Plasma Sources 55;3 PURPOSE-LED
) A D
Science and PUBLISHING

Technology

ACCEPTED MANUSCRIPT

Modeling Filamentary Transitions in an ArF Excimer Laser

To cite this article before publication: Luying Bai et al 2025 Plasma Sources Sci. Technol. in press https://doi.org/10.1088/1361-6595/ae1385

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2025 IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar
technologies, are reserved..

_@@@@
Dur| c embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.

As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript will be available for
reuse under a CC BY-NC-ND 4.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/4.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on I0Pscience once published for full citation and copyright details, as permissions may be required.
All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 202.200.235.198 on 27/10/2025 at 03:17


https://doi.org/10.1088/1361-6595/ae1385
https://creativecommons.org/licences/by-nc-nd/4.0
https://doi.org/10.1088/1361-6595/ae1385

Page 1 of 27

oNOYTULT D WN =

ocouuuuuuuuuuudhDdDDDBDDIADMNDMDAEDANEDMNWWWWWWWWWWNNNNNNNNNDN=S =2 @2 aQaaa0
cowvwoOoONOUdMNWN-—_,ODVONOOULLDdMNWN-OVOVOONOUPDMNWN—_,rODVOVONOOULLDdMNWN-_,ODOVUOONOOUED WN = O

AUTHOR SUBMITTED MANUSCRIPT - PSST-107085.R1

Modeling Filamentary Transitions in an ArF
Excimer Laser

Luying Bai!, Xiaochi Ma!, Yifei Zhu', Yun/Wu' o
! National Key Lab of Aerospace Power System and Plasma.Technology, Xi’an
Jiaotong University, Xi’an, 710049, People’s Republicéof,China

E-mail: yifei.zhu.plasma@gmail.com

Abstract.

Filament formation in excimer laser discharge chambers often leads to premature
termination of optical pulses, serving as a key factor affecting laser spatial homogeneity
and energy stability. This study develops a O—2D’hybrid discharge model for ArF
laser discharge chambers to simulate non—uniform glow—filament discharge transitions.
The localized halogen depletionhnear hotspots during filament growth are observed,
with discharge non—uniformity ‘evelution qualitatively consistent with experimental
observations. We make semi-quantitative analysis about the impact of filaments on
glow discharge energy and.total ArF* production, finding that the ArF* yield per unit
energy in filament regions was founid-to be only 10%-12% of that in glow regions. By
adjusting magnetic pulse compression (MPC) excitation circuit parameters, the energy
allocation between filaments and glow discharge are improved, reducing laser energy
drop caused by filaments.
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1. Introduction

The 193 nm ArEexcimer laser, characterized by its short wavelength (193 nm) and high
intrinsic efficiéney, areswidely used in refractive surgery [1,2], micro-nano fabrication
[3-5], and surface ablation [6,7]. Additionally, it holds distinct advantages as a
prospectiverdriver for frontier strong—field physics studies like inertial confinement fusion
(ICF) [8.9]. Retent studies by NRL (the U.S. Naval Research Laboratory) researchers
have further explored the feasibility of ArF lasers for ICF applications, achieving a ArF
laser energy of 200 J [10].

In most applications of ArF lasers, long and stable laser pulses are essential.
However, in high-voltage conditions, the formation of filaments (manifested as narrow
channels with high current or electron density) will disrupt the optical homogeneity
needed for laser operation [11], and ultimately cause the laser pulse to terminate
earlier than the discharge pulse [12,13]. Additionally, filament formation causes severe
discharge inhomogeneities, which often leads to perturbations in gas density [14] or
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in vapourization of the electrode material [15]. Both of these events can lower the
repetition rate performance of the laser, limiting its operational efficiency. Congequently;,
researchers are interested in the mechanisms behind filament generation and.suppression.

The mainstream theory attributes the formation of filaments in rvare gas halide
lasers to cathode instability. Treshchalov et al. [16] reported in theirystudy that the
cathode hot spots, when airflow cooling is absent, will induce thesdischarge channel
contracting into filaments. Belasri et al. [17] and Akashi et al. [18] studied the evolution
of the cathode sheath in XeCl and ArF Lasers respectively, suggesting,the formation of
instabilities in the cathode region is closely related to filamentation. -

Another hypothesis about the mechanism of filament formation is4he non—uniform
distribution of the halogen donor or its depletion. Coutts et al. [19] considered halogen
donor depletion during the discharge pulse as the principalicause of discharge collapse
and the termination of lasing. Kushner [20] predicted thatieperating point instabilities,
which arise from the non—uniform distribution of halogen density or preionization
electron density, are the origin for the formation®f filaments. In most cases, the effects
of these two mechanisms are combined and reiffor¢é each other.

For the filament formation, there aréstudies’indicate that the filaments originate
from their own hotspots within the homogeneous plasma initially, rather than forming
as thin channels directly connecting the electrodesy[21]. After formation, the filaments
will “consume” the uniform glow: discharge [22], resulting in energy redistribution
between filaments and uniform glow diseharges [23], and ultimately terminate the laser
pulse. Therefore, filament formation occurs later than the uniform glow discharge,
with temporal overlap betweemthis two discharge modes. Additionally, discharge
inhomogeneities often occur across multiple dimensions. Taylor’s research demonstrates
that as a result of the filamentation, the “glow” discharge collapses both transverse to
and in the electric field direction {22].

From the studies above, it can be observed that filaments and the glow discharge
are spatially interconneeted and coexist during the discharge. Furthermore, since both
are powered by the same eléctrode, they will compete for power, mutually influencing
each other. Therefore, to analyze the impact of filamentary transitions on the overall
discharge characteristicss models must account for both discharge modes.

For 0-1D médels; Kushner [20] developed a 1D combined microarc-bulk model for
KrF laserssunder Kr/He/Fy gas mixtures. This model assumes a uniform distribution
of components along the vertical direction between the electrodes, treating micro arcs
as randomly dispersed across the discharge volume. In this study, Kushner proposes
the operating point instability (OPI) theory, attributing the formation of filaments to
uneven halogen density or preionization electron density.

Demyanov and Krause [24,25] developed a 1D filament-volume hybrid discharge
model. based on parallel-resistor model (PRM) [26] for excimer lasers, which simplifies
the treatment of filaments while accounting for the real electrode profiles. This model
was used to study the redistribution of current between two discharge modes and
discharge instabilities caused by halogen depletion.
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These studies have explored the impact of filaments on circuit parameters and
the reaction kinetics of filaments. However, current research models thatheonsider
both filaments and glow discharges are confined to low—dimensional, making it diffieult
to reflect the complex chamber structure and self-consistent preionizationnprocess:
Moreover, the treatment of filaments is highly simplified, neglecting #he propagation
and contraction dynamics during filamentation.

Therefore, some researchers try to study the self-consistent formation progress of
filaments, or pre—ionization process under the detailed chamber’structure/through 2D
model. Bychkov et al. [27,28] ignored the transverse distribution of filaments along
electrodes and assumed the cathode hotspot as an elongated ridge i the transverse
direction. This allowed them to study discharge non—uniformity in a 2D model for the
first time. Akashi et al. [29,30] used an axisymmetric 2D plasma fluid model to analyze
how cathode hotspots affect discharge uniformity, but their simplification of electrode
geometry was significant, making the model closer. to an abstract idealization for
qualitative discussion. The only 2D excimer laser model eonsidering complex discharge
chamber structures is Xiong and Mark J Kushner’s [31] work about ArF lasers, which
focused solely on the impact of UV preioniization produced by the corona-bar discharge
on the main gap discharge under uniform glow discharge conditions.

However, these models either consider, onlyysingle-dimensional non—uniformity
because a 2D cross-section inherently“assumes a uniform morphology in the third
dimension, or they focus solely on uniform discharges, without capturing the interaction
between the two discharge modes.

In summary, although conmsiderable research has been conducted on discharge
instability in excimer lasers, no analysis simultaneously considers the accurate geometry
(2D or higher) and the interaétion between filament and glow discharge. The formation
mechanism of filaments and theirtimpact on discharge non—uniformity have not been
deeply and quantitatively analyzed. Therefore, this study: (1) innovatively established
a 0D-2D hybrid model'that considers both glow and filament discharges, combined with
a self-consistent extermal MPC circuit, and artificially constructed electrode hotspots
to analyze the evolution and formation mechanisms of filaments in the laser; (2) semi-
quantitativelysanalyzed.-hiow filament formation affects glow discharge power and ArF*
yield, based(on the tight eoupling between filamentary and glow discharges; (3) studied
the influenee of magnetic pulse compression circuit on filamentary discharge and offered
suggestions for suppressing filament formation by adjusting the circuit parameters.

2./Numerical Model Description

This study models the glow—to—filament transition in excimer laser discharge chambers.
Sinee. filamentary and glow discharges differ in characteristics (e.g., discharge
morphology and formation times) yet coexist and interact with each other, we split
the discharge into two parts: filamentary discharge (analyzed using a 2D model) and
uniform glow discharge (analyzed using a 0D model). Artificial electrode hot spots
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are introduced into the 2D filament model to reflect the non—uniformity both between
filament—glow and within the filament. The two discharge modes influence éach other
through an independent external circuit module.

2.1. 2D fluid model for the filament discharge

For the filamentary discharge region, a 2D model is employed dué to its high spatial
non—uniformity. This study uses the 2D plasma—fluid code PASSKEy (Parallel Streamer
Solver with KinEtics) to simulate nanosecond discharges in ArF/excimerdasers. Previous
studies [32,33] have demonstrated that the local mean energy approximation (LMEA)
provides higher accuracy in electron density compared to the loeal field approximation
and is more suitable for atmospheric—pressure simulations. Therefore, the LMEA is
adopted in this model, with related code validations previded in,published works [34,35].
The main governing equations used in the model are presented below:
The species drift—diffusion equation is:
L

on; :
ik _I_V'I‘i:S’i_l_Sphy7/21727-";Nt0tal (1)

ot

where n; is the number density of specie 4y t'is,time, 5; is the reaction source term of

specie i, Sy, is the photoionization term, I'j\is the plasma component flux caused by
convective and diffusion, and its expressionyis:

Fi = (QZ/ |qll) :uzan - DZVm,Z = 17 27 s >Ncharge (2)

where ¢; is the charge numbet of speecie i, D; is the diffusion coefficient and p; is the
mobility of specie 7, respectivelys, F is the electric field. The electron diffusion coefficient
and electron mobility ave determined by the mean electron energy in LMEA and
calculated by BOLSIG+ [36)¢ The mobility of ions is calculated using the MOBION [37]
program, and the diffusion ratesis determined by the Einstein relationship:

D= (kT/e), ky =138x10"% J/K,e=1.602x 107" C. (3)
The electron energy/conservation equation is:

ONe€p,
ot

where ng. is the electron density, €, is the mean electron energy, I'. and I, are the fluxes

+V -T.=—lg| -Te- E—P(en) (4)

of eléetron energy and electron, respectively, and P (e,,) is the power by collisions. The
expression‘for I', is:
.= —pnee, E — DV (neey) (5)

where p. is the electron energy mobility, and D, is the electron energy diffusion
coefficient.
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The electric field is determined by solving the Poisson’s equation coupled with spaee
charge:
V (0er(=V®)) = —p — pe (6)
=-Vo (7)
Nch
pP= Z niqi (8)
i=1 -
ap Nch
atc - Z%(_v Fz) (9)

where ¢( is the vacuum permittivity, €, is the relative permittivity, ® is the potential,
E is the electric field, p is the space charge, and p{is the.surface charge determined
by the flux of ions I';,, at the interfaces between the plasma and the dielectric. The
curvature of the electrode and the electric field enhancemfnt are extremely important
for pulsed, high—pressure discharges. To avoid the/serration shape caused by cartesian
mesh generation, the immersed boundarysmethod [38] was used at the boundaries in
Poisson’s equation. The detailed setup andwalidation of the 2D fluid model for the ArF
excimer laser discharge chamber have been'fully described in our previous paper [39]
and will not be repeated here.

The partial 2D section diagram of AtE excimer lasers is shown in Figure 1(a), with
dimensions of 31 mm x 31 mmyThe diagram includes the cathode (copper, colored in
red), anode (copper, colored inblue)pdielectric (alumina ceramic, colored in yellow, with
the relative permittivity £,=8), and the plasma region (colored in white). Figure 1(a)
only contains the componénts“that-are relevant to the computational results, while
neglecting those that are notdmportant. It is worth mentioning that the corona bar is
included in the computational demain, as it plays a significant role in providing photo—
generated electrons for the main gap. The numerical model employs the structured
adaptive mesh refinement in'a 2D Cartesian coordinate system. The mesh is initialized
based on the géometry shape shown in Figure 1(b). The criteria for adaptive mesh
refinement isdased onnthe electron density.

The simplified ArF reaction scheme employed in this study considers four basic gas
components: Ar, Fs, Ne, and Xe. The simulation is conducted under a pressure of 3.4
atm, with an iditial electron density set to a low value of n, = 10® m™ [40]. There
are 44-plasma reactions involving 20 plasma species, including electrons, excited state
particles, positive ions, and negative ions. Specific species are shown in Table 1. The
complete plasma chemistry, simplifying strategy, and stoichiometric ratio can be seen
in our previous paper [39]. The model’s reaction scheme remains consistent throughout
the work, including the 2D model in this section and the 0D model in the next section.

In addition, to introduce the unstable disturbances that induce filament formation,
a hundred—micrometer—scale deformation with high secondary electron emission
coefficients was added to both the cathode and anode, aiming to replicate the local
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Figure 1: (a) The partial 2D section diagram of ArF excimer lasers with electrode
protrusion. (b) the initial meshes with geometric refinement.

Table 1. List of plasmasspecies

Species Name
Neutral Species Ar, Fo, Ne, Xe, F
Ar Excited Species Ar* (sum of 48); Ar** (sum of 4p), Ar}
Ne Excited Species Ne* (sum of 3s), Nej
Dimer Species ArF*, AryF*
Positive Charged Species Ar¥ FJ, Net, Xe', Ar], Nej
Negative Charged Species F~, e

electric field disturbances caused by ablation and chemical corrosion in experiments. The
selection of the deformation'sizédsibased on research by Dreiskemper and Guo on typical
sizes of hot spots and corresion pit$ on copper alloy electrodes in excimer laser [21,41-43].
For the deformation./#hape,. we' adopted a simplified but representative ellipsoidal
protrusion geometry; which can effectively simulate the local electric field enhancement
effect of a hotspot’and induce a glow-to-filament transition. This simplification allowed
us to focus morefon the influence of the electrode surface microstructure on filamentation
behavior, rather thansbecoming entangled in complex and difficult-to-quantify shape
details. The spe¢ific Size and schematic structure of the adopted deformation are shown
in Figureqs

2.2. Global model for the glow discharge

To enhance computational efficiency, the discharge in the uniform glow region is
simplified 4o a 0D dynamical model. To validate this simplification, a 2D fluid model was
fizsst_used to simulate the glow discharge. It was found that, under the pre-ionization
produced by the UV photoionization model in this paper, the spatial distribution of
electron density during the glow discharge is relatively uniform. Under this study’s
simulation objective and conditions, the process can be simplified to a 0D model. For
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a detailed discussion of the impact of photoionization on the discharge in AsF laser
chambers, please refer to our previous paper. [39)].

In the 0D model, the reaction source term S; reflects the changes caused by plasma
reactions. S; using a set of ODE equations to describe:

dn; Jmas , . .
= S; = ;Qij, 7 =1,2,3, ..., jmaws i = 1,23, .. £ Nioral (10)

where j is the number of the reaction, ¢ is the number of speciés, and“@s; 1s the source
term of species ¢ from reaction j.

The reduced electric field in the 0D model is given by equation &= U.,:/(dgap - N),
where Ueyt, dgop and N denote the electrode voltage, ele¢trode separation, and neutral
gas density, respectively. The calculation of currentmreliesyon’ the discharge cross-
sectional dimensions obtained from the 2D glow simulation,with specific setting basis
detailed in Section 2.3. Tests show that with an initialelectron density of n. = 3 x 10%°
m 3, the electrode voltage curve obtained from the 0D 8intlation (solid line in Figure 2)
almost coincides with the results from the 2D simulation. Additionally, the time
evolution of electron density (dashed linesyin Figure 2, with the 2D model’s density
extracted from the midpoint of the electrode’s, central axis) shows good agreement
between the 0D and 2D models during the main discharge stage and breakdown moment,
except for minor deviations in the initial electrode charging stage and afterglow stage.
Since electron density is low during these phases and has negligible impact on electrode
voltage, the simplified 0D model provides acceptable accuracy for our hybrid model.

3 102
5000 - ext-2D e, ]
Uéxt-0D }:" K E
. | 102!
0 Z
—_ ] 19 &
% E 10 é
& -5000 { £
§ ; 1017 E
-100004 E
N 110
-15000 - 1
T T T T T T T ] 10]3

T T
0 20 40 60 8 100 120 140 160 180 200

Time (ns)

Figure 27" The temporal evolution of electrode voltage and electron density in glow
discharge, as calculated by 0D and 2D models.
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2.3. External circuit module and coupling strategy

The 2D filament and 0D glow models are integrated with the external.circuit'module
and solved together. The simplified external circuit for the excimer laser andiits coupling
strategy with the plasma module are shown in Figure 3. Here, the MPC cireuits are
simplified as a circuit consisting of four components: Lq, Lo, C1, and Cs, where (' is the
primary storage capacitor and Cj is the tunable peaking capacitor; 4 is a combination of
the magnetic switch inductor and the pre-ionization stray inductor, and L is & collection
of discharge stray inductors. Capacitor C has an initial voltage and is @assumed to be
connected to the circuit at the start of the simulation. At thessame time, Cy will be
rapidly charged by C', generating hundred—nanosecond-scale voltage pulses.

In the circuit module, the plasma is equivalent to a éurrent source, with its current
value being the sum of the currents obtained from thesfilament and glow models. The
external circuit module calculates the electrode voltage by solving an ODE system based
on Kirchhoff’s law, then feeds the results into the 0D/2D models to update the reduced

electric field in the next time step. 3
I glow -
Ll L2 i Ucathode
N N l filament i Ucathode 7
: Cl : C2 ...... > _
y
IA’.Z
PO I g =
lelectro':de ~a% lelectrode: -(1-a%)

Figure 3: The coupling strategy between the 2D filament and 0D glow models with the
external circuit modules.

The numerical model assumes filament and glow regions occupy different
proportions along the z-axis. Parameter a% represents the z-axis coverage ratio
of filamentary areas, estimated using methods from Ref. [24] based on experimental
filament €ounts and simulated radius: The filament quantity adopts averaged values
from five repeated experiments under identical conditions, while radius obtained from
2D simulationswith electrode disturbances under the experimental voltage. This value is
estimated to be 2% for our configuration. Unless specified in Section 3.2, which discusses
theeffectsof filament proportion, all simulations default to this value. Correspondingly,
the fraction of the glow region is (1 — a%). The z—axis lengths of filaments and glow
discharge are lejectrode * @% and lejectrode * (1 — a%), respectively, where lejecirode denotes
the total longitudinal electrode length based on experimental dimensions.

Page 8 of 27
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The current of the 2D filament model is calculated by Eq. 11:

I = / (ZT“”W + d(EE)) AdS, i=1,2,3,..., Nua (11
electrode < =1 dt
where 7 is the number of species, ¢; and ¢; represent the charge and flux magnitude of
species 7 at the electrode surface, respectively, € is the permittivity, Edsithe electric field
at the electrode surface, and n is the unit normal vector at the electrode surface. The 2D
model’s electrode current can be divided into two parts: the digplacement/current and
the conduction current. The conduction current is obtained by intégrating the fluxes
of various charged species on the electrode surface, while the displacément current is
the integration of the derivative of the potential displacement veetor over time on the
electrode surface.
The current of the 0D glow model is calculated by Egqs., 12:

Ntotal <
I=3 "4 - S|Uentl/(Uef6=0,2,3, ... Niotar (12)

where the subscript ¢ denotes the number of spedcies, Wit?l ¢, ni, and p; representing
the charge, density, and mobility of speciesw, respectively. The electric field is given by
E = Ueyt/dgap, and the current cross—sectionalarea S = (1 —a%) - leiectrode - Wplasma- The
selection of the discharge channel width, Wppusma, is based on the plasma dimensions
calculated from 2D glow discharge simulations: in the 2D simulations, the width of
the region enclosed by the isodensity line where the electron density decays to 1/e
of the maximum value at the central axis is defined as the discharge channel width,
Wplasma- This value is maintaified ‘at,approximately 2 mm during the main discharge
phase after breakdown. Our previous experimental and simulation results indicate that
the displacement current/magnitude’ under our experimental conditions is negligible
compared to the conduction’ current. Consequently, only the conduction current is
considered in the 0Dyeurrent caleulation.

Figure 4 shows theicircuit outputs obtained from the 0-2D hybrid model and
experiment. The'simulated and experimentally measured C1 and C2 voltage curves
match well in the drop timing, drop slope, and oscillation peak, indicating that the
calculated breéakdown woltage and electron density evolution are highly accurate.

It should be emphasized that the actual chamber discharge process is highly
complex“The foermation of hotspots typically results from a combination of factors,
including gas/solid impurity diffusion and sputtering, physical ablation, and chemical
erosiony Moreover, the associated electrode erosion is likely to be dynamic. A fully
self-consistént description of all these processes would require complete 3D simulations,
necessitating significant computational resources and excessively long iteration cycles.
Our goal is therefore not to replicate the real discharge process perfectly but to establish
a. numerical model that can explore and explain the laser discharge transition and
its effects. To achieve this, the present model employs a simplified treatment of the
hotspot formation mechanism and utilizes several simplifications, such as zonal discharge
computation and model order reduction. As a result, the findings are primarily focused
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Figure 4: Comparison of circuit outputs obtained frem the simulation and experiment,
with Iy, and Ip;. (currents in glow and filamentiegions), and Ucy, Ucg, Uey (Voltages
across capacitors Cp, Cy, and the electrode). y

on providing qualitative insights into physical mechanisms and semi-quantitative trend
analysis, instead of highly precise quantitative predictions.

3. Results and discussion

3.1. Filament Evolution and Formatiom.Mechanisms

The evolution of discharges bothwithrand without filamentary transitions are illustrated
in Figure 5 (a) and (b), and the experimental comparisons from ICCD images is shown
in Figure 5 (c). The spatialzelationship between the 2D simulation section, ICCD
camera imaging viewpoint, and the discharge chamber is shown in Figure 6. The
camera captured [images from the side of the discharge chamber, with a pulse trigger
controlling the camera’s triggering time and adjusting the relative timing between the
camera shutter and the experimental voltage. The gate width of the ICCD camera
was set to 5 nsd The numerical models using the same initial circuit settings and gas
mixture conditions‘as experiment. It should be noted that the observation directions
for experimental imaging and numerical simulation are perpendicular to each other.
Therefore, nin _this section, we only compares discharge uniformity’s time-evolution
characteristics rather than the specific discharge morphology.

We first employed a 2D model to study the evolution of pure glow discharge
(Figure 5(a)).
the electron density distribution in the discharge channel remains uniform with low

Due to sufficient preionized electrons generated before breakdown,

gradients. The discharge maintains glow mode until termination with voltage decay,
which contradicts experimental observations. In reality, I[CCD images reveal distinct

Page 10 of 27
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a) Uniform glow discharge, 2D model

Ne [em3]

P L7ER3

4.9E+22

1.5E+22

44E421

1.3E+21

3.8E+20

- 1LIE+20
. 3.4E+19

1.0E+19

b) Glow-filaments, 0D-2D hybrid model

¢) ICCD images, experiments

Figure 5: (a-b) The evolution of channel electron density with and without filamentary
transitions. (c) The corresponding experimental IGCD images at specific moments.

Corona bar

2D model ;
Anode

Figure 6: The spatiabrelationship between the 2D simulation section, I[CCD camera
shooting direction, and discharge chamber.

hotspots at_both the'cathode and anode, followed by discharge channel contraction into
filaments along.these hotspots. This indicates that pure 2D model based on uniform
glow diseharge assumptions cannot accurately reflect actual physical processes. Thus,
we/developed a hybrid model combining 2D filamentary and 0D glow discharge to
investigate inhomogeneous discharge evolution. Numerical results show that although
pure glow discharge and glow—filament hybrid discharge share similar breakdown
times and electron density peak times, they exhibit significant differences in discharge
morphology and species densities.

The numerical results from the hybrid model are shown in Figure 5(b), which
demonstrates the non—uniformity evolution of filament along the x and y directions.
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Additionally, to compare the z—direction non—uniformity with experiments, the time
evolution of electron density from the 2D filament model and 0D glow modeléand their
ratio are plotted Figure 7, with this ratio serving as a simplified indicator, of discharge
non—uniformity along the z—direction. In the 2D model, the electron sdensity of the
filament is extracted from the midpoint of the electrode protrusion comnection line.

Based on the discharge evolution obtained from the simulation (Figure 5(b))
and experiment (Figure 5(c)), it can be concluded properly that the fon—uniform
discharge induced by hot spots undergoes three stages: glow discharge formation and
intensification (before 83 ns), non—uniformity development (83'ns—95 @, and filaments
contraction (after 95 ns).

During the glow discharge formation and intensification stages (before 83 ns), the
electrode voltage rises to peak value, and then breakdownshappens under a relatively
uniform UV pre-ionization. Both simulation and expériment appear as a glow discharge
mode, continuing to intensify in a uniform morphology affer breakdown, with no
significant inhomogeneity observed.

During the non—uniform development stage (8395 ns’, the electrode voltage drops
rapidly from the breakdown peak. In simulations, small plasma volumes with high
electron density (>10%*m~3) and diameters of»80 pm first appear near the cathode and
anode, coinciding with the electrode hot spots appearing time in experiments. These
high-density plasma clusters gradually expand outward, eventually connecting the entire
channel to form a filament with a diameter of 700 pm. The uniform glow discharge
rapidly collapses, characterized,by n. > 10#?m=3 in the filament and n, < 10**m~3
outside the filament. The discharge:shows strong x—direction non—uniformity and weak
y—direction non—uniformity, while expeériments observe emerging y— and z-direction
non—uniformity during thissstages.Additionally, as seen in Figure 7, the electron density
difference between the filament and glow regions sharply increases once hotspots form.
After the filament reachesits maximum intensity at 95 ns, the ratio of electron densities
between filament and glow achieves its first peak.

During the filament contraction stage (95 ns to discharge end), the electrode
voltage enters amyoscillatory decaying phase. The average reduced electric field between
the electrodes™falls ‘below the ionization threshold of the glow region. Thus, as
shown in Figure(7, the electron density in the glow discharge basically stops growing
during this,stage. However, for the filament, due to higher Fy consumption within
it, its ionizatiom threshold becomes lower than the peak voltage during the afterglow
oscillations. Therefore, the filament’s electron density still shows significant variations
within individual oscillation cycles, and the electron density ratio between filament and
glow exhibits an oscillatory upward trend. The discharge channel contracts along hot
spots, and the difference in electron density between the filament and the glow gradually
increases, indicating that the discharge’s inhomogeneity along the z—direction further
intensifies, which is consistent with the trend observed in the experimental images.

In 2D simulations, the reduced electric field near hotspots can reach 20 Td or
higher during breakdown. To simplify the analysis of reaction kinetics during filament
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Figure 7: The time evolution of electron densityfin the filament and glow regions, and
their ratio. The solid lines represent the time evolution ciirves of electron density in the
filament and glow regions obtained from/imulations, while the dashed lines show their
ratio. The filament electron density is extracted from the midpoint of the electrode
protrusion connection line.

formation, we conducted a globalmodel study with a fixed reduced electric field of 20 Td.
Figure 8(a) shows the temporalevolution of species densities, which are corresponding
to three discharge stage based on electron density magnitudes: the glow discharge
formation and intensification “stage/ (10°-10?'m=3) (stage 1), the non-uniformity
development stage (10*'-0%%m—3) (stage 2), and the filament contraction stage (10%-
5%10%'m=3) (staged)s Figure 8(b) and 9 show the proportions of Fy consumption
reactions and electron generation and consumption reactions that contribute more than
1% at different stages. Reactions with a contribution below 3% are displayed without
percentage labels.

It can be©bserved that under the high electric reduced field, the degree of ionization
increases. As a resulf, the.dominant reaction for the consumption of Fy shifts from the
harpoon reaction (Ar*+Fy — ArF*+F), which is also the main reaction generating ArF*
during the glowddischarge phase, to the dissociative attachment of Fy (Fo+e — F~+F).
This_transition/reduces the local concentration of Fy, further accelerating the growth
rate of electron density and creating a positive feedback loop. Once this process begins,
it becomes self-reinforcing, ultimately leading to filament formation.

Simultaneously, the abundant generation of excited-state particles causes the
primary electron generation reaction to shift from collisional ionization of Ar to stepwise
ionization of Ar. Concurrently, the main electron consumption reaction transitions from
dissociative attachment of Fy to three-body recombination (e + Ar™ 4+ Ar — Ar* + Ar).
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Figure 9: Dominant.electron generation/consumption reactions and their contribution
percentages at different stages.

3.2. The impact of filamentation on discharge and ArF* production yield

Figure 10 shows\the simulation results of discharge current and power with and without
filamentary tramsitions. We found that under the first current pulse, there was no
significant difference in total current and power between the two conditions. However,
when filamentary transitions were taken into account, there was a notable reduction
in glow discharge power. This suggests that while the formation of filaments does not
considerably alter the total deposition power of the discharge, it does redistribute current
between the two discharge modes, leading to a decrease in the power deposited in the
uniform glow discharge.

To investigate the impact of filament formation on uniform glow discharge power,
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Figure 10: The discharge current and power with-and without filamentary transitions,
where the light— and dark—colored areas represent the wespective part of glow and
filamentary discharge power in the hybrid model.

we artificially adjusted the proportiompef the filamentary region along the z-axis from
0.25% to 1%. The discharge power abgorbed by the filamentary and glow regions and
the proportion of filamentarypower are plotted in Figure 11. It can be seen that as the
proportion of filament along the z-axis increases, its power ratio gradually increases while
the glow discharge power declines. Afterfilament formation, the internal electron density
can reach (10%-10%m™~?) _with localized regions near hot spots exceeding 10*'m™".
Therefore, even filaments with very low proportions (<1%) can absorb considerable
discharge power. When the filament proportion reaches 2%, it will occupy nearly 1/3 of
the discharge power, causing the discharge intensity in the remaining glow region to be
rapidly weakened. Howeveryas the filament volume ratio increases, its energy growth is
not linear but shows a saturation trend.

Additionally; it can/ be observed that there are three power pulses during the
discharge, with the majority of energy release occurring in the first pulse. Since filament
growth and formation take time, their power pulses start 8-10 ns later than the glow
discharge. From the first to the last pulse, the filament’s energy proportion increases
from 8%=25% to 25%-60%. When considering the glow and filaments as impedances,
they can be'freated as being connected in parallel between the electrodes. Due to
increased Fs consumption within the filament during voltage oscillations, its electron
densityidissipates more slowly compared to the glow region, resulting in lower equivalent
impedance values for filaments in the later stages. Consequently, the current is mainly
distributed to the filaments during the last pulse.

Figure 12 shows the C; voltage curves under different filament proportions. Due to
filaments’ lower impedance during the afterglow stage, their proportion directly affects
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Figure 11: The power absorbed by the filament/glow di.scharge regions (solid lines)

and the filament power percentage of total power (dashed lines) under different z—axial
proportions of filament regions.

the damping of L.C circuit oscillationsy determining the intensity of voltage oscillations.

Therefore, the voltage oscillation amplitude in the later stage can serve as an indicator

for uniformity evaluation.
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Figure 12:¢Oscillation amplitude of C5 voltage during discharge afterglow phase under

different z-axial proportions of filament regions.

Filament formation also leads to changes in ArF* generation/consumption
pathways. Figure 13 shows the ArF* related reactions contributing over 1% during

the glow discharge intensification (stage 1), the non—uniformity development (stage
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2), and the filament contraction (stage 3), along with their respective contgibution
ratios. Figure 14 shows the changes in main ArF*-related reaction pathways before/after
filamentation.

The results indicate that after filament formation, the dominant AxF* generation
reaction shifts from the harpoon reaction between Ar* and Fs in the glow phase to
three-body recombination reaction of Art and F~. This transitionsatises because the
high ionization degree within filament accelerates Fy dissociation attachment, causing
significant Fy consumption and F~ generation, while a large ametint of.Ar'/is produced
through stepwise ionization. Meanwhile, the primary ArF* consum&ion mechanism
changes from spontaneous radiation de—excitation to electrom=impact de-excitation.

Reaction Stage

Percentage of'each reaction

[ JAre+F,—ArF+E A +F,SAF*F [ | Ar'+F +M—ArF*+M
B e+ ArF*—e+Ar+F [l ArF*+Ar—>2Ar+F [ ArF*+Ar+Ne— Ar,F+Ne
[ JArF*+Ne—Ar+F+Ne [ AsF*+F,—Ar+3F [ ] ArF*+2Ne—Ar+F+2Ne
[ ArF*—AME

Figure 13: Dominant ArF* géneration/consumption reactions and their contributions
at different stages. Reactions\ with a contribution below 3% are displayed without
percentage labels.

Due to localized strong fields near hotspots, filamentary discharge shows non-—
uniformity along/the z=axis, making it difficult to quantitatively characterize the
impact of filaméntation on ArF* yield through simple 0D kinetics model. For further
quantitative analysis, dénsities of key species in the glow region and along the central
axis of the filament (at 96 ms when the filament reaches peak intensity) obtained from the
hybrid model are.compared in Figure 15. The vertical axis Y represents the normalized
electrode gap distance, where 0 corresponds to the ground electrode end and 1 to the
drivemelectrode end. The dash—dot lines represent the species densities of glow discharge
calculated by the 0D model, while the solid lines represent the species densities within
thefilament channel calculated by the 2D model.

For the main region of the filament, the components’ distribution is relatively
uniform, with its electron density about one order of magnitude higher than the glow
region. As discussed in Section 3.1, this difference will further increase in later stages.
Since Fy consumption in the central region is relatively light, the high Ar* density
caused by the high ionization level within the filament can compensate for Fy depletion,
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Figure 15: Comparison of the density distribution along the central axis of the electrode
for key species.between uniform glow/filamentary discharge at 96ns.

ensuring that one of the dominant ArF* generation channels (Ar* + Fy — ArF* + F) is
not excessively weakened. Meanwhile, due to the abundant production of Art and F~,
angther dominant ArF* generation channels (Art +F~ + M — ArF* + M) is enhanced.
These combined effects maintain the ArF* density in the main region of filament in the
same order of magnitude as in the glow region.

For areas near the electrode, significant Fy depletion can be observed around hot
spots, causing its electron density to be 2-3 orders of magnitude higher than the glow
region, while ArF* density becomes 3—4 orders of magnitude lower. Additionally, the
density of Ar* first increases and then decreases as it approaches the hot spot, peaking at
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about 0.4 mm from the hot spot. This is because the electron density reaches 10%m=?
within 1 mm of the hot spot, which leads to strong collisional excitation of Ar.4However,
as the distance to the hot spot decreases to 0.4 mm, the electron density rises further
to 10**m~3. At this ionization level, excited states of Ar become heawily eoensumed
through stepwise ionization.

In summary, although the ArF* density in filaments and glow’ discharges are
comparable, their electron densities (especially the region near [the cathode, which
dominates the current) differ by order of magnitude. Thissresults in the energy
deposition density in filaments being 1-2 orders of magnitude higherﬁian in the glow
region. Figure 16 shows the absorbed power and ArF* produetion in the filaments (2%
volume fraction) and glow region (98% volume fraction).
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Figure 16: The time evolution curves of absorbed power and ArF* production amount for
filament and glow regions withra filament proportion of 2% along the z—axis. The light
solid line representsthe ArE* production amount, while the dark dashed line represents
the absorbed power.

It can be observed that, under the first pulse, the glow region’s peak power is
only aboutstwice that of filaments (Point A in the figure), but its ArF* production is
15-20 times higher. The ArF* yield per unit energy in the glow region is 810 times
greater, than in/the filamentary region. This demonstrates that most power absorbed
by/filaments is used for ionization, leaving a significantly reduced proportion for ArF*
generation: Thus, despite filaments absorbing substantial discharge power, their ArF*
yield per unit energy is far lower than in glow discharges. This explains why filament
formation leads to decreased laser power and efficiency.

In addition, it can be observed that the density of ArF* shows a small sub—peak
each time the power drops to zero (i.e., when the electrode voltage oscillates back to
zero, as indicated by points B and C in Figure 16). This is due to the reduction of
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the reduced electric field and the accumulation of electron density, which causes the
dissociative attachment rate of Fy to peak near the moment when voltage feturns to
zero, generating large amounts of F~. Then these F~ react with the accumulated Ax,
ultimately leading to sub—peak in ArF* density.

3.3. Impact of MPC' circuit parameters on energy partitioning between filamentary and
glow discharge

As discussed in section 3.2, filament’s ArF* production per unit/energysisonly 10%-12%
of that in glow discharge. Therefore, when filamentary transitiomris unayoidable, we aim
to deposit as much energy as possible in the glow discharge. Forithisstarget, this section
uses simulations to investigate the effects of MPC circtiit. components on the energy
distribution between filament and glow regions, aimingte mitigate the negative impact
of filamentation on glow discharge and ArF* production. This.study focuses on two key
components influencing circuit response characteristies: the peaking capacitor Cy and
the discharge chamber stray inductance Ls. IS

The peaking capacitor Cs mainly affects the steepness of the electrode voltage rising
edge. Figure 17 shows the voltage, current, and morphology of filament under different
(5 values.

It can be seen that as (5 value.decreases, the voltage rise slope increases, the
current proportion of filaments decreases, and the filament strength becomes weaker.
This occurs due to the difference in the initiation time of filaments and glow discharges.
Under steep voltage rising edgesy, overvoltage breakdown leads to higher breakdown
voltage, enabling rapid formation and intensification of glow discharges. Energy is
released faster into the glow after breakdown, allowing the glow discharge to reach a
high level before filaments start developing. Through high current, the glow discharge
rapidly releases electrode charge, pulling the voltage down quickly. Therefore, when
inhomogeneities around hot spots appear, the voltage has already become lower and will
rapidly return to zere. This sesults in a smaller diameter and lower internal electron
density for the filament or, even incomplete filament formation.

We define_theperiod from breakdown to the preliminary formation of filaments
(Ir1>600 A) as the deminant development stage of glow discharge, and the subsequent
period before voltage returning to zero is the dominant development stage of filaments.
To show the influénce mechanism of C5 more clearly, we plot the electrode voltage
distributions during dominant development stages of glow and filament under different
Cy yvalues andstheir corresponding power evolution in Figure 18(a-b). It can be observed
that larger C'5 values correspond to wider power pulses, longer dominant development
durationss and higher average voltages for filaments, consequently resulting in more
complete filament development with greater energy consumption.

The discharge stray inductance Lo primarily governs the energy release rate after
breakdown. Figure 19(a-b) present the discharge voltage and current waveform under
different Lo values. It can be observed that at lower Lo, the current exhibits a steeper
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(a-c, right) Filament morphology under different Cy values, with black

outlines marking boundaries where electron density exceeds 2 x 10%2m 3.
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Figure 18: (a) Power evolution of filament and glow,discharges under different Cj
values. (b) Electrode voltage distributions during glow=dominated phase (lighter—
shaded regions) and filament—dominated phases (darker—shaded regions) for different Cy
values, with lighter—colored dotted and darker—cglored soli(i curves representing filament
current and electrode voltage profiles, respectively,

rising edge, shorter pulse durationg.and higher peak amplitude, with a lower energy
allocation to filamentary discharge. As,. [, inéreases, the current rise become slower, the
peak amplitude decreases, and the energy.fraction of filaments gradually rises. Since
is directly connected in series with the electrodes, Ly can be seen as remains in an
open—circuit branch before breakdown and only starts to function after breakdown.
Therefore, L, minimally affects .the breakdown timing and voltage. A large Lo acts as
an energy buffer, allowing ene@y to be injected into the plasma more smoothly, thus
providing sufficient time for the highly ionized region near the hotspot to fully develop
into filaments.

A smaller Ly resultsiin assteeper current rise, which leads to a faster voltage drop
after breakdown.( This‘ig\because the electrode voltage Ueyy = Upo — Lo % dl,/dt. A
smaller Ly allows for a higher electrode voltage in the early stage, enabling faster and
more intense/development of the glow discharge. Subsequently, similar to the mechanism
of Cy’s influenge, the higher current rise rate leads to a rapid voltage drop, causing
the voltage to reeover to a lower value when filament formation begins. Between the
discharge breakdown and peak current, the maximum difference between the electrode
voltage andythe C'5 voltage can reach 4000-8000 V.

To show this influence process more intuitively, the temporal evolution curves of
electrode voltage and filament current for Ly = 1 nH and 6 nH are comparatively plotted
in Figure 19(c). By contrasting the electrode voltages, it is observed that at L, = 1
nH, the voltage remains higher in the early stage and lower in the later stage after
breakdown, whereas the Ly = 6 nH case exhibits the opposite trend, with their voltage
curves intersecting at a specific time point (Point A). Through the initiation timing of

Page 22 of 27



Page 23 of 27

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-107085.R1

A 0-2D hybrid Modeling of Filamentary Transitions 23
Toq T
10000 uct L 20000 10000 ver | 20000
uc2 : uc2 ;
5000 Uext 3 5000 Uext |
--=--Iglow | A - 10000 ----Iglow | - 10000
I ’ Il
04 =----IFil iy 04 ----IFil :
z L1 e <z | - N N
- I O e/ 1 preczmemee—t0 I TN S e N - =10 5
= -5000 Y i E £ -5000- NG 4 ‘/"’ - E
g - 5 2 Y $ iy e’ 3
k0 g e N W
[ | . ! S’
-10000 - : -,I": L -10000 -10000 A N L -10000
,,,,,,,,,,,,,,,,,,,,, ]
-15000 1 Uy ! -15000 Upq!
Lo a) L2=1nH [ -20000 ; \b) 12=6nH | -20000
~20000 . : — : . . ~20000 . ; . ; : . .
0 25 50 75 100 125 150 175 200 0 25 50 75 wi00 125 150 175 200
Time(ns) Time(ns)
Uyo L= 1nH L 20000
5000 -| } W Uy L,=6nH
N 8 ~=110000
1 7 <
%ﬂ | ll“\ T E
£ 25000 TSmO RN AS" . Sao N 2
2 Y S SN 8
i'l“lh -’ ' \\ P": \
~10000 Lt [ L -10000
‘/ji Tgi, Ly=6nH
-15000 3 ©)  F-20000
T T L L T T

T T
0 20 40 60 80 100,120 140,160 180 200

Time(ns)

Figure 19: (a-b) Temporal evolution of €ircuit variables under Lo=1 nH and L,=6 nH.
(c) Comparison of electrode ‘voltage and filament current temporal evolution profiles
for Lo=1 nH and L,=6 nH, where Point A marks the crossover point of the electrode

voltage curves between the two cases.
N

filament current pulses, it isievident that filament development predominantly occurs
after the crossover points, The smaller L, provides a larger electrode voltage before
filament initiation, aceelerating the development of glow discharge. Conversely, the
low voltage level after filament formation suppresses further filament growth, thereby
decreasing the energy fraction allocated to filaments.

As mentioned in Section 3.1, due to severe internal Fy depletion and a lower
ionization"threshold in filaments, their intensity still exhibits significant fluctuations
during (the voltage oscillation phase. In individual cases where filaments develop
excessivelynstrong, accompanied by intense halogen depletion, the later—stage voltage
oscillations'can even induce a ‘reverse enhancement’ of the filaments. This phenomenon
manifests as filaments and their corresponding currents becoming stronger during
secondary oscillations than in the initial one. The case with Ly=6nH exemplifies this
situation.

In summary, adjusting both Ly and C'5 can mitigate filaments’ “consuming” of glow
discharge energy and enhance the overall discharge uniformity. Within the parameter
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range discussed in this study, faster energy release correlates with improved uniformity.
Notably, adjustments to (3 exhibit a more pronounced impact on bothdischarge
uniformity and energy allocation between two discharge modes.

4. Conclusions

This study establishes a 0-2D hybrid model focusing on the uniform#filamentary
discharge transition in ArF lasers chamber, systematically investigating the dynamic
evolution and formation mechanisms of filaments. The similation shows qualitative
agreement with the experimentally observed spatiotempotal evolution of discharge
non—uniformity. A semi-quantitative analysis of the impact of filament formation on
ArF* yield is performed, accompanied by recommendations for 'optimizing discharge
uniformity through circuit parameter adjustments/ The principal conclusions are
summarized as follows:

(1)By introducing micrometre-scale deformations on both the driving and ground
electrodes as initial perturbations, the discharge$ first”form high—electron-density
plasma regions near the electrode protrusions, accompanied by localized Fy depletion.
This depletion of halogen donors further emhances ionization, creating a positive
feedback loop: once initiated by perturbations, the process will self-reinforces, driving
the high—density plasma cluster tolexpand. outward along hot spots until it bridges the
entire discharge channel, forming a filament approximately 700um in diameter with
high electron density (>10**fa=3). After filament formation, the dominant electron
generation reaction transitions.from the collisional ionization of Ar to its stepwise
ionization. Concurrently, the primary Fgconsumption reaction transitions from harpoon
reaction between Ar* and Fsywhich is also the predominant ArEF* generating reaction
during the glow discharge phase, to the dissociative attachment reaction of Fs.

(2)As the volume fraction of filaments increases, the energy deposited in the uniform
glow discharge per pulse gradually decreases, and the amplitude of voltage oscillations
in the later discharge phaserintensifies. Despite occupying a low volumetric proportion
(< 2%), filaments absorb asubstantial fraction (20%-30%) of the input power. However,
most of this energy isichanneled into ionization processes, resulting in anArF* production
yield per unit enérgy oftenly 1/10 to 1/8 of that in the glow discharge region. Under
nearly constant total power input, filament formation consequently leads to reductions
in both/laser power and efficiency. During the filamentation phase, the dominant ArF*
generation pathway shifts from harpoon reactions between Ar and Fy to three-body
recombination reactions involving Art and F~. This transition primarily arises from
two factors: a) under high ionization degrees, Fs is extensively consumed via dissociative
attachment, generating abundant F~ ions; b) high electron collision frequencies produce
assignificant population of Art ions.

(3)Since the complete development of high—density plasma cluster near hotspots
into filaments requires 10-15ns, appropriately shortening the power pulse duration
can inhibit filament development, reducing discharge non—uniformity. Decreasing the
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capacitance of peaking capacitor C5 or the inductance of discharge stray inductor
Ly can modulate voltage characteristics, promoting the rapid developmentéof initial
glow discharge while inhibiting subsequent filament formation and“intensification,
consequently reducing the energy proportion allocated to filaments. Adjusting C5 has
more pronounced effects on uniformity improvement and filamentation suppression.
Within the parameter range considered in this study, faster energyrelease,correlates
with enhanced uniformity.
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