1D) −→ (1/2)O2(X3Σ−
g ) 0.1438 exp(2.5069/p) [122]

133 O(1D) −→ O(3P) 0.1 [79]

134 O+
3 −→ O3

135 O+
2 −→ O2(X3Σ−

g )
136 O+ −→ O(3P)

For calculations supposing an anodized aluminium reactor walls, the recombination

coefficient for atomic oxygen at the walls is assumed to be a constant γO = 0.06 based

on the measurements of Guha et al [125]. The same value was assumed for the wall

recombination coefficient for O(1D).

It would be possible neglect the O2(a1∆g) loss at the anodized aluminium walls since

O’Brien and Myers [76] reported a null percentage of O2(a1∆g) deactivation by aluminium

spiral wires and Sharpless and Slanger [123] reported that the surface loss-rate coefficient

for aluminium would be less than 10−3. Du et al [126] studied the O2(a1∆g) deactiva-

tion on copper, chromium, nickel, and silver. According this study, copper would be

more effective to O2(a1∆g) deactivation than chromium, nickel, and silver; however, the

O2(a1∆g) deactivation would be higher on silver surfaces than copper surfaces according

to Sharpless and Slanger [123]. Moreover Du et al [126] reported that the quenching

probability for O2(a1∆g) would be in the range 1 – 2 × 10−4 for chromium and 0.6 –

1 × 10−4 for nickel while Sharpless and Slanger [123] reported that the surface loss-rate

coefficient would be 0.011 for nickel and 0.002 for chromium. Therefore, chromium would

be almost as inert as aluminium. Due to these contradictory results for the quenching of

O2(a1∆g), the quenching coefficient for stainless steel surfaces, which has been assumed

as 0.007 [123], was also assumed for anodized aluminium surfaces in this work.

There are even less data for the quenching coefficients for O2(b1Σ+
g ), O2(A3Σ+

u , A’3∆u,

c1Σ−u ), and O(1D). According to O’Brien and Myers [76], 25 % of O2(b1Σ+
g ) would be

quenched on aluminium spiral wires and 30 % on iron spiral wires while aluminium spiral

wires and iron spiral wires would be inert to O2(a1∆g) quenching as mentioned above.

Quenching of O2(b1Σ+
g ) on Pyrex walls was also reported as been higher than quenching of

O2(a1∆g) [75,77,78]. Thorsteinsson and Gudmundsson [79] attributed 0.1 for the quench-

ing coefficients of O2(b1Σ+
g ) and O2(A3Σ+

u , A’3∆u, c1Σ−u ) on stainless steel walls. Here,
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it was assumed that these quenching coefficients are also valid for anodized aluminium

walls. This can not be a gross assumption since the difference between aluminium spiral

wires and iron spiral wires is small for quenching of O2(b1Σ+
g ) [76].



5 The Volume Averaged Global

Model

According to the microscopic theory, a plasma is studied considering the interactions

that all particles that compound it are subjected, i.e., the interactions between all particles

and the interactions between charged particles and electromagnetic fields present in the

plasma. The great number of particles in the plasma results in many equations to be solved

making the mathematical solution extremely hard. Despite of the simplifications that are

necessary to make the calculations feasible, particle-in-cell (PIC) computer modelling

works in the microscopic level which explain why it is the most time-consuming model in

plasma physics [127].

To avoid the heavy calculations of the microscopic theory, plasmas are studied through

statistical theories as the kinetic theory and the fluid theory. In the kinetic theory, a dis-

tribution function is defined in a phase space for each kind of particle and how these

distribution functions change in time and space is determined by the Boltzmann’s equa-

tion. The macroscopic variables that describe the plasma are calculated through the

momentums of the distribution functions. However, solve the Boltzmann’s equation to

obtain the distribution function is usually a hard work. One can avoid this problem re-

sorting to the fluid theory which works with the macroscopic transport equations obtained

from the momentums of the Boltzmann’s equation.

From the continuity equation, which is one of the fluid equations, it is possible to

derive the balance equations used in the volume averaged global model [60]. This model

is based on a system of linear differential equations which includes a particle balance

equation for each of the heavy particle considered in the model and an energy balance

equation. In addition a charge neutrality is assumed which gives the density of electrons.

These equations are solved to obtain the plasma parameters and density of species.

The particle balance equations can be written as [52]:

V
dn

dt
= Q+

∑
i

kilmVi −
∑
j

kjmnVj +
∑
r

ΓrS − ΓS + kpumpn. (5.1)
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On the left hand side (LHS), V is the reactor volume and n is the volume averaged

density of a species. On the right hand side (RHS), Q is the flow rate of the input gas

and the second term represents the particle gain (n increase) through collision reactions

between species which have densities represented by l and m. These reactions can involve

collisions between electron and molecule, atom or ion; molecule and molecule, atom or

ion; atom and atom or ion; or ion and ion. The ki are the rate coefficients for gain

reactions and Vi can be the effective volume for negative ions V−, the effective volume

for recombination Vrec, or the reactor volume V [36, 37]. The third term on the RHS

represents the particle loss (n decrease) through collision reactions between the species,

which density is represented by n, and electron, molecule, atom or ion. The kj are the

rate coefficients for loss reactions and Vj depends on reaction type as explained for Vi.

The Γr is the flux of other particle species to the walls that results in particle gain due to

surface interactions, Γ is the particle flux that is lost to the wall, S is the inner area of the

reactor, and kpump is the pumping rate. Not all of these terms are present in the balance

equations for all species. The reaction set determines which of the terms are present for

a given particle.

The rate coefficients for the electron-impact reactions are calculated by [48]

k(Teff) =

(
2e

me

)1/2 ∫ ∞
0

σ(ε)ε1/2f(ε) dε, (5.2)

where Teff is the effective electron temperature, e is the elementary charge, me is the

electron mass, ε is the electron energy, σ(ε) is the cross section, and f(ε) is the EEDF. The

concept of effective electron temperature have to be used for non-Maxwellian distribution

functions since these distribution functions are characteristics from non-equilibrium steady

states [128]. To study the effects of different electron energy distribution functions on the

plasma parameters, the general distribution function [47]

f(ε) = c1ε
1/2 exp(−c2ε

x) (5.3)

was used. The parameter x defines the shape of the distribution. For x = 1 equation

5.3 represents a Maxwellian distribution while for x = 2 the EEDF is the Druyvesteyn

distribution. If x = 0.5 the EEDF is concave and could represent the EEDF in a low

pressure capacitively coupled discharge. The expressions for c1 and c2 are [47]

c1 =
x

〈ε〉3/2
[Γ(ξ2)]3/2

[Γ(ξ1)]5/2
(5.4)
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and

c2 =
1

〈ε〉x
[

Γ(ξ2)

Γ(ξ1)

]x
, (5.5)

where 〈ε〉 is the mean electron energy, ξ1 = 3/2x and ξ2 = 5/2x. The factors c1 and c2

are determined through the equation for normalization of the distribution function and

the equation for the mean energy of electrons as discussed by Gudmundsson [47]. The

mean electron energy is given by [47]

〈ε〉 =
3

2
kBTeff , (5.6)

where kB is the Boltzmann constant.

In order to apply threshold reduction the cross sections are calculated through [79]

σtr(ε) =
(

1 +
εa

ε

)
σ(ε+ εa) (5.7)

and for detailed balancing through [79]

σdb(ε) =
(

1 +
εa

ε

) gx

gx∗
σ(ε+ εa), (5.8)

where εa is the energy threshold of the excitation reaction, gx is the degeneracy of the

unexcited state, and gx∗ is the degeneracy of the excited state.

The energy balance equation is expressed as [59]:

V
dWe

dt
= Pabs − Ploss, (5.9)

where We denotes the electron energy density, Pabs is the absorbed power by plasma, and

Ploss is the loss power. The electron energy density We is [59]

We =
3

2
eneTeff , (5.10)

where ne is the electron density. The loss power Ploss is given by [59]

Ploss = Pev + Pew + Piw, (5.11)

where Pev is the power lost due to electron-particle interactions in the reactor volume

Pev = eneV
∑
i

kiz,iniεc,i, (5.12)
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Pew is the power lost due to electron-wall interactions

Pew = eSεewnesuB, (5.13)

and Piw is the power lost due to ion-wall interactions

Piw = eSεiw

∑
j

n+s,juB,j. (5.14)

In equation 5.12, kiz,i is the ionization rate coefficient, ni represents the densities of

particles which collide with electrons, and εc,i is the collisional energy loss per electron-ion

pair created. In equation 5.13, εew is the mean kinetic energy lost per electron lost, nes

is the electron density at sheath-edge, and uB is the average Bohm velocity. In equation

5.14, εiw is the mean kinetic energy lost per ion lost, n+s,j represents the positive ion

densities at sheath-edge, and uB,j is the Bohm velocity for positive ion species j. The

mean kinetic energy lost per electron lost εew is given by [47]

εew =
Γ(ξ1)Γ(ξ5)

Γ(ξ2)Γ(ξ4)
〈ε〉 (5.15)

and the mean kinetic energy lost per ions lost εiw is given by [47]

εiw =
[Γ(ξ1)]2

Γ(ξ2)Γ(ξ3)
〈ε〉+ Vs. (5.16)

In these equations, ξ3 = 1/2x, ξ4 = 2/x, ξ5 = 3/x, and Vs is the sheath potential which

is calculated through the balance of electron and negative ion fluxes to the positive ion

flux at the sheath edge. However, the negative ion flux is found to be always negligible

as expected [59]. For a Maxwellian EEDF, Eq. 5.15 reduces to εew = 2Te and Eq. 5.16

reduces to εiw = Te/2 + Vs.

The collisional energy loss per electron-ion pair created is given by [59]:

εc = εiz +
∑
i

(
kdiss,j

kiz

εdiss,j

)
+
∑
j

(
kex,j

kiz

εex,j

)
+
kelas

kiz

3me

mion

Teff , (5.17)

where εiz is the ionization threshold energy, kdiss,j represent the dissociation rate coeffi-

cients, εdiss,j represents the dissociation threshold energy, kex,j represents the excitation

rate coefficients, εex,j represents the excitation threshold energy, kelas is the rate coefficient

for elastic collisions between electrons and neutral species, and mion is the mass of the

ion.

In equation 5.14, the positive ion density at the sheath-edge n+s is related to the pos-

itive ion density at the discharge centre through the h factor – the edge-to-centre plasma
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density ratio – which applies for two electronegative discharge regimes: a two-region low

pressure regime with a parabolic electronegative core surrounded by an electropositive

edge ha and a one-region flat-topped electronegative profile hc. For a cylindrical reactor

like that supposed in this model, the ha factor at the axial walls is calculated through an

expression different of that for the ha factor at the radial wall. For axial walls, it is given

by [36,37]

ha,L '
0.86

(1 + α0) [3 + (ηL/2λion)]1/2
(5.18)

and the ha factor for radial wall is [36,37]

ha,R '
0.8

(1 + α0) [4 + (ηR/λion)]1/2
. (5.19)

In equations 5.18 and 5.19, L is the length of the reactor, R is the radius of the reactor,

η = 2T+/(T++T−), T+ is the positive ion temperature, T− is the negative ion temperature,

λion is the ion-neutral mean free path, and α0 is the central electronegativity. The ion-

neutral mean free path λion is calculated through λion = 1/ngσion where ng is the gas

density and σion is the ion-neutral cross section [36, 37]. The central electronegativity

α0 relates with the average electronegativity α through α0V− = αV [36, 37]. For radial

and axial walls, the hc factor is calculated through the same expression which is given

by [36,37]

hc '
1

γ−1/2 + (n+/n−)(γ+n∗/n−)1/2
, (5.20)

where γ− = Teff/T−, γ+ = Teff/T+, and [36,37]

n∗ =
15η2vth

56krecλion

. (5.21)

In the equation above, krec is the average rate coefficient for mutual neutralizations and

vth is the mean thermal velocity of the ions which is calculated through [59]

vth =

(
8kBT+

πmion

)1/2

. (5.22)

The positive ion temperature T+ and the negative ion temperature T− are assumed to be

equal to the gas temperature. The h factor is calculated through hL = (ha,L
2 + hc

2)1/2 for

axial wall and hR = (ha,R
2 + hc

2)1/2 for radial walls.

For the general EEDF represented by equation 5.3, the Bohm velocity for an elec-
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tropositive plasma is given by [47]

uB = 〈ε〉1/2
(

2

mion

)1/2
Γ(ξ1)

[Γ(ξ2)Γ(ξ3)]1/2
, (5.23)

where mion is the ion mass. For a Maxwellian EEDF, Eq. 5.23 becomes

uB =

(
eTe

mion

)1/2

. (5.24)

One should keep in mind that Eq. 5.23 and 5.24 are valid for an electropositive plasma

with one species of positive ion. They can be used for an electropositive plasma with more

than one species of positive ion as an approximation. For an electronegative plasma, Eq.

5.24 changes to [59]

uB =

[
eTe(1 + αs)

mion(1 + αsγ−)

]1/2

. (5.25)

The parameter αs is the electronegativity at sheath-edge which can be calculated through

[129]

αs = α exp

[
(1 + αs)(1− γ−)

2(1 + αsγ−)

]
. (5.26)

As an attempt to include the negative ion effects in Eq. 5.23, it was modified to

uB = 〈ε〉1/2
(

2

mion

)1/2 [
(1 + αs)

(1 + αsγ−)

]1/2
Γ(ξ1)

[Γ(ξ2)Γ(ξ3)]1/2
. (5.27)

Some of the neutral species are also lost at the reactor walls and their flux to the walls

are calculated through [36,37]

Γ =
γ

2(2− γ)
nsvth =

γ

2(2− γ)
hnn0vth. (5.28)

where γ represents the wall deactivation (or quenching) coefficient or the wall recombi-

nation coefficient, ns is the density of the neutral species at the sheath-edge, hn is the h

factor for neutrals which represents the ratio between the density of the neutral species at

sheath-edge and the density at the centre of the reactor, n0 is the density of the neutral

species at the centre of the reactor, and vth is the mean thermal velocity of the neutral

species which is calculated as in equation 5.22 with the positive ion temperature replaced

by the neutral temperature and the mass of the ion replaced by the mass of the neutral
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species. The edge-to-centre density ratio for neutrals hn is given by [36,37]

hn =

[
1 +

Lvthγ

8Dn(2− γ)

]−1

, (5.29)

where Dn is the neutral diffusion coefficient which is calculated through [59]

Dn =
eTgλn

mnvth

, (5.30)

where λn is the neutral mean free path in the gas.



6 Modelling of an Oxygen Discharge

6.1 EEDF, collisional energy loss per electron-ion pair

created, and effective electron temperature

The various applications of oxygen discharges utilize different plasma sources with

different coupling resulting in different EEDFs. Electrons promote many of the reactions

within the discharge, therefore a knowledge of the EEDF is essential to achieve better

understanding and optimization for the plasma applications. Differences in the surface

material and in the ratio between the surface and volume of the reactor also change the

neutral and ionic composition of the plasma, which in turn also influence the EEDF.

In fact, Singh and Graves [130] stress the importance of reporting the neutral and ionic

composition of the plasma along with the EEDF.

In order to evaluate the differences between the EEDFs, it is usual to use the electron

energy probability function (EEPF) that relates with the EEDF through

F (ε) = ε−1/2f(ε), (6.1)

where F (ε) is the EEPF and f(ε) is the EEDF. For a Maxwellian EEDF, the EEPF

appears as a straight line as the y-axis is in the logarithmic scale; therefore, EEPFs that

deviate from Maxwellian are easily identified. Figure 6.1 shows the EEPF for Teff = 2 eV

for x = 0.5, x = 1.0 (Maxwellian EEDF), and x = 2.0 (Druyvesteyn EEDF). For x = 0.5,

the EEPF has a concave shape which resembles a bi-Maxwellian EEPF. Bi-Maxwellian

EEPFs are commonly interpreted as the sum of two Maxwellian EEPFs where one dis-

tribution represents a cold electron group and the other distribution represents a hot

electron group. This concave EEPF has a higher concentration of high-energy electrons

in comparison with Maxwellian EEPF and Druyvesteyn EEPF. In fact, the appearance of

such a distribution is more common for low-pressure and low-density capacitively coupled

discharges which provide greater energy gain by the electrons due to sheath oscillation

heating. As said before, the Druyvesteyn EEPF is characterized by a reduction in the num-

ber of high energy electrons and it is usually observed at high-pressure and in high-density
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inductively coupled discharges. As the Teff increases, the EEPFs tend to encompass more

energetic electrons for all x values.
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FIGURE 6.1 – The EEPF as a function of electron energy for Teff = 2 eV, for x = 0.5, x
= 1.0 (Maxwellian EEDF), and x = 2.0 (Druyvesteyn EEDF).

Although one can find differences in results of Langmuir probe measurements in an in-

ductively coupled oxygen discharge, a general behaviour has been reported for the electron

energy probability function (EEPF). The EEPF that can be approximated to a Maxwellian

distribution at low pressures becomes depleted of high energy electrons as pressures in-

creases taking the shape of a two temperature distribution [39,40,42,46,131–133], which

approximates to a Druyvesteyn distribution. Countering these results, Fuller et al [41]

reported a bi-Maxwellian EEPF with a low temperature electron group for electron en-

ergies below 15 eV and a high temperature electron group for electron energies above 15

eV for 10 mTorr and 980 W. In addition Singh and Graves [130] reported that the EEPF

develops a three temperature structure at high pressures – apparently for pressures above

30 mTorr.

Changes in the EEDF change the rate coefficientes that are calculated by equation

5.2 affecting the collisional energy loss per electron-ion pair created. Figure 6.2 shows

the collisional energy loss per electron-ion pair created for O2(X3Σ−g ) and O(3P) as a

function of the electron temperature for different EEDFs. The collisional energy loss per

electron-ion pair created is calculated through equation 5.17 using reactions from 6 to

22 for O2(X3Σ−g ) and reactions from 46 to 53 for O(3P). Reactions 12, 13, 14, 15, and

16 are used just to calculate the collisional energy loss per electron-ion pair created for

O2(X3Σ−g ). The same applies for reactions 49, 50, 51, 52, and 53 which are only used

to calculate the collisional energy loss per electron-ion pair created for O(3P). There are

no particle balance equations for the rotational and vibrational excited states; O2(rot),
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O2(v1), O2(v2), O2(v3), and O2(v4); for the non-Rydberg states; O(1S) and O(3Po); and

for the Rydberg states; O(5So) and O(3So).

The collisional energy loss per electron-ion pair created is higher for O2(X3Σ−g ) as com-

pared with O(3P) because electrons lose more energy when they collide with molecules as

molecules have vibrational and rotational excited states. Note that the collisional energy

loss per electron-ion pair created increases significantly as the parameter x is increased

for Teff < 10 eV. EEDFs which include higher population of high energy electrons result

in higher rate coefficients for electron-impact ionization which result in lower values for

collisional energy loss per electron-ion pair created. Planar inductively coupled discharges

typically operate at effective electron temperature in the range from 2 to 6 eV [40]; there-

fore, the EEDF has considerable influence on the plasma parameters since the collisional

energy loss per electron-ion pair created changes significantly in this range.
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FIGURE 6.2 – Collisional energy loss per electron-ion pair created for O2(X3Σ−g ) and
O(3P) as a function of effective electron temperature for x = 0.5, x = 1.0 (Maxwellian
EEDF), and x = 2.0 (Druyvesteyn EEDF).

Note that the collisional energy loss per electron-ion pair created for O(3P) is higher

than the collisional energy loss per electron-ion pair created for O2(X3Σ−g ) for electron

temperatures below 1.6 eV for x = 1.0. In fact, the difference between the collisional

energy loss per electron-ion pair created for O(3P) and the collisional energy loss per

electron-ion pair created for O2(X3Σ−g ) decreases as the electron temperature (or effective

electron temperature for x = 0.5 and x = 2.0) decreases. The reason is the decrease

of the rate coefficients for ionization of O(3P) and O2(X3Σ−g ) as electron temperature

decreases. The decrease of the rate coefficient for O(3P) ionization is steeper than the

decrease of the rate coefficient for O2(X3Σ−g ) ionization resulting in a collisional energy loss

per electron-ion pair created that is higher for O(3P) than for O2(X3Σ−g ) at low electron
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temperatures.

The following results depend on input parameters, power and pressure, reactor dimen-

sions, and reactor wall properties. We assume a cylindrical reactor chamber with radius

R = 15 cm and length L = 30 cm. The flow rate of oxygen feedstock is 50 sccm, the gas

temperature is assumed 600 K, and the power absorbed by the plasma is 500 W.

Figure 6.3 shows the effective electron temperature as a function of pressure for dif-

ferent EEDFs for stainless steel and anodized aluminium reactor walls. At low pressures,

the energy supplied to the plasma is shared among a lower quantity of species, therefore

the effective electron temperature is higher. At high pressures, the quantity of species in

the plasma are high, therefore the electron temperature decreases. As x increases, the

effective electron temperature increases which is explained by the decrease of the electron

density that will be discuss in the figure 6.14. The effective electron temperature relates

with the mean electron density through equation 5.10. The effective electron temperature

for anodized aluminium reactor is higher than the effective electron temperature for stain-

less steel reactor for low pressures; however, this difference is small. This is due to the

increased partial pressure of oxygen atoms which have higher ionization potential than

oxygen molecules. At higher pressures, the difference in the effective electron temperature

is negligible.
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FIGURE 6.3 – The effective electron temperature as a function of pressure for x = 0.5, x
= 1.0 (Maxwellian EEDF), and x = 2.0 (Druyvesteyn EEDF) for cylindrical stainless steel
chamber and cylindrical anodized aluminium chamber of radius R = 15 cm and length L
= 30 cm, and absorbed power of 500 W.
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6.2 Neutral species

FIGURE 6.4 – Mean density of neutral species as a function of pressure for (a) stainless
steel reactor walls and x = 0.5, (b) anodized aluminium reactor walls and x = 0.5,
(c) stainless steel reactor walls and x = 1.0, (d) anodized aluminium reactor walls and
x = 1.0, (e) stainless steel reactor walls and x = 2.0, (f) anodized aluminium reactor walls
and x = 2.0.
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It was mentioned that the partial pressure of O(3P) increases at low pressures, thus

it is appropriate to discuss the density of neutral species. The mean density of neutral

species as a function of pressure is shown in figure 6.4 (a) for a stainless steel reactor walls

and x = 0.5, in figure 6.4 (b) for an anodized aluminium reactor walls and x = 0.5, in

figure 6.4 (c) for a stainless steel reactor walls and x = 1.0, in figure 6.4 (d) for an anodized

aluminium reactor walls and x = 1.0, in figure 6.4 (e) for a stainless steel reactor walls

and x = 2.0, and in figure 6.4 (f) for an anodized aluminium reactor walls and x = 2.0.

See that changes in the EEDF results in minor changes in the mean density of neutrals

thus the following discussion is valid for the three values of x. For stainless steel reactor

walls, the dominant species is the oxygen molecule in the ground state O2(X3Σ−g ) followed

by the oxygen atom in the ground state O(3P). The singlet metastable states of the

oxygen molecule O2(a1∆g) and O2(b1Σ+
g ) and the singlet metastable state of the oxygen

atom O(1D) are present in the plasma in significant amounts. For anodized aluminium

reactor walls, the dominant species is O(3P) for low pressures (< 17 mTorr). As pressure

increases, the dominant species is O2(X3Σ−g ). The density of O(1D) is comparable to the

density of O2(X3Σ−g ) for low pressure. For x = 0.5, the density of O(1D) overcomes the

density of O2(X3Σ−g ).

For both stainless steel or anodized aluminium reactors, the density of the Herzberg

states O2(A3Σ+
u , A’3∆u, c1Σ−u ) is low and the density of ozone O3 is even lower. Thus,

neglecting these species in the reaction set in more computationally intensive models such

as fluid models and particle-in-cell Monte Carlo collision simulations may be justified.
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FIGURE 6.5 – The yield of atomic oxygen as a function of pressure for x = 0.5, x =
1.0 (Maxwellian EEDF), and x = 2.0 (Druyvesteyn EEDF) for cylindrical stainless steel
chamber and anodized aluminium chamber of radius R = 15 cm and length L = 30 cm,
and absorbed power of 500 W.
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A further study can be done to understand better the increase of the desinty of oxygen

atom showed in the figure 6.4 for anodized aluminium reactors at low pressures. Figure

6.5 shows the yield of atomic oxygen as a function of pressure for x = 0.5, x = 1.0,

and x = 2.0 for stainless steel and anodized aluminium reactor walls. The yield of atomic

oxygen is calculated by the ratio between the density of oxygen atom and the total density

of the neutral species. As discussed above, changes in the EEDF results in minor changes

in the density of neutral species, therefore small changes are noted for low pressures for

different values of x. However, there is a huge difference in the yield of oxygen atom due

to the different wall materials studied. The reason is the low recombination coefficient

of oxygen atom at the walls for anodized aluminium as compared to stainless steel which

results in high yield of oxygen atom.
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FIGURE 6.6 – Reactions rates for O(3P) formation as a function of pressure for x = 1.0
for (a) stainless steel reactor and (b) anodized aluminium reactor – other reactions with
very small reaction rates are not shown in these figures.

Changes in the EEDF results in minor changes in the reaction rates for formation

and annihilation of oxygen atom, but changes in the wall material results in significant

changes. Therefore, figure 6.6 shows the reaction rates for the most important channels

for formation of O(3P) as a function of pressure for a Maxwellian EEDF for (a) stainless

steel reactor walls and (b) anodized aluminium reactor walls. For a stainless steel reactor,

the main channels for formation of oxygen atom in the ground state O(3P) are (reaction

8)

e + O2(X3Σ−g ) −→ e + O(3P) + O(3P)

and (reaction 20)

e + O2(X3Σ−g ) −→ e + O(3P) + O(1D)
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at low pressures. As pressure increases, the channel (reaction 72)

O2(X3Σ−g ) + O(1D) −→ O(3P) + O2(b1Σ+
g )

becomes an important contributor while the reaction rate for reaction 8 decreases. For an

anodized aluminium reactor, due to the high density of O+ for pressures below 10 mTorr

(see figure 6.4), the contribution of quenching of O+ at the walls (reaction 136) for for-

mation of O(3P) is higher than the contributions of dissociation of O2(X3Σ−g ). Quenching

of O(1D) is also a significant contributor for formation of O(3P) at low pressures.
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FIGURE 6.7 – Reactions rates for O(3P) annihilation as a function of pressure for x = 1.0
for (a) stainless steel reactor and (b) anodized aluminium reactor – other reactions with
very small reaction rates are not shown in these figures.

Figure 6.7 shows the reaction rates for O(3P) annihilation as a function of pressures

for x = 1.0 for (a) stainless steel walls and (b) anodized aluminium walls. For stainless

steel walls, the dominant channel for annihilation of O(3P) is recombination at the walls

producing O2(X3Σ−g ) (reaction 131) through all range of pressure studied. The low recom-

bination coefficient assumed for anodized aluminium reactor walls results in a significant

decrease of the contribution of recombination at the walls for annihilation of O(3P) at low

pressures. Electron impact ionization (reaction 47),

e + O(3P) −→ 2e + O+,

and electron impact excitation to the metastable state O(1D) (reaction 48),

e + O(3P) −→ e + O(1D),

along with pumping out become important contributors for annihilation of O(3P). As
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pressure increases, recombination of O(3P) at the walls becomes the main channel for

O(3P) loss in anodized aluminium reactors as in stainless steel reactors. The loss of

neutral species is calculated in the model through equation 5.28, therefore the flux of

O(3P) to the walls increases even though the recombination coefficient is low due to the

increase of the density of O(3P).

Fuller et al. [41] studied the densities of O2(X3Σ−g ), O(3P), O(1D), and O(1S) as a

function of power in an inductive oxygen discharge emphasizing the importance of atomic

oxygen density to etching of low-k organic films. Their measured dissociation fraction

is roughly 1 % at 400 W and 10 mTorr somewhat lower than our calculations. Corr et

al. [42] also studied the atomic oxygen density as a function of power and pressure in an

inductive oxygen discharge. Their results show that the atomic oxygen density decreases

as pressure increases in the pressure range 12.5 – 50 mTorr and the dissociation fraction

is in the range 10 – 20 % at 25 mTorr and 170 – 270 W. They also see enhancement in

dissociation with decreasing pressure, it is 10 % at 50 mTorr and increases up to 50 % at

12.5 mTorr.

1 0 0 1 0 1 1 0 2
0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

8 0

1 0 0 1 0 1 1 0 2

 

 

Re
act

ion
 ra

te f
or 

O(
1 D)

 fo
rm

ati
on

 [%
]

P r e s s u r e  [ m T o r r ]

 r e a c t i o n  2 0
 r e a c t i o n  3 1
 r e a c t i o n  3 8
 r e a c t i o n  4 8

( a )

 

 

P r e s s u r e  [ m T o r r ]

( b )

FIGURE 6.8 – Reactions rates for O(1D) formation as a function of pressure for x = 1.0
for (a) stainless steel reactor and (b) anodized aluminium reactor – other reactions with
very small reaction rates are not shown in these figures.

Figure 6.8 shows the reaction rates for O(1D) formation as a function of pressure for

x = 1.0 for (a) stainless steel walls and (b) anodized aluminium walls. Formation of

O(1D) occurs mostly through reaction 20 for both of the wall materials studied. However,

due to the increase of O(3P) at low pressures, a significant amount of O(1D) is produced

through reaction 48.

Figure 6.9 shows the reaction rates for O(1D) annihilation as a function of pressure for

x = 1.0 for (a) stainless steel walls and (b) anodized aluminium walls. For stainless steel
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reactors, the main channel for O(1D) annihilation is recombination at the walls (reaction

132) at low pressures and reaction 72 at high pressures. For anodized aluminium reactors,

the low recombination coefficient results in a decrease of the reaction rate of reaction 132

and an increase in the reaction rates of the reactions 55, 56, 92, and 133 and in the rate

of pumping O(1D) out for low pressure. As pressure increases, the reaction rates of the

reactions 55, 56, 92, and 133 and the rate of pump O(1D) out decrease and the reaction

rate of the reaction 72 increases. Therefore, the reason of the increase of the density of

O(1D) at low pressures in anodized aluminium reactors showed in figure 6.4 due to the

increase of the density of O(3P) that contributed to formation of O(1D) through reaction

48 and the low recombination coefficient that was assumed for reaction 132 that reduces

the recombination of O(1D) at the walls.
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FIGURE 6.9 – Reactions rates for O(1D) annihilation as a function of pressure for x = 1.0
for (a) stainless steel reactor and (b) anodized aluminium reactor – other reactions with
very small reaction rates are not shown in these figures.

Other point that draws attention in the figure 6.4 involve the O2(b1Σ+
g ) density. In

general, the O2(a1∆g) density is reported to be higher than the O2(b1Σ+
g ) density [44];

however, the calculations with this more extended reaction set show that the O2(b1Σ+
g )

density can overcome the O2(a1∆g) density.

The differences in the reaction rates for formation and annihilation of O2(a1∆g) and

O2(b1Σ+
g ) due to changes in the EEDF and in the material of the reactor walls ar smal for

the EEDFs and materials analyzed in this work. Thus, the main channels for formation

and annihilation of these species for x = 1.0 in a stainless steel reactor are also the main

channels for x = 0.5 and x = 2.0 in stainless steel and for for x = 0.5, x = 1.0, and

x = 2.0 in anodized aluminium reactor.

Figure 6.10 shows the main reaction rates for O2(a1∆g) formation for x = 1.0 in a
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stainless steel reactor. Formation of O2(a1∆g) is dominated by electron impact excitation

(reaction 17),

e + O2(X3Σ−g ) −→ O2(a1∆g) + e.

Energy transfer from O(1D) to O2(X3Σ−g ) creating O2(a1∆g) (reaction 71),

O(1D) + O2(X3Σ−g ) −→ O2(a1∆g) + O(3P),

and quenching of the metastable oxygen molecule O2(b1Σ+
g ) (reaction 87),

O(3P) + O2(b1Σ+
g ) −→ O2(a1∆g) + O(3P),

are also significant processes for O2(a1∆g) formation. Other reactions have negligible

contributions for formation of O2(a1∆g) [52].

FIGURE 6.10 – Reactions rates for O2(a1∆g) formation as a function of pressure for
x = 1.0 in a stainless steel reactor – other reactions with very small reaction rates are not
shown in this figure.

Figure 6.11 shows the main reaction rates for O2(a1∆g) annihilation for x = 1.0 in a

stainless steel reactor. Electron impact dissociations, (reaction 31)

e + O2(a1∆g) −→ O(3P) + O(1D) + e

and (reaction 24)

e + O2(a1∆g) −→ O(3P) + O(3P) + e,

are important contributors to the loss of O2(a1∆g). Electron impact de-excitation (reac-

tion 26),

e + O2(a1∆g) −→ O2(X3Σ−g ) + e,
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is also important and electron impact ionization from the metastable oxygen molecule

O2(a1∆g) (reaction 23),

e + O2(a1∆g) −→ O+
2 + 2e,

is important at low pressures. Other reactions have negligible influence on O2(a1∆g)

annihilation [52]. The wall quenching (reaction 128) is low at low pressures, but it becomes

important as pressure increases. It overcomes the reaction rate of reaction 31 for O2(a1∆g)

annihilation at 80 mTorr in figure 6.11. The rate for pumping of O2(a1∆g) out of the

reactor is low.

FIGURE 6.11 – Reactions rates for O2(a1∆g) annihilation as a function of pressure for
x = 1.0 in a stainless steel reactor – other reactions with very small reaction rates are not
shown in this figure.

Figure 6.12 shows the main reaction rates for O2(b1Σ+
g ) formation for x = 1.0 in a

stainless steel reactor. The most important contributor to the formation of the metastable

oxygen molecule O2(b1Σ+
g ) is reaction 72. Therefore, this reaction is very important for

oxygen plasma modelling since it is an important contributor for formation of O(3P) and

O2(b1Σ+
g ) and for annihilation of O(1D). The reaction rate for this reaction is taken from

the review of Baulch et al. [35] which is based on the measurements of Streit et al. [134]

and Amimoto et al. [135]. This reaction has been suggested to be a major contributor to

the formation of b1Σ+
g state in the atmosphere [136]. Electron impact excitation from the

ground state (reaction 18),

e + O2(X3Σ−g ) −→ O2(b1Σ+
g ) + e,

also gives a significant contribution to formation of O2(b1Σ+
g ) at low pressures. Other

reactions have negligible contribution for O2(b1Σ+
g ) formation [52].
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FIGURE 6.12 – Reactions rates for O2(b1Σ+
g ) formation as a function of pressure for

x = 1.0 in a stainless steel reactor – other reactions with very small reaction rates are not
shown in this figure.

Figure 6.13 shows the main reaction rates for O2(b1Σ+
g ) annihilation for x = 1.0 in a

stainless steel reactor. Electron impact ionization (reaction 33),

e + O2(b1Σ+
g ) −→ O+

2 + 2e,

electron impact dissociation from the metastable oxygen molecule O2(b1Σ+
g ) with no for-

mation of O(1D) (reaction 34),

e + O2(b1Σ+
g ) −→ O(3P) + O(3P) + e,

and with formation of O(1D) (reaction 38),

e + O2(b1Σ+
g ) −→ O(3P) + O(1D) + e,

and quenching of O2(b1Σ+
g ) at the walls (reaction 129) have important contributions for

O2(b1Σ+
g ) loss. Other reactions have negligible contribution for O2(b1Σ+

g ) annihilation

[52].

6.3 Charged species

The mean density of charged species as a function of pressure is shown in figure 6.14

(a) for a stainless steel reactor walls and x = 0.5, in figure 6.14 (b) for an anodized

aluminium reactor walls and x = 0.5, in figure 6.14 (c) for a stainless steel reactor walls
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and x = 1.0, in figure 6.14 (d) for an anodized aluminium reactor walls and x = 1.0, in

figure 6.14 (e) for a stainless steel reactor walls and x = 2.0, and in figure 6.14 (f) for an

anodized aluminium reactor walls and x = 2.0. Different from neutrals, the density of

charged species have significant changes due to changes in the EEDF.
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FIGURE 6.13 – Reactions rates for O2(b1Σ+
g ) annihilation as a function of pressure for

x = 1.0 in a stainless steel reactor – other reactions with very small reaction rates are not
shown in this figure.

The density of electrons decreases as x increases. The increase of the effective electron

temperature (see figure 6.3) and the decrease of the mean electron density as x increases

were also found for Ar [47], N2 [48], and Cl2 [49, 50] discharges. There is an increase in

the electron density with increased pressure to a peak value, then the electron density

decreases as pressure increases further. This behavior of the mean electron density can

be seen for the three values of x for stainless steel and anodized aluminium reactor walls.

Similar variation of the mean electron density with pressure was reported by Kim et

al. [36,37]. They reported an initial increase in the electron density for absorbed power of

1000 W and 2000 W. Global model calculations for Cl2 discharge [49] also show a similar

decrease in the electron density as pressure increases. The center electron density in an

inductively coupled oxygen discharge at 500 W has been measured to be 3 – 6 ×1016 m−3

and increase with increased pressure in the pressure range 3 – 45 mTorr [38].

As the mean electron density is calculated through the charge neutrality requirement,

its behaviour is related to the densities of the other charged species. Although the domi-

nant negative charged species is always the electron, the difference between the desinties

of electrons, O−, and O−2 decrease as x or pressure increases. At 100 mTorr, for x = 2.0,

the densities of electrons, O−, and O−2 are close for both stainless steel and anodized

aluminium reactors.
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FIGURE 6.14 – Mean density of charged species as a function of pressure for (a) stainless
steel reactor walls and x = 0.5, (b) anodized aluminium reactor walls and x = 0.5,
(c) stainless steel reactor walls and x = 1.0, (d) anodized aluminium reactor walls and
x = 1.0, (e) stainless steel reactor walls and x = 2.0, (f) anodized aluminium reactor walls
and x = 2.0.



CHAPTER 6. MODELLING OF AN OXYGEN DISCHARGE 54

For stainless steel reactor walls, the dominant positive charged species is O+
2 for the

three x values. However, the density of O+ is significant for low pressures. For anodized

aluminium reactor walls, the oxygen atom ion O+ is the dominant species for low pressures.

As pressure decreases, the density of O+ has a deep decrease and the density of O+
2

increases therefore O+
2 becomes the dominant positive charged species at high pressures

in anodized aluminium reactors. The densities of ozone ions O+
3 and O−3 are very low when

compared to the other ions due to the low amount of ozone in the plasma. Therefore,

neglect these ions is also justified in oxygen discharge modelling.

For x = 1.0, the fractions of O+ ions, defined as [O+]/([O+]+[O+
2 ]), are 0.21 at 3

mTorr, 0.16 at 7 mTorr, and 0.07 at 20 mTorr. These results agree with mass spectrome-

ter measurements reported in [40]. Mesurements show that O− is the dominant negative

ion and its density is always higher than the O−2 density and the molecular ion corre-

sponds to 10 – 20 % of the total density [137]. However, it should be kept in mind that

these measurements were made in a capacitively coupled discharge that is operated at

significantly lower power than what is assumed in our calculations. More recently Corr

et al [42] measured the negative ion density in an inductively coupled discharge in the

inductive mode. They found the negative ion density to initially increase with pressure

to peak at 2 × 1016 m3 for 275 W absorbed at roughly 20 mTorr and then fall again to

about 2 × 1015 m3 at 40 mTorr for a R = 8.25 cm and L = 20.25 cm. They found the

negative ion density to increase with increased absorbed power.
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FIGURE 6.15 – Reactions rates for O− formation as a function of pressure for stainless
steel reactor walls for (a) x = 0.5 and (b) x = 2.0 – other reactions with very small
reaction rates are not shown in this figure.
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The main channels for formation of O− are dissociative attachment (reaction 10),

e + O2(X3Σ−g ) −→ O(3P) + O−,

electron impact polar dissociation (reaction 11),

e + O2(X3Σ−g ) −→ e + O+ + O−,

dissociative attachment from the a1∆g state (reaction 27),

e + O2(a1∆g) −→ O(3P) + O−,

dissociative attachment from the b1Σ+
g state (reaction 37),

e + O2(b1Σ+
g ) −→ O(3P) + O−,

and charge exchange between O−2 and O(3P) (reaction 103),

O−2 + O(3P) −→ O2(X3Σ−g ) + O−.

It was stated in [53] that these channels are the main channels for formation of O− for

approximately all x values in a stainless steel and anodized aluminum reactors. However,

there are differences that need to be discussed. In fact, there are no difference in the

reaction rates due to the two different wall materials studied, but there are differences

due to changes in the EEDF. Figure 6.15 shows the reaction rates for O− formation as a

function of pressure for stainless steel reactor walls for (a) x = 0.5 and (b) x = 2.0. At,

the reaction rates of reactions 10 and 27 decrease while the reaction rate of reaction 11

increases as x increases. As x increases, the effective electron temperature increases (see

figure 6.3) resulting in higher mean electron energy according to equation 5.6 that favor

reaction with a higher threshold energy like reaction 11.

As the loss process of O− has been a polemic issue [40, 42, 44, 138–142], first, the

reaction rates for O− annihilation will be studied for Maxwellian EEDF for stainless steel

reactors. Then, the differences in the reaction rates for non-Maxwellian EEDFs and for

anodized aluminium reactors will be discussed. The reaction rates for reactions 54, 113,

114, 115, 116, 117, 118, 119, and 120 are presented in figure 6.16 as a function of pressure

for x = 1.0 and for stainless steel reactor walls. The results show that the electron impact

detachment (reaction 54),

e + O− −→ 2e + O(3P),

is the main contributor to O− annihilation at low pressures (< 20 mTorr) unlike of what

was reported in a previous work [44].
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FIGURE 6.16 – Reaction rates for O− annihilation as a function of pressure for x = 1.0
and for stainless steel reactor walls – other reactions with very small reaction rates are
not shown in this figure.

Figure 6.17 (a) and (b) show the reaction rates for reactions that contribute to O−

annihilation reported in [44]. In these figures rec1 represents O− + O+ −→ O(3P) +

O(3P), rec2 represents O− + O+
2 −→ O(3P) + O2(X3Σ−g ), det,e represents e + O− −→

2e + O(3P), det,O represents O− + O(3P) −→ e + O2(X3Σ−g ), det,a represents the sum

of the reaction rates of O− + O2(a1∆g) −→ O(3P) + O−2 and O− + O2(a1∆g) −→ e +

O3, and det,b represents O− + O2(b1Σ+
g ) −→ e + O(3P) + O2(X3Σ−g ). Reaction 120 in

figure 6.16 is reaction rec1 in figures 6.17 (a) and (b). It was found here that reaction

120 contributes with less than 10 % for the loss of O− while it was reported in [44] that

mostly of the loss of O− occurs through this reaction at low pressures.

FIGURE 6.17 – Reaction rates as a function of pressure for O− annihilation for a applied
power of 300 W (a) and 1200 W (b) reported in [44].
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Corr et al. [42] also reported that the main contributor to O− annihilation at low

pressures in an inductively coupled discharge is electron impact detachment. They re-

ported results for an oxygen plasma in an inductive reactor in a pressure range of 1 – 50

mTorr for an applied power of 250 W. For pressures higher than 3 mTorr, they found that

detachment by atomic oxygen in the main channel for O− loss. Figure 6.16 also shows

that the reaction rate of detachment by atomic oxygen (reaction 117) has an significant

increase as pressure increases, but detachment by O2(b1Σ+
g ) (reaction 116) and charge

exchange between O− and O2(X3Σ−g ) (reaction 113) also become important channels for

O− annihilation as pressure increases. Reactions 113 and 116 were not included in the

model developed in [42].

Gudmundsson [44] also reported that detachment by atomic oxygen is significant for

O− annihilation at 25 mTorr and 300 W although the O− annihilation was dominated by

detachment by O2(b1Σ+
g ). In [44], detachment by atomic oxygen overcomes detachment

by O2(b1Σ+
g ) at 25 mTorr and 1200 W. Corr et al. [42] also studied the power dependence

of the reaction rates for O− annihilation in an inductive discharge at 25 mTorr in the power

range of 5 – 300 W (see figure 6.18). Their results showed that the O− annihilation process

is dominated by detachment by O2(a1∆g) at low powers (below 32 W approximately),

while it is dominated by detachment by atomic oxygen at high powers (above 32 W

approximately). Therefore, as the applied power increases, detachment by atomic oxygen

overcomes detachment by the metastable state b1Σ+
g in [44] while detachment by atomic

oxygen overcomes detachment by the metastable state a1∆g in [42]. It would be interesting

if O2(b1Σ+
g ) were included in the model developed in [42] to compare the results.

FIGURE 6.18 – Reaction rates as a function of pressure for O− annihilation as a function
of applied power for a pressure of 25 mTorr (a) and as a function of pressure for an applied
power of 250 W (b) reported in [42].

Figure 6.18 (a) shows the reaction rates for O− annihilation as a function of applied

power for 25 mTorr and figure 6.18 (b) shows the reaction rates for O− annihilation as

a function of pressure for an applied power of 250 W reported in [42]. The dark full
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line represents recombination reactions O− + O+
2 −→ O(3P) + O2(X3Σ−g ), O− + O+

2

−→ 3O(3P), and O− + O+ −→ 2O(3P). The light full line represents electron impact

detachment e + O− −→ 2e + O(3P), the dash-dotted line represents detachment by

atomic oxygen O− + O(3P) −→ e + O2(X3Σ−g ), and dashed line represents detachment

by oxygen metastables O− + O2(a1∆g) −→ e + O3.

There are not significant changes in the reaction rates for O− annihilation for stainless

steel reactor walls for x = 0.5 and x = 2.0. However, for anodized aluminum reactor

walls, there is a significant increase in the reaction rate for detachment by the oxygen

atom (reaction 117) which becomes increasingly more important as x increases. Figure

6.19 shows the reaction rates for O− annihilation as a function of pressure for x = 2.0 and

for anodized aluminium reactor walls.
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FIGURE 6.19 – Reaction rates for O− annihilation as a function of pressure for x = 2.0
and for anodized aluminiuml reactor walls – other reactions with very small reaction rates
are not shown in this figure.

Although density of O−2 is lower than density of O− at low pressure, it increases as

pressure increases becoming comparable to density of O− (see figure 6.14). The dominant

channel for formation of O−2 is charge exchange between O− and O2(X3Σ−g ) (reaction 113)

which represents approximately 90 % through the all range of pressure studied for the

three values of x for stainless steel and anodized aluminium reactors.

Annihilation of O−2 is not dominated by only one reaction, but many reactions con-

tribute for it. Figure 6.20 shows the reaction rates for O−2 annihilation as a function of

pressure for reactions 101, 102, 103, 104, 105, 106, and 107 for x = 1.0 for (a) stainless

steel and (b) anodized aluminium reactor walls. Reactions 99 and 100 also contribute to

O−2 annihilation, but their contributions are very small being neglected in these figures.

Note that reaction rates for reactions 105 and 106 are the same because these reactions



CHAPTER 6. MODELLING OF AN OXYGEN DISCHARGE 59

have the same rate coefficients and they are recombinations of the same ions (see table

5.3).

For pressures below 2 mTorr, in stailess steel reactors, reactions 105 and 106 are

the dominat channels, but their importance decreases as pressure increases while the

contribution of reactions 101, 102, 103, and 104 increase. Thus, O(3P), O2(a1∆g), and

O2(b1Σ+
g ) are very important to the loss of O−2 at high pressures. In anodized aluminium

reactors, reactions 103 and 104 are the dominant channels in the all range of pressures

studied due to the increase of the density of O(3P). For x = 0.5 and x = 2.0, there are

minor changes in the reaction rates.

Formation of O+
2 occurs mainly through electron impact ionization of the oxygen

molecule in the ground state (reaction 7),

e + O2(X3Σ−g ) −→ 2e + O+
2 .

This is the main channel in stainless steel or anodized aluminium reactors for the three x

values studied. Annihilation of O+
2 occurs mostly at the walls (reaction 135); however, for

x = 0.5, in stainless steel and anodized aluminium reactors, dissociative recombination of

the O+
2 -ion (reaction 45),

e + O+
2 −→ O(3P) + O(1D),

also becomes an important channel for O+
2 annihilation.
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FIGURE 6.20 – Reaction rates for O−2 annihilation as a function of pressure for x = 1.0
and for (a) stainless steel and (b) anodized aluminiuml reactor walls.

Figure 6.21 shows the reaction rates for the main channels for formation of O+ as a

function of pressure for x = 1.0 for (a) stailess steel and (b) anodized aluminium reactors.

In stainless steel reactors, at low pressures, the main channels for formation of O+ are
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electron impact dissociative ionization of the ground state molecule (reaction 9),

e + O2(X3Σ−g ) −→ 2e + O(3P) + O+,

and electron impact ionization of the oxygen atom in the ground state (reaction 47),

e + O(3P) −→ 2e + O+.

Electron impact ionization of the oxygen atomin the metastable state (reaction 55),

e + O(1D) −→ 2e + O+,

also has an important contribution to formation of O+. As pressure increases, the contri-

butions of reactions 9 and 55 decrease and reaction 47 becomes the dominant channel. In

anodized aluminium reactors, reaction 47 is always the dominat channel. These results

are also valid for x = 2.0 for stainless steel and anodized aluminium reactors. For x =

0.5, reaction 9 keeps as a significant contributor for formation of O+ at high pressures

in stainless steel reactors and becomes a significant contributor in anodized aluminium

reactors.
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FIGURE 6.21 – Reaction rates for O+ formation as a function of pressure for x = 1.0 and
for (a) stainless steel and (b) anodized aluminiuml reactor walls.

The reaction rates for annihilation of O+ do not show significant differences between

stainless steel and anodized aluminium reactor walls. Figure 6.22 shows the reaction

rates of reactions 121 and 136 for O+ annihilation as a function of pressure in a stainless

steel reactor for (a) x = 0.5 and (b) x = 2.0. The reaction rates of the other reactions

that contribute for O+ annihilation are very low being omitted in this figure. Results for

x = 1.0 were also omitted because the interest here is show how the reaction rates change
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as x increases. Note in the figure 6.22 (a) that the O+ annihilation occurs mostly at the

walls (reaction 136) at low pressures. As pressure increases, charge exchange (reaction

121),

O2(X3Σ−g ) + O+ −→ O(3P) + O+
2 ,

becomes an important channel for O+ loss. As x increases, the increase of the reaction rate

of the reaction 121 is less pronounced as one can note in the figure 6.22 (b) for x = 2.0.

As results for O+ annihilation does not depend on the wall materials studied, the increase

of the density of O+ is higher at low pressures due to the increase of the density of O(3P)

that results in higher yield of O+ through reaction 47 at low pressures as shown in figure

6.21 (b). These are similar findings reported earlier by Gudmundsson and Lieberman for

an anodized aluminium chamber but assuming a low wall recombination coefficient for

oxygen atoms [46].
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FIGURE 6.22 – Reaction rates for O+ annihilation as a function of pressure for stainless
steel reactor walls for (a) x = 0.5 and (b) x = 2.0.

Figure 6.23 shows the mean electronegativity α = n−/ne as a function of pressure for

stainless steel and anodized aluminium reactor walls for x = 0.5, x = 1.0, and x = 2.0.

The increase of the mean electronegativity as pressure increases due to the decrease of

the mean electron density for high pressures. As x increases, the decrease of the mean

electron density is more pronounced what explain the increase of the mean electronegativ-

ity. The variation of the electronegativity with EEDF in oxygen discharges is much more

significant than what was observed for chlorine discharge in the same pressure range [50].

Measurements of the electronegativity in an inductively coupled oxygen discharge have

given values in the range 1 – 1.5 in the pressure range 5 – 30 mTorr and 900 W input

power and increasing with increasing pressure [143] and in the range 0.02 – 0.2 in the

pressure range 1 – 45 mTorr and absorbed power of 220 W [42]. Furthermore, Corr et
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al [42] show that the negative ion densities have maximum values around 20 mTorr in

the inductively coupled mode. They also show that the electronegativity also displays a

strong dependence on gas pressure.
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FIGURE 6.23 – The mean electronegativity as a function of pressure for x = 0.5, x = 1.0,
and x = 2.0 for stainless steel and anodized aluminium reactors.

An additional study can be made by evaluating changes in the quenching coefficient

at the walls for O2(b1Σ+
g ) since this is a very important parameter and there are limited

information about it. Figure 6.24 (a) shows the density of O2(b1Σ+
g ) and figure 6.24 (b)

shows the mean electronegativity both as a function of pressure for x = 1.0, stainless steel

reactor walls, and γ = 0.001, 0.01, 0.1, and 1. The density of O2(b1Σ+
g ) increases as γ

decreases as expected; however, the density of O2(a1∆g) does not show any significant

change. The density of O2(b1Σ+
g ) can overcome the density of O2(a1∆g) for γ = 0.001,

0.01, and 0.1 while the density of O2(b1Σ+
g ) does not overcome the density of O2(a1∆g)

for γ = 1 in the range of pressure studied.

Since detachment by collision with O2(b1Σ+
g ) (reaction 116),

O− + O2(b1Σ+
g ) −→ e + O(3P) + O2(X3Σ−g ),

is an important channel for O− annihilation for pressures above 2 mTorr [52], it would be

expected the decrease of the density of O− due to the increase of the density of O2(b1Σ+
g )

for low quenching coefficients, nevertheless this does not happen. The annihilation of O−

through detachment by collision with O2(b1Σ+
g ) is compensated by the formation of O−

through dissociative attachment from the b1Σ+
g state (reaction 37),

e + O2(b1Σ+
g ) −→ O(3P) + O−,
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FIGURE 6.24 – (a) The mean density of O2(b1Σ+
g ) and (b) the mean electronegativity

as a function of pressure for γ = 0.001, 0.01, 0.1, and 1 for stainless steel reactor and
x = 1.0.

resulting in a very small decrease of the density of O− for pressures above 10 mTorr. The

density of O−2 decreases as the density of O2(b1Σ+
g ) increases due to the decrease of the

quenching coefficient at the walls. This occurs because detachment through collision with

O2(b1Σ+
g ) (reaction 102),

O−2 + O2(b1Σ+
g ) −→ e + O2(X3Σ−g ) + O2(X3Σ−g ),

becomes an important channel for O−2 annihilation. This explains the decrease of the mean

electronegativity as the quenching coefficient decreases (see figure 6.24). Note that the

difference in the mean electronegativity disappears for low pressures because the density

of O2(b1Σ+
g ) is small and its effects become negligible.



7 The Bohm criterion issue

Due to the mass difference, electrons acquire velocities much higher than the velocities

of ions when they are subjected to an electric field. Hence, at bounded plasmas, the

electron flux to the walls of the reactor is much higher than the ion flux. Thereby, the

walls acquire a negative potential creating the sheath region that is the region where an

electric field acts to repel electrons and negative ions and attract positive ions. Low energy

electrons are repelled to the bulk of the plasma but high energy electrons can overcome

the sheath potential reaching the walls. The sheath region promotes the equalization of

the flux of electrons and positive ions to the walls. The velocity of the positive ions at the

sheath edge in a weakly collisional plasma with a single-ion species is given by the Bohm

criterion [144–146]

uB =

(
kTe

M

)1/2

. (7.1)

where k is the Boltzmann constant, Te is the electron temperature, and M is the mass of

the ion. For an electronegative plasma, the Bohm criterion becomes [129]

uB =

[
kTe(1 + αs)

M(1 + αsγ−)

]1/2

. (7.2)

where αs is the electronegativity at the sheath edge, i.e., the ratio between the negative

ion density and the electron density, and γ− is the ratio between the electron temperature

Te and the negative ion temperature Ti.

The equations 7.1 and 7.2 were obtained for a Maxwellian EEDF. To a EEDF that

can be represented by the equation 5.3, the Bohm criterion for an electropsitive plasma

becomes [47]

uB = 〈ε〉1/2
(

2

M

)1/2
Γ(ξ1)

[Γ(ξ2)Γ(ξ3)]1/2
. (7.3)

where ξ3 = 1/2x. As a try to include the negative ion effects, the latter equation was
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changed to [52]:

uB = 〈ε〉1/2
(

2

M

)1/2 [
(1 + αs)

(1 + αsγ−)

]1/2
Γ(ξ1)

[Γ(ξ2)Γ(ξ3)]1/2
. (7.4)

The equations 7.1 and 7.3 are valid for electropositive plasmas which have only one

positive ion species and the equation 7.2 is valid for electronegative plasmas which have

only one positive ion species and one negative ion species. Many species of positive and

negative ions in the plasma result in changes in these equations. Allen [147] showed that

the velocity of the ions at the sheath edge could be calculated through the dispersion

relation. At the sheath edge, the dispersion relation is given by [148,149]

w2
pe

∫ +∞

−∞

fe(v)

(w − κv)2 dv +
∑
i

w2
pn,i

∫ +∞

−∞

fn,i(v)

(w − κv)2 dv + (7.5)

+
∑
j

w2
pp,j

∫ +∞

−∞

fp,j(v)

(w − κv)2 dv = 1,

where ω is the angular frequency, κ is the wave number, ωpe is the angular plasma fre-

quency of electron, ωpn is the angular plasma frequency of negative ion, ωpp is the angular

plasma frequency of positive ion, fe is the velocity distribution function of the electrons,

fn,i is the velocity distribution function of the ith negative ion species, and fp,j is the

velocity distribution function of the jth positive ion species. Substituting in the latter

equation ω2
pe = nee

2/ε0me, ω
2
pn = nne

2/ε0mn, and ω2
pp = npe

2/ε0mp we have

nee
2

ε0me

∫ +∞

−∞

fe(v)

(w − κv)2 dv +
∑
i

nn,ie
2

ε0mn

∫ +∞

−∞

fn,i(v)

(w − κv)2 dv + (7.6)

+
∑
j

np,je
2

ε0mp

∫ +∞

−∞

fp,j(v)

(w − κv)2 dv = 1,

where ne is the density of electrons at the sheath edge, nn,i is the density of the ith

negative ion species at the sheath edge, np,j is the density of the jth positive ion species

at the sheath edge, e is the elementary charge, ε0 is the vacuum permittivity, me is the

electron mass, mn,i is the mass of the ith negative ion species, and mp,j is the mass of the

jth positive ion species. In the steady state, one can assume that the angular frequency

is null [148,149]. Thus, we have:

nee
2

ε0me

∫ +∞

−∞

fe(v)

v2
dv +

∑
i

nn,ie
2

ε0mn

∫ +∞

−∞

fn,i(v)

v2
dv + (7.7)

+
∑
j

np,je
2

ε0mp

∫ +∞

−∞

fp,j(v)

v2
dv = κ2.
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Multiplying the latter equation by 1/n0 and using the charge neutrality condition n0 =

ne +
∑

i nn,i =
∑

j np,j we have:[
1−

(∑
i

nn,i

n0

)]
e2

ε0me

∫ +∞

−∞

fe(v)

v2
dv +

∑
i

nn,i

n0

e2

ε0mn

∫ +∞

−∞

fn,i(v)

v2
dv + (7.8)

+
∑
j

np,j

n0

e2

ε0mp

∫ +∞

−∞

fp,j(v)

v2
dv =

κ2

n0

.

Multiplying this equation by ε0/e
2 we have:[

1−

(∑
i

nn,i

n0

)]
1

me

∫ +∞

−∞

fe(v)

v2
dv +

∑
i

nn,i

n0

1

mn

∫ +∞

−∞

fn,i(v)

v2
dv + (7.9)

+
∑
j

np,j

n0

1

mp

∫ +∞

−∞

fp,j(v)

v2
dv =

κ2

n0

=
κ2λD

2

me 〈v2/2〉1/2
.

where λD ≡ 〈v2
e/2〉

1/2
ω−1

pe is the Debey length. If sheath width is much larger than Debey

length we can assume κ to be small, therefore κλD → 0 [148,149]. Then,

∑
j

np,j

n0

1

mp

∫ +∞

−∞

fp,j(v)

v2
dv = −

[
1−

(∑
i

nn,i

n0

)]
1

me

∫ +∞

−∞

fe(v)

v2
dv + (7.10)

+
∑
i

nn,i

n0

1

mn

∫ +∞

−∞

fn,i(v)

v2
dv.

Using 〈v−2〉 =
∫
f(v)/v2dv for positive ions, we have:

∑
j

np,j

n0

〈vp,j
−2〉

mp

= −

[
1−

(∑
i

nn,i

n0

)]
1

me

∫ +∞

−∞

fe(v)

v2
dv + (7.11)

+
∑
i

nn,i

n0

1

mn

∫ +∞

−∞

fn,i(v)

v2
dv.

Since the distribution functions annul in ±∞, one can use integration by parts to

obtain:

∑
j

np,j

n0

〈vp,j
−2〉

mp

=

[
1−

(∑
i

nn,i

n0

)]∫ +∞

0

Fe(ε)

2ε
dε+ (7.12)

+
∑
i

nn,i

n0

∫ +∞

0

Fn,i(ε)

2ε
dε.
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Using the approximation 〈vp
−2〉 = 〈vp

2〉−1
[148,149] we have:

∑
j

np,j

n0

1

mp 〈vp,j
2〉

=

[
1−

(∑
i

nn,i

n0

)]∫ +∞

0

Fe(ε)

2ε
dε+ (7.13)

+
∑
i

nn,i

n0

∫ +∞

0

Fn,i(ε)

2ε
dε.

Assuming that all positive ion species reach the walls at the same velocity, we have:

〈
vp

2
〉

=
∑
j

np,j

n0mp,j

{[
1−

(∑
i

nn,i

n0

)]∫ +∞

0

Fe(ε)

2ε
dε+

∑
i

nn,i

n0

∫ +∞

0

Fn,i(ε)

2ε
dε

}−1

.(7.14)

As [47] ∫ +∞

0

F (ε)

ε
dε =

c1

cξ32 x
Γ(ξ3) (7.15)

and assuming that all negative ion species have the same energy distribution function, we

have:

〈
vp

2
〉

=
∑
j

2np,j

n0mp,j

{[
1−

(∑
i

nn,i

n0

)]
c1,e

c2,e
ξ3,exe

Γ(ξ3,e) +
∑
i

nn,i

n0

c1,n

c2,n
ξ3,nxn

Γ(ξ3,n)

}−1

.(7.16)

where

c1,e =
xe

〈εe〉3/2
Γ(ξ2,e)

3/2

Γ(ξ1,e)5/2
, (7.17)

c2,e =
1

〈εe〉xe
[

Γ(ξ2,e)

Γ(ξ1,e)

]xe
, (7.18)

c1,n =
xn

〈εn〉3/2
Γ(ξ2,n)3/2

Γ(ξ1,n)5/2
(7.19)

and

c2,n =
1

〈εn〉xn
[

Γ(ξ2,n)

Γ(ξ1,n)

]xn
, (7.20)

wherein ξ1,e = 3/2xe, ξ2,e = 5/2xe, ξ3,e = 1/2xe, ξ1,n = 3/2xn, ξ2,n = 5/2xn, ξ3,n = 1/2xn,
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〈εe〉 = 3kTeff/2, and 〈εn〉 = 3kTi/2. Note

1−
∑
i

nn,i

n0

=
n0 −

∑
i nn,i

n0

=
ne

n0

=

(
n0

ne

)−1

=

(
ne +

∑
i nn,i

ne

)−1

= (7.21)

= (1 + αs)
−1 =

1

1 + αs

and

∑
i

nn,i

n0

=

(
n0∑
i nn,i

)−1

=

(∑
i nn,i + ne∑

i nn,i

)−1

=

(
1 +

ne∑
i nn,i

)−1

= (7.22)

=

(
1 +

1

αs

)−1

=

(
αs + 1

αs

)−1

=
αs

αs + 1
,

therefore

〈
vp

2
〉

=
∑
j

2np,j

n0mp,j

[
1

1 + αs

c1,e

c2,e
ξ3,exe

Γ(ξ3,e) +
αs

αs + 1

c1,n

c2,n
ξ3,nxn

Γ(ξ3,n)

]−1

(7.23)

or

cs =

{∑
j

2np,j

n0mp,j

[
1

1 + αs

c1,e

c2,e
ξ3,exe

Γ(ξ3,e) +
αs

αs + 1

c1,n

c2,n
ξ3,nxn

Γ(ξ3,n)

]−1
}1/2

. (7.24)

For xe = 1 and xn = 1 (Maxwellian distributions for electrons and negative ions), equation

7.24 becomes

cs =

{∑
j

np,j

n0mp,j

[
1

kTe(1 + αs)
+

αs

kTi(αs + 1)

]−1
}1/2

. (7.25)

For one species of positive ion, equation 7.25 becomes

cs =

[
kTe(1 + αs)

M(1 + αsγ−)

]1/2

(7.26)

which is equation 7.2.

The approximation 〈vp
−2〉 = 〈vp

2〉−1
does not hold for most distribution functions of

interest; however, Amemiya [148, 149] justify it arguing that positive ions at the plasma-

sheath edge have a velocity distribution function with a narrow velocity width due to

the acceleration by a weak electric field. The other controversial issue is the assumption

that all positive ion species have the same velocity at the plasma-sheath edge. Lee et

al [54] reported experimental results for a Ar/Xe plasma claiming that the velocities of

the Ar+ and Xe+ ions at the plasma-sheath edge does not satisfy the Bohm criterion
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being closer to the ion sound speed of the system that is the velocity obtained by solving

the generalized Bohm criterion with the assumption that all ions reach the plasma-sheath

edge with the same velocity. Baalrud et al [150] explained these results by the theory of

instability-induced friction. Gudmundsson and Lieberman [151] through a 1 D particle-

in-cell Monte Carlo simulation of an Ar/Xe plasma reported that Ar+ and Xe+ ions have

their own Bohm velocity contradicting the previous experimental results. However, the

computational results of Gudmundsson and Lieberman were contested [152].

There are two experimental results published recently. Yip et al [55] added krypton to

an Ar/Xe plasma and found that the Ar+ and Xe+ velocities at the plasma-sheath edge

approximate to their own Bohm velocities as the krypton quantity in the plasma increases

which support the theory proposed by Baalrud et al [150]. Sobolewski et al [56] measured

the velocities of the ions CF+
3 , CF+

2 , CF+, and F+ at the plasma-sheath edge in a RF

ICP in CF4. They found that all ions have the same velocity which is lower than their

Bohm velocity and the ion sound speed of the system. They also claimed that the sheath

models will need to be revised.
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FIGURE 7.1 – Bohm velocity of CF+
3 , CF+

2 , CF+, and F+ ions calculated by equation
7.2 and the ion sound speed of the system calculated by equation 7.24 as a function of
the electronegativity at the sheath edge for Te=3 eV and p=10 mTorr.

Equation 7.24 could be taken as the ion sound speed of the system for a plasma with

different positive and negative ions. It still considers distribution functions for electrons

and negative ions that can be expressed by equation 5.3. Studies that seek for a Bohm

criterion for general distribution functions can be found in [153–157]. To explain their

results, Sobolewski et al [56] suggested that the negative ions would reduce the ion sound

speed. Although equation 7.24 was obtained through assumptions that can be criticized,

it predicts that the ion sound speed decreases due to negative ion effects at the sheath
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edge as can be seen in figure 6.1. The ion densities at the sheath edge were assumed

as nF+ = 0.6 × 10−16m−3, nCF+ = 0.77 × 10−16m−3, nCF+
2

= 0.63 × 10−16m−3, and

nCF+
3

= 0.84×10−16m−3 that are values reported for 1 mTorr and 550 W [158]. Note that

equation 7.24 results in values between the Bohm velocities of the ions.
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FIGURE 7.2 – The ion sound speed of the system calculated by equation 7.24 as a function
of the electronegativity at the sheath edge for different values of xn and xe, Te=7 eV, and
p=3 mTorr for a CF4 plasma considering the CF+

3 , CF+
2 , CF+, and F+ ions.

Figure 6.2 shows the changes in the ion sound speed of the system caused by changes

in the energy distribution functions of electrons and negative ions. From the first three

curves for xe = 0.5 and xn = 1.0, for xe = 1.0 and xn = 1.0, for xe = 2.0 and xn = 1.0,

one can see that changes in the EEDF are significant for low values of the electronega-

tivity ate the sheath edge, i.e., when the density of negative ions is low in that region.

Increasing the density of negative ions at the sheath edge, changes in the EEDF can be

neglected. Changes in the energy distribution function for negative ions results in sig-

nificant differences in the ion sound speed of the system in almost all the range of the

electronegativity evaluated here as one can see in the curves for xe = 1.0 and xn = 0.5, for

xe = 1.0 and xn = 1.0, and for xe = 1.0 and xn = 2.0. Increasing xn the ion sound speed

of the system increases. Note that the results for different values of xn are close only for

low electronegativity values as expected due to the low density of negative ions.



8 Conclusions

A volume averaged global model was developed in this work to study the effects of

changes in the EEDF in a low pressure high density oxygen discharges for a stainless steel

reactor and an anodized aluminium reactor. The EEDF was represented by equation

5.3 which is a function of the parameter x. Equation 5.3 represents an EEDF that

approximates an bi-Maxwellian EEDF as x = 0.5, a Maxwellian EEDF as x = 1.0,

and a Druyvesteyn EEDF as x = 2.0. Although bi-Maxwellian EEDFs are not usually

verified experimentally for planar inductive oxygen discharges, calculations for x = 0.5.

Results showed minor changes in the density of neutral species for the three values

of x. Regarding the differences in the density of neutral species due to the wall material

of the reactor, the most significant change was the increase of the density of the oxygen

atom for low pressures because of the low recombination coefficient for oxygen atoms at

anodized aluminium surfaces. Results also showed values for the density of O2(b1Σ+
g )

higher than it was expected. Analyzing the reaction rates for formation of O2(b1Σ+
g ), one

could conclude that the reaction of energy transfer from the singlet metastable oxygen

atom O(1D) to the oxygen molecule in the ground state O2(X3Σ−g ), O(1D) + O2(X3Σ−g )

−→ O(3P) + O2(b1Σ+
g ), is the responsible for it. This reaction is usually not included in

the reaction set for modelling of oxygen discharges which explain the different results.

The densities of the Herzberg states O2(A3Σ+
u , A’3∆u, c1Σ−u ) and ozone O3 are low if

compared to the other neutral species. Therefore, neglecting these species in the reaction

set in more computationally intensive models such as fluid models and particle-in-cell

Monte Carlo collision simulations may be justified.

Different from the neutral species, the charged species showed significant changes for

different EEDFs. Results showed that the density of electrons decreases as x increases.

This implies in an increase in the effective electron temperature as x increases due to

the mathematical relationship between mean electron density and effective electron tem-

perature presented in the chapter5. Therefore, when EEDFs depleted of high energy

electrons are used in the calculations like Druyvesteyn EEDF, the mean electron energy

is higher favoring reactions with higher threshold energy as dicussed for the reaction rates

for formation of O−. As the density of O− is higher than the densities of O−2 and O−3 ,
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it is important to the charge equilibrium of the plasma. Therefore, the loss of O− in

the plasma is a polemic issue. Results showed that the electron-impact detachment, e

+ O− −→ 2e + O(3P), is the main channel for O− loss at low pressures in stainless

steel reactors. As pressure increases, the main channels for O− annihilation in stainless

steel reactors becomes charge exchange between O− and O2(X3Σ−g ), O− + O2(X3Σ−g ) −→
O(3P) + O−2 , electron detachment by collision with O2(b1Σ+

g ), O− + O2(b1Σ+
g ) −→ e +

O(3P) + O2(X3Σ−g ), and electron detachment by collision with O(3P), O− + O(3P) −→
e + O2(X3Σ−g ). These results were compared with the results reported in the literature.

In anodized aluminium reactors, there is a pronounced increase in the rection rate for

electron detachment by collision with O(3P) for annihilation of O−. Although the density

of O−2 is lower than the density of O−, it increases as pressure increases.

In stainless steel reactor, O+
2 is the positive charged species that is found in higher

amount for the three x values. In anodized aluminium reactors, the oxygen atom ion

O+ is the dominant species for low pressures. As pressure decreases, the density of O+

has a deep decrease and the density of O+
2 increases, therefore O+

2 becomes the dominant

positive charged species at high pressures in anodized aluminium reactors. The densities

of ozone ions O+
3 and O−3 are very low; therefore, neglect these ions is also justified in

oxygen discharge modelling.

In previous works, an expression for the Bohm velocity for non-Maxwellian EEDF

were obtained from the dispersion relation. Through some approximations, the previous

calculations were extended resulting in an expression for the ion sound speed of the system

which include many species of positive and negative ions and non-Maxwellian energy

distribution functions for negative ions and electrons. This expression shows that the ion

sound speed of the system decreases as the density of negative ions at the sheath edge

increases as the Bohm velocity in an electronegative plasma. It also shows that changes

in the EEDF are significant when the density of negative ions at the sheath edge is low.

As the densinty of the negative ions at the sheath edge increases, changes in the ion

sound speed of the system due to different EEDFs can be neglected. However, changes in

the energy distribution functions for negative ions result in significant changes in the ion

sound speed of the system in the range of electronegativity studied for different values of

electron temperatures and pressures.

In future works, it is intended to develop a volume averaged global model to study

oxygen plasmas in capacitive reactors. Then, metastable states in CF4 plasma will be

studied for inductive and capacitive reactors. The expression for the ion sound speed of

the system obtained in this work will be implemented in the model allowing a proper

evaluation of its results. Mixtures of CF4 and O2 will aldo be studied in future works due

to the importance of CF4/O2 plasmas for etching processes.

It is hoped that this study may shine a light on the role of the singlet metastable
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molecules and the energy distribution functions for electrons and ions in the oxygen dis-

charge. It can also serve as a guide when selecting reactions in computationally intensive

models of the oxygen discharges.
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[128] CASAS-VÁZQUEZ, J.; JOU, D. Temperature in non-equilibrium states: a review
of open problems and current proposals. Rep. Prog. Phys., v. 66, p. 1937–2023, 2003.

[129] BOYD, R. L. F.; THOMPSON, J. B. The operation of langmuir probes in
electro-negative plasmas. Proc. R. Soc., v. 252, p. 102–119, 1959.

[130] SINGH, H.; GRAVES, D. B. Measurements of the electron energy distribution
function in molecular gases in an inductively coupled plasma. J. Appl. Phys., v. 87, p.
4098–4106, 2000.

[131] SEO, D. C. et al. Electrostatic probe diagnostics of a planar-type radio-frequency
inductively coupled oxygen plasma. J. Appl. Phys., v. 89, p. 4218–4223, 2001.

[132] CHUNG, T. H.; SHIN, Y. M.; SEO, D. C. Comparison of two methods of
interpretation of langmuirprobe data for an inductively coupled oxygen plasma.
Contrib. Plasma Phys., v. 46, p. 348–353, 2006.

[133] LEE, M.-H.; LEE, H.-C.; CHUNG, C.-W. Comparison of pressure dependence of
electron energy distributions in oxygen capacitively and inductively coupled plasmas.
Phys. Rev. E, v. 81, p. 046402, 2010.

[134] STREIT, G. E. et al. Temperature dependence of O(1D) rate constants for
reactions with O2, N2, CO2, O3, and H2O. J. Chem. Phys., v. 65, p. 4761–4764, 1976.

[135] AMIMOTO, S. T. et al. Collisional deactivation of O(21D2) by the atmospheric
gases. J. Chem. Phys., v. 71, p. 3640–3647, 1979.

[136] DEMORE, W. B.; RAPER, O. F. Deactivation of O(1D) in the atmosphere.
Astrophys. J., v. 139, p. 1381–1383, 1964.

[137] STOFFELS, E. et al. Negative ions in a radio-frequency oxygen plasma. Phys.
Rev. E, v. 51, p. 2425–2435, 1995.

[138] IVANOV, V. V. et al. Experimental and theoretical investigation of oxygen glow
discharge structure at low pressures. IEEE Trans. Plasma Sci., v. 27, p. 1279–1287,
1999.

[139] FRANKLIN, R. N. Is oxygen a detachment-dominated gas or not? J. Phys. D:
Appl. Phys., v. 33, p. 3009, 2000.

[140] GUDMUNDSSON, J. T. et al. A reply to a comment on:on the plasma parameters
of a planar inductive oxygen discharge. J. Phys. D: Appl. Phys., v. 33, p. 3010–3012,
2000.



BIBLIOGRAPHY 83

[141] FRANKLIN, R. N. The role of O2(a1∆g) metastables and associative detachment
in discharges in oxygen. J. Phys. D: Appl. Phys., v. 34, p. 1834–1839, 2001.

[142] GUDMUNDSSON, J. T.; LIEBERMAN, M. A. On the role of metastables in
capacitively coupled oxygen discharges. Plasma Sources Sci. Technol., v. 24, p.
035016, 2015.

[143] LEE, J. -B. et al. Time evolution of electronegativity in a pulsed inductively
coupled oxygen plasma. Thin Solid Films, v. 518, p. 6573–6577, 2010.

[144] BOHM, D. Minimum ionic kinetic energy for a stable sheath. In: GUTHRIE, A.;
WAKERLING, R. K. (Ed.). The Characteristics of Electrical Discharges in
Magnetic Fields. New York: McGraw-Hill, 1949. p. 77–86.

[145] RIEMANN, K.-U. The influence of collisions on the plasma sheath transition.
Phys. Plasmas, v. 4, p. 4158–4166, 1997.

[146] OKSUZ, L.; HERSHKOWITZ, N. First experimental measurements of the plasma
potential throughout the presheath and sheath at a boundary in a weakly collisional
plasma. Phys. Rev. Lett., v. 89, p. 145001, 2002.

[147] ALLEN, J. E. A note on the generalized sheath criterion. J. Phys. D: Appl.
Phys., v. 9, p. 2331, 1976.

[148] AMEMIYA, H. Sheath formation criterion and ion flux for non-maxwellian
plasma. J. Phys. Soc. Jpn., v. 66, p. 1335–1338, 1997.

[149] AMEMIYA, H. Sheath formation criterion and ion flux for a non-maxwellian
plasma containing negative ions. J. Phys. Soc. Jpn., v. 67, p. 1955–1962, 1998.

[150] BAALRUD, S. D.; HEGNA, C. C.; CALLEN, J. D. Instability-enhanced
collisional friction can determine the bohm criterion in multiple-ion-species plasmas.
Phys. Rev. Lett., v. 103, p. 205002, 2009.

[151] GUDMUNDSSON, J. T.; LIEBERMAN, M. A. Ar+ and Xe+ velocities near the
presheath-sheath boundary in an Ar/Xe discharge. Phys. Rev. Lett., v. 107, p.
045002, 2011.

[152] HERSHKOWITZ, N.; SEVERN, G. D.; BAALRUD, S. D. Comment on “Ar+ and
Xe+ velocities near the presheath-sheath boundary in an Ar/Xe discharge”. Phys. Rev.
Lett., v. 108, p. 139501, 2012.

[153] RIEMANN, K. -U. Kinetic theory of the plasma sheath transition in a weakly
ionized plasma. Phys. Fluids, v. 24, p. 2163–2172, 1981.

[154] RIEMANN, K.-U. The bohm criterion and sheath formation. J. Phys. D: Appl.
Phys., v. 24, p. 493–518, 1991.

[155] BAALRUD, S. D.; HEGNA, C. C. Kinetic theory of the presheath and the bohm
criterion. Plasma Sources Sci. Technol., v. 20, p. 025013, 2011.

[156] RIEMANN, K.-U. Comment on ‘kinetic theory of the presheath and the bohm
criterion’. Plasma Sources Sci. Technol., v. 21, p. 068001, 2012.



BIBLIOGRAPHY 84

[157] BAALRUD, S. D.; HEGNA, C. C. Reply to comment on ‘Kinetic theory of the
presheath and the Bohm criterion’. Plasma Sources Sci. Technol., v. 21, p. 068002,
2012.

[158] SINGH, H.; COBURN, J. W.; GRAVES, D. B. Measurements of neutral and ion
composition, neutral temperature, and electron energy distribution function in a CF4

inductively coupled plasma. J. Vac. Sci. Technol. A, v. 19, p. 718–729, 2001.



Annex A - Cross sections

Reaction 1 Reaction 2 Reaction 3
Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3]

12.67 0.000 13.14 0.0000
20.00 0.179 20.00 0.0741 18.35 0.0000
30.00 0.636 30.00 0.4880 30.00 0.0508
40.00 0.888 40.00 0.7110 40.00 0.1400
50.00 1.000 50.00 0.8420 50.00 0.2050
60.00 1.070 60.00 0.9170 60.00 0.3080
70.00 1.110 70.00 0.9580 70.00 0.3080
80.00 1.120 80.00 0.9680 80.00 0.3380
90.00 1.100 90.00 0.9780 90.00 0.3610
100.00 1.060 100.00 0.9940 100.00 0.3800

Reaction 4
Energy [eV] σ × 10−22 [m−3] Energy [eV] σ × 10−22 [m−3] Energy [eV] σ × 10−22 [m−3]

0.0 8.06 3.4 7.85 6.8 3.72
0.1 7.50 3.5 7.66 6.9 4.36
0.2 6.92 3.6 6.86 7.0 4.98
0.3 8.20 3.7 6.62 7.1 5.56
0.4 10.01 3.8 6.12 7.2 5.71
0.5 11.94 3.9 6.29 7.3 6.01
0.6 14.69 4.0 5.53 7.4 6.31
0.7 18.70 4.1 4.62 7.5 5.71
0.8 20.87 4.2 4.00 7.6 6.08
0.9 24.88 4.3 3.85 7.7 5.86
1.0 28.24 4.4 2.84 7.8 5.03
1.1 31.58 4.5 2.77 7.9 5.35
1.2 36.21 4.6 2.34 8.0 5.30
1.3 37.03 4.7 2.10 8.1 4.07
1.4 37.21 4.8 2.00 8.2 3.89
1.5 36.47 4.9 1.77 8.3 3.58
1.6 34.67 5.0 1.08 8.4 2.58
1.7 31.29 5.1 1.31 8.5 2.46
1.8 27.97 5.2 1.03 8.6 1.81
1.9 23.78 5.3 0.72 8.7 1.37
2.0 21.11 5.4 0.59 8.8 1.35
2.1 19.05 5.5 0.76 8.9 1.01
2.2 15.99 5.6 1.06 9.0 0.79
2.3 13.30 5.7 1.27 9.1 0.60
2.4 11.51 5.8 1.39 9.2 0.43
2.5 11.25 5.9 1.37 9.3 0.38
2.6 9.59 6.0 1.67 9.4 0.31
2.7 8.93 6.1 1.82 9.5 0.19
2.8 8.63 6.2 2.12 9.6 0.42
2.9 9.18 6.3 2.31 9.7 0.31
3.0 8.47 6.4 2.56 9.8 0.19
3.1 8.94 6.5 2.79 9.9 0.16
3.2 8.25 6.6 3.07 10.0 0.17
3.3 8.20 6.7 3.92
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Reaction 5
Energy [eV] σ × 10−22 [m−3] Energy [eV] σ × 10−22 [m−3] Energy [eV] σ × 10−22 [m−3]

0.0 2.00 3.4 0.21 6.8 0.32
0.1 2.22 3.5 0.20 6.9 0.33
0.2 1.80 3.6 0.20 7.0 0.34
0.3 2.00 3.7 0.19 7.1 0.34
0.4 2.16 3.8 0.18 7.2 0.34
0.5 3.06 3.9 0.18 7.3 0.33
0.6 4.02 4.0 0.17 7.4 0.33
0.7 6.24 4.1 0.16 7.5 0.32
0.8 8.64 4.2 0.16 7.6 0.31
0.9 11.88 4.3 0.16 7.7 0.30
1.0 13.26 4.4 0.16 7.8 0.29
1.1 15.00 4.5 0.15 7.9 0.29
1.2 16.80 4.6 0.14 8.0 0.26
1.3 15.48 4.7 0.14 8.1 0.25
1.4 14.16 4.8 0.14 8.2 0.23
1.5 11.52 4.9 0.14 8.3 0.22
1.6 9.30 5.0 0.14 8.4 0.20
1.7 6.96 5.1 0.14 8.5 0.18
1.8 4.68 5.2 0.14 8.6 0.16
1.9 3.96 5.3 0.15 8.7 0.14
2.0 2.28 5.4 0.16 8.8 0.13
2.1 1.86 5.5 0.17 8.9 0.11
2.2 1.56 5.6 0.17 9.0 0.10
2.3 1.20 5.7 0.19 9.1 0.08
2.4 0.60 5.8 0.20 9.2 0.07
2.5 0.69 5.9 0.21 9.3 0.06
2.6 0.30 6.0 0.22 9.4 0.06
2.7 0.24 6.1 0.24 9.5 0.05
2.8 0.24 6.2 0.25 9.6 0.05
2.9 0.18 6.3 0.27 9.7 0.05
3.0 0.18 6.4 0.28 9.8 0.05
3.1 0.18 6.5 0.30 9.9 0.04
3.2 0.19 6.6 0.31 10.0 0.04
3.3 0.20 6.7 0.32

Reaction 6
Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3]

1 5.97 12 9.00 100 4.78
2 6.45 15 8.89 200 3.15
3 6.74 20 8.60 300 2.40
4 6.93 30 8.09 400 2.00
5 7.20 40 7.30 500 1.72
6 7.52 50 6.59 600 1.53
7 7.86 60 6.08 700 1.37
8 8.21 70 5.63 800 1.27
9 8.49 80 5.29 900 1.18
10 8.80 90 5.01 1000 1.10

Reaction 7
Energy [eV] σ × 10−22 [m−3] Energy [eV] σ × 10−22 [m−3] Energy [eV] σ × 10−22 [m−3]

13.0 2.0 90.0 187.9 220.0 165.0
14.0 4.1 95.0 190.5 230.0 162.8
15.0 6.5 100.0 192.3 240.0 159.8
16.0 10.9 105.0 193.3 250.0 156.9
17.0 15.8 110.0 193.4 260.0 154.7
18.0 20.3 115.0 193.3 270.0 152.0
19.0 24.6 120.0 192.8 280.0 149.4
20.0 28.8 125.0 192.0 290.0 147.3
22.5 42.0 130.0 190.8 300.0 145.6
25.0 51.9 135.0 189.6 350.0 135.5
27.5 61.8 140.0 188.2 400.0 126.2
30.0 69.3 145.0 186.6 450.0 118.8
32.5 77.2 150.0 185.3 500.0 111.2
35.0 86.1 155.0 184.1 550.0 105.8
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Reaction 7 (continued)
Energy [eV] σ × 10−22 [m−3] Energy [eV] σ × 10−22 [m−3] Energy [eV] σ × 10−22 [m−3]

40.0 104.1 160.0 182.3 600.0 99.9
45.0 120.6 165.0 180.8 650.0 94.5
50.0 134.4 170.0 179.3 700.0 90.0
55.0 148.0 175.0 178.0 750.0 85.8
60.0 153.8 180.0 176.7 800.0 81.9
65.0 161.8 185.0 175.3 850.0 78.3
70.0 169.2 190.0 174.0 900.0 75.5
75.0 174.6 195.0 172.1 950.0 72.8
80.0 179.5 200.0 170.3 1000.0 70.5
85.0 184.1 210.0 167.4

Reaction 8
Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3]

0.0000 0.0000 9.0000 0.2300 17.000 0.0650
6.0000 0.0000 10.000 0.2100 20.000 0.0475
7.0000 0.1500 12.000 0.1650 45.000 0.0190
7.8000 0.2300 15.000 0.1050 10000 0.0000

Reaction 9
Energy [eV] σ × 10−22 [m−3] Energy [eV] σ × 10−22 [m−3] Energy [eV] σ × 10−22 [m−3]

18.0 0.19 105.0 99.1 230.0 94.2
19.0 0.27 110.0 100.7 240.0 92.5
20.0 0.48 115.0 102.0 250.0 90.7
22.5 1.80 120.0 102.8 260.0 89.0
25.0 4.20 125.0 103.4 270.0 87.3
27.5 7.80 130.0 103.7 280.0 85.6
30.0 11.5 135.0 104.0 290.0 84.0
32.5 16.2 140.0 104.3 300.0 82.0
35.0 22.8 145.0 104.4 350.0 74.2
40.0 32.2 150.0 104.2 400.0 67.2
45.0 40.8 155.0 103.9 450.0 60.9
50.0 48.0 160.0 103.6 500.0 56.2
55.0 55.8 165.0 103.2 550.0 52.1
60.0 63.1 170.0 102.8 600.0 48.7
65.0 70.7 175.0 102.1 650.0 45.6
70.0 76.2 180.0 101.8 700.0 43.0
75.0 81.8 185.0 101.0 750.0 40.7
80.0 86.6 190.0 100.4 800.0 38.5
85.0 89.0 195.0 99.7 850.0 36.5
90.0 91.9 200.0 99.0 900.0 34.9
95.0 94.7 210.0 97.6 950.0 33.6
100.0 97.2 220.0 96.0 1000.0 33.0

Reaction 10
Energy [eV] σ × 10−22 [m−3] Energy [eV] σ × 10−22 [m−3] Energy [eV] σ × 10−22 [m−3]

4.2 0 6.1 1.23 8.1 0.387
4.3 0.0088 6.2 1.31 8.2 0.334
4.4 0.0264 6.3 1.36 8.3 0.282
4.5 0.0440 6.5 1.41 8.4 0.238
4.6 0.0704 6.6 1.4 8.5 0.202
4.7 0.0968 6.7 1.37 8.6 0.167
4.8 0.132 6.8 1.34 8.7 0.141
4.9 0.176 6.9 1.28 8.8 0.123
5.0 0.22 7.0 1.22 8.9 0.106
5.1 0.29 7.1 1.14 9.0 0.088
5.2 0.361 7.2 1.06 9.1 0.0704
5.3 0.449 7.3 0.985 9.2 0.0704
5.4 0.537 7.4 0.897 9.3 0.0616
5.5 0.633 7.5 0.818 9.4 0.0528
5.6 0.748 7.6 0.739 9.5 0.0440
5.7 0.853 7.7 0.642 9.6 0.0440
5.8 0.959 7.8 0.572 9.8 0.0352
5.9 1.05 7.9 0.501 9.9 0.0352
6.0 1.14 8.0 0.449
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Reaction 11
Energy [eV] σ × 10−22 [m−3] Energy [eV] σ × 10−22 [m−3] Energy [eV] σ × 10−22 [m−3]

15.0 0.0000 25.6 0.4056 40.0 0.5044
15.9 0.0000 26.8 0.4160 41.7 0.4940
16.8 0.0000 28.0 0.4472 43.9 0.4836
17.9 0.0156 28.9 0.4628 45.6 0.4784
18.9 0.0364 30.0 0.4888 47.9 0.4680
20.0 0.0676 30.8 0.5096 50.0 0.4628
21.8 0.1976 32.1 0.5200 52.0 0.4602
22.9 0.2600 33.7 0.5304 54.2 0.4576
23.9 0.3380 36.2 0.5200
24.7 0.3692 38.0 0.5096

Reaction 12
Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3]

0.0000 0.0000 0.5900 0.0000 1.2300 0.0000
0.0067 0.0000 0.6800 0.0000 1.2300 0.0600
0.0700 0.0000 0.6900 0.0804 1.2600 0.0000
0.0800 0.0054 0.7100 0.0000 1.3400 0.0000
0.1000 0.0000 0.7900 0.0000 1.3500 0.0360
0.2000 0.0000 0.8000 0.0936 1.3700 0.0000
0.2100 0.0216 0.8100 0.0000 1.4400 0.0000
0.2200 0.0000 0.9000 0.0000 1.4500 0.0240
0.3200 0.0000 0.9100 0.0840 1.4700 0.0000
0.3300 0.0384 0.9300 0.0000 1.5400 0.0000
0.3500 0.0000 1.0200 0.0000 1.5500 0.0120
0.4400 0.0000 1.0300 0.0720 1.5700 0.0000
0.4500 0.0540 1.0500 0.0000 1.6400 0.0000
0.4700 0.0000 1.1300 0.0000 1.6500 0.0048
0.5600 0.0000 1.1400 0.0468 1.6700 0.0000
0.5700 0.0672 1.1600 0.0000 10000 0.0000

Reaction 13
Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3]

0.0000 0.0000 0.7100 0.0000 1.3400 0.0000
0.1900 0.0000 0.7900 0.0000 1.3500 0.0165
0.2000 0.0010 0.8000 1.0000 1.3700 0.0000
0.2100 0.0010 0.8200 0.0000 1.4400 0.0000
0.2300 0.0000 0.9000 0.0000 1.4500 0.0055
0.3200 0.0000 0.9100 0.6000 1.4700 0.0000
0.3300 0.4150 0.9300 0.0000 1.5400 0.0000
0.3500 0.0000 1.0200 0.0000 1.5500 0.0019
0.4400 0.0000 1.0300 0.2850 1.5700 0.0000
0.4500 1.3500 1.0500 0.0000 1.6300 0.0000
0.4700 0.0000 1.1300 0.0000 1.6500 0.0006
0.5600 0.0000 1.1400 0.1125 1.6700 0.0000
0.5700 1.8500 1.1600 0.0000 3.5000 0.0000
0.5900 0.0000 1.2300 0.0000 4.0000 0.0000
0.6800 0.0000 1.2400 0.0475 5.0000 0.0000
0.6900 1.6500 1.2600 0.0000 10000 0.0000

Reaction 14
Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3]

0.0000 0.0000 0.9000 0.0000 1.3700 0.0000
0.3800 0.0000 0.9100 0.4650 1.4400 0.0000
0.4400 0.0000 0.9300 0.0000 1.4500 0.0185
0.4500 0.0000 1.0200 0.0000 1.4700 0.0000
0.4700 0.0000 1.0300 0.3150 1.5400 0.0000
0.5600 0.0000 1.0500 0.0000 1.5500 0.0085
0.5700 0.1400 1.1300 0.0000 1.5700 0.0000
0.5900 0.0000 1.1400 0.2000 1.6300 0.0000
0.6800 0.0000 1.1600 0.0000 1.6500 0.0034
0.6900 0.4150 1.2300 0.0000 1.6700 0.0000
0.7100 0.0000 1.2400 0.0950 3.5000 0.0000
0.7900 0.0000 1.2600 0.0000 4.0000 0.0000
0.8000 0.5350 1.3400 0.0000 5.0000 0.0000
0.8200 0.0000 1.3500 0.0400 10000 0.0000
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Reaction 15
Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3]

0.0000 0.0000 1.1600 0.0000 3.5000 0.0000
0.5700 0.0000 1.2300 0.0000 4.0000 0.0000
0.6800 0.0000 1.2400 0.0950 5.0000 0.0000
0.6900 0.0037 1.2600 0.0000 6.0000 0.0125
0.7100 0.0000 1.3400 0.0000 7.0000 0.0363
0.7900 0.0000 1.3500 0.0550 8.0000 0.0588
0.8000 0.0215 1.3700 0.0000 9.0000 0.0750
0.8200 0.0000 1.4400 0.0000 10.000 0.0675
0.9000 0.0000 1.4500 0.0300 11.000 0.0563
0.9100 0.0900 1.4700 0.0000 12.000 0.0475
0.9300 0.0000 1.5400 0.0000 13.000 0.0300
1.0200 0.0000 1.5500 0.0165 14.000 0.0175
1.0300 0.1200 1.5700 0.0000 15.000 0.0088
1.0500 0.0000 1.6300 0.0000 20.000 0.0000
1.1300 0.0000 1.6500 0.0080 45.000 0.0000
1.1400 0.1150 1.6700 0.0000 10000 0.0000

Reaction 16
Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3]

0.0000 0.0000 1.2300 0.0000 1.6700 0.0000
0.7500 0.0000 1.2400 0.0315 6.0000 0.0000
0.7900 0.0000 1.2600 0.0000 7.0000 0.0275
0.8000 0.0015 1.3400 0.0000 8.0000 0.0350
0.8200 0.0000 1.3500 0.0335 9.0000 0.0413
0.9000 0.0000 1.3700 0.0000 10.000 0.0462
0.9100 0.0055 1.4400 0.0000 11.000 0.0313
0.9300 0.0000 1.4500 0.0285 12.000 0.0250
1.0200 0.0000 1.4700 0.0000 13.000 0.0175
1.0300 0.0003 1.5400 0.0000 14.000 0.0088
1.0500 0.0000 1.5500 0.0215 15.000 0.0000
1.1300 0.0000 1.5700 0.0000 10000 0.0000
1.1400 0.0165 1.6300 0.0000
1.1600 0.0000 1.6500 0.0165

Reaction 17 Reaction 18 Reaction 19
Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3]

0.000 0.0000 0.000 0.0000 10 0.1305
0.977 0.0000 1.627 0.0000 15 0.075
1.500 0.0058 2.000 0.0026 20 0.039
2.000 0.0153 3.000 0.0097 30 0.013
3.000 0.0380 3.500 0.0133
3.500 0.0490 4.000 0.0149
4.000 0.0570 5.000 0.0182
5.000 0.0740 5.690 0.0194
5.620 0.0825 6.540 0.0194
5.910 0.0862 7.340 0.0191
6.190 0.0888 8.410 0.0183
6.530 0.0908 9.260 0.0174
6.990 0.0914 10.00 0.0160
7.610 0.0891 13.00 0.0130
7.890 0.0863 14.90 0.0130
8.960 0.0768 17.00 0.0130
10.04 0.0679 19.40 0.0125
13.00 0.0527 20.70 0.0125
15.10 0.0455 22.50 0.0110
17.50 0.0387 24.00 0.0100
20.50 0.0324 28.00 0.0080
24.90 0.0256 35.10 0.0063
30.90 0.0196 41.90 0.0018
41.00 0.0137 45.10 0.0005
45.00 0.0120 1000 0.0000
10000 0.0000 10000 0.0000
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Reaction 20 Reaction 21 Reaction 22
Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3]

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
8.4000 0.0000 10.000 0.0000 14.700 0.0000
9.4000 1.0000 20.000 0.0130 20.000 0.0085
30.000 0.9000 30.000 0.0260 25.000 0.0160
50.000 0.7000 40.000 0.0400 30.000 0.0225
100.00 0.5400 50.000 0.0500 40.000 0.0280
150.00 0.3200 60.000 0.0600 60.000 0.0370
200.00 0.2700 70.000 0.0650 70.000 0.0380
300.00 0.1700 80.000 0.0700 80.000 0.0390
500.00 0.1090 100.00 0.0700 100.00 0.0380
700.00 0.0800 120.00 0.0500 500.00 0.0000
1000.0 0.0580 150.00 0.0400 10000 0.0000
1500.0 0.0420 170.00 0.0350
2000.0 0.0330 200.00 0.0300
3000.0 0.0240 300.00 0.0200
5000.0 0.0160 500.00 0.0120
7000.0 0.0120 700.00 0.0080
10000 0.0090 1000.0 0.0050

1500.0 0.0000
2000.0 0.0000
3000.0 0.0000
5000.0 0.0000
7000.0 0.0000
10000 0.0000

Reaction 27
Energy [eV] σ × 10−22 [m−3] Energy [eV] σ × 10−22 [m−3] Energy [eV] σ × 10−22 [m−3]

2.930 0.0185 5.110 5.7460 7.332 1.6102
3.073 0.0388 5.295 6.1940 7.517 1.2028
3.258 0.2328 5.480 5.9400 7.702 1.0088
3.443 0.4268 5.665 5.6490 7.815 0.8342
3.628 0.6208 5.850 5.1640 8.166 0.6402
3.813 1.0088 6.037 4.7760 8.351 0.4462
4.000 1.5908 6.222 4.1940 8.536 0.2910
4.185 2.3880 6.407 3.7848 8.721 0.2134
4.370 2.9700 6.592 3.2804 8.906 0.1940
4.555 4.0000 6.777 2.7760 9.091 0.0776
4.740 4.7760 6.925 2.3880 9.276 0.0582
4.925 5.5520 7.110 1.8042 9.461 0.0582

Reaction 28
Energy [eV] σ × 10−22 [m−3] Energy [eV] σ × 10−22 [m−3] Energy [eV] σ × 10−22 [m−3]

5.01 0.0194 6.98 1.0476 8.70 0.2716
5.29 0.0149 7.16 1.2416 8.89 0.1552
5.57 0.0194 7.35 1.3774 9.07 0.1164
5.85 0.0582 7.53 1.3774 9.26 0.0970
6.05 0.0679 7.72 1.2416 9.50 0.0776
6.24 0.2134 7.90 1.2028 10.04 0.0776
6.42 0.2910 8.14 1.0476 10.22 0.0776
6.61 0.4656 8.33 0.8342 10.41 0.0776
6.79 0.7566 8.52 0.5626

Reaction 39
Energy [eV] σ × 10−21 [m−3] Energy [eV] σ × 10−21 [m−3] Energy [eV] σ × 10−21 [m−3]

0.1 10.0000 3.5 0.1300 6.8 0.0350
0.2 6.5000 3.6 0.1500 6.9 0.0300
0.3 5.0000 3.7 0.1300 7.0 0.0290
0.4 3.2000 3.8 0.1200 7.1 0.0280
0.5 2.0000 3.9 0.1000 7.2 0.0290
0.6 1.6000 4.0 0.1200 7.3 0.0280
0.7 1.0000 4.1 0.1100 7.4 0.0280
0.8 0.8000 4.2 0.1000 7.5 0.0250
0.9 0.6500 4.3 0.1100 7.6 0.0230
1.0 0.5500 4.4 0.0900 7.7 0.0220
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Reaction 39 (continued)
Energy [eV] σ × 10−21 [m−3] Energy [eV] σ × 10−21 [m−3] Energy [eV] σ × 10−21 [m−3]

1.1 0.4800 4.5 0.0900 7.8 0.0210
1.2 0.3500 4.6 0.0800 7.9 0.0200
1.3 0.3200 4.7 0.0900 8.0 0.0200
1.4 0.2900 4.8 0.0900 8.1 0.0190
1.5 0.2700 4.9 0.0750 8.2 0.0180
1.6 0.2500 5.0 0.0700 8.3 0.0170
1.7 0.2400 5.1 0.0650 8.4 0.0170
1.8 0.2200 5.2 0.0700 8.5 0.0170
1.9 0.2100 5.3 0.0650 8.6 0.0150
2.0 0.1900 5.4 0.0600 8.7 0.0130
2.1 0.2000 5.5 0.0600 8.8 0.0130
2.2 0.1900 5.6 0.0650 8.9 0.0120
2.3 0.1800 5.7 0.0550 9.0 0.0120
2.4 0.1900 5.8 0.0500 9.1 0.0110
2.5 0.1700 5.9 0.0500 9.2 0.0110
2.6 0.1600 6.0 0.0450 9.3 0.0100
2.7 0.1700 6.1 0.0500 9.4 0.0090
2.8 0.1600 6.2 0.0450 9.5 0.0090
2.9 0.1600 6.3 0.0450 9.6 0.0085
3.0 0.1700 6.4 0.0400 9.7 0.0085
3.1 0.1600 6.5 0.0350 9.8 0.0085
3.2 0.1400 6.6 0.0400 9.9 0.0080
3.3 0.1600 6.7 0.0350 10.0 0.0080
3.4 0.1400

Reaction 42 Reaction 43 Reaction 44
Energy [eV] σ × 10−21 [m−3] Energy [eV] σ × 10−21 [m−3] Energy [eV] σ × 10−21 [m−3]

4.5 3.74 22.5 0.01 0.000336 33460
5.5 4.62 24.5 0.04 0.000745 14484
6.5 3.31 28.5 0.16 0.00164 5185
7.5 2.07 33.5 0.37 0.00391 1988
8.5 3.55 38.5 0.51 0.00517 1554
10.5 5.70 43.5 0.87 0.00714 1170
12.5 8.14 48.5 1.35 0.0113 731.6
14.5 11.07 58.5 2.27 0.0136 602.4
16.5 12.11 68.5 2.98 0.0164 476.6
18.5 13.44 78.5 3.68 0.0225 315.2
22.5 15.15 88.5 4.49 0.0294 194.0
24.5 15.91 98.5 4.98 0.0373 145.52
28.5 17.67 118.5 5.30 0.0461 113.39
33.5 18.85 148.5 5.25 0.0663 83.64
38.5 20.54 198.5 4.82 0.103 77.01
43.5 20.98 248.5 4.33 0.147 23.52
48.5 21.11 298.5 3.95 0.199 20.79
58.5 21.42 348.5 3.36 0.218 18.76
68.5 21.80 498.5 3.03 0.231 13.79
78.5 21.95 598.5 2.54 0.258 17.08
88.5 22.00 798.5 2.11 0.279 11.97
98.5 21.90 998.5 1.79 0.301 20.88
118.5 21.43 1498.5 1.19 0.503 11.34
148.5 20.32 1998.5 1.00 0.818 4.032
198.5 18.21 2498.5 0.87 1 2.232
248.5 16.54 1.2 3.096
298.5 15.17 1.41 3.024
398.5 13.13 1.5 3.006
498.5 11.70 1.59 1.044
598.5 10.60 1.68 1.2546
798.5 8.98 1.78 1.4004
998.5 7.84 1.87 2.124
1498.5 5.87 1.97 1.4058
1998.5 4.60 2.18 1.629
2498.5 3.73 2.5 1.4274
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Reaction 45 Reaction 46 Reaction 47
Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3]

0.000336 7216 1.00 4.45 14 0.00383
0.000745 3124 1.17 4.90 16 0.0247
0.00164 1341 1.37 5.56 18 0.0651
0.00391 681.6 1.61 5.74 20 0.133
0.00517 532.8 1.89 6.51 25 0.334
0.00714 452.62 2.00 6.62 30 0.509
0.0113 283.02 3.00 6.95 35 0.649
0.0136 207.57 4.00 7.64 40 0.767
0.0164 164.22 5.00 7.76 45 0.868
0.0225 92.59 6.00 7.76 50 0.951
0.0294 63.07 7.00 7.64 60 1.071
0.0373 50.504 8.00 7.52 70 1.149
0.0461 39.353 9.00 7.52 80 1.198
0.0663 29.028 10.00 7.29 90 1.227
0.103 26.727 20.00 6.52 100 1.243
0.147 20.496 30.00 5.39 120 1.247
0.199 18.117 40.00 4.52 150 1.220
0.218 16.348 50.00 4.11 180 1.175
0.231 12.017 60.00 3.62 200 1.142
0.258 14.884 70.00 3.29 250 1.058
0.279 10.431 80.00 3.04 300 0.981
0.301 4.524 90.00 2.99 350 0.912
0.503 0.2457 100.00 2.64 400 0.852
0.818 0.8736 200.00 1.61 450 0.799

1 0.4836 300.00 1.25 500 0.752
1.2 0.6708 400.00 1.00 600 0.673
1.41 0.6552 500.00 0.90 700 0.610
1.5 0.6513 600.00 0.73 800 0.558
1.59 0.2262 700.00 0.67 900 0.514
1.68 0.27183 800.00 0.57 1000 0.478
1.78 0.30342 900.00 0.54 2000 0.284
1.87 0.4602 1000.00 0.49 3000 0.205
1.97 0.30459 2000.00 0.30 4000 0.162
2.18 0.35295 3000.00 0.22 5000 0.135
2.5 0.30927 4000.00 0.16

5000.00 0.12
6000.00 0.11

Reaction 48 Reaction 49 Reaction 50
Energy [eV] σ × 10−22 [m−3] Energy [eV] σ × 10−22 [m−3] Energy [eV] σ × 10−22 [m−3]

2.1 0.82 4.4 0.54 16.0 0.17
2.4 5.41 4.8 1.30 18.0 1.27
2.7 10.7 5.0 1.60 20.0 2.09
3 15.4 6.0 2.57 25.0 4.11
4 24.9 7.0 3.02 30.0 6.82

4.4 26.7 8.0 3.22 40.0 12.7
4.8 27.7 9.0 3.28 45.0 13.6
5 28.0 10.0 3.27 50.0 14.1
6 28.3 12.0 3.15 55.0 13.7
7 27.4 14.0 2.97 70.0 11.5
8 26.0 16.0 2.79 100.0 7.45
9 24.4 18.0 2.61 150.0 4.49
10 22.8 20.0 2.44 200.0 3.14
12 19.8 25.0 2.09
14 17.1 30.0 1.80
16 14.8 40.0 1.37
18 12.9 45.0 1.21
20 11.2 50.0 1.07
25 8.07 55.0 0.95
30 5.9 70.0 0.69
40 3.34 100.0 0.38
45 2.58 150.0 0.16
50 2.02 200.0 0.08
55 1.61
70 0.87
100 0.33
150 0.11
200 0.05
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Reaction 51 Reaction 52 Reaction 53
Energy [eV] σ × 10−22 [m−3] Energy [eV] σ × 10−22 [m−3] Energy [eV] σ × 10−22 [m−3]

9.9 0.350 9.9 3.42 12 3.96
10.1 0.540 10.1 4.41 14 17.03
10.5 1.060 10.5 5.48 16 25.99
11.0 1.370 11.0 6.28 18 30.83
12.0 1.780 12.0 7.71 20 34.29
14.0 2.330 14.0 9.87 25 33.94
16.0 2.850 16.0 10.50 30 33.28
18.0 3.190 18.0 11.00 40 35.28
20.0 3.080 20.0 11.10 50 36.19
22.0 2.780 22.0 10.80 60 56.0
25.0 2.290 25.0 10.40 70 28.87
28.0 1.770 28.0 9.30 100 21
30.0 1.510 30.0 8.69 150 18.859
35.0 0.910 35.0 8.37 200 13.555
40.0 0.610 40.0 8.10 300 10.215
45.0 0.430 45.0 7.95 400 8.254
50.0 0.310 50.0 7.81 500 7.051
55.0 0.230 55.0 7.62 600 6.156
60.0 0.180 60.0 7.45 700 5.442
70.0 0.110 70.0 7.16 800 4.946
100.0 0.040 100.0 6.30 900 4.493
150.0 0.011 150.0 5.27 1000 4.099
200.0 0.005 200.0 4.37

Reaction 54
Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3] Energy [eV] σ × 10−20 [m−3]

1.491 0.000075892 11.5 4.7768 21.5 5.2774
2.0 0.41484 12.0 4.8669 22.0 5.2687
2.5 0.80103 12.5 4.9469 22.5 5.2608
3.0 1.1667 13.0 5.0173 23.0 5.2542
3.5 1.5125 13.5 5.0787 23.5 5.2495
4.0 1.8388 14.0 5.1316 24.0 5.2473
4.5 2.1463 14.5 5.1765 24.5 5.2480
5.0 2.4355 15.0 5.2141 25.0 5.2522
5.5 2.7069 15.5 5.2448 25.5 5.2604
6.0 2.9611 16.0 5.2692 26.0 5.2733
6.5 3.1986 16.5 5.2878 26.5 5.2914
7.0 3.4200 17.0 5.3013 27.0 5.3151
7.5 3.6258 17.5 5.3100 27.5 5.3451
8.0 3.8166 18.0 5.3146 28.0 5.3819
8.5 3.9929 18.5 5.3157 28.5 5.4260
9.0 4.1552 19.0 5.3137 29.0 5.4780
9.5 4.3042 19.5 5.3092 29.5 5.5384
10.0 4.4402 20.0 5.3028 30.0 5.6078
10.5 4.5640 20.5 5.2950
11.0 4.6760 21.0 5.2864
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