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45 Abstract. ~Controlling fluxes of vacuum ultraviolet (VUV) radiation is important
46

47 in‘a number of industrial and biomedical applications of low pressure plasma sources
22 because, depending on the process, VUV radiation may be desired, required to a
50 certain degree, or unwanted. In this work, the emission of VUV radiation from O
51

52 atoms is investigated in low-pressure Ar/Os inductively coupled plasmas via numerical
53

54 simulations. For this purpose, a self-consistent Ar/Os plasma-chemical reaction scheme
gg has been implemented in a zero dimensional plasma chemical kinetics model and is
57 used to investigate VUV emission from excited O atoms (3s °S9 and 3s 3S) at 130
58

59 and 135nm. The model is extensively compared with experimental measurements of
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absolute VUV emission intensities, electron densities and Ar excited state densitiess In
addition, oxygen VUV emission intensities are investigated as a function of pressure,
Ar/O2 mixture, and power deposition and the dominant reaction pathwaysleading te
oxygen VUV emission are identified and described. In general termsyabsolute oxygen
VUV emission intensities increase with power and oxygen fragtion over the ranges
investigated and peak emission intensities are found for pressures between 5-50 Pa.
The emission is dominated by the 130 nm resonance line ffrom the decay of the O(3s
339) state to the ground state. Besides, at low pressuréy(0.3-1.Pa), the flux of oxygen
VUV photons to surfaces is much lower than that ef positive ions, whereas oxygen
VUV fluxes dominate at higher pressure, 25-50Pardepending on O, fraction. Finally,
oxygen atom fluxes to surfaces are, in general, larger than those of VUV photons for

the parameter space investigated.

1. Introduction

Inductively coupled plasmasp(ICPs) operated at low pressures are widely used for
materials processing, microele¢tronies manufacturing!”” and are also investigated for
applications in biomedicine.®:!* ‘Contfol of vacuum ultraviolet (VUV) radiation in ICPs

d'%15 required to

is important as, depending . on the process, radiation may be desire
some degree!®*® or unwanted.'®?° On the one hand, damage to the substrate by VUV
radiation during /plasma etching can be an important process in materials processing
applications and is therefore an active topic of research.?’ Otherwise, in some specific

16,17,22 where they

circumstances, VUV radiation can participate in synergistic processes,
can be exploited for the benefit of materials processing. On the other hand, VUV fluxes
may be used for the sterilisation of surfaces and are therefore of great interest in medical,
pharmaceutical and food industry applications.”'? In this context, VUV radiation for

sterilisation purposes is of increasing interest as it can be an effective mechanism on

3-D, heat-sensitive objects and it enables sterilisation in dry environments, with short
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exposure times and without toxic residues.

VUV emission in ICPs has been investigated for different gas mixtures and under
different operation conditions. Investigations of VUV radiation have been garriediout in
ICPs operated with different gases, such as Ar,23 28 N, 2729 0,,2728 He 2h H, 272930
Xe,2L27 (Cly,3t Cly/BCl3*? and fluorocarbon gases,?®2* with either experimental or
numerical methods in power ranges between 150 and 1100 W and tetal pressure ranges
between 1 and 100 mTorr (0.13-13 Pa). However, despite the mumber of investigations
carried out, the understanding of the formation pathways ef VUV photons in ICP
applications remains relatively limited as the operating parameters investigated are
comparatively few. Therefore, a comprehensive investigation of VUV emission in
ICPs that describes the pathways leading to,emission over a wide range of operating
parameters would be useful to better understand and control ICPs for industrial and
biomedical applications.

For this reason, an investigation of oxygen atom VUV emission in low pressure

Ar/O5 ICPs over the operating parameters of total pressure pr, power P, and oxygen

mixture fraction xo, is carfied out in this work. Oxygen containing plasmas are widely

33-39 114, 15,40

used in industrial appli¢ations and are of interest for biomedica applications.
Therefore, providingrandetailed understanding of VUV radiation formed from O atoms
in Ar/O, ICPs and, the plasma-chemical pathways leading to it could be useful to
improve plasma/performance in these applications. In this work, the collisional radiative
model developed in 28 has been extended and implemented in a zero-dimensional (0D)
plasmay chemical-kinetics global model (GM) that allows self-consistent simulations.
The ' GM enables computationally inexpensive simulations and allows detailed study

of plasma-chemical and radiative processes and is therefore well suited to the goals of

this investigation.
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The GM and reaction scheme for Ar/Oy are presented in section 2. In parallel,
experimental work has been carried out in order to provide a validation ofithe simulated
plasma properties and is described in section 3. The numerical GM results are first
compared against experimental measurements carried out in this work, and available
from previous studies, in 4.1 to provide confidence in the numerical model and the
reaction scheme used. In this section simulations of electron densitiessand temperatures,
dissociation fractions, argon metasable densities and absoltitelemission intensities are
compared with experimental measurements. Following comparison with experimental
data, a more extensive numerical investigation is /¢arried ‘out over a wide range of
operating conditions in section 4.2. In this section variations of the operating parameters
of total pressure (p7 = 0.3-100 Pa), input power ( P;,, =100-2000 W) and oxygen fraction
(xo, = 0-0.2) are conducted and oxygen VUV emission and its formation pathways
investigated. The VUV emission is not,only described in absolute values but also in
comparison with ion and oxygematom fluxes at the reactor walls to give a broad context
on regimes of interest for optimising plasma processes that may be dependent on the

fluxes of each different component to surfaces.

2. Numerical model description

The numerical method used for this investigation is a 0D plasma-chemical kinetics GM
that solves fluid-based mass and energy balance equations for a system of volume V
bounded by a surface area A. Under the assumption that mass and energy are relatively
homegeneously distributed in space, time variations of species densities and energies
are caused by plasma-chemical reactions, interactions with the system boundaries and
input power. This type of model is widely used in the low temperature plasma research

41,42

community as it enables fast simulations of plasmas with complex chemical reaction

Page 4 of 70
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schemes and can provide robust insights into the scaling of important plasma parameters
under variations of external operating conditions.** 4

For this work, a GM has been designed and developed in the Julia programming
language.’® The GM models a cylindrical plasma reactor, of length L and #adius R, to
which power P, is coupled inductively. The experimental reactor is discugsed in more
detail in section 3.

The numerical execution structure consists of an initialization“of the simulation

environment and a five-step cycle, shown in figure 1, that updates/the simulation system

in time.

Initialize GM 1. Update system parameters L
2. Compute positive ion fluxes
Ns, Tey TN> Kr7 Pr, 04 Usyp UB, s,
'y = nenptpp
LR, Py, t =0, tend /\mfp,57 Dy, Nsh,s

T

No
( End > 3. Interpolate plasma potential
n <— Yes
Z =T, (¢P) + Z L, (¢P)
t 4 At

5. Solve/ODEs
d & A 4. C t tive ion fluxes
ne S5, K Hnrj — AT, . Compute negative ion fluxes
r )

dt 1 ep
— ' P P
[y = n,v, exp <kaTn)

%kB% — Sa,bs =+ Selast + Sinelast + Sfluw

Figure 1: Flowchartiof the 0D plasma-chemical kinetics GM. Steps 2-4 are described in
section 2.4 and step 5 imsections 2.2 and 2.3.

The initial \conditions for the density and temperature of each species, as well as
the length [ and radius R of the reactor, the applied power P;, and the simulation time
length #g,; must be defined in advance. After initialising the simulation parameters,
the execution of the cycle computes a new electron temperature and species densities

values and advances in time by At. The simulation ends when the final time condition
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is reached, t > t.,q. The cycle consists of the following steps

1.- Computation of system parameters necessary for later steps: reaction rate coeffic
cients K, species mean-free-path A, ¢, s, diffusion coefficients Dy, electronegativity
«, total pressure pr, thermal speed vs, Bohm velocity up , and number density at

the plasma sheath edge ng .

2-4.- Computation of charged particle fluxes to the system walls, ['Jand plasma potential,

¢p. This is described in more detail in section 2.4.

5.- Solve the system of ordinary differential equations, (ODEs) formed by mass
and energy continuity equations. The ODE solver Rosenbrock23 in the
DifferentialEquations library®” is used for'this pufpose. A detailed description

of the mass and energy equations is found in sections 2.2 and 2.3, respectively.

The simulation results presented,in seetion 4 use the following initial conditions,
unless explicitly stated otherwise. A partially ionised plasma, where the neutral gas
is formed only by ground state”Ar-and O, at total pressure pr and with an arbitrary
oxygen fraction 0 < yo, < 1. Thesplasma is formed by electrons, OF and Ar™ with an

initial plasma density np = 10*4m=3.

The initial density of the plasma species fulfils
quasi-neutrality, and thuswp = n. = ng,+ + na,+, where ny+ = (1 — xo,)np and
No,+ = Xo,np arein the same ratio as the Ar/O, gas mixture. The remaining neutral
and charged gpecies haveran initial density of zero. The initial electron temperature is
set to T, =»l.5eVrand neutral and ion species have a fixed temperature T. Different
values of Ly are used depending on the conditions, as discussed in more detail later.
The reactor size is as the reactor described in the experimental section 3, with L = R =

0.2m. The simulation time is t.,q = 1s, which has been tested to be long enough for

the simulations to converge to a stable solution in all the results presented.

Page 6 of 70
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4

5 2.1. Species and plasma-chemical reaction scheme

6

; The species list included in the model is based on previous works on the simulation. ef
9

10 argon and oxygen containing plasmas,?®*>48 and is listed in table 1.
11

g Table 1: Species included in the numerical model,
14

15 Species  Atomic level

16

17 €

18 Ar

;

21 Ar(4p) 3s? 3p5(2Pg/2)4p, 3s? 3p5(2P(1)/2)4p
;g Ar™ 332 3pZ(2P§/2)482, 332 3pz(2Pg/2)4so
24 Ar” 3s® 3p (2P3/2)4sl, 3s” 3p (2P1/2)4sl
25 O,

26 OF

27 2

28 02

29 02(a1Au)

50 0a(b'S:})

32 O 282 2p4 3P2,170

33 O

34 O~

> O('D 2 9D

36 (‘D) 2s? 2p* Dy

37 O(1S) 2¢2.2pt 1S,

gg O(3S) 282 2p3 (39Y) 35 35Y

20 0(9) 2¢? 2p3 (3S°) 3s 559

41 O(3P) 252 2p3 (380) 3p SPLQ?O

2; O(5P) 282 2p3 (380) 3p 5P172’3

44 O3

45 Os(v)

46 oF

47 o

48 3

49 Oy

50 OI

51 O~

52 4

53

54

55

56 The plasma-chemical reaction scheme included in the GM is a compendium of
57

58 reactions used in 28,41,49 and the references therein. The reaction scheme consists of a
59
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set of electron-oxygen reactions, in table A1, electron-argon, in table A2, oxygen-oxygen,
in table A3, argon-argon, in table A4, oxygen-argon, in table A5, andgecombination
reactions, in table A6. Moreover, additional reactions are includedsfor “ien-wall
interactions, in table 2, neutral-wall interactions, in table 3, atomic level tramsitions, in
table 4, and oxygen reactions with radiative cascading processes, in table A7. Altogether
there are a total of Ry = 393 reactions included. As is noted in the appendices, reaction
rate coefficients for electron impact reactions are implementedias functions of electron
temperature, assuming a Maxwellian electron energy distribution function.

Reactions #13, 31, 50 (in table A1) and 106 (table A2) are electron-neutral elastic
collisions. Reactions #14, 32 and 51 (table A1) are rotational excitations, and #15-20,
#33-38, and #52-57 (table A1) are vibrational excitations,’® whose products are not
explicitly simulated and therefore these reactions only act as an energy gain or loss
mechanism. The reactions #62 (table®Al) and #141 (table A2) have as product the
vibrational state of Oy but thisiis not included in the model and is replaced by the O,
ground state.

The interactions betweéen’ electrically charged particles and the reactor walls are
described in more detail'in seetion 2.4 and neutral-wall reactions are described in section
2.5. Besides, atomiglevel transitions and radiative processes, especially in oxygen, are

described in section»2.6.

2.2. Mass<balameesequations

The basic formulation of the equations used in the model is adapted from Refs.*"#> The

GMiincludes a mass balance equation for each species s, in table 1,

dng & A
CZ - ;as,rm 1:[71 - oI, (1)

The left hand side represents the time variations of the density of the s-th species, n.

Page 8 of 70
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The first term on the right hand side accounts for the particle gain, or loss, due tosthe
R reactions listed in tables A1, A2, A3, A4, A5, A6, 3, 4 and A7. The second,term
on the right hand side accounts for mass variations caused by particle fluxes of charges
particles to the system walls, I',, that are described in more detail in section 2.4. The
surface area A and system volume V are determined by the cylindrical shape of the
reactor, i.e. A =2m(R?*+ RL) and V = mR*L.

The mass variation caused by the r-th reaction is the produet of the rate coefficient
K, with the densities of the j reacting species, n,,. The factord,, is an integer that
reflects the particle balance of species s in reaction'x. For instance, in reaction #1
(e+0 — 2e+ O™ in table A1) electrons have a positive balance d; . = 1, atomic oxygen
a negative balance 6; 0 = —1, and oxygen'ioms,a positive balance d; o+ = 1. Essentially,

ds» < 0 represents a mass loss, 5, > 0 gain,'and 9, = 0 equilibrium.

2.3. FElectron energy equation

The energy balance equation a¢countsfor changes in species temperatures as a function
of time. The energy balance’équation is only solved for electrons, while the temperatures
of heavy particles are assumed t0 be constant in time. Here, the shape of the EDF of
electrons is assumedsto,.be Maxwellian. The potential limitations of this assumption are

discussed furtherlater. The energy equation for electrons takes the following form

34 d(I.n,
§kB(d—t) - Sabs + Selast + Sinelast + Sfluwa (2)

where the electron temperature 7T, is used as energy reference parameter, kg is the
Boltzmann constant, n. is the electron density, S, is the input power absorbed per
unit velume, S, represents energy changes caused by elastic collision processes, Sinerast
are energy changes caused by inelastic and superelastic collision processes, and Sy, is

related to the kinetic energy lost by electron and ion fluxes through the plasma sheath.
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The input power absorption rate in equation 2

P
Sabs = 7a (3)

represents the external inductive power P, that is coupled to the electrons.
The term Sg.s represents the electron energy gains and losses” caused by elastic

collisions, of the type e + N — e + N where N is a neutral species,

Rerast

me
Selastic =-3 Z MmN kB (Te - TN[) KlnenNn (4)
l l

where R is the number of electron-neutral elastic collisions present in the collision
model, my, and T}, is the mass and temperature of,the Ny meéutral species, and K; is
the corresponding rate coefficient.

Gains or losses of energy caused by inelastic andisuperelastic collision processes are

accounted as

Sinelast = - Z Ethr,rKr H ;. (5)

where Ejy,, is the energy releasedy or absorbed, by the r-th collision.
The last term in equation 2:accounts for the kinetic energy of electrons and positive

ions that pass through the shieath and are lost at surfaces, as described in*?

SF'lux = _V

1
2kpT.T. + ) T, (§kBT€ + qp¢P>] : (6)
p
where I is the particle flux at the system walls, the subscript p is for positive ions, ¢p
is the plasma potential, and’ g, is electric charge. The first term on the right hand side
accounts for the kinetic energy taken to surfaces by electrons that have passed through
the sheathyand the second term accounts for the kinetic energy taken to surfaces by
positive ions that have passed across the sheath. How particle fluxes crossing the sheath

are handled in the GM is described in more detail in the following section.

Page 10 of 70
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2.4. Ion fluxes to the reactor walls

Ion fluxes crossing the plasma sheaths and reaching the reactor walls play an important
role in the mass and energy balance equations. Moreover, ion fluxes are alsg important to
compute the plasma potential ¢p, which is required for the electron energy equation and
for fluxes of negatively charged species. Positive ion (subscript p) fluxes are computed
differently from negative ion (subscript n) and electron (subscript’e) fluxes.

Positive ions, whose fluxes are given by

L'p = nsnpup p, (7)

where n), ), is the density at the sheath, need to entex the sheéath with the Bohm velocity
up, = \/kgT./m, in order to be able to'reach the walls. The effective density at the

sheath edge?®3

R2hy,, + RIhg
g

is determined from bulk plasma‘densities, n, using geometrical factors R and L as well

as the parameters®

> ) 1/2
{R,L}0 2
h = W ASics 'na h 9
{R»L}J’ (1 + 30[/2) + c ( )
where
R 0.8R 2712
n -OLIUB,p
h = (0.8 |4+ + ( ) , 10
fop Amfpp X01J1(X01)Dap ] (10)
L 0.86L 277
n . UB,p
h = (0.86 |3 11
T " 2Amfpp " ( D, ) ] , ( )
1
he = (12)

1/2 1/2 1/2 3/24°
V2 AP Inln g 0

These parameters enable the computation of the sheath edge density from very low
pressure regimes, where the ion mean free path is much larger than the system

ditnensions Az, > (L, R), to high pressures, where A, < T./T,(R,L).***" The
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h{r,z10 parameters make use of o ~ 2.405, the first zero of the zero order Bessel
function Jy, and the Bessel function 1 of the first kind .J;. The plasma electronegativity

is given by

o= nieZnn (13)

n

The temperature ratio between positive and negative ions is given by

2T,

_ 14
T (14)

n

where the subscript 4+ and — refer to all positive and negative.ion species, respectively.
The ambipolar diffusion coefficient is calculated as

N e e

D,,=D 15

where
Yo = Te/Tpa (16)

is the temperature ratio between electrons and the p-th positive ion species. Please note
that T, and T_ refer to averaged temperatures of the positive (+) and negative (—) ion
species, respectively, whereasy7, and 7, are temperatures of specific positive (p) and
negative (n) ion species; respectively.

The diffusion coefficient for ions (and also for neutrals, as discussed in the next

section) is defined as

oy 1
p 1
> Dy

S

D

(17)

which represents an approximation for the diffusion of a species in a multicomponent

t42

mixture. Here, D,; = kpTy/ppsps is the binary diffusion coefficient* between the

given ion p and the s-th heavy mass species in the system, i.e. species with mg > m..
Besides, v,s = ng Y K, is the total collision frequency between p and s, and p,s is the

T

reduced mass.

Page 12 of 70
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The h,. parameter makes use of v_ = T, /T_ and v, = T, /T, which in our caserare

the same as the temperature of ions and neutrals are equal T = T, = Ly, and

15  n?

Nyp=———1,, (18)
T 56 KrecAmppp
where K,.. is the total rate coefficient of the recombination reactionglisted in table A6.

The total mean-free-path is estimated as

\ - 1
s

(19)
where A\, rpps = 1/ nsff;; and O'Z; is the total collision cross-section'between species p and
s. Please note that s refers only to heavy mass speciesyand therefore the corresponding
neutral-ion and ion-ion collisions listed in tables A32AG6, ‘as well as elastic scattering,
resonant charge-exchange and Coulomb collision proeesses are included in the calculation
of the mean-free-path. The cross-section of the reactions in the above-mentioned tables
are approximated with o,, ~ K, /v,s"? Where v,, = \/8kpTy /7[ips is the mean speed of
relative motion.*? The cross-seétion of elastic scattering and resonant charge-exchange
are extracted from 42,45 52, if available, otherwise they are calculated using the hard
sphere model, o,s = 7w(rg'+ )2, using the following atomic, and molecular, radii:
rar = 188pm, ro =WS2pmyro, = ro, = ro, = 197pm. For Coulomb collisions, a
constant cross-sectioffestimate of 5- 107 m? is used.”

Negative ion fluxes to surfaces are described by the expression given in 44

1 epp
I, = =n,v, - ) 20
7Y exp( k‘BTN> (20)

where the subseript n refers to negative ion species. The flux of these species are
restricted to those particles with energies high enough to overcome the potential barrier
of the plasma sheath, which is determined in ICPs by the plasma potential with respect

to a floating wall. Note that v, = /8kgTy/mm,, is the thermal speed of the n-th

negative ion. The same expression as in equation 20 is valid for the electron flux, I'..
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To determine I', and I', the plasma potential ¢p must be known, which is obtainedsby

solving the flux balance equation

Z C]pl_‘p +qle + Z @' =0, (21)
p n

which states that the total particle flux, of positive, negative ions and electrons, must
balance to ensure quasi-neutrality. The flux balance equation is solved‘for ¢p using
an iterative method. ¢p is then used in the flux term of the energy balance equation,
equation 6, and for computing the flux of negative ions and electrons, equation 20.

In order to maintain mass conservation in the system, both positive and negative
ions are considered to be neutralised when they get in €ontact with the wall.*> These
reactions are listen in table 2, such that A/VT g= (5s,rnSKr,45 and are included in the
mass balance (second term on rhs of equation 1), for, the species on both left and right
sides of the neutralization reactions. Neotethat the ion-wall neutralization reactions in

Ref. 45 have been extended to the ion speecies included in this work.

Table2: Ion-wall reactions.

#  Process ik, [s7!] Ref.
343 0t =0 2ugo+(R*hy o+ + RLhgo+)/(R*L) 45
344 Oy 0o 2up i (R*hy o+ + RLhp o) /(RPL) 45
345  Oze=. O30 2up O+(R hpor + RLth;)/(RzL) 45%

347 Arfis Ar 2uB7Ar +(R? hLvAﬁ +RLhR7Ar )/(RAL) 45

348 /O — O (A/4V )vo- exp ( — edp/kpTo-) 44
349, Oy — Oz (A/4AV)vg- exp ( — edp/kpTy-) 440
350, O3 — O3 (A/4V)UO; exp (— eqbp/k:BTO;) 440
3510 Oy =202 (A/4V)vg-exp (= egp/kpT-) 440

@ The expression is of the same form given in Ref. 45, but is extended
here to all positively charged species
b The expression is of the same form given in Ref. 44, but is extended

here to all negatively charged species
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2.5. Neutral particle diffusion to the reactor walls

Neutral particle diffusion within the plasma reactor plays an important, role as. it
determines the flux of neutral species that interact with the reactor walls.*>* 3 This
is important because metastable species reaching the walls are de-exeited to” ground
state, and atomic oxygen recombines into molecular oxygen. Therefore,/neutral-wall
interactions depend on the species diffusion properties. Theseutypes of reactions are

included in the GM, and listed in table 3.

Table 3: Neutral-wall reactions. ~ is thesstieking coefficient.

#  Process ¥ K, [s7] Ref.
- i
352 O — 30, equation 24 l/?\_:) + %75)] 45
\ - -1
353 O('D)=>0 10 Fl— g p ] 28
L (*D) O(*D) "O( D)fl
2V (2—
354 0O('S) = O 1.0 s T o0s) | 28
L o(1s) Yos)To(ls) 1
355 O(S) »0 L0 4 2 ocs) | 28
L 0(38) Yo3s)70(3s) .
356 O(°S) = O 1.0 o 4 S ece)] 28
L 0(5s) Yo(53)70(55s) .
357 O(°P) = O 1.0 i jvéf‘”)gé()))} 28
r 2V (20 5py) ]
358 O(°P) = O 10 i 4 oo ;LJ 28
: W (2o 1 a ) ]
350 Oy(alA,) =10y 0.007 i g eataL | g5 53
L 70z (at Au) ”gégl_AuWoQ(am)u) .
360 O,(b'=H)ES 0y 0.007 A2 ——lopet=d) ] 45,53
L Og(blx) ”02(1)123_)702(1)12j)
361 Ar™ — Ar 1.0 o+ ) | 45
- =l
362 ArAr 1.0 A 4 S ) | 45
[ a2 2V (2 Yarap) ]
363 (Ar(4p) — Ar 1.0 R 4 )| 45

The effective loss-rate coefficient for a neutral species N to the wall is given by®*5°

A? 2V (2 — -1
Kp + ( ’YN)

— 22
’ Dy Avyyn (22)
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where
[T, 2405, —1/2
A= (TP + (=50 (23)

is the effective diffusion length for a cylindrical reactor,* Dy is the diffusion coefficient
for neutrals, vy = \/m is the thermal speed and vy is the gticking coefficient.
Dy and the mean free path A, f, v are defined as in equations 17 and 19wespectively, but
for neutrals instead of ions. The sticking coefficient depends, among other parameters,
on the wall material and operating pressure.*»% The GM. uses 4 values taken from
28,45 that conducted simulations under similar operating, conditions. The vy values
used, listed in table 3, are constant parameters exceptifor, atomic oxygen,*> which is

pressure dependent based on the following expression

1 — po,[mTorr] /4, Po, < 2 mTorr
Yo = (24)
0.1438 exp (2.5069 /po,[mTorr]), otherwise.

that has been derived for stainless steel reaetors.*?

2.6. Atomic energy transitions and radiative processes

Radiation processes from gertain excited states when they decay to lower energy levels
are included in the GMy The natural decay of excited species at energy level a to
a lower energy level b emitting radiation at a wavelength \,, is a well-known physical
phenomenon whose rates.are described by Einstein coefficients for spontaneous emission.
The radiative reactions included in the GM are sketched in figure 2 and listed in table 4.
The most, important transitions for VUV emission are from the O(°S) and O(3S) states,
as they emit photons at ~135 and ~130nm when decaying to ground state. Other
transitions between excited states of oxygen atoms defined in table 1, are included for
completeness of the physical model. However, including all possible energy transitions

would add significant complexity to the collisional radiative scheme, so instead, energy
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Figure 2: Energy diagram of atomic oxygen and radiative transitions taken into account
in the numerical model. The cascading leyvels shown areionly a representative subset of
the existing high energy levels.”® Figure adapted from/Ref. 28.

transitions at higher energy levels are simplified with so-called cascade processes.?®

Cascading processes gather several enérgy transition steps into one single reaction
without needing to know the intermediate states. This usually includes electron impact
excitation of O atoms, or dissociative excitation during electron collisions with O,
molecules, that lead to the formation of high energy levels that subsequently decay to
lower energy levels that are considered as species in the numerical model. The decay of
high energy levels,may ocecur in a stepwise manner, called cascading, and modelling this
using Einsteins€oefficients would add significant complexity to the species and chemistry
schemes.

A number /of processes including cascades are included in the current model in
different ways. In the case of electron impact excitation of oxygen atoms, direct
excitation from the ground state to the O(3S), O(*P), O(°S) and O(°P) states are all
included (reactions #86-89). In addition, the excitation of ground state oxygen atoms to

triplet levels above O(®P) is assumed to populate O(P) via cascade processes (reaction
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Table 4: Atomic transitions from state a — b. Ay is the radiation wavelength, Agp. is
the Einstein coefficient for spontaneous emission, g, and g, are the statistical, weights
of the a and b levels, respectively, and 7, is the escape factor.

#  Process K, [s7'] A [mm] Ay [s7'] 9. g9 n Ref.

364 O('S) = O('D) ~wAw 557.7 1.26 1.0 510 28,56
365 O(°S) = O 0.5YpAay  135.6 4.2-10% 500 5.0 28,56
366 O(°S) — O 0.5VapAapy  135.9 1.4-103 5:0 3009728,56
367 O(*S) = O 0.337vpAqy  130.2 3.4-108 3.0075:.0 28,56
368 O(3S) = O 0.337vpAapy  130.5 2.0-10% 3.0._30 28,56
369 O(*S) — O 0.337vp A 130.6 6.8-107 30/ 1.0 28,56
370 O(°P) — O(°S) 0.47vywAw 7772 3.7-10" 7.0 5.0 28,56
371 O(°P) — O(°S) 0.33y,pA T777.4 347107 5.0 5.0 28,56
372 O(°P) — O(°S) 0.2vpAw 7775 3.7.107 3.0 5.0 28,56
373 O(®P) — O(®S) 0.11vpAs 844.6 9.2-10° 1.0 3.0 28,56
374 O(P) — O(3S) 0.56y,A4. 844.6 9.2:107 5.0 3.0 28,56
375 O(3P) — O(®S) 0.337ywpAs 8447 9:2-107 3.0 3.0 28,56
376 Ar" — Ar A 10° 45,57
377 Ar(4dp) — Ar Aap 3.2:107 45,58
378 Ar(dp) — Ar'"" Ay 3107 45,59
379 Ar(4dp) — Ar" Ay 3-107 45,59

#90). A number of electron impact collisions with excited O atoms, leading to the

formation of different excited levels are also included (reactions #91-102)

A number of proeésses based on emission cross sections, which inherently include
cascading processes, aréalso incorporated into the GM based on Ref. 28 and are listed
in table A7. The first,of these reactions (#380) is used to account for the contribution
of cascade processes towards the formation of O(°S) and ~777nm radiation during
electron [impact, excitation of ground state oxygen atoms.
way 6fincluding cascades compared to that used for the O(*P) state. This is motivated
by the availability of an experimentally measured emission cross section for the 777
nm line. Similarly, experimentally measured emission cross sections have been used for

the formation of photons at 130.4 nm, 135.6 nm, 777 nm and 844 nm, from electron

This represents a different
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impact excitation. The way in which rate constants have been calculated based onsthese
emission cross sections, and what these represent specifically, is described in/detail in
the footnotes of table A7.

Self absorption of the emission line by the lower state of the given tramsition can
be an important effect that has an impact on the population of the emitting species
and the intensity of radiation leaving the plasma. Therefore it is impertant to account
for this phenomena in the model. This is modelled by addihg a.so called escape factor
Yab, @S a correction to the Einstein coefficient for spontaneousiemission. To do this, we
follow the approach described in.?® In general, the emiission rate, K, and intensity per

unit volume, I, for atomic transitions affected by self absorption are given by
Kab - /Y(szab (25)
Iab = Kabna. (26)

The definition of the escape.factor used is the empirical formula given in 60

2 — exp (—10 3 ko)
1+ /fab,OR

Yab = (27)

Under conditions where Doppler broadening is the dominant line broadening mechanism,
as is the case for the low, pressure conditions of interest in this work, the absorption
coefficient at the centre of the emission line is given by®!

3
Ja /\abo my

> = Aa —f— : 28

0\ bgb 81 kT Nnm (28)

where A\ 1s the central wavelength of the emission line.

As deseribed in table 1, a number of the species considered in the model consist
of grouped states. While the choice to group states whose energies are very similar is
convenient for the plasma-chemical model, the fact that these states emit radiation at
slightly different wavelengths needs to be accounted for to properly describe the line

emission and self absorption. To do this, the density distribution of individual states
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within a grouped state needs to be estimated. For the wavelength ranges of interest
in this work, two cases can be distinguished: (1) the upper state of the transition is
represented in the model by a grouped state and the lower state is nogpand(2). the
lower state is represented in the model by a grouped state and the upper state is not.
The first case applies to emission around 777 nm (three emission lines, indiyidual upper
states: 2s% 2p? (3SY) 3p °Py .3, grouped state: O(°P)) and 844 nm _(three emission lines
individual upper states 2s® 2p* (*S?) 3p ®Py 5, grouped state:‘Q(*P)). The second case
applies to emission around 130 (two emission lines individuallewér states 2s* 2p? 3Py ;,
grouped state: O) and 135nm (three emission lings,. individual lower states 2s? 2p?
3Py.10, grouped state: O). We follow the approach used in 28 to estimate the densities
of individual multiplet states within each grouped state. Here, the density of each

multiplet level is estimated using the statistical weights of each level

Im

> Gm,

ng (29)

Ny —

where g,, are the statistical weights of each multiplet level within a grouped state

with density ng, and ) g, dssthe’sum of the statistical weights of each multiplet level
i
within the grouped state.

For emission around 777 and 844 nm, where the upper state is the grouped state,
the densities of the.individual upper states, n,, used to calculate the emission intensity
in equation 26 are determined using equation 29. On the other hand, for emission
around 130vand 135 nm, where the lower state is the grouped state, the densities of
the individualdower states, n;, required for the calculation of k40 in equation 28 are
determined by equation 29.

The small differences in emission wavelength of each multiplet are not relevant for
the aims of the model and therefore, when presenting results, the emission intensities of

the multiplet emission lines are added together. Specifically, the 135 nm emission line,
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I35, is the sum of reactions #365 and 366 (in table 4) and reactions #384-386 (instable
A7), the 130 nm line, I;30, is the sum of reactions #367-369 (in table 4)pand reactions
#381-383 (in table A7), and the 777 nm line, I;77, is the sum of reactions#370=872 (in

table 4) and reactions #380 and #387-389 (in table A7).

3. Experimental setup

All experiments used for comparison to the simulation results,were performed in a

double inductively coupled plasma (DICP) reactor as depictediin figure 3. The reactor

Argon )
[oween)

|

D @

... Cail

Generator

Matchbox

""""""""""""""""""""""""""""""""""""""""""""" ’ iﬂ -- Line of sight

T uartz plate

Figure 3: Schematic of the DICP used for experimental validation of the simulation
results.

comprises a ¢ylindrical stainless steel chamber, which is L = 0.2m in height and R =
0.2m in radius. Several flanges are attached at half-height to allow for characterisation
of plasmapusing optical and probe-based diagnostics. The top and bottom walls of
thelreactor consist of 20mm thick quartz plates on which the inductive coils are
mounted. The generator is equipped with a matching network and operates at a driving
frequency of 13.56 MHz. Due to the reactor being powered from two sides, a relatively

homogeneous plasma is obtained in the centre of the reactor. A more detailed description
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28,62 For the experiments conducted in thisework,

of the setup can be found elsewhere.
a total gas flow of 100sccm is kept constant for all measurements. The experiments
include a variation in power from 200 W to 800 W, a variation in pressuresfrom 2 Pa to
20 Pa and a variation of the oxygen content in the Ar/O, gas mixture from 0% to 20 %.

Measurements of electron density are conducted using a multipole resonance probe
(MRP). The MRP is based on active plasma resonance specttoscopy®® and works by
coupling an rf-signal into the plasma and measuring the response of the system. The
rf-signal is varied in its bandwidth from the kHz to the GHz range, eventually inducing
resonance of the electrons near the electron plasma fréquency w,.. Using a mathematical
model, the observed resonance can be correlated tonelectron density n. and electron
temperature 7,. Due to the MRP relying on electron resonance, it is well suited for
applications involving deposition of insulators or reactive species such as oxygen, which
can affect the performance of other prebe-based diagnostics. More details on theory,
operation and applications of ‘the MRP can be found elsewhere.* % Measurements
require a so-called “vacuum-trace”, which is a measurement performed without a plasma
ignited for correction of conduction losses. This vacuum-trace is recorded separately for
each measurement. For'comparison with electron densities obtained from the GM, the
probe is positioneddmthe centre of the setup at half-height for all measurements.

For observationief oxygen emission lines in the visible range, an echelle spectrometer
ESA 4000 (LLA Instruments, Berlin) is used. The spectrometer records spectra in the
range from A = 200nm to 800 nm and offers a resolution of between AX = 0.015nm
and 0:06 nm:" For calculation of absolute emission intensities, the spectrometer is
absolutely/ calibrated as described by Bibinov et al.” Measurements are performed
line=of-sight integrated at half-height in front of a quartz window. The observed

plasma volume is defined by an aperture mounted on the optical fibre (acceptance
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angle 6 = 1.58°). Of particular interest with regards to comparing with the simulation
results is the O(°Py23) — O(°S) transition, measured at 777nm. By integrating
the absolutely calibrated spectra over the emission lines from 777.07 nm go 777:65nm,
absolute intensities are obtained.

Tunable diode laser absorption spectroscopy (TDLAS) is performed to measure gas
temperature and argon metastable densities. Specifically, the Ar(lsg)unetastable state
is measured using the Ar(ls; — 2pg) transition at 772.376nmy, The system employed
for the measurements consists of a laser head (DFB pro 100mW;y 772nm + Fiberdock)
and a laser controller (DLC pro). The laser beam'traverses the plasma chamber in
full diameter and is detected by a photodiode (Therlabs DET10N2). In addition to
a photodiode, a fraction of the laser power is coupled'to a Fabry-Perot interferometer
(Toptica FPI 100-750-3V0, 1 GHz free spectral range), allowing for monitoring of the
change of the scanning laser wavelength, For each measurement point, four individual
measurements are performed; (i) plasma on  and laser on, (ii), plasma on and laser off,
(iii), plasma off and laser on, (iv) plasma off and laser off. These four measurements are
required for processing of the data.” Gas temperatures and argon metastable densities
are obtained by applying a Gaussian fit to the absorption profile. The gas temperature
is calculated assumimgythat the line width, for the pressure range in this work, arises
mainly from Doppler broadening, which can be directly related to the gas temperature.
The calculation/is performed by a semi-automatic LabVIEW software. The full setup
of the TDLAS system and evaluation of the acquired data is described by Schulenberg

et al S8



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-106300.R2

Ozygen VUV emission in Ar/Oy ICPs 24

4. Results

4.1. Characterization of Ar/Oy DICP with numerical and experimental dat@

The influence of variations of total pressure py, power P, and oxygen gasifraction yo,
on the plasma properties are presented. The total pressure is varied between pr = 2
- 20 Pa the input power P, = 200 - 800 W and the oxygen fraction yo, = 0 - 0.20.
However, since the temperature of ions and neutrals, Ty, ¢hanges.significantly under
variations of pr, P;,, and xo,,% and this is a fixed parameterin the GM, simulations are
run with various values of Ty to ensure that variations of thigparameter have been taken
into account in the final results. On the one hand, simulations have been performed
varying T between 400 - 2000K in order #osunderstand the impact of Ty on the plasma

parameters. On the other hand, a second set of sitmulations has also been run using

Table 5: Neutral gas temperature experimental measurements, in K. The error shows
the standard deviation obtained from threéuneasurements for each operating condition.

5 Pa 500 W
200 W 500W 800 W | 2 Pa 10 Pa 20 Pa

0.0 425+11 (513+\8 569+ 3 | 413£55 632+ 5  787£12
0.04 | 567£L1 “657+6 722+16 | 459+ 5 680+£10 780£ 9
0.08 | 615£16. 743x12 843+49 | 501+ 8 675+31  446¢
0.12 | 626536 801410 862410 | 538+ 7 654422  587+68°
0.16 |[617£35 784+12 931425 | 534+ 7 661112

0.2 596 7/ 793+ 9 930+ 1 | 526422 726422

X0,

% Qne valid measurement was taken.

b Tworvalid measurements were taken.

values of Ty measured experimentally using TDLAS, listed in table 5, in order to better
compare experiment and simulation. The results are compared with the experimental
work described in section 3 and with results from Fiebrandt et al in 62, 69 and 28. The

experimental work from Fiebrandt et al is conducted on the same plasma reactor and
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in similar operating conditions and thus its results are a useful reference. Howevery.in
the time since the earlier works of Fiebrandt et al, the reactor has undergone several
changes including the replacement of the quartz plates separating the goils from . the
plasma. While these changes would not necessarily be expected to sighificantly affect
the plasma properties, since the design of the reactor has not changed, the more recent
measurements are generally not in exact agreement with the earliessdata for otherwise
identical operating conditions. This should also be kept in mind when interpreting the
level of agreement between experiment and simulation. Therefore, the results presented
in this section are not only used to provide a general/¢haracterization of Ar/O, plasmas

and its radiation behaviour of oxygen species, but alse.to validate the numerical results.

4.1.1.  Electron density and temperature “I'he electron density n., in figure 4, and
temperature T, in figure 5, are the first parameters to evaluate the plasma results. The
numerical results for n, are compared with"MRP measurements described in section 3
and also conducted in 69. Numeriecal results for 7, are compared with Langmuir probe
data from 69.

The resulting plasmas\present an ionization degree between 107% and 1072 and n, is
found between 10'¢ and 108 ma=3. The electron density presents decreasing trends with
X0,, as observed i 45, as'well as with pp. These trends are caused by a constant growth
of dissociative attachment (reactions #25, 42 and 60 in table A1) acting as the main
electron less mechanism, while the main production mechanism transits from argon
ionization (reagtion #107 in table A2), dominant at low xo, and pr, to the detachment
of Oy(alAy) and O (b'EF) with O (reactions #226 and 230 in table A3), and O with
O~ (reaction #176 in table A3) at low xo, and higher pr.

Besides, a positive trend in n, with P;, is observed that is in line with the results

in'43. This is caused by a significant increase of argon ionization with increasing F;,.
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Figure 4: Electron density, n., for variations of pr (top row)y#;, (bottom row) and
Xo,. Circle (o) markers are experimental data described im,section 3, and + markers
are experimental MRP results from 69. The shaded ‘areas cover the model results when
the neutral gas temperature, Ty, is varied betweén 400 and 2000 K (dotted lines). The
solid lines are numerical results using thedy experimental data listed in table 5.

The simulation results and the experimental data are in good agreement, with both
showing similar trends for variations of'wg, P, and xo,. There is however a consistent
difference between numerical /and experimental results (circle markers), with the latter
generally being slightly lower. (A potential explanation for this may lie in the fact that
the power defined for the simulation is that coupled into the plasma, that defined for the
experiment is measured at the:RF generator. It is generally well known that there can
be significant differenées between the power provided at the RF generator and the power
coupled into the plagma in ICP systems.” " Since the electron density is strongly power
dependent, any’deviation between generator power and that coupled into the plasma
would tend to decrease the experimentally measured electron density in comparison to
the simulated electron density. However, since we are currently unable to characterise
the power/coupling efficiency in detail, the extent to which this effect can explain the
differences between experiment and simulation is currently not known.

The electron temperature data T, in figure 5, show values between approximately 2
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Figure 5: Electron temperature, T, for variations of Oy fraction.The + markers are LP
experimental results in 69. The shaded areas cover the model results when the neutral
gas temperature, Ty, is varied between 400 and 2000 K (dotted lines). The solid lines
are numerical results using the Ty experimental data listed intable 5.

and 3 eV for variations in yo,. As measurements ofithe electron temperature with MRP
are more challenging that those of the €lectron density, experimental measurements

2 are used here for comparison with the model Both numerical and

using LP from®
experimental values, show a slight pesitive trend that plateaus with increasing values
of xo,. The absolute 7. values between experimental and numerical data differs less
than 1eV and therefore results/are imreasonably good agreement. The assumption of a
Maxwellian electron EDF, which‘dees not hold for increasing xo,,!" %5 is likely to be
an important reason for thedifferences that do exist between experiment and simulation.
While this is a weakness in'the model formulation, the effect on the comparison between
experimentally measured and simulated electron densities and temperatures is not severe
for the cases /compared here. A detailed study on the effects of the EDF shape on the
properties®of oxygen discharges for similar conditions has previously been carried out
in 76. In"general, EDFs of different shapes were found to change the absolute values of
species densities and electron temperatures predicted by the global model used in that
work, without strongly affecting the observed trends. Given this context and the n,

and T, comparisons obtained here it can be concluded that the physics and chemistry

modelled by the GM is as expected and is in good agreement with experimental work
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and previous literature.

4.1.2. Role of neutral gas temperature The variations of n. and T, caused by variations
of Ty, shown in the figures by the shaded areas, are considerable but'de not have a
determining effect on the trends observed. The resulting plasma parameters remain
within an order of magnitude for variations between 400 and 2000°K. Similar variations
are observed for the other parameters described in this section, so it can be concluded
that T has an important influence on the plasma propertiesy but does not have a strong

influence on the qualitative trends presented in this work.

4.1.3. Neutral species densities With respect to neutral species densities, measured
and simulated densities of Ar™, nam, and'the ©, dissociation fraction are compared.

In model, the species Ar™ represents.an effective metastable state that includes the
states Ar(1s3) and Ar(1s5).*> However, the experimental measurements performed with
TDLAS, described in section’ 3, measure only the Ar(1ss) state. Still, the comparison
between the experimental and, GM results is considered reasonable since the work
performed in 62 with optical erhission spectroscopy (OES), under similar operating
conditions, infers the densities of both Ar(1s3) and Ar(1ss) states and shows that the
former is typically /an order of magnitude lower in density.

The results. for fa, in figure 6, show values between 10'° and 10" m=3. The
production of \Ar™ ig sustained by electron impact excitation from ground and radiative
Ar" states, reactions #108-109 and 122 in table A2 respectively, and the decay
Ar(4p)—Ar™, reaction #378 in table 4. These three reactions are of similar importance
in thewrange of parameters studied. The loss mechanisms of Ar" are dominated by
electron impact collisions forming Ar" and Ar(4p) (#115-116 in table A2), and the

dissociation of Oy by Ar"™ impact (#275 and 281 in table A5), which is expected to be
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Figure 6: Ar™ density, na=, for variations of pr (top row)y#;, (bottom row) and
X0, Circle (o) markers are experimental TDLAS data deseribed in section 3, + and x
markers are TDLAS and OES results in 62, respectively. The shaded areas cover the
model results when the neutral gas temperature/ I'nyis varied between 400 and 2000 K
(dotted lines). The solid lines are numerical results using the T experimental data
listed in table 5. It should be noted that, TDLAS measurements refer to the density
of the Ar(1s;) state, while the simulated densities’anid OES measurements represent an
effective metastable state comprising the.densities of both Ar(1s3) and Ar(1ss).

important when xo, — 1,45, 77979

is only relevant for P;,, = 200 W and xo, ~ 0.2.

The GM results and the experimental measurements carried out in this work (circle
markers) show reasonable agreement as they share similar trends and results are, mostly,
within an order of magnitude in terms of absolute values. The differences between
GM and experimental. worksbecome more pronounced for increasing pr and xo,. The
reason for these /divergences are not fully clear as there are many factors that could
be involved, both from the‘experimental and the computational perspectives. On the
experimental side; note that measurements carried out in 62 using TDLAS and OES,
+ and._Xx ‘markers respectively in figure 6, show better agreement with the GM results
than the measurements done in this investigation. This may reflect changes in the
experimental system between now and when the work of Fiebrandt was carried out, as

discussed earlier. On the simulation side, the GM results are consistently above the

experimental data, as also observed for n, in figure 4, and therefore a discrepancy with
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the experimental data due to a non-unity inductive power coupling efficiency eammot
be discarded. Besides, the underestimation of argon quenching with oxygen atoms and
non-Maxwellian EEDF could also be a reasonable explanation for the larger difference
between numerical and experimental results with increasing xo, and Pr.

Aside from comparing with experimental data, a series of simulations has also been
carried out to compare with previous simulations of Ar excited statesdensities in Ar/Os
plasmas with varying O, content.*>®° In general, very good agreeniént (not shown) is
found in the excited state densities of Ar simulated in those previous works and using

the GM developed here.

301

0, diss. / %

—_
o
T
|

(=)

Of. 0.04 008 012 0.16 0.2
O, fraction /XO
2

Figure 7: Oxygen dissociation percentage for variations of xo,. The + markers are the
collisional-radiative model/results,in 28. The shaded areas cover the model results when
the neutral gas temperature, Ty 4 is varied between 400 and 2000 K (dotted lines). The
solid lines are numericabresults using the Ty experimental data listed in table 5.

The oxygen ‘disseciation percentage

1, %
@, diss.[%] = 100—2-0— (30)
3Mo o,

where ng, and ng,, are the sum of all atomic, and molecular, oxygen species in table 1,
reflecting the ratio between atomic and molecular oxygen present in the system. The
dissociation percentage are shown in figure 7, where GM results are compared to the
dollisional-radiative model (CRM) results in 28. The CRM estimates volume averaged

atomic oxygen ground and excited state densities from experimental data. Both CRM
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and GM results are in good agreement, showing a decreasing trend for growingmye,-

This shows that GM results for the main oxygen species, i.e. the molecular and atomic

species in the ground state, are computed as expected.

4.1.4. Ozygen radiation The simulation of radiation from oxygen species’is tested
with the 777nm emission line, I777, from the O(°P) — O(°S)-transition, and the
VUV emission lines, Iy = I130 + I135. The two most impertant VUV emission lines
investigated are the 130 nm line, I3, from the O(3*S) —/Qutransition, and the 135nm
line, I35, from the O(°S) — O transition. These parametets,are not only used to study
the radiation of oxygen but also to verify the compositionsof excited states present in

the gas.

'500 W/ 20 Pa

'500 W/ 10 Pa

" 500 W/ 2 Pa

o 2000 K

.4OOK‘

—3g—1
Iz / m™3s
=
Q
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|
<0 | 4. - 2000k,
20 m ° o 400K
~ 107 T r * . < ¢
= e . 2000 K o 400K |
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10 | | e ® 400K | | | | [ ] | | | |
0 004 008 0129016 , 020 004 008 012 016 020 004 008 012 016 02

O, fraction /X() O, fraction /X() O, fraction /XO

Figure 8: Emission intensity of the 777nm line, from transition O(°P) — O(®S),
for variationssofypr (top row), P, (bottom row) and xo,. Circle (o) markers are
experimental spectrometer data described in section 3, and + spectromenter results in
Refs. 14,28y Theshaded areas cover the model results when the neutral gas temperature,
Ty, is varied between 400 and 2000 K (dotted lines). The solid lines are numerical results

using the T-experimental data listed in table 5.

The results for I;77, in figure 8, show emission intensities between 10' and
10! m—3s~!. The non-zero experimental values at o, = 0.0 are likely to result from the

presence of oxygen-containing impurities in the gas due to small leaks in the vacuum
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chamber. The production of O(°P) is mostly sustained by electron impact excitation
from ground state (reaction #88 in table A1) and from O(°S) (#98 in table Al),where
the latter is more important when P, is larger, pr is lower, and/or xo, —20. The main
loss mechanism of O(°P) is the decay O(°P) — O(°S) (#370-372 in table'4) that emits at
777nm. Although O(°P) is directly responsible for the 777 nm line, the concentration
of O(°S) is also important as it is closely related to the creationsand destruction of
O(°P). As expected, O(°S) is mainly created by electron impact eéXcitation (reaction
#86 in table A1) and the transition O(°P) — O(°S). Howeverpthe destruction of O(°S)
is not only determined by electron impact excitatiofito O(*P), O(3S) and O(°P) but
also by quenching with Ar, O and O,. Quenching reactions become more important at
increasing pr and xo, and are thus responsible for the decreasing trends with respect
to these parameters.

The results obtained with the GM are in reasonably good agreement with
experimental measurements ¢arried out in this work, as trends are similar and values
differ less than an order of magnitude. The experimental data conducted in this
investigation is systematically below the numerical data, and that of the previous work of
Fiebrandt,'*2® as obserted abové for n, and n4,~. Although it is not yet clear what the
cause of this differenceris, the'low power coupling efficiency could be an important factor
to take into account, as the coupling efficiency decreases with low pressure and high
power,”? and thiS is in consiStent with the observed differences between the experimental
and numerical results. However, other factors must also be taken into account for the
deviation between numerical and experimental data, such as the underestimation of
quenchingrates and the assumption of a Maxwellian EEDF. Therefore, bearing in mind
the simplifications made, the results of the GM are taken as acceptable.

The VUV emission results, shown in figure 9, show good agreement between the GM
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Figure 9: VUV emission intensities for variations of yp,. In black, the 130nm line
transition O(3S) — O and, in red, the 135 nm line transition, O(®S) — O. The +
markers are the results in 28. The shaded areas cover‘the model results when the
neutral gas temperature, Ty, is varied between 400 ands2000 K*(dotted lines). The solid
lines are numerical results using the Ty experimental data listed in table 5.

results and the experimental data in 28. The 130nm emission line, I3 ~ 5-102m=3s7!,

dominates the oxygen VUV radiation as it is an order of magnitude higher than the
135nm line, I135 ~ 5 - 10Y¥%m3s A For.both emission lines, radiation comes from
the natural decay of excited species, O(*S), - O (reactions #367-369 in table 4) and
O(°S) — O (reactions #365-366nin table 4) respectively, and the contribution from
cascading reactions (#381-386,in table A7) is negligible. This is in line with the
description given in 27. [Further analysis of oxygen VUV radiation is found in the

following section.

4.2. Vacuum ultravielet emission in oxygen species

After confirming that GM'results are in good agreement with experimental reality, this
second part of the results presents an extended numerical investigation of oxygen VUV
radiation in Ar/O, plasmas. The results over a wider range of operating conditions,
Pr =203-100Pa and pr = 100-2000 W, are presented and analysed. For these
simulations it is assumed a constant neutral temperature of Ty = 700K which is

considered reasonable since results in section 4.1 have shown that variations of T do
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not have a determining effect on the trends observed.

in absolute terms, Iy gy, but also with respect to the flux of ions, %
oxygen atoms, Iyyy/Rpo, present in the DICP system, as these are g it]
are generally known to be important for the understanding and Opt@l of various

surface treatments. %

4.2.1.  Absolute VUV emission intensities The total emission intensity from

oxygen species, Iyyy, is shown in figure 10. These re ow that, in general terms,

=0.05
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~
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é‘jﬁ 1000
g 1021
S
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T
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20 ™~
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Nt
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Figure 10: |Absolute vacuum-ultraviolet (VUV) emission intensity, Iy gy, from oxygen

spec variations of ppr, P;,, and xo,.

he VUV radiation is higher at higher P;, and xo, and finds a peak at a given range

pr. This VUV peak with respect to pr moves towards lower pressure values as the
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X0, increases. The VUV emission, as noted in section 4.1.4 is dominated by the 130mm
line, specifically by the transition O(3S) — O.

The reaction pathways for the production of O(3S) species have been tracked to
understand the most important source of oxygen VUV radiation. The main production
mechanisms of O(3S) are electron impact excitation of atomic oxygen.e+0O ~ e+ O(3S)
(reaction #87 in table A1), electron impact cross-excitation é + O(S) — e + O(*S)
(#97 in table A1), and the radiative decay O(°P) — O(®S)/{#373-375 in table 4). The
% of O(3S) produced by each of these reactions is shown in figure 11 for the case where

Xo, = 0.1. Interestingly, the most frequent productigh.mechafiism of O(3S) is via decay

e+0 —e+0(*S)  (xo. = 0.10) X e+0(’S) — e+0(*S)  (xo. = 0.10)

Power, P;, /W

ot
=)
S

—
o
S

10° 10' 10° 10° 104 10°
Total pressure, pr /Pa Total pressure, pr/Pa Total pressure, pr /Pa

Figure 11: Most important O*S) production processes as a % of the overall O(*S)
production for yo, = 0.1.

O(®P), about 60-70% instead.ofthe direct excitation through electron collision impact,
25-30%. This meansthat thesnost important oxygen VUV radiation mechanism is, after
dissociation of Og; & three-step process that consist of i) electron impact excitation to
O(®P) state, i) radiative decay to O(3S), iii) radiative decay to ground state and photon
emission/at 130 nm.

In. factpthe distribution of Iyyy in the (pr, Py,) parameter space in figure 10, is
determined by the density of O(®P). The reason for a peak in [y is that electron
impact_excitation from ground state (reactions #89-90 in table Al) dominates the
production of O(*P), and n,. presents a peak in that pressure range which is consistent

with the results presented in 76. With increasing py higher n. are found. However, as



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-106300.R2

Ozygen VUV emission in Ar/Oy ICPs 36
the pr increases further negative ion production, mainly O™, becomes more impertant
at the expense of the electron population. Therefore at intermediate pressures, where
electron impact ionization is large and negative ion production is relatiwely low, the

electron density finds its maximum.

4.2.2. VUV emussion to ion flux rate For some industrial processes it is of interest to
know photon flux, %] vuv, with respect to the ion fluxes reaching the reactor walls, I'; |

and therefore

YIvov
TF+ == T) (31)

is a useful parameter to evaluate VUV emission from joxygen species. Note that
I'y = > T', is the sum of the positive ion fluxes resulting from the reactions #343-
p

347 (in table 2). This rate is shown in figure 12." The ion and VUV-photon fluxes are
in the same order of magnitude and therefore it'is possible to find operating conditions
where either VUV emission deminates, 0/ > 1, or ion fluxes dominates, rr, < 1.
Please note that rr, only takes into ae¢ount VUV radiation from oxygen species, and
that other sources of VUVsradiation, e.g. from argon (reaction #376 in table 4), are
not included in rp, .

The total positive, ionflux, shown in figure 13, is strongly correlated with the
plasma electronegativity &« = n_/n. such that I'; is largest when o — 0. In general
terms at lower pressures, pr < 1Pa, I'y is large and mostly dominated by Ar™, and
for pr >/10Pa the electronegativity is large, a > 1, and 'y drops more than an order
of magnitudes” This pressure dependence of Iy has a significant impact on rr,, such
thatyin general terms it grows with pressure. rr, becomes largest at high pr and P,
asvin, these operating conditions Iy is maximum and 'y drops significantly. With

increasing xo, the peak VUV intensity is displaced towards lower pr, whereas I'y does

not change significantly, and therefore larger rr, values, close to unity, are already found
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Figure 12: Vacuum-ultraviolet emission intensity from atomic oxygen, Iy ¢y, to positive

ion flux rate, I'y (rp, = é%ﬁ)

for xo, > 0.1 and pr ~ 1Pa.

4.2.3. VUV emission.to atemic oxygen diffusion to the wall The ratio between Iy ¢y
and atomic oxygen, reaching the reactor walls may be of interest for industrial and
biomedical applications asgsboth oxygen radicals and VUV photons can readily interact

with material leading to surface modifications. This ratio is defined as follow

(32)

whereiRpo = >, nox)Kp,orx) is the sum of neutral diffusion reaction rates of atomic
o(X)

oxygen species touching the walls, i.e. reactions #352-358 in table 3.

First, Rp o results are shown in figure 14. The flux of oxygen radicals to the wall
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Figure 13: Total positive ion flux rate to the reactor walls.

due to diffusion is large, especially at pr > 10 Pa and P;, > 1000 W and with increasing

XO0s-

Only at very low pressure, < 0.6 Pa, these fluxes can be considered low. These

trends correlate mainly with atomic oxygen density, which presents a similar distribution

in the parameter space investigated.

The results for rpe are presented in figure 15. This data shows that oxygen

VUV emissionintensity is always lower than it diffusion to the walls, Iyyy < Rpo.

The maximum /values, rpo ~ 0.4, are found at minimum py ~0.3 Pa, and maximum

power, P, &~ 2000 W and decreases with increasing xo,. The minimum values, rp o — 0,

are found in a larger region of high pr and low pr.
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Figure 14: Atomieoxygen diffusion rate to the reactor walls.

5. Summary

In this work we haveycondueted’a numerical investigation of oxygen VUV emission in
Ar/Oy DICP. For thisspurpese we have developed a 0D plasma chemical-kinetics GM
that implements anextended chemical-radiative reaction scheme for Ar and Os species.
The first part of the results’investigates Ar/Oy DICP for operating parameters between
200-800 W, 2-20 Pa and 0-0.20 O4 fractions. Moreover, because the GM works with a
fixedtemperature T for neutrals and ions, Ty has also been varied between 400 and
20000K totest the impact of Ty on the plasma results. The numerical results have been
presented alongside experimental work conducted specifically for this investigation. The

results show that the GM is performing correctly and that T does have an impact on
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Figure 15: Vacuum-ultraviolétiemission from atomic oxygen, Iyyy, to atomic oxygen

surface flux rate, Rpo (rpo = %HD%).

the final results but within a relatively small range. The gas and plasma results, as well
as the emission lines measured are as expected although some differences are observed
for argon metastables. The source of these discrepancies is not yet clear, as they are not
necessarily errors in the numerical method, and thus results are taken as valid. Oxygen
VUV emissionfesults show good agreement, with the 130 nm line, from the O(3S) — O
transition, cleatly dominating. The 135nm line, from the O(°S) — O transition, is an
order of magnitude lower and emission from cascading reactions is negligible.
Thesecond part of results investigates oxygen VUV emission over a broader range
of total pressure and power. The GM results for plasmas with 0.3-100 Pa and 100-

2000 W have shown that oxygen VUV emission, in general terms, increases within the
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investigated power and oxygen fraction and peak emission intensities are foundsfor
pressures between 5-50 Pa. The 130 nm line dominates for most of the parameterispace
investigated. Surprisingly the most frequent chemical pathway that generates Q(3S) is
not direct electron impact excitation from ground state, but excitation to'©(®P) that
then decays to O(39).

Results of VUV emission intensities with respect to ion fluxes andyoxygen diffusion
to the reactor walls have also been presented. While VUV emission is largest with respect
to ion fluxes at high pressures, oxygen diffusion is much larger . than VUV emission for
the parameter space investigated.

In terms of possible future work, the GM presented has potential for investigating
VUV emission in other species. The GM is designedsfo take species lists and reaction
schemes as input, so that performing investigations similar to the one presented in
this paper is relatively straightforward, and would not require additional numerical
development. In addition, the, modular architecture of the code is designed to be
easily extensible to allow model improvements. An important future step in model
development will be, for ingtance, the introduction of a solver for the electron Boltzmann

equation to allow for'mon-Maxwellian EEDF's to be included.
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Appendix A. Plasma-chemical reaction scheme

Please note that the rate coefficients for the reactions from 28,49 were generated
assuming a Maxwellian energy distribution function (EDF) for elegtrons with

temperatures between 1.5 and 4eV.

Table A1l: Electron-oxygen reactions.

Electron temperature, T,, im, eV and neutral

temperature, T, in K. N, is the number of reactants.

56

# Reaction Eiyr [eV] K, [m3+3(Nr=2)g—1] Ref.

1 e+0 —2+07F 13.6 4.93 - 107 13T9-723 exp(—13.20/T%) [48, reaction 12], 83

2 e+0— e+ 0(lD) 1.96 8.45 - 10~ 157, 0-300 ox5(—3.13/T%)  [48, reaction 13], 83

3 e+0 — e+ O(1S) 4.18 1.04 - 107157 9134 exp(—4.19/T,)  [48, reaction 14], 83

4 e+ O(D) — 2¢ + Ot 11.65 4.93 - 1071579723 exp(=11.64/T.) [48, reaction 15]

5 e+O(ID) - e+ 0O -1.96 8.45 - 10~ 1579806 exp(—1.17/T) [48, reaction 16], 83

6 e+ O(1S) = 2¢e + Ot 9.43 4.93 - 107 }PT0:723 exp(=9.42/T.) [48, reaction 17]

7 e+0(1S) = e+0 -4.18 1404 - 10~8577 9134 exp(—0.73/T.)  [48, reaction 18], 83

8 e+0~ =2 +0 3.44 9.33 110~ M T70:178 exp(—3.13/Te) [48, reaction 19], 84

9 e+02 = 2e+0+0t 18.73 8.60,- 1071671410 oxp(—19.84/T) [48, reaction 20], 85,86
10 e+ 0z —2e+ 07 12.06 2.32 - 2071579990 exp(—12.51/T) [48, reaction 21], 85,86
11 e+ 02 —e+0+0(ID) 8.5 3.12-10=1479-017 exp(—8.05/T) [48, reaction 22], 81

12 e+ 02 —>e+0+0(ID) 9.97 1356, 10~ 1771500 exp(—4.68/Te) [48, reaction 23], 81

13 e+ 02— e+02° 0.0 4.15 - 107 1479-599 exp(—0.016/T) [48, reaction 24], 81,82
14  e+03—e+00 0:02 3.88- 107177, 1220 oxp(—0.55/T.)  [48, reaction 25], 81,82
15 e+ 02— e+ 02° 0.19 4.32 - 10716771570 exp(—0.586/T.)  [48, reaction 26], 81,82
16 e+ 02 — e+ O 0.19 2.76 - 1071471930 exp(—6.96/T.)  [48, reaction 27], 81,82
17 e+03 = e+ 03° 0.57 5.40 - 10~ 1570916 oxp(—6.6/T%) [48, reaction 28], 81,82
18 e+ 03— e+0f 0:38 1.64 - 107167 1410 exp(—0.723/T.)  [48, reaction 29], 81,82
19 e+ 03— e+ 09 0.38 1.20 - 10~ 1471015 exp(—6.9/T2) [48, reaction 30], 81,82
20 e+ 03— e+ 02" 0.75 5.27 - 1071871130 oxp(—7.57/T.)  [48, reaction 31], 81,82
21 e+ 02 = e+ 0y(ala,) 0.977 2.10- 1071579232 exp(—2.87/T.)  [48, reaction 32], 81,82
22 e+ 03 = e+0a(b'TH) 1.627 3.97- 10716770089 exy(—2.67/T.)  [48, reaction 33], 81,82
23 e+4 03 = ¢+ Qa(b'N) 4.5 1.28 - 10~ 4771160 oxp(—7.00/T.)  [48, reaction 34], 81,82
24 e+ Oz = e+ 0a(bi) 6.0 1.98 - 10~ M7 077 oxp(—7.36/T.)  [48, reaction 35], 81,82
25 e+ Q02— 040" 0.0 1.32- 107157 1400 oxp(—1.40/T.)  [48, reaction 36], 81,82
26 e+ Og(alAy)—2e+0+ 0T 17.75 8.60 - 1071671110 oxp(—18.86/T) [48, reaction 37]

27 [e+02(atAy) — 2¢+0OF 11.08 2.32-1071379-990 exp(—11.53/T¢) [48, reaction 38|

28 e+ Oq(atAy) - e+0+0(D)  7.52 3.12- 107 1479-017 exp(—7.07/T.) [48, reaction 39]

29  e+03(alA,) = e+0+0(ID) 9.0 1.56 - 10717T1-500 exp(—3.70/T) [48, reaction 40]

30 e 0(alA,) = e+ 0o -0.977 2.10- 10715770232 oxp(—1.89/T.)  [48, reaction 41], 81

31 e+ 02(alAy) = e+ 02(alAy)® 0.0 4.15 - 107 1379-599 exp(—0.016/T) [48, reaction 42], 81,87
32 , e+ 02(alA,) = e+ 02(alAy,)b  0.02 3.88- 1071771220 oxp(—0.55/T.)  [48, reaction 43]
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Continuation of table Al: Electron-oxygen reactions.
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# Reaction Ewy [€V] K, [m3+3(Nr—2)g—1] Ref.

33 e+ 02(alA,) = e+ Oa(alAy,)  0.19 4.32 - 1016771570 oxp(—0.586/T.)  [48, reaction,44]

34 e+ 02(alA,) = e+ Oa(alA,)?  0.19 2.76 - 107147, 1030 oxp(—6.96/T.)  [48, reaction 45]

35 e+ 02(alAy,) = e+ Oa(alAy)e  0.38 1.64 - 1071677 1410 o (—0.723/T.)  [48, reaction 46]

36 e+ O02(alAy) = e+ 02(a'A,)f 038 1.20 - 10~ 1571015 exp(—6.9/T:) [48, reaction 47]

37 e+ 02(alAy) = e+ 02(alAy)9 057 5.40 - 10715779916 exp(—6.6/T%) [48, reaction 48]

38 e+ 03(alA,) = e+ Os(alAy)"  0.75 5.27 - 10757, 1130 oxp(—7.57/7L)~  [48, reaction 49

39 e+ 0z(alAy) — e+ Oa(b1x) 0.657 5.25 - 1071570440 exp(—1.49/@g)  [48, reaction 50], 87
40 e+ 02(alAy) = e+ O2(b'Ey) 3.52 1.28 - 10~ 1475 1160 exp(46.02/T.) “wrf48, reaction 51]

41 e+ O02(alAy) = e+ 02(b'%F)  5.02 1.98 - 107177077 exp(—6.38/Te )i [48, reaction 52]

42 e+ 02(alA,) -0+ 0~ 3.0 4.14 10715771390 exp(—5.15/2%)  [48, reaction 53], 88
43 e+ 02(a'A,) = O('D) + O~ 3.0 9.20 - 10716771390 exp(=6.55/T.)  [48, reaction 54], 88
44 e+ 02(b'Tf) =24+ 040" 17.1 8.60 - 101671410 gxp(—18121/T) [48, reaction 55|

45 e+ 02(b'SH) = 2¢ + OF 10.43 2.32 - 10~ 13T0:990 exp(—10.88/T%) [48, reaction 56]

46 e+ O02(blTy) - e4+0+0(D) 6.87 3421074790 T exp(—6.42/T.) [48, reaction 57]

47 e+ 02(b'Zf) 5 e+0+0('D) 8.34 1.56 210~ 17T 1:599%xp(—3.05/T) [48, reaction 58]

48 e+ 02(b'SY) = e+ Og -1.627 3.97- 1071602089 oxp(—1.04/T.)  [48, reaction 59], 81
49 e+ 02(b'Ef) = e+ Oa(alAy) -0.657 5.25 - 10~ 157, 0440 oxp(—0.833/T.)  [48, reaction 60], 87
50  e+4Oa(b'ZF) = e+ 02(b18H)* 0.0 4.15-105 1479599 exp(—0.016/T.) [48, reaction 61], 81,87
51 e+ Oa(b'SF) = e+ 02(b'T)?  0.02 3188 - 10~ 1771220 oxp(—0.55/T.)  [48, reaction 62)]

52 e+ Oa(b'ZF) = e+ O2(bIxi)e /0019 4.32-10 16771570 oxp(—0.586/T.)  [48, reaction 63]

53 e+ O0a(b'ZF) — e+ 02(b'TH)? 0719 2.76 - 10~ 1471030 exp(—6.96/T.)  [48, reaction 64]

54  e4 O0a(b'ZF) —» e+ 02(b'TH)e 10.38 1.64 - 10716771410 oxp(—0.723/T.)  [48, reaction 65]

55 e+ O0a(b'S) = e+ O2(b'Ei) L 0.38 1.20 - 10~ 1575 1015 exp(—6.9/T.) [48, reaction 66]

56 e+ Oa(b'Sd) = e+ 02(b!')9  0.57 5.40 - 10~ 157, 0-916 oxp(—6.6/T.) [48, reaction 67]

57 e+ O0a(b'Z) = e+ QBT ) 0175 5.27- 1071571130 exp(—7.57/T.)  [48, reaction 68]

58 e+ O0a(b'ZH) = e+ O2(bIEL) | 2.87 1.28 - 10~ M7 1160 oxp(—5.37/T.)  [48, reaction 69]

59 e+ O0a(b'S) 5 e 0a(blSE) T 4.37 1.98 - 1071477077 oxp(—5.73/T.)  [48, reaction 70]

60 e+ O2(b'xi) O+ 0~ 0.0 7.11- 1071671040 6x(—0.23/T.)  [48, reaction 71], 89
61 e+0; —2+0, 4.68 1.57 - 1071471010 exp(—1.77/Te) [48, reaction 72], 90
62 e+03—d+Q+0s 2.6 1.70 - 10~ 4770570 exp(—2.48/T:.)  [48, reaction 73], 91
63 e+ 03 = e+0O(D)+ Oz(alA,) 5.72 3.22- 1037, 1180 oxp(—9.17/T.)  [48, reaction 74], 91
64 e+Q3—0H05 0.0 1.02- 107157 1390 exp(—1.03/T.)  [48, reaction 75], 92
65 e+ Og— O—4 O 0.0 3.45 - 10715770950 exp(—1.00/Te)  [48, reaction 76], 92
66 fe+ 03 2+ OFf 12.43 5.96 - 107 13T9-978 exp(—12.55/T¢) [48, reaction 77], 85,93
67 e+ OF 430 -6.27 2.07 - 10~ 13770550 [48, reaction 78], 94
68 e+ 07 —20+0('D) -4.3 6.69 - 10— 137,70-550 [48, reaction 79], 94
69 e==0F — O +20('D) -2.33 1.55 . 10~ 137;0-550 [48, reaction 80], 94
70 €+ 05 —2e+ O3 2.1 2.12- 107 1479-510 exp(—5.87/T) [48, reaction 81], 95
71, e+05 =2 +0+0: 3.2 7.12- 10" M7, 9132 oxp(—5.94/T.)  [48, reaction 82], 95
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)

#  Reaction Ewy [€V] K, [m3+3(Nr—2)g—1] Ref.

72 e+ 035 —2e+30 8.4 1.42 - 10~ 147,9-520 oxp(—9.3/T2) [48, reaction,83], 95

73 2+ 0T 5e+0 0.0 2.00 - 10-397;745 [48, reaction 142]596

74 2e+0F —e+ 0o 0.0 2.00 - 107397743 [48, reaction 143], 96

75 2e+ 0 —e+202 0.0 2.00 - 10739745 [48, reaction 144], 96

76  e+0+02—0+05 0.0 1.00-10—43 [48, reaction 145], 97

77 e+ 0Ot = O(D) 0.0 2.70 - 10~ 197,707 [48, reaction 146], 97

78 e+O0t+02—0+0; 0.0 3.30- 10~ 25 [48, reaction 147], 96

79 e+202 — Oz + 05 0.0 3.62 - 10~437 10 exp(—0,052/7%) [48, reaction 148], 97

80 e+ 02+ 0F — 20, 0.0 3.30 - 10—441,25 [48, reaction 149], 96

81 e+ 02403 — 02+ O3 0.0 3.62 - 107437, 10 exp(—0.052)/2%) [48, reaction 150]

82 e+0F - O0+0('D) 0.0 9.10 - 10137707 [48, reaction 151], 98-100
83 e+ 05 — O('D) 4+ 0O('S) 0.0 6.00 - 10~ 157,707 [48, reaction 152], 98-100
84 e+0F - O0+0('D)+ 0, 0.0 2.02 - 10— 47504 [48, reaction 153], 99,101
85 e+ 0F = O('D) + O('S) 4 Oz 0.0 1435 - 1041704 [48, reaction 154], 99,101
86 e+0 —e+0(5S) 9.15 2.84 2101577939 exp(—8.75 /1) [49, reaction 3 ]

87 e+0 —e+0(39) 9.52 1.00- 1071840-78 exp(—7.33/Te) [49, reaction 4 |

88 e+ 0 —e+O0O(P) 10.74 1.92 2107157, 912 exp(—10.15/T.)  [49, reaction 5 ]

89 e+0 —e+O(P) 10.99 1.93-10= 157038 exp(—9.71/T) [49, reaction 6 |

90 e+O0 —e+OCP) 12.0 2196 - 10~ 13T9-80 exp(—10.58/T¢) [49, reaction 8 |°

91 e+ O('D) = e+ O('S) 2.22 1.63- 1071570-04 exp(—2.28/T¢) [49, reaction 10]

92 e+ O('D) = e+ O(3S) 7.55 1.57 - 107177017 exp(—7.57/Te) [49, reaction 11]

93 e+ 0('D) = e+ O(P) 9.02 1.87 - 1071677018 oxp(—9.44/T,) [49, reaction 12]

94 e+ O(D)— e+ OCP) 11.03 2.42-10713T9-04 exp(—10.08/T) [49, reaction 13|

95  e+0('S) = e+ O(P) 6.8 9.54 - 1071777027 exp(—6.74/T) [49, reaction 15]

96 e+ O('S) = e+ O(P) 781 3.08 - 107177970 exp(—6.91/T.) [49, reaction 16]

97 e+ 0(5S) = e+ O(3S) 0.37 1.67 - 10~ 1377199 exp(—1.13/T¢) [49, reaction 17]

98 e+ 0(5S) = e+ O(PP) 1.59 81710137010 exp(—1.96/T.) [49, reaction 18]

99 e+ 0(5S) = e+/0OFP) 1.84 1.29 - 10~ 1377107 exp(—2.76 /T¢) [49, reaction 19

100 e+ O(3S) = e+ O(°P) 1.22 3.24 - 10~ 137,105 exp(—1.90/T.) [49, reaction 20]

101 e+ O(3S) & e4 O(3P) 1.47 6.27 - 1071377044 exp(—1.58/T) [49, reaction 21]

102 e+ O(°P) = e+ O(BP) 0.25 2.09 - 10~ 1377999 exp(—1.14/T.) [49, reaction 22]

103 e+ Q2 —e+O0+0(1S) 0.0 2.89 - 107167936 exp(—15.22/T) [49, reaction 26]

104 e+ Og(@lAy) = e+ O+ O('S) 0.0 2.89 - 107167936 exp(—15.22/T) [49, reaction 26]

105 fe+ 02(b'Ty) = e+ 04 0O(1S) 0.0 2.89 - 107167936 exp(—15.22/T%) [49, reaction 26|
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Continuation of table Al: Electron-oxygen reactions.

#  Reaction Ewy [€V] K, [m3+3(Nr—2)g—1] Ref.

oNOYTULT D WN =

9 @ Elastic scattering

b Rotational excitation

12 ¢ Vibrational excitation: from “v1” in Phelps database8!:82
13 4 Vibrational excitation: from “vlres” in Phelps database8!: 82
€ Vibrational excitation: from “v3” in Phelps database8! 82

f Vibrational excitation: from “v2” in Phelps database3!:82

17 9 Vibrational excitation: from “v2res” in Phelps database8! 82

18 h Vibrational excitation: from “v4” in Phelps database®!:82

* Excitation to triplet states above the 3P level are assumed to cascade down into,the 3 P level
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Table A2: Electron-argon reactions.

number of reactants.

60

Electron temperature, T, in €V, and N, _dssthe

Page 60 of 70

#  Process E; [eV] K, [m3+30Vr—2)g1] Ref.
106 e+ Ar — e+ Ar 0.0 2.336 - 10~ 14771-609. 41,102
exp [0.0618(log T:.)* — 04171 (logd".)?]

107 e+ Ar — Art +2¢ 15.76 2.3 - 1071795 exp(—17.44/T.) 45,103
108 e+ Ar— Ar" +e 11.55 5.0 - 10715 exp(—12.64/T.) 45,104
109 e+ Ar— Ar'" +e¢ 11.72 1.4-1071% exp(—12.42/%%) 45,104
110 e+ Ar — Ar" +e 11.62 1.9 - 10715 exp(—12.60/T.) 45,104
111 e+ Ar— Ar' +e 11.83 2.7-10" 0 exp(—12.14/T.) 45,104
112 e+ Ar — Ar(dp) + e 13.22 2.1 10 exp(—18.13/T.) 45,105
113 e+ Ar'"™ — Ar+e 0.0 4.3 - 1071670 45,58
114 e+ Ar™ — Art +2¢ 4.12 6.8 - 107267 exp(—4.2/T,) 45,106
115 e+ Ar'"™ = Ar" + e 0.09 3.7- 1054 45,107
116 e+ Ar'"™ — Ar(4dp) +e  1.57 8.9 -0 P exp(—1.59/T,) 45,106
117 e+ Ar(4p) — Art +2e  2.55 1.8 - 107137061 exp(—2.61/T..) 45,106
118 e+ Ar(dp) - Ar"+e 0.0 3.0 10 13701 45,58
119 e+ Ar(dp) = Ar™ + e 0.0 310 - 107 137051 45,58
120 e+ Ar(4dp) — Ar+e 0.0 3.9.107 1670 45,58
121 e+ Ar" — Ar+e 0.0 4.3 - 10716707 45,58
122 e+ Ar" — Ar" +e 0.0 9.1-10713 45,107
123 e+ Ar" — Ar(4dp) +e 148 8.9 - 1071372 exp(—1.59/T.) 45,106
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Table A3: Oxygen-oxygen reactions. Electron temperature, 7., in eV and neutral and

ion temperature, Ty, in K. N, is the number of reactants.

# Reaction K, [m3+t3(Nr=2)g-1] Ref.

124 30 — O+ O 3.80 - 10744(300/Tn ) exp(—170/Tn) [48, reaction 92], 113

125 30 = O+ 02(b'SY) 1.40 - 10~*2 exp(—650/TN) [48, reaction 93], 97

126 20+ 03 — 0+ 03 4.20 - 1047 exp(1056/T) [48, reaction 94], 113,114

127 20+ O3 — O+ O3(v) 9.80 - 10747 exp(1056/Tv) [485Teaction 95], 113,114

128 20+ 03 — Oz(alAy) + 02 6.50 - 1074%(300/T) exp(—170/Tx.) [48, reaction 96], 113,115

129 20+ 05 — 02(bIZF) + 02 6.50 - 10~%%(300/T ) exp(—170/TN) [48, reaction 97], 113,115

130 0O+ O('D) — 20 2.00-10~18 [48, reaction 98], 116

131 0+ 0(1S) — 20 2.50 - 10717 exp(—300/Tn ) [48, reaction 99], 117

132 0+ 0('S) - 0+ 0O('D) 2.50 - 10717 exp(—300/Tn) [48, reaction 100], 117

133 04202 — O2 + O3 1.80 - 10~46(300/ Ty )28 [48, reaction 101], 114,118,119
134 O +205 — O3 + O3(v) 4.20 - 10746(300/Z )26 [48, reaction 102], 114,118,119
135 04 03+ Oz(alAy) = O 4205 1.10 - 10—44 [48, reaction 103], 114

136 O+ Oz + O3 — 203 1.40- 10547 exp(—1050/Tn') [48, reaction 104], 114

137 O+ 02 + O3 — O3 + O3(v) 3.27 - 10~ 47 exp(—1050/Tn) [48, reaction 105], 114

138 O+ O2(alAy) = O+ O2 1.00 - 10722 (Eyp = -2.14 V) [48, reaction 106], 118

139 0+ 02(b'ZF) = 0+ 02(alAy) 8.00- 10~20\(E,;, = -0.65 eV) [48, reaction 107], 118,119

140 O+ O3 — 20 + O2 1.200, 1015 exp(—11400/T) [48, reaction 108], 113

141 O+ O3 — 202 8.00 - 10718 exp(—2060/Tn) [48, reaction 109], 118-121

142 O+ O3(v) — 202 4.50 - 10718 [48, reaction 110], 122

143 0O+ 03() =+ 03+0 1:05 - 1017 [48, reaction 111], 122

144  O('D) + 03 — O+ 02 4-10717 28,108

145 O('D) + O3(alA,) = O+ 04 4.10717 28,1082

146 O('D) + O2(b'2f) — O + Oy 4-10717 28,108

147 O(*D) + Oz — O 4 Oz (b2x) 2.64 - 10717 exp(55/Tw) [48, reaction 112], 118

148 O(!D) + Oz — O +0z(alA,) 6.60 - 10~ 8 exp(55/T) [48, reaction 113], 118

149  O('D) + 03 — 20+ O, 1.20-1016 [48, reaction 114], 118,119,122
150  O('D) + O3 — 205 1.20-10716 [48, reaction 115], 118,119,122
151 O('S) + Oof— 0+ Q2 3.00 - 10718 exp(—850/Tn) [48, reaction 116], 97,109

152 O('S) + Oz(@'A,) =+ O + 04 3.00 - 10718 exp(—850/Tn) [48, reactopn 116]97,109°

153 O(1S)yF 02(b'EF) = 0+ 04 3.00 - 1018 exp(—850/Tn) [48, reactopn 116]97,109°

154  O('S)+ O2 —/O(*D) + O2 1.30 - 10718 exp(—850/T) [48, reaction 117], 97,109

155 LO(S) +0z(a'A,) — 30 3.20 - 10~17 [48, reaction 118], 123-125

156 | O(S) +02(alAy) — O + O2(b'x) 1.30- 10716 [48, reaction 119], 123-125

157 O(S)+ O2(alA,) — O('D) + O2 3.60 - 1017 [48, reaction 120], 124,125

158 O('S) + 03 — O + O('D) + O2 1.93.10716 [48, reaction 121], 122

159  O('S) + 03 — 204 1.93-101 [48, reaction 122], 122

160  O('S) + O3 — 20 + O2 1.93-10716 [48, reaction 123], 122
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Continuation of table A3: Oxygen-oxygen reactions

#  Reaction K, [m3t3(Nr—2)g—1] Ref.

161 203 — 20 + Oq 6.60 - 10713(300/T) !5 exp(—59000/Tx)  [48, reaction 124], 97

162 Oz + Oz(alA,) — 204 3.60 - 10724 exp(—220/Tn) [48, reaction 126], 118

163 Oz + O2(bIZH) — 02 + 02(alAy) 3.90-10723 [48, teaction 128], 118,126

164 Oz + O3 — O+ 202 7.26 - 10716 exp(—11435/Tx) [48, reaction 130], 122

165 Oz + O3(v) — Oz + O3 4.00 - 10720 [48, reaction 131], 122

166 202(alAy,) = Oz + O2(b1Zy) 2.70 - 10723 [48, reaction 132], 127

167  Oz(alAy) 4+ O2(b'ZH) = 02 + 02(b'EF)  2.70-10723 [48, reaction 133]

168 202(b'EF) — Og 4+ Oa(b'y) 2.70 - 102 [48, reaction 134]

169  O2(alAy) +03 — O+ 204 5.20 - 10717 exp(—2840/Tn) [48, reaction 135], 118

170 O2(alAy) + O3(v) — Oz + O3 5.00 - 1017 [48, reaction 136], 122

171 Oa(b!ZH) + 03 — 0 4202 2.40 - 10717 exp(—135/Tn) [48, reaction 137], 118

172 02(b'ZF) + 03 — 02 + O3 5.50 - 10718 exp(—135/T) [48, reaction 138], 118

173 02(b!ZF) 4+ 03 — O2(alAy) + O3 5.50 - 10718 exp(=135 /T ) [48, reaction 139], 118

174 203 - O+ 02+ O3 1.65 40715 exp(—11435/Tn) [48, reaction 140], 122

175 O3 + O3(v) — 203 1.00+ 101 [48, reaction 141], 122

176 O+ 0~ = e+ 02 2.30 - 10 16(300/T )13 [48, reaction 155], 128,129

177 0+05 -0~ + 02 8.50 - 10~47(300 /T )18 [48, reaction 156], 128

178 O+ 0, — e+ O3 8.50 - 10=17(300/T )18 [48, reaction 157], 128

179 O+ 03 —e+202 1.00 “10~ Y7 [48, reaction 158], 97

180 O+ 03 — O2+ 05 2.50 - 10716 [48, reaction 159], 130

181 O+0f — 03+07F 3.00 - 1016 [48, reaction 160], 130

182 0+40; - 02403 4.00- 10716 [48, reaction 161], 97,130

183 O(*D)+ 0~ — e+20 7.40 - 10716 [48, reaction 162], 131-133

184 O('D)+0; — e+ O3 8.50 - 107 17(300/T )18 [48, reaction 163]

185 O('D)+0; — O~ +'02 8.50 - 10717(300/Tn )18 [48, reaction 164]

186 O('D) + O3 — 20+ 07 3.00-10716 [48, reaction 165], 131,132,134

187  O('D)+ 03 — O £02+0~ 3.00-10~16 [48, reaction 166], 131,132,134

188 O('D)+0; - 04+ Os+e 3.00-10716 [48, reaction 167], 131-133

189  O('D) + O —=.0+ 02407 3.00-10716 [48, reaction 168], 131-133

190  O('D) + Of —03 +HOF 3.00-10716 [48, reaction 169], 131-133

191  O('D) + O, =he+O + 20, 2.00-10~16 [48, reaction 170], 131,132,134

192 O(!D)+0O; % O+ 02+05 2.00-10~16 [48, reaction 171], 131,132,134

193 O(*D)+ O; 4202+ O~ 2.00- 1071 [48, reaction 172], 131,132,134

194 fO(*D) +0; — O+ 02 + 05 7.40 - 10716 [48, reaction 173], 131-133

195 LO(1S) +05; — O~ + Oz 8.50 - 10~ 17(300/T )18 [48, reaction 174]

196 O(SY+0; —e+ O3 8.50 - 10717(300/T )18 [48, reaction 175]

197 O(*S) + O — 20 +0F 2.00-10716 [48, reaction 176], 131,132,134

198 O('S)+0; —e+0+03 2.00-10~16 [48, reaction 177], 131,132,134

199, O('S)+0; - 20+ 03 2.00-10~16 [48, reaction 178], 131,132,134
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4
5 Continuation of table A3: Oxygen-oxygen reactions
6
7 #  Reaction K, [m3t3(Nr—2)g—1] Ref.
2 200 O('S)+0; - O+0" 40> 2.00 - 10—16 [48, reaetion 179], 1315132, 134
10 201 O(1S) + o+ — 0+ 02+ 07 3.00- 1016 [48, reaction 180], 131133
11 202 O('S)+0Of — Of +03 3.00-10716 [48, reaction 181], 131-133
g 203 O('S)+ 0, —e+0+20, 2.00 - 10~16 [48, reaction 182], 131,132,134
14 204 O('S)+0; - O+ 02405 2.00-10716 [48, reaction 183], 131,132,134
15 205 O('S)+0; — O~ +202 2.00-10—16 [48, reaction 184], 131,132,134
16 206 O+ 4+ 040y — 0y +0F 4.00 - 10742 (300/ T ) %93 48, reaction 185]
17
207 Ot 402 = O+ 0F 2.10 - 10717(300/T )04 48, reaction 189], 97,135

18 2
19 208 Ot +03 — 02+ 0OF 1.20-101 [48, reaction 193], 131,132,134
20 209 O~ 402 »03+e 1.00-10718 [48, reaction 198], 130
21
2 210 O~ +02—-0; +0 1.00- 10718 [48, reaction 199], 130
23 211 O~ +202 — O2 + O3 1.10- 10742 [48, reaction 200], 97
24 212 O~ +O2(alAy) - O+ 035 7.90 - 10716 exp(=890/Tn ) [48, reaction 203], 136
;2 213 O~ 4+ 02(alA,) - O3 +e 6.10 .40~17 [48, reaction 204], 136
27 214 O~ +02(b'Zf) - 04+ 05 7.90 1016 exp(—890/T ) [48, reaction 205]
28 215 O~ 4+ 02(b!ZF) = 03 +e 6.10 - 10717 [48, reaction 206]
;9 216 O~ + 03 — e+ 202 3.00 - 1016 [48, reaction 209], 130,137

0
31 217 O~ +03—>0+03 2.00 - 10=16 [48, reaction 210], 130,137
32 218 O~ + 03 — Oz + 05 1.00 "0~ 17 [48, reaction 211], 130,137
33 219 205+ 0 — Oy +OF 4.00 - 10~ 42(300/ Ty )93 [48, reaction 215], 138
34
35 220 202 + 05 — O2 + Oy 3.50 - 10743(300/Tn) [48, reaction 216], 97
36 221 O2+ 05 — e+202 2.70 - 10~ 16(Tv /300)°-5 exp(—5590/Tn) [48, reaction 217], 97
37 222 02405, - O+03 3.50-10~2! [48, reaction 218], 130
gg 223 02 +04 = 0O +03 6.70 - 10~ 16 [48, reaction 221], 131,132,134,139
40 224 02+ OFf — 202 + Of 1.00 - 10711(300/ T )42 exp(—5400/Tx)  [48, reaction 222], 97,130
41 225  O2+40; — 202+ Oy 2.20 - 10~ 11(300/Tn ) exp(—6300/T) [48, reaction 227], 97
fé 226 Oz(allAy) + O; —fe+20; 7.00 - 1016 [48, reaction 228], 136
44 227 Og(a'Ay) + Of &20, + OF 6.00 - 10— 16 [48, reaction 229], 131,132,134
45 228  Ogz(alAy) + Op.— 30g€ 3.00-10~16 [48, reaction 230], 131,132,134
23 229  Oz(alAy) 4+ Of — 202 + O3 3.00-10~16 [48, reaction 231], 131,132,134
48 230 O2(b'Z}) +05 =€+ 20, 7.00-10716 [48, reaction 232]
49 231 O2(b'SE) +05 — O~ + 20, 6.70 - 10716 exp(—1300/Tn) [48, reaction 233], 131,132,134
50 232 O2(b'mf) + Qf — 204 + OF 6.00- 101 [48, reaction 234]
51
52 233 fO2(b'=)) +0; — e+ 302 3.00 - 1016 [48, reaction 235], 131,132,134
53 234 102(b'SH) + 05 — 202 + 05 3.00-10-16 [48, reaction 236], 131,132,134
54 235 O3 +03 — Oz + O3 6.00 - 1016 [48, reaction 247], 130
gg 236 O3+ O; — 202+ O3 8.00 - 10~16 [48, reaction 251], 131,132,134
57 237 O + 03 — e+ 302 8.50 - 1016 [48, reaction 254], 131,132,134
58 238, O(®P)+ 02 -+ O+ 02 9.4-10716 110
59
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Continuation of table A3: Oxygen-oxygen reactions

64
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# Reaction K, [m3t3(Nr—2)g—1] Ref.
239  O(®P) 4+ O2(alAy) — O+ Oo 9.4.10~16 110¢
240 O(3P) 4 O3(b'ZF) — O + 02 9.4.10716 110€
241 OCP)+03 - 0+ 03 9.4-10-16 110¢
242 OCP)+0—0+0 9.4.10716 110°
243  O(3S)+ 02 = O+ 02 9.4-10716 110¢
244 O(3S) + 02(alAy) — O+ 02 9.4-10716 110¢
245 O(38) 4 02(b!T) — O + 02 9.4-10716 110¢
246 O(®S)+ 03 —- O+ 03 9.4.10~16 110¢
247 0O(®8)+0—-0+0 9.4-10716 110°¢
248  O(°P) + 02 — O+ O3 1.08 -10~15 111
249  O(°P) 4+ O2(alAy) — O + Oq 1.08-10715 111¢
250  O(°P) 4+ O2(b!=F) — O + Og 1.08 10715 1119
251 O(°P) +03 —- O+ O3 1.08 - 10715 1114
252 O(°P)+0—-0+0 1.08 40715 1114
253  O(°S) + 03 — O 4 O2 1.4-10716 112
254  O(®S) + Oz2(alA,) = O+ 04 1.4-10%16 112¢
255  O(58) 4+ O2(b'ZF) — O + 02 1.4-10~16 112¢
256 O(°S) + 03 — O+ O3 1.4 - 10=16 112¢
257 O(®S)+0—0+0 1.4-10-16 112¢

@ The collisional quenching coefficient for Q(1D) + Oz is measured in Ref. 108. Here, the same quenching coefficient is

used for the marked reactions, due to a lack of speeific data.

b The collisional quenching coefficient for @(*S) + 02 is measured in Refs. 97,109. Here, the same quenching coefficient

is used for the marked reactions, due to a lack of specific data.

¢ The collisional quenching coefficient for O(3S) 4+ O3 is measured in Ref. 110. Here, the same quenching coefficient is

used for the marked reactions, due to alack of specific data.

4 The collisional quenching coefficient. for O(°P) 4 Oq is measured in Ref. 111. Here, the same quenching coefficient is

used for the marked reactions, due to a lack of specific data.

¢ The collisional quenching, coefficient for O(°S) 4+ O3 is measured in Ref. 112. Here, the same quenching coefficient is

used for the marked reactions, due to, a lack of specific data.
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Table A4: Argon-argon reactions. Electron temperature, 7., in eV and neutral andsion
temperature, Ty, in K. IV, is the number of reactants.

oNOYTULT D WN =

9 #  Reaction K, [m330=2s-1] Ref.

258 2Ar™ — 2Ar 2.0-10713 45

12 259 Ar"™ + Ar" - Ar+ Art 4 e 2.1-107% 45,140
13 260 Ar(4p) + Ar(4p) — Ar+Art +e 5.0-10716 45,106
261 2Ar™ — Ar+ Art 4e 6.4 - 10710 455107
16 262 Ar+ Ar'™ — 2Ar 2.1-107% 45,140
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Table A5: Argon-oxygen reactions. Electron temperature, T,, in eV and neufral and

ion temperature, Ty, in K. N, is the number of reactants.

# Reaction K, [m3+H3 (V=21 Ref.

263 O+ Ar"™ — O + Ar 4.1-10717 45,141

264 O+ Ar" — O+ Ar 4.1-10717 45

265 Oy + Ar(4p) — O + O + Ar 2.96 - 10716 45

266 Oy(alA,) + Ar(4p) — O+ O + Ar 2.96 - 10716 45%

267 Oq(b'EH) 4 Ar(4p) — O + O + Ar 2.96 - 1016 459

268 Oy + Ar(4p) — O + O('D) + Ar 3.34.- 10716 45

269 Oq(alA,) + Ar(4p) — O+ O('D) H#Ar 3.34.107'6 459

270 Oy(b'Ef) + Ar(4p) - O+ O('D) + Ar 3:34.-10716 45%

271 Oy + Ar™ — OF + Ar 4.90 - 10717(300/Ty)"™ 45,142

272 Oq(a'A,) + Ar" — OF + Ar 4.90 - 10717(300/ T )0-™® 452

273 Oo(b'E) 4+ Art — OF +Ar 4.90 - 10717(300/ Ty )™ 457

274 O+ Art — Ot 4+ Ar 6.40 - 10718 45,143

275 Oy + Ar™ — O + O 4/Ar 1.035- 10716 28,144,145
276 Oy(alA,) + At =00 +0 + Ar 1.035- 10716 28,144,145
277 Oy(b'Ef) 44 Ar™ =0 + O + Ar 1.035- 10716 28,144,145
278 Oy + Ar™ = QO +O('D) + Ar 1.17-10716 28,144,145
279 Oz(a*A AT — O + O('D) + Ar 1.17-1071%6 28,144,145
280 Og(b'SH)+ Ar™ — O+ O(*D) + Ar  1.17-1071¢ 28,144,145
281 Oy HAT™ — O + O('S) + Ar 4510718 28,144,145
282  Oy(alA,) + Ar™ — O + O(*S) + Ar 4510718 28,144,145
283 Oy(b'TH) + Ar'™ — O+ O(!S) + Ar 4510718 28,144,145

Page 66 of 70
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Continuation of table A5: Argon-oxygen reactions.

#  Reaction K, [m3+3(0Vr=2)g=1] Ref.

284 Oy +Ar" — O+ 0O + Ar 1.288 - 10716 28, 144,145
285 Oq(a'A,) + Ar" — 20 + Ar 1.288 - 10716 28, 144,145
286 Oo(b'Sf) + Ar" — 20 + Ar 1.288 - 10716 28,144,145
287 Oy + A" — O+ O('D) + Ar 1.456 - 10716 28,144,145
288 Oq(a'A,) + Ar" — O+ O('D) + Ar 1.456 - 10716 28,144,145
289 Oy(b'Ef) + Ar" = O+ O('D) + Ar 1.456,-11016 28,144,145
290 Oy +Ar" — O+ O('S) + Ar 5,6m10~ 1% 28,144,145
201 Oy(alA,) + Ar" — O + O('S) + Arn 5.6 1107 1® 28,144,145
202 Oy(b'EH) + Ar" — O + O(*S) + Ar 56510718 28,144,145
293 O('D) +Ar — Ar+0 3.0-1071° 28,117

294 O(*'S)+Ar— Ar+0 4.8-107% 28,117

205 O+ Ar™ — Ar 4 O(°P) 7.6-10717 28,146

296 O(°P) + Ar — Ar + Q(°P) 2.80-10718 28,147

297 O(°P)+ Ar — O + Af 1.4-10717 110

208 O(*S) + Ar — O + Ax 1.4-10717 110°

299 O(°P) + Ar'= O +'Ar 1.4-10717 110°

300 O(°S) #Ar —0 Az 1.4-10717 110°

% The reaction is an extension from the reactions in Ref. 45.

b Thé eollisional quenching coefficient for O(*P) + Ar is measured in Ref. 110. Here, the same

quenchingcoefficient is used for the marked reactions, due to a lack of specific data.
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is the number of reactants.
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# Reaction K, [m?+3(Vr=2)g=1) Ref.

301 OF+0~ — 20 3.10-1071(300/Ty)**  [48,(reaction 186], 148
302 O +0 4+ 02 =20+ 0, 1.00 - 10737(300/Tn)*® |48, reaction 187], 149
303 O+ 0~ 4+ 0y — 20, 1.00 - 10737(300/ T )%2. [48, reaction 188], 149
304 O~ +05 — 30 1.61-107(300/Tw)-!  [48, reaction 207], 148
305 0" +0F — 0+ 0, 1.61 - 1071(300/Tn)L! | [48, reaction 208], 148
306 O~ +05 - O0+0; 3.07 - 10714300/ Tp)*t 48, reaction 212], 148
307 O~ + 05 — O0+20, 1.54 - 107M(300/Ty )™ [48, reaction 213], 148
308 O~ +0Of — Og+ O3 1.54% 107*(300/Ty )™  [48, reaction 214], 148
309 OF + 0™ + 0y = 0+ 20, 1.00510%7(300/ T )>°  [48, reaction 237], 149
310 O3 40~ 4+ 05 — 02+ O3 1.00%10737(300/ T )*°  [48, reaction 238], 149
311 OF + 05 + Oy — 30, 2.00 - 10737(300/ T )?®  [48, reaction 239], 149
312 OF + O3 + Oy — 20, + O3 2.00 - 10737(300/T)*5  [48, reaction 240], 149
313 O3 +0; + 0y — 404 2.00 - 10737(300/ T )?®  [48, reaction 241], 149
314 OF + 05 — 04+ 20 1.60 - 1071(300/Ty)*!  [48, reaction 242], 148
315 OF + 05 —20, 1.60 - 10714(300/Ty )"t [48, reaction 243], 148
316 OF + 05— 20 +0; 2.90 - 10714(300/T)%° [48, reaction 244], 148
317 07 £05=0, + O3 2.90 - 1071(300/Tx )%  [48, reaction 245], 148
318 OFist O/~ 30, 6.07 - 10714(300/Tv)%?  [48, reaction 246], 148
3190 Oy 405 — Oy + O3 3.29 - 10714(300/Ty)**  [48, reaction 248], 148
320 Oy +0OF — 20 + 20, 1.60 - 10714(300/Ty)"!  [48, reaction 249], 148
321 05 + 05 — 30, 1.60 - 10714(300/ Ty )" [48, reaction 250], 148
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Continuation of table A6: Recombination reactions.

# Reaction K, [m3+3(Nr=2)g=1) Ref.

322 Ot +0; = 0+ 0, 3.22-1071(300/Ty)*'  [48, reaction 190}, 148
323 Ot 4+ 05 + 0y — O + 20, 1.00 - 10737(300/ T )% [48,reaction 191], 149
324 Ot +0; +0y = 03+ O3 1.00 - 10737(300/Tv)*5 /48, reaction 192], 149
325 024 05 + 05 — 20, + O3 2.00 - 107%7(300/ Ty )%, [48szeaction 219], 149
326 Oy + Oy + Of — 40, 2.00 - 107%7(300/ )22 [48, reaction 220], 149
327 OF + 05 — 203 5.19 - 1071(300/T\)%2 [48, reaction 252], 148
328 OF +0; — 20, + 04 5.37 - 107 }4B800/T)%°  [48, reaction 253], 148
329 O3 + 05 — O+ 30, 243, 107 "(300/T)%° [48, reaction 255], 148
330 Oz +OF — 20, + O3 2.43%1071%(300/Ty)%® [48, reaction 256], 148
331 Of +0; — 40, 4.97-10714(300/Tw)*”  [48, reaction 257], 148
332 Ot +0; - 0 +0;3 7.33710714(300/Ty)%° [48, reaction 194], 148
333 O + 05 + 0y — O + Oy~ Oz, 2.00 - 10737(300/ T )?®  [48, reaction 195], 149
334 OT+0; — O+ 20, 7.87-1071(300/T)% [48, reaction 196], 148
335 Ot +0; + 0y —, 0430, 2.00 - 10737(300/T)*5  [48, reaction 197], 149
336 Oz 4+ OF 4+ 05— Og+20; 2.00 - 107%7(300/Tv)*® [48, reaction 223], 149
337 02+ 05 40, — 30,2+ 05 2.00 - 10737(300/ T )?®  [48, reaction 224], 149
338 O+ 05 + 05, — 30y+ O; 2.00 - 107%7(300/Tv)%® [48, reaction 225], 149
339 Oy #0; ¥0O; — 50, 2.00 - 10737(300/ T )?®  [48, reaction 226], 149
340 O %04 Of = O+ 0y +03 2.00-10737(300/Tx)*> [48, reaction 201], 149
3411, O™ 4054+ O — O + 30, 2.00 - 10737(300/ T )%  [48, reaction 202], 149
342 O +Art - O+ Ar 4.0 -107*(300/Tn)%4 45
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Table A7: Oxygen reactions derived from emission cross sections®®.  Eleetron

temperature, T,, in eV. N, is the number of reactants.

#  Process K, [m3t3(Nr=2)g=1] Ref.

380 e+ 0O —e+O0CS) + Arrrs 1.96 - 107177099 exp(—15.23/T,) 128,49,150¢
381 e+ 0y = e+20+ A\i304 4.78 - 1071677096 exp(—15.69/T.) " 28,49, 150¢
382 e+ Og(alA,) = e+20 4+ N304 4.78 - 1071677096 exp(—15.69/T.)  28,49,150%°
383 e+ 02(b'SH) — e +20 + Ai304 4.78 - 1071677096 exp(—15.69/T.) 28,49, 1509
384 e+ 0y = e+20+ M\izs6 1.65 - 107177019 exp(—1542/T.) 28,49, 150¢
385 e+ Og(alA,) = e+20 4 M\i356 1.65 - 1077701 exp(—15.7/Zg).  28,49,150%¢
386 e+ O2(b'S}) — e+ 20 + \iz56 1.65 - 10770 exp(—15.7/T.) | 28,49,150%¢
387 e+ 03— e+0+0(CS)+ Arr75 1.73 - 107167977 exp(—14.69/Ts)" 28,49, 854
388 e+ 0z(alA,) = e+0+0CS)+ Arrrs  1.73- 1071670 exp(—14.69/7.)  28,49,85%¢
389 e+ Oy(b'Xf) = e+ 0+ 0(5S) + Arrs  1.73-10710T07 exp(=14.69/T,)  28,49,85%¢
300 e+ 03— e+ 0+ 0CS)+ Asaas 1.00 - 1071679 B exp(—14.77/T,)  28,49,85¢
391 e+ O0z(alA,) — e+ 0+ 0CBS) + Asaae  1.00- 10716707 exp(=d4.77/T.)  28,49,85%¢

392 e+ O09(b'ZH) = e+ 0+ O0CS) + Agaas  1.00- 1071670 Bexp(~14.77/T,)  28,49,85%¢

@ The cross sections on which these rate constants are based are derived by measuring the corresponding
emission lines. Therefore, they include contributions from excitation to higher states which cascade
down to the state emitting the measured wavelength, as well ‘as'direct electron impact excitation of the
corresponding excited state. Further information on whatithe values of each rate constant represent is
given in the relevant footnotes.

b All rate constants have been derived from by'fitting the data provided in the supplementary
information in Ref. 49.

¢ The emission cross section for excitation of the Oyground state with emission at 777 nm given in the
reference includes both the direct/exeitation of the O(°P) state and excitation of higher levels that
cascade down to the same state. The-rate constant given here is calculated by subtracting the direct
excitation cross section for the O(°P) state (zéaction 88) from the emission cross section given in the
reference. Because of this, that the rate constant for reaction 380 represents only the contribution of
cascades from higher levels to the production of emission at 777 nm.

4 The dissociative excitation eroés sections for emission at at 130.4 nm and 135.6 nm, given in the
corresponding referencesjpincluderboth dissociative excitation which directly forms the corresponding
excited states, as well as'excitation processes to higher levels that cascade down to the same states.
Because of this, the dissoeciative excitation cross sections for the emission at at 130.4 nm and 135.6
nm effectively include the cross sections for emission at 844 nm and 777 nm (reactions 390 and 387),
respectively. To account for this, the rate constants shown for emission at 130.4 nm and 135.6 nm
represent the totalwate comstant derived from those emission cross sections minus the rate constants
derived from the €mission cross sections for emission at 844 nm and 777 nm, respectively. This
means that the tate constants for dissociative emission at 130.4 nm and 135.6 nm represent the direct
excitation6f the corresponding excited levels with subsequent emission at the given wavelengths. The
rate constants for emission at 844 nm and 777 nm on the other hand represent the direct excitation of
the states emitting at those wavelengths, as well as the excitation of higher levels that cascade down
to the same excited states.

¢ The rate constants for dissociative excitation followed by emission for Oz(alA,) and Oy(b!X;) are
assumed the same as for the Oy ground state.
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