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Abstract
The corona bar induced pre–ionization is a crucial preliminary process in the operation of ArF
excimer lasers, directly impacting the uniformity and stability of output laser. The ultraviolet
corona pre–ionization, as the mainstream method, is tightly coupled with the main discharge
process, which complicates analysis. Here, we establish a numerical model of a single pulse
discharge incorporating an external circuit to analyze the pre–ionization process and its
influence on the breakdown characteristics. (1) By adopting detailed input parameters of
photoionization model, we observe uniform and dispersed plasma propagation from the corona
bar to the main gap. (2) An artificial boundary condition is proposed to investigate the
phenomenological effect of high–energy electrons emission, emphasizing the influence of
surface discharge along the cathode. (3) The propagation and breakdown characteristics of the
two pre–ionization setup methods, photoionization and background electron density, are
compared numerically. This study enhances the understanding of the pre–ionization process in
ArF excimer lasers and provides theoretical insights for their optimization and design.

Keywords: ArF excimer lasers, plasma, numerical model, pre–ionization

1. Introduction

ArF excimer lasers, operating at a wavelength of 193 nm,
are extensively used across various scientific and industrial
domains, including DUV photolithography [1–3], micro/n-
ano manufacturing [4–6], refractive surgery [7], laser fusion
ignition [8, 9], etc due to their lowwavelength and high energy
characteristics. The plasma driven by high–voltage pulses to
take place the electron impact excitation and ionization in the
discharge chamber of ArF excimer lasers, is essential laser
generation process.

Unstable discharge in excimer lasers can lead to localized
hotspots [10], filaments, and arc transitions [11], all of which
diminish the laser strength. To maintain a consistent, stable,

∗
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and repeatable excimer laser over extended periods, it is cru-
cial to sustain the discharge in a continuous glow state as much
as possible. This necessitates an adequate background elec-
tron density to ensure a uniform electric field before initiat-
ing the main discharge, often referred to as pre–ionization.
Therefore, the pre–ionization subsystem in excimer lasers
is indispensable [3]. Various methods have been employed
to facilitate pre–ionization in excimer lasers, such as X–ray
radiation [12, 13], laser beam [14–16], electron beam [17–20],
and UV/VUV radiation [21, 22], and researchers have invest-
igated the intensity, timing, and mechanism of pre–ionization.

In previous research, due to the decoupling between pre–
ionization and the main discharge, it is convenient to control
the intensity and time delay of pre–ionization to achieve the
strongest laser. Based on this notion, there are related experi-
mental studies: Delmdahl et al mentioned in their review [21]
that the UV light produced by spark discharge pre–ionization

1 © 2024 IOP Publishing Ltd
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can generate a uniform electron density of 1014 m−3 at 10
ns before the main discharge starts. D Mathew et al invest-
igated the F2 excimer laser with X–ray pre–ionization [12],
and they believed that a density of 1013 m−3/bar ensures dis-
charge uniformity, with the optimal triggering time difference
in their device being 20 ns. L Feenstra et al investigated the
pre–ionization of ArF and KrF [23], indicating that imposing
pre–ionization at 60 ns before breakdown proves most effect-
ive. It can be seen that diverse outcomes are affected by the
pre–ionization methods, gas compositions, and structural con-
siderations, which significantly influence the optimal paramet-
ers for pre–ionization in laser systems.

Moreover, there are focused explorations into the underly-
ing physical mechanisms governing pre–ionization in excimer
lasers. On the one hand, the generation of pre–ionization has
gained attention: D Levko explored the roles of runaway elec-
trons, X–ray, and photoionization in pre–ionization [24, 25]
and evaluated their relative importance. Azarov et al invest-
igated the photoelectric effect in X–ray pre–ionization [26].
Depending on the different pressure, gas ratio, and electrode
gap, the pre–ionization can be based on different mechan-
isms, with fast electrons emitted from the cathode sometimes
playing the dominant role. Additionally, pre–ionization can
change the propagation of plasma, including the propagating
direction [27] and suppressing plasma branching [15]. On the
other hand, currently, with the increasing demands of users
for the power, frequency, and compactness of excimer laser
products, the corona discharge pre–ionization coupled with
the main discharge has become one of the mainstream meth-
ods. Analyzing the plasma process in this context requires a
comprehensive consideration of both pre–ionization and the
main discharge, which poses difficulties for experimental dia-
gnosis. Therefore, numerical simulations are gradually being
developed in the field of excimer lasers.

The discharge numerical simulations of excimer lasers
mainly rely on kinetics calculation [23, 28–30] (0D), and
some focus on the plasma in the main gap [31–33] (1D, 2D).
Research encompassing both pre–ionization and the main dis-
charge coupling processes remains exceptionally scarce. Only
Xiong and Mark J Kushner’s work has ventured into investig-
ating the complete pre–ionization [34] and discharge process
[35] of ArF excimer lasers (2D) first of all. They discussed
the pre–avalanche photo–generated electron density is about
108 cm−3, and the critical role of sheath–accelerated second-
ary electrons in ArF excimer Lasers.

In this paper, the discharge evolution in one single pulse
of ArF excimer lasers is studied. (1) Different from previ-
ous work, we adopt a detailed input parameters in the pho-
toionization model, and reevaluate the critical role of photo–
generated electrons in propagation and breakdown. Based
on the external circuit model, the computational electrical
parameters are compared with experimental results to val-
idate the numerical model. (2) To investigate the disparit-
ies between simulation and experiment, an artificial bound-
ary condition (BC) is applied to replace the electronic Monte
Carlo Simulation (eMCS) in plasma–fluid framework, simu-
lating the phenomenology of high–energy electrons emission.
(3) A comparison of the differences between the background

ionization and the photoionization is investigated. The numer-
ical model is described in section 2, followed by a discussion
of the simulation results in section 3. Finally, a summary is
provided in section 4.

2. Numerical model description

2.1. Geometry and mesh

The partial 2D section diagram of ArF excimer lasers is shown
in figure 1(a), which includes the cathode (copper, colored
in red), anode (copper, colored in blue), dielectric (alumina
ceramic, colored in green, the relative permittivity ε/ε0 = 8,
ε0 is the vacuum permittivity), and the plasma region (colored
in white). Figure 1(a) only contains the components that are
relevant to the computational results, while neglecting those
that are not important. It is worth mentioning that the corona
bar is included in the computational domain, as it plays a signi-
ficant role in providing photo–generated electrons for the main
gap.

The numerical model employs the structured adaptivemesh
refinement in a 2D Cartesian coordinate system. The mesh is
initialized based on the geometry shape shown in figure 1(b).
The criteria for adaptive mesh refinement is based on the elec-
tron density:

h= hmax ×
1
2n

⩽ max(
log10 (ne)

18
hmin −

18− log10 (ne)
18

hmax,hmin)

(1)

where h is the mesh size, ne is the electron density, hmin, hmax

are the minimal and maximum mesh size, and n is the num-
ber of refinement times, respectively. To distinguish the space
charge, we estimated the Debye length λD:

λD ≡
√
ε0kbTe
nee2

≈ 3.7× 10−6 m (2)

where kb is the Boltzmann constant, Te ≈ 5 eV is the estim-
ated electron temperature, ne ≈ 2× 1020 m−3 is the estim-
ated electron density, and e is the elementary charge. We set
hmin = 5× 10−6 m, hmax = 1× 10−3 m to keep the refined
mesh size and the Debye length in the same order of mag-
nitude:

hrefined = 1× 10−3 × 1
28

≈ 3.9× 10−6 m< 5.0× 10−6 m.

(3)

2.2. Governing equations and BCs

The 2D plasma–fluid code PASSKEy (PArallel Streamer
Solver with KinEtics) is used in this study for modeling the
nanosecond discharge in ArF excimer lasers. Compared to the
local field approximation, it has been demonstrated in previ-
ous studies [36, 37] that the local mean energy approximation
(LMEA) provides greater accuracy in electron density and is
more suitable for atmosphere pressure simulations. Hence, the
LMEA is adopted in our model, and the code validation has
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Figure 1. (a) The partial 2D section diagram of ArF excimer lasers, and (b) the initial meshes with geometric refinement.

been carried out in published work [38, 39]. The equations
employed in the model are presented below.

The species drift–diffusion equation is:

∂ni
∂t

+∇·Γi = Si+ Sph, i = 1,2, . . . ,Ntotal (4)

where ni is the number density of species i, t is time, Si is the
reaction source term of species i, Sph is the photoionization
source term, Γi is the plasma component flux caused by drift
and diffusion, and its expression is:

Γi = (qi/ |qi|)µiniE−Di∇ni, i = 1,2, . . . ,Ncharge (5)

where qi is the charge number of species i, Di is the diffusion
coefficient and µi is the mobility of species i, respectively. E
is the electric field. The diffusion coefficient and mobility of
electron are calculated using BOLSIG+[40]. The mobility of
ions is determined using MOBION [41], while the diffusion
coefficients are determined using the Einstein relationship:

D= µ(kbT/e) , kb = 1.38× 10−23J/K,e= 1.602× 10−19C.
(6)

The electron energy conservation equation is:

∂neϵm
∂t

+∇·Γϵ =−|qe| ·Γe ·E−P(ϵm) (7)

where ne is the electron density, ϵm is themean electron energy,
Γϵ and Γe are the fluxes of electron energy and electron,
respectively, and P(ϵm) is the power by collisions. The expres-
sion for Γϵ is:

Γϵ =−µϵneϵmE−Dϵ∇(neϵm) (8)

where µϵ is the electron energy mobility, andDϵ is the electron
energy diffusion coefficient.

The electric field is determined by solving the Poisson
equation coupled with space charge:

∇(ε0εr (−∇Φ)) =−ρ− ρc (9)

E=−∇Φ (10)

ρ=

Nch∑
i=1

niqi (11)

∂ρc
∂t

=

Nch∑
i=1

qi (−∇ ·Γi) (12)

where ε0 is the vacuum permittivity, εr is the relative per-
mittivity, Φ is the potential, E is the electric field, ρ is the
space charge, and ρc is the surface charge determined by the
flux of ions Γion at the interfaces between the plasma and the
dielectric. Due to the curvature of the electrode and the electric
field enhancement are extremely important for pulsed, high
pressure discharges. To avoid the serration shape caused by
Cartesian mesh generation, the immersed boundary method
[42] was used in the Poisson equation.

The diagram of immersed boundary method is shown in
figure 2. The white region represents the plasma, the blue
region represents the ideal electrode area, and the red dashed
line in the figure represents the actual electrode boundary.
(x1,y1) and (x2,y2) are the intersection points of the line
formed by the neighbor center points and point (i, j) with the
electrode curve. We assume that the analytical formula for the
shape of the electrode is f(x,y) = 0 and the voltage is Vb.

We use the middle points (red dots on the red dash lines in
figure 2) at the interfaces between the plasma and the cathode

3
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Figure 2. The diagram of Poisson equation discretion on the
Cartesian grid.

to solve the Poisson equation, instead of point (i− 1, j) and
point (i, j− 1). The discrete expression at point (i, j) is:

αEi,jVi+1,j+αWi,jVi−1/2,j+αSi,jVi,j−1/2 +αNi,jVi,j+1 +αCi,jVi,j

=−
ρi,j
ε0

(13)

where α is the discrete coefficient of the equation, V is the
voltage, ρi,j is the charge at point (i, j).

The voltages of point (x1,y1) and point (x2,y2) are both Vb.
Therefore, when the immersed boundary is applied, Vi−1/2,j

and Vi,j−1/2 can be linear interpolated. They can be expressed
as a function of Vb, Vi,j and the distance between them [43].
The discrete expression in the condition of immersed bound-
ary is:

αEi,jVi+1,j+αW
′

i,j V
′
i−1/2,j+αS

′

i,jV
′
i,j−1/2 +αNi,jVi,j+1 +αCi,jVi,j

=−
ρi,j
ε0

(14)

V ′
i−1/2,j−Vb

xi−1/2,j− x1
=
Vi,j−Vb
xi,j− x1

(15)

V ′
i,j−1/2 −Vb

yi,j−1/2 − y2
=
Vi,j−Vb
yi,j− y2

. (16)

The comparison of whether the immersion boundary is
turned on or not is shown in figure 3.

Two types of BCs are usually selected in the plasma fluid
model. The first one is the simple BC (continuity BC) that
ignores the cathode sheath and secondary electron emission:

Γe =−µeneE−De∇ne (17)

Γion = (qion/ |qion|)µionnionE−Dion∇nion (18)

Γϵ =−µϵneϵmE−Dϵ∇(neϵm) . (19)

Another BC is the physical BC, which calculates the sec-
ondary electron emission self-consistently. The emission of
secondary electrons is related to the ion flux flowing in the
boundary:

Γe = γ

(∑
k

Γion

)
(20)

Γion = (qion/ |qion|)µionnionE−Dion∇nion (21)

Γϵ = γ

(∑
k

Γion

)
· ϵsee (22)

where Γe, Γion and Γϵ represent the boundary fluxes of elec-
tron, ion and electron energy, respectively. µe, µion and µϵ are
the mobility of electron, ion and electron energy, respectively.
ne is the electron density, nion is the ion density and ϵm rep-
resents the mean electron energy. γ is the secondary electron
emission coefficient, and ϵsee is the mean electron energy of
the secondary electron.

In the previous work, we attempted to simulate the sheath
of plasma in the air at 1.0 atm. The results show that the mesh
size near the cathode of the sheath needs to be smaller than
2.0 µm for analyzing the plasma in sheath [44]. Since the ArF
excimer lasers works in high–pressure (3.4 atm in our model),
there are the same difficulties when modeling it. In our previ-
ous calculations, it was found that regardless of the BCs used,
the drift of the electron energy conservation equation always
limits the time steps. If the simple BC is used, the maximum
mean electron energy is about 5 eV, but if the physical BC
is used, the maximum mean electron energy is about 11 eV
near the sheath. The expression of △t is limited by Courant–
Friedrichs–Lewy (CFL) condition:

△t= CFL · h
µϵ |E|

. (23)

We used BOLSIG+ [40] to calculate µϵ, and represent
µϵ and |E| as functions of mean electron energy. When
CFL= 0.1, h= 3.9× 10−6 m, the diagram of△t changedwith
electron energy is shown in figure 4. It can be observed that
when the maximum electron energy doubled, the time step has

4
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Figure 3. The comparison of electric field at the cathode tip when the immersed boundary is applied or not.

Figure 4. The simulation time step in different electron energy,
calculated by BOLSIG+ [40]. The maximum electron energy in
simple BC is 5 eV and the maximum electron energy in physical BC
is 11 eV.

decreased by approximately 20 times. A long time step means
that the time cost of using physical BC is too heavy in our
model. Therefore, considering the time cost of calculation, we
use the simple BC to calculate the discharge process.

In Xiong and Kushner’s work [35], the eMCS was used to
calculate the high–energy secondary electrons emitted from
the cathode, and the important influence of high–energy elec-
trons on the discharge current was evaluated. We have not yet
implemented the function of electronic Monte–Carlo simula-
tion in our model, so we try to apply an artificial BC to replace
in phenomenology.

Specifically, we calculate the boundary fluxes under simple
BC self–consistently at first, and then artificially increase the
electron energy fluxes at the cathode boundary by a multiple
coefficient k, that is:

Γϵ = k · (−µϵneϵmE−Dϵ∇(neϵm)) . (24)

Table 1. List of plasma species.

Species Name

Neutral species Ar, F2, Ne, Xe, F
Ar excited species Ar∗ (sum of 4 s), Ar∗∗ (sum of 4p), Ar∗2
Ne excited species Ne∗ (sum of 3 s), Ne∗2
Dimer species ArF∗, Ar2F∗

Positive charged species Ar+, F+
2 , Ne

+, Xe+, Ar+2 , Ne
+
2

Negative charged species F−, e−

In fact, the generation of high–energy electrons originates
from the impact of ions on the cathode surface, and elec-
trons are accelerated in the sheath. Based on this physical pro-
cess, we multiply the electron energy flux by a coefficient k
to replace the real high–energy electrons acceleration. While
this configuration may not be entirely physically consistent or
realistic, it allows us to capture the phenomenology. The para-
meters settings of the coefficient k in artificial BC is introduced
below.

2.3. ArF plasma reactions

The reaction source term Si reflects the changes caused by
plasma reactions. Si using a set of ODE equations to describe:

dni
dt

= Si =
jmax∑
j=1

Qij, j = 1,2,3, . . . , jmax, i = 1,2,3, . . . ,Ntotal,

(25)

where j is the number of the reaction, i is the number of species,
and Qij is the source term of species i from reaction j.

The simplified ArF reaction scheme considers four basic
gas components: Ar, F2, Ne, and Xe. The stoichiomet-
ric ratio (mole fraction) in the system is Ar/F2/Ne/Xe =
0.035/0.001/0.96 399/0.00 001. The initial electron density is
set to a small value ne = 106 m−3 [45]. There are 44 plasma
reactions involving 20 plasma species including electrons,
excited state particles, positive ions, and negative ions are con-
sidered. Specific species are shown in table 1. The complete

5
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Table 2. List of simplified plasma reactions.

No. Equations Rate Coefficient (1 s−1, m3 s−1, m6 s−1) Reference

1) Electron impact reactions

1 Ar+ e→ Ar+ e f(σ) [46]
2 Ne+ e→ Ne+ e f(σ) [46]
3 F2 + e→ F2 + e f(σ) [46]
4 Xe+ e→ Xe+ e f(σ) [46]
5 F2 + e→ F− + F f(σ) [46]
6 Ar+ e→ Ar∗ + e f(σ) [46]
7 Ar+ e→ Ar∗∗ + e f(σ) [46]
8 Ne+ e→ Ne∗ + e f(σ) [46]
9 F2 + e→ F+

2 + e+ e f(σ) [46]
10 Ar+ e→ Ar+ + e+ e f(σ) [46]
11 Ne+ e→ Ne+ + e+ e f(σ) [46]
12 Xe+ e→ Xe+ + e+ e f(σ) [46]

2) Stepwise ionization

13 Ar∗ + e→ Ar+ + e+ e f(σ) [46]
14 Ne∗ + e→ Ne+ + e+ e f(σ) [46]
15 Ar∗∗ + e→ Ar+ + e+ e 1.56× 10−13 (Te[eV])0.71 exp(−2.63/Te[eV]) [20]

3) Combination ionization/Penning ionization

16 Ne∗ +Ar→ Ar+ +Ne+ e 6.5× 10−17 [47]
17 Ne∗2 +Ar→ Ar+ +Ne+Ne+ e 6.5× 10−17 [47]

4) Electron-ion recombination

18 Ar+ + e→ Ar∗∗ 4.0× 10−19 (Te[eV])−0.5 [48]
19 Ar+ + e+ e→ Ar∗ + e 8.75× 10−39 (Te[eV])−4.5 [49]
20 Ar+ + e+ e→ Ar∗∗ + e 5.0× 10−39 (Te[eV])−4.5 [48]
21 Ar+ + e+Ar→ Ar∗ +Ar 1.0× 10−38 [50]
22 Ar+2 + e→ Ar∗ +Ar 7.0× 10−13 [50]

5) Electron impact de-excitation

23 ArF∗ + e→ Ar+ F+ e 2.0× 10−13 [51]

6) Ion-Ion recombination

24 Ar+ + F− → ArF∗ 1.0× 10−12 [52]
25 F+

2 + F− → F+ F+ F 4.0× 10−14 [20]
26 Ar+2 + F− +M→ ArF∗ +Ar+M 5.45× 10−11 ×N [47]

7) Charge transfer

27 Ar+ +Ar+Ne→ Ne+ +Ar+Ar 1.6× 10−44 [53]
28 Ne+ +Ar→ Ar+ +Ne 1.0× 10−17 [54]
29 Ne+ +Ne+Ne→ Ne+2 +Ne 4.4× 10−44 [55]
30 Ne+2 +Ne+Ar→ Ar+ +Ne+Ne+Ne 1.0× 10−43 [54]
31 Ne+2 +Ar+Ar→ Ar+ +Ne+Ne+Ar 1.0× 10−43 [54]

8) Two-body heavy particle reactions

32 Ar∗ + F2 → ArF∗ + F 7.5× 10−16 [20]
33 Ar∗ + F2 → Ar+ F+ F 3.1× 10−16 [20]
34 Ar∗∗ +Ar→ Ar∗ +Ar 1.0× 10−16 [20]
35 Ar∗∗ + F2 → ArF∗ + F 4.7× 10−16 [20]
36 Ar∗∗ + F2 → Ar+ F+ F 3.1× 10−16 [20]
37 ArF∗ +Ar→ Ar+Ar+ F 9× 10−18 [20]
38 ArF∗ + F2 → Ar+ F+ F+ F 1.9× 10−15 [20]
39 ArF∗ +Ne→ Ar+ F+Ne 1.6× 10−18 [51]

(Continued.)
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Table 2. (Continued.)

9) Three-body heavy particle reactions

40 Ar∗ +Ar+Ne→ Ar∗2 +Ne 1.1× 10−44 [47]
41 Ne∗ +Ne+Ne→ Ne∗2 +Ne 8.0× 10−46 [55]
42 ArF∗ +Ar+Ne→ Ar2F∗ +Ne 3.5× 10−43 [20]
43 ArF∗ +Ne+Ne→ Ar+ F+Ne+Ne 1.0× 10−44 [20]

10) Radiation reactions

44 ArF∗ → Ar+ F 2.5× 108 [20]

plasma chemistry and simplifying strategy can be seen in the
appendix.

2.4. Helmholtz photoionization model for ArF excimer lasers

Ultraviolet photoionization plays a significant role in self–
triggering ArF excimer lasers, thereby influencing plasma
propagation from the corona bar to the main gap. In this
section, we discuss the treatment of photoionization in the
numerical model.

The three–exponential Helmholtz model is used in this
study, which has been previously suggested for quantifying
the photoionization source term, denoted as Sph:

Sph (⃗r) =
∑
j

Sjph (⃗r), j = 1,2,3. (26)

Sjph (⃗r) can be solved using Helmholtz equations:

∇2Sjph (⃗r)− (λjp)
2 Sjph (⃗r) =−Ajp2I0 (⃗r) , (27)

where λj and Aj ( j = 1,2,3) are fitting parameters for the
equation, p is the gas pressure, I0 (⃗r) is the ionization source
rate. The values of λj and Aj can be obtained by fitting
the pressure-reduced photoionization rate function ψ0/p. the
expression of ψ0/p is obtained from the work of Pancheshnyi
[56]

ψ0

p
= (pr)

∑
j

Aje
−λjpr, j = 1,2,3, (28)

ψ0

p
=

pq
p+ pq

1
4π

ω

αeff

´ λmax

λmin
ξλ

(
µλ

p

)
e−(

µλ
p )prI0λdλ´ λmax

λmin
I0λdλ

, (29)

where the term ψ0/p can be divided into two parts:

ψ0

p strength
=

pq
p+ pq

1
4π

ω

αeff
, (30)

ψ0

p distribution
=

´ λmax

λmin
ξλ

(
µλ

p

)
e−(

µλ
p )prI0λdλ´ λmax

λmin
I0λdλ

, (31)

where pq is the quenching pressure of the emitting gas, ω is
the excitation coefficient of emitting states, αeff is the effective
Townsend coefficient, (λmin,λmax) is the spectral range of the

radiation, ξλ and µλ are the spectrally resolved photoioniza-
tion yield and the absorption coefficient, respectively, and I0λ
is the spectral density of ionizing radiation

ξλ =
σionization (λ)

σabsoption (λ)
, (32)

µλ

p
=
σabsoption (λ)

kbT
. (33)

Specifically, in ArF excimer lasers model, the photoioniz-
ation radiation comes from the 85 nm UV–light emitted by
Ne∗2 , and the ionized specie is Xe, because Xe has the low-
est ionization threshold in the gas mixture (Ar: 15.76 eV, F2:
15.69 eV, Ne: 21.65 eV, Xe: 12.13 eV). It has been reported
that adding Xe (even at partial pressure of less than 0.1 Torr)
into Ar/F2/Ne mixtures sharply increases the photo–charge
signal in the experiment. Similar conclusions have been drawn
in a study of XeF excimer lasers [57]. Besides, the reason why
we choose this process is based on the work of Xiong and
Kushner [35], it is believed that the conversion rate from Ne∗

to Ne∗2 is quite fast at high gas pressures. Xiong mentioned
that although there may be other photoionization processes
and radiation sources during the discharge of gas mixtures,
this choice represents general scaling laws of photo triggered
discharges.

Mimicking the equations mentioned above, the photoion-
ization function of Xe–Ne can be written is shown following
form:

ψ0

p Xe,Ne
= ηXe

(
pq

p+ pq

)
Xe, Ne

1
4π

(
ω

αeff

)
Xe, Ne

·

´ λmax

λmin
ξλ,Xe

(
µλ,Xe

p

)
e−(

µλ,Xe,Ne
p )prI0λ,Nedλ´ λmax

λmin
I0λ,Nedλ

,

(34)

µλ,Xe,Ne = ηXe ·µλ,Xe + ηNe ·µλ,Ne. (35)

Due to the absence of experimental photoionization data for
validation, the distribution function of photoionization is the
first to be solved. The photoabsorption cross sections, absorp-
tion coefficients of Ne and Xe, and the emission spectrum of
Ne are shown in figure 5.

It should be noted that (1) the photoabsorption cross
section of Ne lacks data between 12.1 ∼ 16 eV (77.5 nm ∼
102 nm), so we assumed its absorption coefficients to be low
(10−5 cm−1 ·Torr−1). (2) The ultraviolet emission spectrum of

7
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Figure 5. (a) The photoabsorption cross sections of Xe (black solid line)and Ne (red dash-dotted line), and the data are from Chan et al [58,
59]. (b) The emission spectrum of Ne at 1.2 atm (filled line), and the data are from Morozov et al [60].

Figure 6. The photoionization distribution function calculated by
PHOTOPiC (black points) and fitting curve (red line), and the fitting
data are shown in the blank.

Ne was measured at 1.2 atm instead of higher pressure due to
a lack of relevant data. (3) The current photoionization model
has limitations. The using model contains the absorption prop-
erties of the photons (optically thick), but the emission from
Ne∗2 is usually considered as optically thin.

In the current model, I0λ is the emission spectrum dens-
ity of Ne∗2 . The real ultraviolet radiation emitted by Ne∗2 is
stronger compared to the calculated results due to the lack of
resonance trapping. The photoionization distribution function
is solved using a well–validated online tool PHOTOPiC [61],
and the three–exponential terms are fitted using the Nelder–
Mead Simplex Direct Search method. The results are shown
in figure 6.

After the photoionization distribution function confirmed,
here, the photoionization strength references the work of

Xiong and Kushner in 2010 [34]. This is because the ionizing
radiation comes from Ne∗2 has a nonlinear relationship with
direct excitation of the monomer. When the excitation rate is
directly related to the photon emission such as O2, N2, etc the
photoionization intensity should satisfy [62]:

I0 (⃗r) = ξ
nu (⃗r)
τu

= ξ
pq

p+ pq
Si (⃗r) , (36)

where ξ is the efficiency of photoionization, nu(⃗r) is the dens-
ity of excited species, τ u is the radiative lifetime of excited
species, pq is the quenching pressure, Si(⃗r) is the source term
of ionization. We further simplify the above equation by dir-
ectly correlating I0(⃗r)with Si(⃗r) instead of considering the lin-
ear relationship, and determine the proportion coefficient from
the published literature, i.e.:

I0 (⃗r) = η · Si (⃗r) (37)

η is determined by the work published by Xiong and
Kushner [34]. In their model, The photoionization intensity
I0(⃗r) is indeed directly calculated from the density of excited
species Ne∗2 , and the results showed that the photoionization
source term is about one thousandth of the ionization source
term (figures 5(a) and (d) in the reference), so we will adjust
the coefficient η set to 0.001. Therefore, the intensity of pho-
toionization can be characterize by employing an approxim-
ate coefficient. Although the nonlinear relationship between
excitation rate and photoelectric emission does indeed affect
the accuracy of the model, the coefficient η can ensure that the
strength of photoionization is within a reasonable range.

2.5. The external circuit model

When coupling external circuits, only the time domain transi-
ent state can be analyzed due to the plasma acting as a non–
linear black box. The external circuits module solves theODEs
in the time domain to obtain the circuit voltages and currents
timely, and transport the circuit data as the BC of the Poisson

8
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Figure 7. The diagram of external circuit.

Table 3. Short circuit/open circuit assignment for each branch circuit component.

Circuit element type Short circuit Open circuit

Resistor R= 0 (0 Ω in practice) R=∞ (109 Ω in practice)
Capacitor C=∞ (109 F in practice) C= 0 (10−14 F in practice)
Inductor L= 0 (10−20 H in practice) L=∞ (109 H in practice)

equation to the plasma module. The electrode current can be
divided into two parts, the displacement current and the con-
duction current. The conduction current is obtained by integ-
rating the fluxes of various charged species on the electrode
surface, while the displacement current is the integration of
the derivative of the potential displacement vector over time
on the electrode surface

I=
ˆ
electrode

(∑
i
qiϕi +

d(εE)
dt

)
· n̂dA. (38)

A simplified external circuit of ArF excimer lasers and
adjustable parameters are shown in figure 7. Two RLC
branches and the voltage source were set up. The assignment
of circuit components in the short circuit and the open circuit
branch can be referred to in table 3. The circuit model can be
equivalent to a zero input response with the voltage source set
to 0. CapacitorC1 has a initial voltage. CapacitorC2 is charged
rapidly to increase the voltage.

3. Result and Discussion

3.1. Discharge evolution in one single pulse of ArF excimer
lasers

The electron density spatial distribution is shown in figure 8 at
times 30, 50, 65 and 76 ns. These four typical figures repres-
ent the discharge inception, propagation, and breakdown in a
single pulse.

Firstly, at 30 ns, the discharge initiates from the contact
point between the cathode and the corona bar, generating
surface streamers in both clockwise and counterclockwise

directions. The electrons subsequently occur in the small gap
between the cathode and the corona bar, merging with the sur-
face discharge. The surface streamer propagates at an average
speed of 2× 108 cm s−1 and has a thickness of 0.5 mm. The
electron density in the streamer reaches 1019 m−3.

Secondly, photo–generated electrons propagate from the
corona bar surface to the main gap. At 65 ns, the electron
density between the main gap reaches 1015 m−3 , and the
plasma generated from the cathode and the anode develops
in opposite directions. Notably, different from the narrow,
thin, and streamer–like shape of plasma shown in Xiong’s
work (figure 5 in [35]), the photo–generated electrons dur-
ing propagation are uniform and disperse in our computation.
This difference in electron density distribution may be caused
by the distinct input parameters of the photoionization model.
Moreover, there is a low electron density region near the cath-
ode surface as depicted in figure 8(c). The electrons are pushed
away due to the electric field being perpendicular to the cath-
ode surface. Neglecting the high–energy secondary electron
emission in the model is another reason for causing the elec-
tron density blank near the cathode.

Thirdly, at 76 ns, the electron density of 1018 m−3 com-
pletely filled the main gap for the first time. Due to the effect
of photoionization, the plasma is asymmetric. The plasma on
the right side of axis AB is wider. When the electron dens-
ity reaches 1018 m−3 for the first time, we define this moment
as the breakdown time, since the current will increase steeply
soon after as shown in figure 9(a). Meanwhile, the Ugap is no
longer equal to UC2 because based on Kirchhoff’s Law, UC2

can be written by the following equation:

UC2 = UL2 +Ugap, (39)

9
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Figure 8. The electron density distribution (ne) at (a) 30 ns, (b) 50 ns, (c) 65 ns, (d) 76 ns, unit in m−3, and partial electric field lines at 65 ns.

where UL2 is the voltage of inductor L2, and UL2 = L2 · dI/dt.
Therefore, the UL2 is not equal to zero when the current
increased.

The comparison of the experimental voltages and calcu-
lated voltages is shown in figure 9(b). Both UC1 and UC2 are
consistent in changing trends. The peak–to–peak voltage cal-
culated as ((∆Usim −∆Uexp)/(∆Uexp)) has a relative error of
4.2%. The voltage turning point time has a relative error of
7.0%.

We suspect the delay in the turning point and the reduction
in the peak–to–peak voltage are attributed to neglecting the
impact of high–energy electron emission. It has been repor-
ted that runaway electrons can accelerate plasma propagation
[63], leading to an advancement in breakdown time. Besides,
the sheath–accelerated electrons emitted from cathode are crit-
ical to the discharge current [35], and the discharge current will

affect the rising of the reverse voltage. To confirm the afore-
mentioned view, the work applying the artificial BC to char-
acterize high–energy electrons emission will be introduced in
next section.

3.2. The influence of surface discharge propagation along
the cathode

As mentioned in section 2.2, the expression for the elec-
tron energy boundary flux on the cathode surface is defined
by equation (24) when the artificial BC is activated. We set
k= 200 based on previous parameterized calculations and
empirical knowledge. When the artificial BC is applied, the
electron energy flux at the cathode boundary will be calcu-
lated self–consistently firstly, then the flux is multiplied by k.

10
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Figure 9. Only considering the photoionization: (a) the voltage of the cathode (Ugap), capacitor C2 (UC2) and the plasma current, (b) the
experimental and calculated voltages of capacitor C1 (UC1) and capacitor C2 (UC2).

As depicted in figure 10, the artificially increased elec-
tron energy flux elevates the electron temperature on the cath-
ode surface, reaching a maximum value of approximately
55 000 K. Compared to the simple BC, applying the artifi-
cial BC is a phenomenological effect for simulating the sur-
face ionization on the cathode surface, similar to the surface
streamer head on the surface of the corona bar. When the elec-
tron density on the surface reaches 1015 m−3, the artificial BC
reverts to the simple BC to prevent the uncontrolled growth of
electrons.

The electron density spatial distribution is shown in
figure 11 at 30, 50, 62 and 73 ns, with the first three figures
corresponding to the timestamps in figure 8.

At 30 ns, different from figure 8(a), the artificial surface
discharge initiates from the small gap between the cathode and
the corona bar. Then, at 50 ns,the electron density increases on
the cathode surface as volumetrically photo–generated elec-
trons propagate, filling the local low electron density region
near the cathode surface. The propagation speed of artificial
surface discharge is approximately 3.7× 107 cm s−1, determ-
ined by the multiplication coefficient k. The thickness of the
surface plasma is about 0.1 mm. Both the thickness and the
speed are smaller and slower than those of a classical surface
streamer.

At 62 ns, compared to figure 8(c), the discharge propaga-
tion near the cathode accelerates. The breakdown time occurs
3 ns earlier than in the normal photoionization case due to the
cathode surface discharge. Next, a symmetric plasma channel
was formed at 73 ns.

Changes in electrical parameters and density of key species
reflect the effects caused by applying the artificial BC. The
cathode voltage and plasma current are shown in figure 12(a).
It can be observed in figure 12(b) that species distribution
along line CD is more uniform when the artificial BC is
effective, and the average density of ne and ArF∗ is higher.
Figure 12(a) also shows that the turning time of gap voltage
advanced. Although the turning point time is advanced, apply-
ing the artificial BC cannot make key species densities increas-
ing significantly in the main gap. The increase in electron

energy at the cathode surface is temporary due to the elec-
tron density has been lager than 1015 m−3 when the main dis-
charge started. Therefore, different from eMCS, there is no
high–energy electron emission when the discharge propag-
ates between the main gap, as the plasma is calculated self–
consistently without applying the artificial BC.

Considering the discussions on the morphology of plasma
during propagation in sections 3.1 and 3.2, in order to con-
firm the characteristics of plasma propagation, a simple ICCD
images experiment was conducted. The position relationship
between the camera and the discharge chamber is shown in
figure 13(a). An ICCD camera was used to capture images
from the side of the discharge chamber, with a pulse trigger
controlling the camera’s triggering time and adjusting the rel-
ative timing between the camera shutter and the experimental
voltage, as shown in figure 13(b). The gate width of the ICCD
camera was set to 5 ns.

Due to the size limitation of the observation window, the
camera can only capture the bottom of the corona bar and the
main discharge gap. As shown in figure 13(c), it can be seen
that the luminescence area at the bottom surface of the corona
bar existed for at least 20 ns. However, there was always a
dark area between the bottom of the corona bar and the cath-
ode, even though the main discharge has been observed in
the last trigger image, inferring that plasma propagation is not
observed along the cathode surface. It is concluded that there
might be no obvious discharge phenomenon in this area.

3.3. A comparison of background electron density and
photoionization

To further explore the unique effect of photoionization, a com-
parison case of high–level background electron density was
computed. The background electron density was set to be
1015 m−3 initially corresponding to the photo–generated elec-
tron density reaches 1015 m−3.

The electron density spatial distribution is shown in
figure 14 at 25, 45, 65 and 72 ns with the first three figures
corresponding to the timestamps in figure 8.
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Figure 10. The electron energy distribution (Te) at (a) 35 ns, (b) 40 ns, (c) 45 ns, (d) 50 ns, unit in K. The artificial BC is applied, and the
long black arrow represents the direction of surface discharge.

Firstly, the discharge evolution is distinct in the two cases.
At 30 ns, the inception of discharge around the corona bar was
observed, with no difference in discharge inception between
the background ionization case and the photoionization case.
However, at 45 ns, the discharge did not propagate from the
corona bar to the main gap. The main discharge time was
advanced due to the sufficient background ionization dens-
ity in the main gap. At 72 ns, the plasma channel formed 4
ns earlier compared to the photoionization situation. The time
advance of breakdown can be observed from the electron dens-
ity in figure 14(d). The uniformity of discharge has improved,
and the electron density distribution on both sides of axis AB
is nearly symmetrical.

Secondly, electrical parameters and species densities are
distinct in two cases. The comparison of UC2 is shown in
figure 15. The relative error between the two cases and the

experimental measurement ofUC2 is small in both cases. It can
be seen that the turning time ofUC2 in the photoionization case
is slightly later than in the case with uniform 1015 m−3 back-
ground ionization. The discharge voltage, current and key spe-
cies densities of two cases are shown in figure 16. Comparing
the circuit parameters and species densities, it can be observed
that the current is higher, but the electron density and ArF∗

density are lower when photoionization is turned on.
The reason for the aforementioned phenomenon is the con-

stant presence of a 1015 m−3 background ionization inside the
discharge chamber. While self–consistent photoionization can
also achieve a 1015 m−3 electron density, the discharge has
to gradually propagate to the main gap. The background ion-
ization acts as an independent pre–ionization, similar to X–
rays. Therefore, if background ionization is used to model dis-
charges in excimer lasers instead photoionization, the effect of
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Figure 11. The electron density distribution at (a) 30 ns, (b) 50 ns, (c) 62 ns, (d) 73 ns, unit in m−3. Both the photoionization and the
artificial BC turned on.

pre–ionization may be overestimated. Photoionization can be
replaced by background ionization in a single–pulse discharge
if the electron density growth during the propagation process
is neglected. However, further research is needed to investig-
ate the replaceability of pre–ionization conditions under high–
frequency discharge.

4. Conclusions

In summary, the pre–ionization in ArF excimer lasers has
been investigated computationally in this work using a 2D
plasma simulation code, PASSKEy. A set of simplified plasma
reactions was summarized from the complete plasma reac-
tions sensitivity analysis. The three-exponential Helmholtz
model was adopted to describe the photoionization in the ArF
excimer laser discharge. Input parameters of photoionization

model were retrieved in detail. The spatial–temporal evolution
of plasma was computed and discussed. Besides, an experi-
ment was conducted to diagnose the morphology of plasma
propagation from the corona bar to the main gap. It is found
that there is no obvious discharge on the side of cathode
surface.

(1) In the numerical model, the spatial–temporal evolution
of electron density showed the discharge inception, propaga-
tion and breakdown clearly. The calculated voltage paramet-
ers match well with the experimental measurements. The rel-
ative error of peak–to–peak voltage is about 4.2% and the rel-
ative error of voltage turning time is about 7.0%. It is not-
able that the shape of plasma is uniform and dispersed when
propagating from the corona bar to the main gap. The photo–
generated electron density achieved 1015 m−3. Affected by
electric field direction, the plasma density on the cathode sur-
face is lower than 1015 m−3 when plasma propagating. Due
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Figure 12. Comparisons of electrical parameters between the simple BC case and the artificial case. (a) The cathode voltage and plasma
current. (b) The electron and ArF∗ density distribution on line CD at the breakdown time (76 ns in the simple BC case and 73 ns in the
artificial BC case).

Figure 13. (a) The diagram of the relative position between the ICCD camera and the discharge chamber, (b) the relative time between
ICCD camera and discharge voltage UC2, (c) ICCD images corresponding to four trigger times.

to the single placement of the corona bar, photoelectrons are
provided on only one side, causing the plasma morphology to
exhibit asymmetry.

(2) In order to investigate the role of cathode surface emit-
ted electrons in plasma propagation, an artificial BC is applied
to replace the eMCS in phenomenology. The simulation res-
ults show that the artificial BC provides a surface ioniza-
tion source. The plasma generated from the cathode surface
advanced the breakdown time, and eliminated the asymmetry
of plasma channel caused by photoionization. The ICCD
images showed the dark region between the cathode bottom
and the corona bar, where represents the side of the cathode

surface. It is believed that photoionization is the domin-
ant propagation mechanism, rather than high–energy electron
emission.

(3) Finally, a comparison between the photoionization and
a 1015 m−3 background ionization was made. It is found that
the 1015 m−3 background ionization cannot lead the plasma
propagation between the corona bar to the main gap. The sur-
face discharge along the corona bar and the volumetric dis-
charge in the main gap are independent. For one single pulse
discharge in the main gap, the results reveal that the photoion-
ization can be replaced by the background ionization in one
single pulse discharge.
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Figure 14. The electron density distribution at (a) 30 ns, (b) 45 ns, (c) 65 ns, (d) 72 ns, unit in m−3. The initial background electron density
is 1015 m−3 with photoionization off.

Figure 15. Comparisons of electrical parameters UC2 between the photoionization case and the background ionization case.
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Figure 16. (a) Comparisons of the cathode voltage and plasma current between the photoionization case and the background ionization
case. (b) The electron and ArF∗ density distribution on line CD at the breakdown time (76 ns in photoionization case and 72 ns in
background ionization case).
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Appendix. The ArF plasma chemistry and
simplifying strategy

The complete ArF reaction scheme considers 152 plasma reac-
tions involving 28 plasma species including electrons, excited
state particles, positive ions, and negative ions. Specific spe-
cies are listed in table 4. Electron collision reaction rates
considering the superelastic collision in the reaction system
are calculated using BOLSIG+ [40]. Lumped cross sections
are employed to reduce the number of excited states. Cross–
section data for Ar, Ne, and Xe are obtained from the Puech
Database, while cross–section data for F2 are obtained from
the SIGLO Database. Table 5 shows the entire plasma reac-
tions and their rate coefficients.

Due to the large number of species in the complete plasma
reaction system, a 0D sensitivity analysis is employed to
simplify the mechanism, enabling it to be conducted within

an acceptable computational burden for two–dimensional
simulations. The sensitivity analysis determines the import-
ance of reactions by sequentially ‘deleting’ each reac-
tion and evaluating the relative changes in electron and
ArF∗ densities. The sensitivity coefficient is defined as
follows [64]:

ϕ(t)i,r =
ni,r=0 (t)− ni,r (t)

ni,r (t)
(40)

where r is a reactions rate for the ith reaction, ni,r=0(t) and
ni,r(t) are the densities of the component under study with
modified and no–modified rates, respectively. The threshold
of ‘important’ was set by the following condition for any time
instant t:

|ϕ(t)i,r |⩾ 0.01. (41)

The reduced electric field (E/N) inputs used for sensitivity
analysis are 0 Td, 5 Td, 10 Td, and 15 Td, each with a duration
of 50 ns. These E/N values cover the magnitudes present dur-
ing most of a single pulse discharge. The E/N inputs for valid-
ating the simplified chemistry are obtained from the evolution
of the computed E/N at the center position of the main gap in
a single–pulse discharge, which is calculated in the prelimin-
ary computations. The simplified plasma chemistry is shown
in table 2, and the comparison between complete chemistry
and simplified chemistry is shown in figure 17.

It should be emphasized that the simplified plasma
chemistry is only applicable for modeling discharge dur-
ing propagation and breakdown. In the later stage of dis-
charge channel formation, differences in electron dens-
ity and excited species density appear when compar-
ing the simplified and complete mechanisms. Therefore,
for multiple or longer–duration discharges, the simplified
plasma reactions will no longer be applicable, and a
more comprehensive reaction mechanism should be
considered.
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Table 4. List of plasma species.

Species Name

Neutral species Ar, F2, Ne, Xe, F
Ar excited species Ar∗ (sum of 4 s state), Ar∗∗ (sum of 4p state), Ar∗2
Ne excited species Ne∗ (sum of 3 s state), Ne∗2
Xe excited species Xe∗ (sum of 6 s state), Xe∗∗ (sum of 6 s’ state), Xe∗2
Dimer species ArF∗, Ar2F∗, NeXe∗, XeAr∗

Positive charged species Ar+, F+
2 , Ne

+, Xe+, Ar+2 , Ne
+
2 , Xe

+
2 , NeXe

+, XeAr+

Negative charged species F−, e−

Table 5. List of complete plasma reactions.

No. Equations Rate Coefficient (1 s−1, m3 s−1, m6 s−1) Reference

1) Electron impact reactions

1 Ar+ e→ Ar+ e f(σ) [46]
2 Ne+ e→ Ne+ e f(σ) [46]
3 F2 + e→ F2 + e f(σ) [46]
4 Xe+ e→ Xe+ e f(σ) [46]
5 F2 + e→ F− + F f(σ) [46]
6 Ar+ e→ Ar∗ + e f(σ) [46]
7 Ar+ e→ Ar∗∗ + e f(σ) [46]
8 Ne+ e→ Ne∗ + e f(σ) [46]
9 Xe+ e→ Xe∗ + e f(σ) [46]
10 Xe+ e→ Xe∗∗ + e f(σ) [46]
11 F2 + e→ F+

2 + e+ e f(σ) [46]
12 Ar+ e→ Ar+ + e+ e f(σ) [46]
13 Ne+ e→ Ne+ + e+ e f(σ) [46]
14 Xe+ e→ Xe+ + e+ e f(σ) [46]

2) Stepwise ionization

15 Ar∗ + e→ Ar+ + e+ e f(σ) [46]
16 Ne∗ + e→ Ne+ + e+ e f(σ) [46]
17 Xe∗ + e→ Xe+ + e+ e f(σ) [46]
18 Ar∗∗ + e→ Ar+ + e+ e 1.56× 10−13 (Te[eV])0.71 exp(−2.63/Te[eV]) [20]
19 Xe∗∗ + e→ Xe+ + e+ e 1.8× 10−13 (Te[eV])0.61 exp(−2.61/Te[eV]) [55]
20 Ar∗2 + e→ Ar+2 + e+ e 9.0× 10−14 (Te[eV])0.70 exp(−3.66/Te[eV]) [20]
21 Ne∗2 + e→ Ne+2 + e+ e 9.75× 10−15 (Te[eV])0.71 exp(−3.4/Te[eV]) [55]
22 Xe∗2 + e→ Xe+2 + e+ e 9.75× 10−14 (Te[eV])0.71 exp(−3.4/Te[eV]) [55]
23 NeXe∗ + e→ NeXe+ + e+ e 8.8× 10−14 (Te[eV])0.71 exp(−3.6/Te[eV]) [55]

3) Combination ionization/Penning ionization

24 Ar∗ +Ar∗ → Ar+ +Ar+ e 5.0× 10−16 [20]
25 Ar∗ +Ar∗∗ → Ar+ +Ar+ e 5.0× 10−16 [65]
26 Ar∗∗ +Ar∗∗ → Ar+ +Ar+ e 5.0× 10−16 [20]
27 Ar∗2 +Ar∗2 → Ar2+ +Ar+Ar+ e 5.0× 10−16 [20]
28 Ne∗ +Ne∗ → Ne+ +Ne+ e 5.0× 10−16 [66]
29 Ne∗2 +Ne∗2 → Ne+2 +Ne+Ne+ e 5.0× 10−16 [66]
30 Xe∗ +Xe∗ → Xe+ +Xe+ e 5.0× 10−16 [55]
31 Xe∗∗ +Xe∗∗ → Xe+ +Xe+ e 5.0× 10−16 [55]
32 Xe∗2 +Xe∗2 → Xe+2 +Xe+Xe+ e 5.0× 10−16 [66]
33 Ne∗ +Ar→ Ar+ +Ne+ e 6.5× 10−17 [47]
34 Ne∗ +Xe→ Xe+ +Ne+ e 2.3× 10−17 [66]
35 Ne∗ +Xe→ NeXe+ + e 2.3× 10−17 [66]
36 Ne∗2 +Ar→ Ar+ +Ne+Ne+ e 6.5× 10−17 [47]
37 Ne∗2 +Xe→ Xe+ +Ne+Ne+ e 7.5× 10−17 [66]
38 Ne∗2 +Xe→ NeXe+ +Ne+ e 2.3× 10−17 [66]
39 Ar∗∗ +Xe→ Xe+ +Ar+ e 2.0× 10−16 [66]

(Continued.)
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Table 5. (Continued.)

No. Equations Rate Coefficient (1 s−1, m3 s−1, m6 s−1) Reference

4) Electron-ion recombination

40 Ar+ + e→ Ar∗∗ 4.0× 10−19 (Te[eV])−0.5 [48]
41 Ar+ + e+ e→ Ar∗ + e 8.75× 10−39 (Te[eV])−4.5 [49]
42 Ar+ + e+ e→ Ar∗∗ + e 5.0× 10−39 (Te[eV])−4.5 [48]
43 Ar+ + e+Ar→ Ar∗ +Ar 1.0× 10−38 [50]
44 Ar+2 + e→ Ar∗ +Ar 7.0× 10−13 [50]
45 Ar+2 + e→ Ar∗∗ +Ar 5.38× 10−14 (Te[eV])−0.66 [48]
46 Ne+2 + e→ Ne∗ +Ne 3.7× 10−14 (Te[eV])−0.43 [55]
47 Xe+ + e→ Xe 6.4× 10−13 [50]
48 Xe+ + e+ e→ Xe∗∗ + e 5.1× 10−39 (Te[eV])−4.5 [50]
49 Xe+2 + e→ Xe∗ + e 3.7× 10−14 [48]
50 Xe+2 + e→ Xe∗∗ + e 3.33× 10−13 (Te[eV])−0.5 [48]
51 NeXe+ + e→ Xe∗ +Ne 2.0× 10−13 (Te[eV])−0.5 [50]
52 NeXe+ + e→ Xe∗∗ +Ne 8.0× 10−14 (Te[eV])−0.5 [50]
53 ArXe+ + e→ Xe∗ +Ar 1.0× 10−13 [50]

5) Electron impact de-excitation

54 Ar∗2 + e→ Ar+Ar+ e 1.0× 10−13 [20]
55 ArF∗ + e→ Ar+ F+ e 2.0× 10−13 [51]
56 Ar2F∗ + e→ Ar+Ar+ F+ e 1.0× 10−13 [20]
57 Ne∗2 + e→ Ne+Ne+ e 3.0× 10−13 [67]
58 Xe∗2 + e→ Xe+Xe+ e 3.0× 10−13 [67]
59 NeXe∗ + e→ Ne+Xe+ e 3.0× 10−13 [67]
60 ArXe∗ + e→ Ar+Xe+ e 1.0× 10−16 [48]

6) Ion-Ion recombination

61 Ar+ + F− → ArF∗ 1.0× 10−12 [52]
62 Ar+2 + F− → ArF∗ +Ar 1.0× 10−12 [52]
63 F+

2 + F− → F+ F+ F 4.0× 10−14 [20]
64 Ar+ + F− +M→ ArF∗ +M 5.22× 10−11 ×N [47]
65 Ar+2 + F− +M→ ArF∗ +Ar+M 5.45× 10−11 ×N [47]
66 Ne+ + F− +M→ Ne+ F+M 4.19× 10−11 ×N [47]
67 Ne+2 + F− +M→ Ne+Ne+ F+M 4.82× 10−11 ×N [47]

7) Charge transfer

68 Ar+ +Xe→ Xe+ +Ar 4.3× 10−19 [48]
60 Ar+ +Ar+Ar→ Ar+2 +Ar 2.5× 10−43 [48]
70 Ar+ +Ar+Xe→ Ar+2 +Xe 2.0× 10−43 [48]
71 Ar+ +Ar+Ne→ Ne+ +Ar+Ar 1.6× 10−44 [53]
72 Ar+ +Xe+Xe→ ArXe+ +Xe 1.0× 10−43 [48]
73 Ar+ +Ar+Xe→ ArXe+ +Ar 1.0× 10−43 [48]
74 Ar+2 +Xe→ Xe+ +Ar+Ar 1.25× 10−43 [48]
75 Ne+ +Ar→ Ar+ +Ne 1.0× 10−17 [54]
76 Ne+ +Xe→ Xe+ +Ne 1.0× 10−17 [55]
77 Ne+ +Ne+Ar→ Ne+2 +Ar 1.0× 10−43 [55]
78 Ne+ +Ne+Ne→ Ne+2 +Ne 4.4× 10−44 [55]
79 Ne+ +Ne+Xe→ Ne+2 +Xe 8.0× 10−44 [54]
80 Ne+2 +Ar→ Ar+ +Ne+Ne 5.0× 10−20 [55]
81 Ne+2 +Xe→ Xe+ +Ne+Ne 1.0× 10−16 [54]
82 Ne+ +Ne+Xe→ NeXe+ +Ne 1.0× 10−43 [28]
83 Ne+2 +Xe→ NeXe+ +Ne 1.0× 10−19 [28]
84 Ne+2 +Ne+Xe→ Xe+ +Ne+Ne+Ne 4.0× 10−42 [28]
85 Ne+2 +Ne+Ar→ Ar+ +Ne+Ne+Ne 1.0× 10−43 [54]
86 Ne+2 +Ar+Ar→ Ar+ +Ne+Ne+Ar 1.0× 10−43 [54]
87 Xe+ +Xe+Ar→ Xe+2 +Ar 2.0× 10−43 [55]
88 Xe+ +Xe+Ne→ Xe+2 +Ne 2.5× 10−43 [55]
89 Xe+ +Xe+Xe→ Xe+2 +Xe 2.5× 10−43 [48]

(Continued.)
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Table 5. (Continued.)

No. Equations Rate Coefficient (1 s−1, m3 s−1, m6 s−1) Reference

90 Xe+ +Ar+Ar→ ArXe+ +Ar 1.0× 10−43 [48]
91 Xe+ +Ne+Ne→ NeXe+ +Ne 2.5× 10−43 [68]
92 NeXe+ +Xe→ Xe2+ +Ne 5.0× 10−18 [67]
93 NeXe+ +Xe→ Xe+ +Xe+Ne 5.0× 10−16 [67]

94 ArXe+ +Ar→ Xe+ +Ar+Ar 2.8× 10−13 × 300.0
Tgas

× exp
(

−3007.0
Tgas

)
[69]

95 ArXe+ +Xe→ Xe+ +Xe+Ar 5.0× 10−16 [48]
96 ArXe+ +Xe→ Xe2+ +Ar 1.0× 10−17 [48]

8) Two-body heavy particle reactions

97 Ar∗ + F2 → ArF∗ + F 7.5× 10−16 [20]
98 Ar∗ + F2 → Ar+ F+ F 3.1× 10−16 [20]
99 Ar∗ +Xe→ Xe∗ +Ar 2.2× 10−16 [50]
100 Ar∗ +Xe→ ArXe∗ 0.5× 10−16 [48]
101 Ar∗∗ +Ar→ Ar∗ +Ar 1.0× 10−16 [20]
102 Ar∗∗ + F2 → ArF∗ + F 4.7× 10−16 [20]
103 Ar∗∗ + F2 → Ar+ F+ F 3.1× 10−16 [20]
104 Ar∗∗ +Xe→ Xe∗ +Ar 2.2× 10−16 [50]
105 Ar∗∗ +Xe→ ArXe∗ 0.5× 10−16 [48]
106 Ar∗2 + F2 → Ar2F∗ + F 2.5× 10−16 [20]
107 Ar∗2 + F2 → ArF∗ + F+Ar 3.0× 10−16 [20]
108 Ar∗2 + F→ ArF∗ +Ar 3.0× 10−16 [20]
109 Ar∗2 +Xe→ Xe∗ +Ar+Ar 4.4× 10−16 [50]
110 Ar∗2 +Xe→ ArXe∗ +Ar 0.5× 10−16 [48]
111 Xe∗ +Xe→ Xe+Xe 3.5× 10−15 [50]
112 Xe∗ +Xe→ Xe∗∗ +Xe 1.5× 10−15 [50]
113 Xe∗∗ +Ar→ Xe∗ +Ar 1.0× 10−10 [50]
114 Xe∗∗ +Xe→ Xe∗ +Xe 2.8× 10−13 [50]
115 ArF∗ +Ar→ Ar+Ar+ F 9.0× 10−18 [20]
116 ArF∗ + F2 → Ar+ F+ F+ F 1.9× 10−15 [20]
117 ArF∗ +Ne→ Ar+ F+Ne 1.6× 10−18 [51]
118 Ar2F∗ +Ar→ Ar+Ar+Ar+ F 2.2× 10−20 [65]
119 Ar2F∗ +Ar→ ArF∗ +Ar+Ar 2.2× 10−20 [65]
120 Ar2F∗ + F2 → Ar+Ar+ F+ F2 2.05× 10−16 [65]
121 ArXe∗ +Xe→ Xe∗2 +Ar 1.0× 10−16 [48]
122 NeXe∗ +Xe→ Xe∗2 +Ne 1.0× 10−16 [66]

9) Three-body heavy particle reactions

123 Ar∗ +Ar+Ar→ Ar∗2 +Ar 1.14× 10−44 [20]
124 Ar∗ +Ar+Ne→ Ar∗2 +Ne 1.1× 10−44 [47]
125 Ar∗ +Ar+Xe→ Ar∗2 +Xe 1.10× 10−44 [48]
126 Ar∗ +Xe+Xe→ Xe∗2 +Ar 1.10× 10−45 [48]
127 Ar∗∗ +Ar+Ar→ Ar∗2 +Ar 1.14× 10−44 [48]
128 Ar∗∗ +Ar+Ne→ Ar∗2 +Ar 1.0× 10−44 guess
129 Ar∗∗ +Ar+Xe→ Ar∗2 +Xe 1.10× 10−44 [48]
130 Ar∗∗ +Xe+Xe→ Xe∗2 +Ar 1.10× 10−45 [48]
131 Ne∗ +Ne+Ar→ Ne∗2 +Ar 4.0× 10−46 guess
132 Ne∗ +Ne+Ne→ Ne∗2 +Ne 8.0× 10−46 [55]
133 Ne∗ +Ne+Xe→ Ne∗2 +Xe 4.0× 10−46 [55]
134 Ne∗ +Xe+Xe→ Xe∗2 +Ne 1.0× 10−45 [55]
135 Xe∗ +Ar+Ar→ ArXe∗ +Ar 1.0× 10−45 [48]
136 Xe∗ +Xe+Ar→ Xe∗2 +Ar 2.3× 10−44 [48]
137 Xe∗ +Xe+Ne→ Xe∗2 +Ne 1.6× 10−44 [55]
138 Xe∗ +Xe+Xe→ Xe∗2 +Xe 5.0× 10−44 [55]
139 Xe∗∗ +Xe+Ar→ Xe∗2 +Ar 2.3× 10−44 [48]
140 Xe∗∗ +Xe+Ne→ Xe∗2 +Ne 1.6× 10−44 [55]
141 Xe∗∗ +Xe+Xe→ Xe∗2 +Xe 5.0× 10−44 [55]
142 ArF∗ +Ar+Ar→ Ar2F∗ +Ar 4.0× 10−43 [51]

(Continued.)
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Table 5. (Continued.)

No. Equations Rate Coefficient (1 s−1, m3 s−1, m6 s−1) Reference

143 ArF∗ +Ar+Ar→ Ar+Ar+Ar+ F 5.0× 10−44 [65]
144 ArF∗ +Ar+Ne→ Ar2F∗ +Ne 3.5× 10−43 [20]
145 ArF∗ +Ne+Ne→ Ar+ F+Ne+Ne 1.0× 10−44 [20]

10) Radiation reactions

146 Ar∗2 → Ar+Ar 6.0× 107 [20]
147 ArF∗ → Ar+ F 2.5× 108 [20]
148 Ar2F∗ → Ar+Ar+ F 5.4× 106 [20]
159 Ne∗2 → Ne+Ne 7.5× 107 [55]
150 Xe∗2 → Xe+Xe 7.2× 107 [55]
151 NeXe∗ → Ne+Xe 5.0× 107 [66]
152 ArXe∗ → Ar+Xe 5.0× 107 [66]

Figure 17. The comparison of ne and nArF∗ between the complete
plasma chemistry (red lines) and the simplified plasma chemistry
(blue lines).
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