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Abstract

This paper constitutes a first step in studying transport phenomena, consecutive to a very
brief 2-photon excitation of the Xe(®*P,) metastable state in neutral xenon, followed by absorption
of afurther photon leading to ionisation, in Two-Photon Absorption Laser-Induced Fluorescence
(TALIF) experiments. Here, the laser beam simply defines the column volume in which electrons
and atomic ions are initially confined. Performing a numerical approach, we only consider the
reactions occurring once electrons and atomic ions are produced by the incident laser pulse. All
metastable atoms initially present are discarded, thus allowing evaluation of the contribution of
only recombination processes to the VUV emissions. Besides kinetics of collisional and radiative
processes, we aso account for diffusion and possible drift phenomena (in presence of a Laplacian
electric field). We provide spatia distributions of the number densities of the various species as
well as temporal profiles of both their total number and the different VUV emissions. The

influence of the external electric field and xenon pressure is discussed as well.



|. Introduction

Intense VUV (Vacuum ultraviolet) and UV (ultraviolet) rare-gas based sources have been
developed since the 1980s [Eli]-[Esr]-[Ber-1]-[Xu]. Very efficient [Vol]-[Mil-1]-[Hit]-[Mer-2]
and promising [Kog-1], xenon based sources, emitting around 172 nm, are increasingly used
[Ech]-[Kog-2] in various fields such as medica care [Sos], environmental protection [Sos]-[Lun]
material deposition [Esr]-[Ber-1]-[Buc] and processing [Zha] as well asin mercury-free excimer
lamps|[Tra].

During the last decades, the kinetics of excited species in neutral rare gases, and more
particularly in xenon has been investigated in our laboratory, using the LIF, TALIF and ThALIF
(respectively, One-, Two- and Three-Photon Absorption Laser-Induced Fluorescence) techniques
[Sal]-[Ber-2]-[Sew-1]-[Mar-1]-[Led]. A brief and selective initia excitation is absolutely
essential for a reliable kinetic analysis of the spatiotempora relaxation of the energy of the
excited species. Indeed, a spectrally sharp (0.002 nm) and short-pulsed (7 ns) laser beam enables
to selectively populate a given state, in particular, the first metastable Xe(*P,), by 2-photon
excitation of the ground state Xe(*S) atoms [Led]. Under such conditions, the initial state of the
medium is well determined. All these works led to more or less accurate experimental
determinations of certain molecular radiative lifetimes, 3- and 2-body collision rate constants,
natural atomic lifetimes of Kr(3P;) and Xe(®Py) states, Van der Waals broadening coefficients and
kinetic schemes.

In these experiments, high intensity laser beams are required [Sal]-[Ber]-[Sew-1]-[Mar -
1]-[Led]. The absorption of an additional photon can nevertheless ionize the atom provided that
the initial excited state is not destroyed. Once created, the atomic ions may undergo 3-body
collisons to form molecular ions. With regard to the variety of excited states created through
recombination processes, the initial excitation can no more be considered to be selective.

In order to appreciate the influence of the initial ionisation on the kinetics of the medium
in LIF, TALIF and ThALIF experiments, we are starting a numerical study of transport
phenomena of excited and charged species, including diffusion and drift processes. Our long-term
objective is to apprehend the influence of electronic recombination processes on the observed
VUV emissions, and consequently on the determination of the relevant lifetimes and collision rate
constants, when both excitation and ionisation initially occur.

When suitable excitation conditions are met, the gas is barely ionised and excitation can
be considered as being perfectly selective. Under these conditions, the kinetics leading to VUV
emissions of xenon has been well established by our team [Led]. However, in some particular

circumstances, the incident laser photons can completely ionise al the Xe(*P,) relay states, and



lead to equal number densities of electrons and mono-atomic xenon ions. The corresponding
kinetics resulting to VUV photons stemming only from recombination processes, in such
circumstances, has never been reported. According to our first measurements [Rod], the observed
kinetics is quite different from those extensively reported when selective excitation is correctly
achieved [Sal]-[Sew-1]-[L ed].

The present paper constitutes a first study and deals with the phenomena consecutive to
only electronic recombination processes. We use a kinetic scheme, in which electronic
recombination is ssimplified via only two reactions. The 2D-numerical code developed for this
study is similar to that used to describe a mono-filamentary dielectric barrier discharge (DBD) in
nitrogen [Pot]-[Ces], but it was adapted so as to account for the experimental conditions. The
main differences concern geometry, physical parameters (pressure, gas temperature,...), gas
nature as well as swarm parameters (transport coefficients, mean energies, reaction rates, ...)
related to the transport of the speciesin xenon.

In this paper, our aim is, on the one hand, to understand the evolution of spatiotemporal
distributions of all charged and excited species initiated only by recombination processes, and on
the other hand, to consequently evaluate the contribution of the various excited species yielding
VUV emissions. Here, multi-photonic ionisation should only be regarded as a means to create the
initial number densities of the charged particles. Due to a lack of some reliable data concerning
two-photon excitation cross-section of the Xe(*P,) state and the ionisation cross-section by
absorption of a further incident photon, we are unable to provide aredlistic initial number density
of the charged particles. An experimental determination of these cross-sections is actually under
investigation by our team.

Using an arbitrary number density of initial electrons independent of xenon pressure, this
2D modelling provides the contribution of each charged and excited species dynamics through
their spatiotemporal number density distributions, which are not accessible at all by experiments.
These quantities will alow us to determine the overall temporal evolutions of each emission. The
numerical schemes used for this work have already been probated in a previous study [Pan].

In a following paper, this work will be used, in a second step, so as to understand our
experimental records where ionisation is complete. It will also enable us to better understand our
LIF experiments carried out in xenon, when incomplete ionization nevertheless breaks selectivity,
provided the relevant excitation and ionisation cross-sections are well determined.

Finaly, in a further third phase we expect that both studies will bring out qualitative
trends concerning VUV sources of DBD. We then intend to account for a realistic initia
excitation of the main excited species of the discharge in order to make a direct comparison

between modelling and experiments For this purpose, we need to improve the time-resolution and



the spectral domain of our DBD setup, with which we have been performing, since 2000, in-situ
spectroscopic studies in rare gases based mono-filamentary dielectric barrier discharges (DBDs)
[Mer-1]-[Mer-2]-[Sew-2]-[Mer-3]. In these VUV plasma sources, electrons are responsible for
the initial excitation and ionisation of the gas and greatly influence the discharge properties. Post-
discharge kinetics of the filamentary xenon DBD is well established, whereas at initial times
many questions still remain unanswered. Whenever required, some basic data will be determined
by using LIF, TALIF and ThALIF experiments, which is a powerful tool for accurate
measurements of reaction rates.

II. Experimental situation and model formulation

I1.1 Experimental situation

The experimental setup, used for our LIF, TALIF and ThALIF experiments where Xe(®P,)
atoms are selectively excited, is thoroughly described [Led]. A Sirah Cobra Stretch dye-laser
(Rhodamine 6G) pumped by the 532 nm harmonic of a Spectra Physics neodymium YAG laser,
delivers 7-ns duration photon pulses at a repetition rate of 30 Hz, with a spectral width of 0.002
nm, obtained by using a double grating.

The laser beam (Figure 1.@) crossing the medium between two transverse metallic
cylindrical electrodes (radius, R = 35 mm) separated by D = 5 mm, is here regarded as an axial
cylinder whose cross-sectional diameter is d = 2mm. For our lowest pressure (30 Torr) where
diffusion is the maximum, the species remain restricted around the laser beam axis. For each z-
position, we consider arectangular domain: D = 5mmand L = 15 mm, along respectively x and y
axes (Figure 1.b). Only within the laser beam-waist (d = 2 mm) which constitutes the laser
envelope, Xe(®P,) states are populated by the incident Gaussian (radial) laser beam via absorption
of two photons by ground state Xe(*S,) atoms (Figure 2). The long-life Xe(*P,) excited xenon
atoms thus created can either produce Xe)[1,(3P2)] excimers, at their high vibrational levels
through 3-body collisions with two Xe(*S,) atoms or absorb a further laser photon to produce
Xe*(?Py,) atomic ions, according to:

Xe(*P,) +hv,, [ - Xe'(°P,,)+€ (@)

The relevant multi-photon excitation and photo-ionisation via the Xe(®P,) relay state are

well explained in [Led], where the selection rules, are given as well. We remind that the
o.F

oF + K Xe('s)]*

probability that one Xe(®P,) atom to be ionised is given by where g; isthe



cross-section of ionisation (in cm?) by absorption of a further photon by Xe(*P,), F (in cm?.s?) is

the incident laser photon flux, [Xe(*Sp)] is the number density of Xe(*Sp), atoms, K is the 3-body

formation collisional rate constant of Xe,[1,(°P,)] excimers, k-[Xe(*Sy)]? is their production rate

(in s1) and 0!? -F is the ionisation rate of Xe(*P,) atoms. The electron number density is equal to
oF

o F + K[ Xe('s)]®

excitation of Xe(*Sy) atoms (in cm*s) and 4t is the laser pulse width (7 ns). The photon flux F

related to the laser intensity | (in W-cm®): F =#, and | hasaradial Gaussian shape.

At, where 0'? s the excitation cross-section for 2-photon

g ?F[Xe('S)]

When an external field is applied between the metallic electrodes, electrons resulting from
(2+1) photo-ionisation can be collected.

If a converging lens is used to focus the laser beam so that o; -F >> k[Xe(*Sp)]?, like in
[Rod], then every Xe(®P,) atom can be assumed to undergo photo-ionisation, thus leading to a
Xe'(®Pys) ion . The results reported by [Rod] clearly show that the kinetics which then account
for VUV photons is very different to those usually encountered when excitation is selectively
performed. Due to the converging lens, the beam-waist of the focused laser beam is much
narrower and the number of initial electrons may be quite low. A rough estimation of o¢? was

attempted by our team [Led] but its uncertainty is rather bad. Our value of 6'? is thus not

reliable. Besides, o; is not well determined, neither. Actually, an experimental determination of
both values is under investigation by our team. Provided that these quantities are determined with
agood level of confidence, we will be able to calculate the initial electron number density. In this
paper, we use an arbitrary value for the maximum of theinitial electron dengity.

The electron number density is given by equation (2).

_(X_Xo)z_(y_YO)2 ; v )2 o\ d_2
nge(X’Y)L:O:n;x6+(X,Y)L:0: noex;{ 20% 20" () +{y=vo) < 4 (2

O otherwise

where, this distribution, having an amplitude of n, =10" cm®, is located at the centre

C(%, =2.5mm, y, =7.5mm) of the simulation domain. Its width

1mm , .
0,=0,=0=——==042mmis chosen so as to match the laser beam-waist of 1 mm. To
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avoid any discontinuity of the electron number density at the laser envelope while assuming that

no ionisation occurs outside this domain, equation (2) needs to be modified:



nOe(X’ y)‘t:O - nOe,ref

nO - nOe,ref

Moo (% Vg = Moy 05|, =T )

2

d _
=n.exp| - =6,25.10° cm™
Mo p( SUZJ

. d
Where nOe,ref = nOXe",ref = nOe(XO +E’ yO)

t=0
We note that the transition from relation (2) to (3) causes a dlight decrease (4 %) of the laser’s
beam-waist, without any significant influence on our results. Figure 3 represents the 3D and 2D

initial distributions used for the electronic and the atomic ions number density in the X=X,
and y =y, planes. The above distribution just defines the “column” in which electrons (all

having a well defined energy of 0.345 eV), and atomic ions are initially confined, at the initial
time t = 0 s. Neither molecular ions nor excited (atomic and molecular) species are supposed to
pre-exist in the medium. During experiments, only the temporal evolution of the emitted photon
flux can be recorded, whereas our modeling provides additional useful information such as the
spatio-temporal distribution of each excited and charged species.

Under suitable experimental conditions, for 2-photon selective excitation of atomic
Xe(®P,), ionisation should be avoided. So, preliminary to a kinetic study, an electrical field is
applied perpendicularly to the laser beam in order to collect any electron produced by undesired

(2+1) photo-ionisation. Therefore, we aso studied the influence of an external electric field on the
collection of photons. Only a geometric field (E =40V.cm™), initially applied along the x

direction was taken into account. Indeed, as we considered an initial low particle density (the
maximum of the electronic distribution density is equal to 10" cm?), the Debye radius always
remains much greater than the characteristic lengths of the domain [Rai]. Hence, here the
ambipolar diffusion electric field is negligible.

1.2 Kinetic scheme

In order to deal with particle transport while still keeping reasonable cal culation times, we
adopt the 17-reaction kinetic scheme given in table 1 which includes the main excimers (Figure
4). The starting point is the same initia distribution of Xe'(?Py2) atomic ions and eectrons
particle density, whereas the Xe(®P,) metastable number density is assumed to be null. We remind
that the initial mono-energetic electrons (0.345 eV) cannot produce any further excitation of
ground state xenon atoms, whose particle number density (N) is calculated from the perfect gas

law.



Once (2+1)-photon ionisation occurs, Xe'(?Py,) atomic ions can first give rise to
molecular ions Xe;'(A%,") by three-body collisions with Xe(*Sy) (reaction R.01 of Table 1).
Electronic recombination processes (reactions R.02 and R.03) can then intervene to produce a lot
of possible atomic excited states. Similarly to various authors [Oda]-[Shi], we consider only one
fictitious excited state Xe(6p), here caled 6p (9.73 €V), which is representative of all the upper
levels of the many visible transitions issuing from the 6p, 5d, 7s and 6p’ states and higher levels
towards the 6sand 6s' level [Mo0Q].

For simplification sake, reaction R.08 is dealt with the apparent lifetime (measured with
our experimental setup) and thereby we account for the radiation trapping phenomena [Hol-1]-
[Hol-2]-[Pay-1]-[Pay-2]-[M ol] which depends on experimental conditions [Sew-1].

The reaction rate of electronic recombination of molecular ions (R.03) depends on the
mean electron energy. It was obtained by solving Boltzmann's equation as a function of the

reduced electric field E/N [Mat] (Figure 5). Figure 6 schematizes the kinetic scheme described
by table 1.

I1.3 Particletransport

The diffusion (0 =0) and drift-diffusion (& =1) equations which describe the spatio-
temporal variations of the density n (',t) at position I and time t of every type of particles

q (electrons, positive ions and neutral excited species), with or without electric field, respectively,

are given by:

%(F,t) ~0[Dq (7 1) Eny (7 1)+ 60, (F.)n, (F.0)] = S,(7 1) “)

where Eq is the diffusion tensor of every type of species g and S, is the global source
term which accounts for the production and the loss of particlesintervening in different collisional

processes. In the presence of an external electric field E, W, = ,qu is the drift velocity of

particle g, proportional to its mobility 4. In the adopted 2D cartesian geometry, the diagonal

diffusion tensor Bq, composed of the transversal diffusion coefficient DTq (perpendicularly to
the electric field) and of the longitudinal one DLq (in the same direction the electric field), is

given by:



- D, O
Dq = OqD ©)

We use the local eectric field approximation which consists of considering charged
particles to be equilibrium with the electric field. Swarm parameters such as mobility (or drift
velocity) and diffusion coefficients of species indirectly depend on position and time, via the

reduced electric field E/N. In our configurations, with or without a Laplacian field aong the
[Ox) axis, the transport equations take the following form:

on, E\0°n, E\0°n, ) E

— X yt)-D, | = |— X Yyt)— — =X Y)+0—w | — |nXVYt)|=SXYt) (6
at(y) Lq(NjaXz(y)DTQ(I\JWZ(y) aXq(Njnq(y) S, y:t) (6)

The boundary conditions are Neumann’ s type, given by:

on on
_q(oiy!t) :_q(D!y!t) = 0
ox ox (7)
on on
—(x0,t) =—*(x,L,t)=0
oy oy

The numerical methods employed to solve the transport equations are given in section

[1.5. For each species, the total number of particles per unit length along the z direction, is

calculated by integrating the corresponding number density over the whole simulation domain:

N, (t) = j de' dyn, (x,y.t) (8)

The VUV emissions are produced by different groups of photons according to their energy

range. Each radiation is characterized by a typical centra wavelength: resonant photons
(A, =147 nm) coming from the *P; radiative de-excitation towards the ground state (Table 1,
R.08), photons constituting the first continuum (A,, =152 nm) (Table 1, R.11 and R.13) and the
second continuum (A,. =172 nm) (Table 1, R.16 and R.17) of xenon. For calculations, we
introduce their quantum energies hv,, where k stands for either photons (res) or those coming

from the first (1c) or the second continuum (2c). These energies are respectively equal to
1.3523x10%8 J(=8.45eV), 1.3078x10® J(=8.17eV) and 1.1557x10™® J(=7.22eV). The

VUV power emitted per unit length is here calculated by:

N, . (t
lVUV(t):thest—Pl)()-'-thc Z Nl—(t)"'hl/zc Z Nm(t) (9)

XeCR) I=1uy, Ou;; 7, m=1u, 0u;, m



where 7 T er are the radiative lifetimes

xeaCr)' Dxe1, et Ixett, @R, * Pxesto; @R, Xe[0} Py
of the excited states, responsible for the VUV emissions. In a first approximation, we do not
account for the spectral profile of the emission issuing from the P, state, because of the

complexity of the numerical treatment of the resonance radiation trapping.

I1.4 Swarm parameters

To solve particle transport equations (6), it is necessary to characterize both diffusion
(6= 0) and drift (0 = 1) processes through swarm parameters (longitudinal and transversal

diffusion coefficients as well as drift velocity and mobility (DLq, DTq, w, and £,) for each type

of particles. Here, ionisation and excitation coefficients by electronic impact are not considered
because, in our conditions, these phenomena are very unlikely. Electron swarm parameters were

calculated by directly solving Boltzmann's equation for every E/N value, knowing the collisional
cross sections. The characteristic electronic energies and the drift velocity of electrons in xenon

are shown in figure 7. These calculated values (for a gas temperature of T, =300K) concur with

the compiled experimental and theoretical data [M at] availablein literature.

The mobility of atomic and molecular ions results from a bibliographic study [M at] where
different determination methods were employed (experiments and calculations) (Figure 8). For
low E/N values experimental measurements inferred by Biondi et al [Bio] with zero field (0.58
cm?V1s? for the atomic state and 0.79 cm?V™.s® for the molecular one) were used. For
intermediate E/N values we used the data calculated by Varney et al [Var] and Oda et al [Oda] to
describe the mobility of Xe*(?Ps,) and Xey" (A%, ions. Finally, for high the electric fields both
mobilities follow the variations proposed by Kawakami et al [Kaw]. With the constant electric
field E=40V.cm™, E/N values vary between 0.24 and 4.04 V.cm? for our pressure range (30 to
500 Torr). Here, the applied uniform electric field is sufficiently low and ions can be considered

to be in thermal equilibrium with the gas particles. lonic diffusion coefficients are, as usual,

deduced from the corresponding mobilities and given by the Einstein’ s relation:

D, = ke T (10)
Hq e

where k; isthe Boltzmann constant.

As ions are much more massive than electrons, their mobilities much lower (in aratio of

100 to 5000) and according to relation (10), ionic diffusion coefficients are much more weaker



than the electronic ones (4 to 5 orders of magnitude according to the ionic species and the gas
pressure). Longitudina and transversal diffusion coefficients of each ionic species are thus
supposed to be equal (Figure 8).

For neutral excited species, we investigated about the determination of the diffusion
coefficients. Concerning atomic species, the literature [Wie]-[Bar] only mentions the diffusion
coefficient of the Xe(*P,) metastable state, deduced from experimental measurements. Indeed,
usually, its decay frequency 7'is expressed as a sum of different terms accounting for
phenomena likely to destroy this species. To quantify these different contributions, Barbet et al
[Bar] proposed to determine metastable Xe(*P,) densities in an afterglow in neutral xenon from

optical absorption measurements. For pressures p ranging from 0.04 to 4 Torr, the following

profile was obtai ned:

19

pA°
where A is the characteristic diffusion length of the Xe(*P,) metastable in the discharge

cell. The first term of the right-hand member of equation (11) accounts for metastable diffusion

+75p +80p? (11)

1
T

towards the wall of the enclosure. The second and third terms are respectively related to 2- and 3-
body collisional processes between the Xe(®*P,) state and one or two neutral atoms of the gas
Xe(*Sp). Then, Barbet et al [Bar] have identified equation (11) with the general form of the decay
frequency of the Xe(®P) species, given by:

1_ D, )
—= +Apt+A 12
r p./\2 P P (12)

where D, =19 cm®.Torr.s™ is the diffusion coefficient of the Xe(*P,) metastable in

xenon at 1 Torr and 300 K, and A and A, are the reaction rates of two and three body processes,
respectively. As neutral species diffuse very slowly (such asions) with time-scales around severa

tens of microseconds at most (p =30 Torr), the same value of the longitudinal and transversa
diffusion coefficients was chosen for all the populations of excited atoms. In the present work,
considering the gas temperature value T, =293 K, the variation of the diffusion coefficient of
atomic excited species as a function of the pressureisfinally given by:

D, 293
p 300

Not any diffusion coefficient of molecular species was found in the literature. Since the

D'(p)(=D, =D;) = (13)

molecular states 0,"(*Py) et 1,(3P,) are more massive than the atomic excited levels 6s, 6s and 6p,

they have lower diffusion coefficient values. So, we have considered that excimers would at most

10



diffuse as fast as the excited atoms. Thus, the diffusion coefficients of excited molecules have
been chosen equal to those of the atomic levels (relation (13)).
Table 2 gathers the whole data on species transport for both pressures, with or without the

electricfield E=40V.cm™.

[1.5 Numerical formulation

To perform the numerical treatment of equation (6) we used the “multi-step method”
[Yan]. It consists in splitting the initial equation (6) in a series of simpler equations,
corresponding to every operator of this equation in such a way that, for example, a
multidimensional problem is transformed into a set of easier problems. Thus, equation (6) is

supposed to be equivalent to the following system:

on, o0 [q ] o
F(X’ Y, 1) + 0w, (X, y,t).n, (X, y,1)| = (14)
on, - = -
?(x, y,t) =0 Dq(x, y,t).0n, (%, y,t)[=0 (15)
on,
E (X, y!t) = Sq (X! y!t) (16)

The above equations are discretised by means of an adequate numerical approach and
sequentially solved with an elementary time step At. The initial conditions related to every

equation correspond to the solution coming from the former equation. Then, the solution of (15) is
obtained by adopting the solution of (14) at the beginning of the time step. The numerical
methods used were previously employed by Pancheshnyi et al [Pan]. An extensive description
can be found in [Ces]-[Cap-1].

[11. Resultsand discussion

As explained earlier, our model formulation is devoted to the study of particle transport
resulting from recombination in xenon after a brief (2+1) photon ionisation via the Xe(*P,) relay
state. The results presented in this paper cannot be really compared with experiments, where both
phenomena (excitation and recombination) occur simultaneoudly.

To facilitate the kinetic analysis table 3 provides the characteristic times of each reaction
for 30 and 500 Torr. It isimportant to note that for electronic recombinations (R.02 and R.03), the

maximum value of the initia electronic number density is used for their estimations. Table A.1in

11



the appendix summarizes all the characteristic diffusion times along the x and y directions, with
or without electric field and their drift durations as well.
In this section, we base ourselves on 2D spatial distributions and 1D (along [Cx) axis)

profiles of particle number densities in order to describe the spatio-temporal evolutions. On the
one hand, 2D representations lead to qualitative descriptions but clearly show dissymmetry

between x and y directions. On the other hand, 1D profiles enable quantitative descriptions. We

note that the terms “distribution” and “profile” will respectively refer to 2D and 1D spatia
evolutions of number densities, whereas “temporal evolutions’ is reserved for either the time-

dependent of total number of particles per unit length (cm™) along z axis, or the VUV radiation

power per unit length (W.cm™).

[11.1 Particleand VUV emission dynamicsat 30 Torr

111.1.1 Absence of electric field (E =0V.cm™)
[11.1.1.1 Spatial distribution

a) Charged particle transport

Figure 9 depicts the 2D variations (in logarithmic scale) of the spatial distributions of
charged particles, without electric field. All the charged particles spread outwards while their
maxima number densities always remain at the centre C. Electrons and atomic ion densities
collapse while molecular ion ones grow up. The ions remain confined within the laser envelope
whereas electrons dlightly spread outside this domain. Both ionic number densities evolve and are
faster than the electronic ones, with similar time constants.

The spreading of charged species is due to physical diffuson phenomena whose time
constants are given in the appendix. In addition, collisional processes occur (R.01, R.02 and

R.03). Atomic ions decay mainly by reaction R.01 (2. =5.1 1) to form molecular ions. In a

reac

previous work [Cap-2], we showed that:

- Recombination of electrons is more likely through reaction R.03 (72, >10° sand

reac —

r® >94ms).

reac
- Neither the electronic temperature dependence of the rate constant of molecular ion
recombination nor the nature of its reaction by-products has a significant influence on the kinetics.
Figure 9 also illustrates that the extension of electron distribution is always slightly higher

(about 3 %) along [Cx) . This is due to the values of the longitudinal (D, =832cm?s™) and

12



transversal (D, =806 cm®s ™) electronic  diffusion coefficients. Furthermore, ions hardly

D
diffuss D, =D, =034cm’s'=_—=adD, =D, =047cm’s™ Since aomic

xet 0 xep* xep*
ions remain in the laser envelope, molecular ions are confined in this domain as well.

These results are consistent with figures 10.a and 11. The former shows that the electronic
number density profiles remain all the time centred in the middle of the ssimulation domain.
Initially equal to 10" cm™, its maximum gradually decreases; 9.8x10° 9.5x10° 9.1x10° 8.3x10°
and 6.7x10° cm™® at 2, 5, 10, 20 and 50 ps, respectively. In addition, the base of the electronic

profile becomes éliptic and its major half-axis is aong [Cx). Concerning atomic ions, the

successive maxima of Xe'(?Py,) number densities decrease (Figure 11.a) much more rapidly:
6.8x10° 3.8x10°% 2.0x10° and 5.7 x10% cm™ at 2, 5, 20 and 50 ps, respectively. The molecular
ions number density (Figure 11.b) increases from zero to reach maxima equal to 3.2x10°, 6.2x10°,
9.8x10° and nearly 10" cm® at 2, 5, 20 and 50 s, respectively.

b) Excited atomic state and excimer transport
The 2D spatia distributions of the 6p state (Figure 9) show that its number density,
initially equal to zero, rises quite fastly and reaches its maximum at about 20 ps (Figure 12.a) and

then vanishes much more slowly (at t = 50 pis, it is equal to 2.8x10™ cm™®), remaining all the time,

centred on the symmetry axis of the system. Since the 6p number density is much lower than the
charged particles’ one, the upper limit of its scale range was chosen to match with its maximum
value (Figure 12.a). At 20 and 50 ps, the atomic ion density is much lower than the molecular one
(Figure 11), and consequently, the density distribution of the 6p states is merely governed by
electronic and molecular ions. Indeed, Xe(6p) states are only produced by reaction R.03 and the
gpatial distribution of their number densitiesis similar to those of both electrons (Figure 10.a) and
molecular ion ones (Figure 11.b). Even if electrons weakly diffuse outside the laser envelope
(Figure 9), the 6p states remain confined inside this region, because no molecular ion exists
outside.

The number densities of the 6p states are quite low because they are destroyed more

rapidly through reactions R.04 to R.07 (r{2:®*©®*™ =4 ng) than they are created by reaction

R.03 (7 >94 ms). Thus, the very low amount of 6p states, at al times, suggests that once

reac

created, they mainly disappear (80 %) very rapidly (" =5ns) by two-body collisions

(reactions R.06 and R.07), and to form the *P; resonant (49 %) and 3P, metastable (51 %) states
with nearly the same ratio. Globally, the 6s states are much more rapidly generated from the 6p
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states than they are consumed. This result is not surprising considering the frequencies of
reactions R.08, R.09 and R.10 which only account for the loss of the 6s states. For clarity sake,
2D distributions of the excimers correlated to Xe(®P,) are given with a same scale range whose
upper limit corresponds to the maximum value of the Xe(*P;) number density. This remark also
holds for the excimers correlated to Xe(°P,). The 2D distributions of Xe(*P,) and Xe(*P,) states
(both initially not populated) are similar to the 6p ones and differ for their decay times and
amplitudes. The excimers follow the same trends as those of the 6s states. Nevertheless, their 2D

distributions are much lower (about two or three orders of magnitude).

[11.1.2.2 Temporal profile

a) Charged particle number
In the absence of any electric field, the total number (truly speaking, it is the number of
electrons per unit length, refer to section 111.1) of electrons, initially equal to 9.2x10* cm™, always
remains quasi-constant (Figure 13.a). The low decrease observed is due to the few electronic

collisions which produce the 6p states. Indeed, the characteristic times of the only two reactions

RO1 and R.02 which enable aomic ion loss are, respectively, 72 =51 /s

reac

and 7® >10°s. Thus, as mentioned above, electronic recombination R.02 of atomic ions is

reac

almost nonexistent in our calculation conditions. Once created, molecular ions only disappear by

electronic recombinations with a characteristic time (72 > 94 ms) much greater than our time-

range. This explains the low decrease of the density of electrons compared to atomic ion ones.
The strong decrease of the total number of ions Xe'(*Pys), quasi-exclusively governed by
reaction R.01, is represented in figure 13.a@. It shows a nearly exponential decay with a time

constant 7%

o — 9.1 8 This decrease occurs together with an enhancement of the total number of
molecular ions with the same time constant. Beyond 30 ps, the saturation of the spatia
distributions of molecular ions number densities, showed by figures 9 and 11.b, is visible on this

temporal profile. At all times, electro-neutrality is respected.

b) Excited atomic state number
The metastable state is more abundant than the resonant one (Figure 14.a). Indeed, the

latter is consumed more rapidly (72 =6.3 5) than metastable ones by 3-body collisions

reac

(r%9 =13 us) . In addition, they can also de-excite (72, = 3.3 1) to the ground state Xe(*S)

reac reac
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by emitting resonant photons. It is quite natura that Xe(*P;) reaches its maximum before the
Xe(®P,), both of them lagging behind the Xe(6p).

To understand the temporal evolution of the total number of 6p states, we carried out an
analytic resolution of the linear system of differential equations (0-D model) which describes
reactions R.01 to R.07 given in table 1. In particular, we assumed that the electronic density
remained constant and that diffusion phenomena were much slower than the reactions of table 1.
The total number of 6p statesis then given by a sum of three exponential terms:

t 1 1
NXe(6p) (t) =a; eXp(__j ta, eXp(__] ta, EXp(__] (17)
T, [ I,
1 1 1 1 1 1
withr, =79 >94ms 7, =79 =51sand —=——+——+——+—— =~
L e R ¢ IS R T

Thus, the evolution of the total number of 6p states, at long times, accounts for their
creation by reaction R.03 (the slowest). However, the electronic number density is not constant
and the diffusion times of some species are similar (Appendix) to the characteristic times of
reaction R.03. So, the observed decay is not strictly exponential. This statement is also valid for

the 6s states and the excimers, but they contain more exponential terms.

¢) Excimer number

Figure 15a shows that the Xe,[0,"(*Py)]n excimer is more rapidly produced but in much
less extent than X e[ 1,(°P,)]». Thisis due to the combination of several phenomena, especialy the
swiftness of reaction R.09 compared to reaction R.10, and the lower lifetime of Xe)[0,'CP)]n
than that of Xe,[1,(3P.)]s. So, once created, Xe)[0,"(3Py)], excimers disappear more rapidly either
by emitting the first continuum (reaction R.13) or by creating the °P, state (reaction R.15) or
through vibrational relaxation to attain the Xe,[0,"(3P1)], level (reaction R.14). The maximum of
their total number is reached at about 22 ps whereas it occurs at 45 ps for the Xey[1,(3P2)]n states.
As the °P; levels are scarcer than the *P, states, the excimers correlated to the resonant state

follow the same trend.

d) VUV luminescence decay
Figure 16.a shows that Xey)[1,(3P2)]n mainly contributes to the emission of the first
continuum. Nevertheless, at short times, the VUV radiation is more intense for Xe2[0u+(3P1)]h than
Xe[1,CP,)]n excimers. This is due to both the temporal profiles of the total number of Xe(*Py)

and Xe(®P,) states and the respective lifetimes of the molecular states (7 =40 ns and

reac

™ =5ng). At long times, this trend is inversed (Figure 16.a) because of the sharp

reac
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predominance of P, atoms over the 3P ones (Figure 14.a). We also note that the first continuum
emission is rather low (maximum reached at about 40 ps) compared with the results, obtained
elsewhere either with selective excitation (maximum reached at several nanoseconds for 60 Torr)
[Led], or with non-selective excitation in a mono-filamentary DBD (maximum at around 100 ns
for 50 Torr) [Sew-2]. Moreover, in both experiments, electronic reactions are not observed. In our
case, the slow component comes from el ectronic recombination by reaction R.03.

As expected, the emission of the second continuum (Figure 17.a) is mainly due to the
contribution of Xe)[1,CP,)], states, since its maximum (reached at about 45 us) more or less
coincides with the Xe[1,(3P2)], excimers’ one (Figure 16.).

The second continuum is slightly more intense than the first one (Figure 18.a) and thisis
consistent with a higher population of Xe(3Ps) levels than the Xe(*P1) ones (Figure 14.8). Indeed,
according to the collision frequencies, when Xej0,"(*Py)]n are populated, 68.5 % of these
excimers contribute to the first continuum and the remaining leads to the second continuum.
When Xe[1,CP,)]n states are populated, only 30 % of the emitted radiation is in the first
continuum. This feature was observed elsewhere, since at 25 Torr, under selective excitation, the
second continuum is more intense than the first one when only the P, metastable is initially
excited [Led], whereas it becomes clearly weaker when initial excitation is performed on the
resonant 3P, level. As our caculations show that the number of metastables aways remains
greater than the resonant ones, this result is consistent. Anyway, in neutral xenon mono-
filamentary DBDs, Sewraj et al [Sew-2] show a strong population of the P, states obtained even
a25Torr.

111.1.2 Presence of electric field (E =40 V.cm™)

[11.1.2.1 Particletransport (spatial distribution and temporal
profile)

When a Laplacian electric field E =40V.cm™ is applied, a drift phenomenon (Figure 19)

of charged particles is superimposed on diffusion and kinetics. So, as the eectronic number
density distribution propagates, itsinitially circular base becomes much more rapidly elliptic than

without the electric field. In this case, its major half-axisis orientated towards the [Cy) direction.

This result is consistent with the difference between the longitudinal (D =7.91x10° cm*s™)

and transversal (D, =3.52x10° cm*s™) diffusion coefficient values, accentuated with electric

field. Besides, the electric field (Figure 10.b) enhances electronic diffusion. Indeed, at 2, 5 and 10

Hs, the maximal values of electronic number densities have dropped to 6.7x10°, 4.6x10° and to
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3.0x10° cm™, respectively. At 20 ps, the value of this maximum of the number density (about
4.2x10* cm™) has strongly decreased due to the loss of electronic charges (on the anode side). The

electrons, extremely mobile, drift very rapidly (w, = 2.13x10°> cms™) towards this electrode.
Indeed, the maximum of the electronic number density distribution along the [Cx) axisis located

at the positionsx = 2.5, 2.9, 3.6 and 5 mm, respectively, at t =0, 2, 5and 10 us (Figure 10.b).
The Xe'(?Py) ions number density distributions (Figure 19) are similar to those obtained
without electric field (Figure 9), except that they drift extremely dowly

(w, . =-588 cms™) towards the cathode compared to those of electrons. With our scales

(several tens of microseconds), these ions seem quasi-static whereas the electrons are very quickly
collected at the anode. Indeed, since the first microseconds, the very quick drift of electrons

confines these charges at the right of the x=Xx, plane (Figure 10.b). The electronic

recombinations are then obviously predominant in this region where atomic ion should fade out,

rendering its density dissymmetric. In fact, this phenomenon is imperceptible over our time scale

because reaction R.02 (72 >10°s)is much less likely (Table 3) than reaction

reac

R.01 (¥ =5.1 ). Consequently, the Xe'(?P») ions preferentialy disappear by three body

reac

collisions (R.01) and their densities are quasi non-affected by the electronic distribution. The

decrease of the atomic ions number density occurs together with the growth of the Xe&,"(A%Z,")

one. Its drift, which is dightly greater (WXe; =-800cm.s™) than the Xe'(°Py») ion’s one, shifts

more rapidly the maxima of their number densities towards the cathode. Our calculations show
that the density of Xe,"(A%%,") reaches its maximum after 30 ps [Cap-1].

The electron dynamics is modified whereas the ions' one remains unchanged. Indeed, as
shown in figure 13.b, from 6 pus, the total number of electrons strongly decreases non-
exponentialy. As already explained above, this is due to a loss of electronic charges which are
collected at the anode (Figure 10.b). Yet, the decay of atomic ions remains identical to that

obtained without electric field. The tota number of atomic ions exponentially decreases as

reaction R.02 is always almost unlikely (7'2. >10° s), even if the electronic recombination of

reac

molecular ions (7€) >885ms) is ten-fold faster without electric field. Because of the collected

electrons, electro-neutrality is not respected anymore. Beyond 30 ps, the atomic ions have
completely disappeared by three body collisions, to generate a medium whose charged particles
are only molecular ions.

The Laplacian field breaks the symmetry (Figures 9 and 19) of the distribution of the 6p
states number density because of the strong electronic drift towards the anode (Figure 19) and the
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much slower and opposite ionic (molecular) one. It is particularly visible at 10 ps (Figure 19),

where both drifts preferentially favour electronic recombination on the right of the x =X, half-

plane. The subsequent distribution of the 6p states at 10 ps (Figure 19) has a partial moon-shape

because only few electrons remain in the right-side of the laser envelope (Figures 19 and 10.b).

The density profiles of Xe(*Py) and Xe(*P,) along [Cx) are naturally similar to the 6p

ones (Figure 12.b), but are respectively about one hundred or one thousand times. Globally, all
excited atomic state densities are weaker in the presence electric field because electrons drift on
the right of the laser envelope.

Beyond 8 ps, the tempora evolutions of the lowest atomic states (Figure 14.a) and their
correlated excimers (Figure 15.a) are purely exponential because el ectronic recombination is over.
Consequently, the system of differential equations (first order) describing the reactions of table 1
becomes perfectly linear. In particular, the time constant of the slowest component of the density
profile of the Xe(®P,) and Xe(®P,) are respectively 13 and 2.17 us. The first time constant
correspond to reaction R.10 whereas the second one is inverse of the sum of the decay frequencies
of reactions R.08 and R.09. We will not further discuss this feature which also holds for molecular
states since it only describes alinear system of differential equations.

The temporal evolutions of molecular states (Figure 15.8) are consistent with the
separation of charged species (Figure 13.a). The low vibrational level excimers are always more
populated than their corresponding high vibrational level molecules (Figure 15.8). This occurs
because even at 30 Torr, once created, the high lying excimers quickly vibrationaly relax through
two-body collisons (reactions R.12, R.14 and R.15). Besides, excimers correlated to the
metastabl e states are always more abundant than those correlated to the resonant level because, as

stated earlier, the metastable state is itself much more populated than the resonant one.

[11.1.2.2 VUV luminescence decay

When an external electric field is applied, each VUV emission (1% and 2™ continua and
resonant radiation) is greatly reduced (Figures 16, 17 and 18) since the excited species are less
abundant. Moreover, at late times (t > 8 ps), the sow components of the decay of 1% and 2™
continua as well as resonant line shape no more exist, because of the severe drop of electronic
density. The decay frequencies of the dowest components (at late times) are sums of the relevant
decay frequencies of reactions R.08 to R.17. In figure 16.b, only the Xe,[1,(3P)]» contribute for
the 1% continuum emission at long times whereas at short times, it comes from the Xe;[0, (Pl
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because of the relative total number of particles of these species. For similar consideration, the 2™
continuum is mainly due to the Xes[1,(3P.)]» at long times and Xe;[0,*(?PL)], at initia ones.

For the total VUV radiation (Figure 18.b), at short times, all the three emissions (1% and
2" continua and resonant radiation) are present, with the resonance line being about three times
stronger. At long times, the 2™ continuum is about twice stronger than the 1% continuum. The
resonance line is negligible because the electronic recombination no more exists to populate the
3p, state. The kinetics is similar to those observed in TALIF and ThALIF experiments, where only
the relaxation of the deposited energies (within the first 8 us) is observed.

[11.2 Particleand VUV emission dynamicsat 500 Torr (absence of
electric field)

At 500 Torr, the frequencies of collisional reactions R.01, R.06, R.07, R.09, R.10, R.12,
R.14 and R.15 are significantly enhanced. Consequently, 2D distributions and 1D profiles of
certain number densities are modified. Some reactions become less likely and time scales are
greatly reduced. We verified that our results are consistent with the kinetic scheme, and we will
only provide the temporal decays of excited species and luminescence decays in the absence of
electric field, so as to illustrate the observed differences at high pressure. We remind that the
diffusion times of each species are now higher (Appendix) so that the related phenomena become
rather slower, whereas characteristic times (Table 3) of radiative de-excitations remain
unchanged. Two- and three- body reactions are, respectively 16.7 and 278 times as much faster.
The electronic recombination R.02 of atomic ions remains unlikely.

The results given in reference [Cap-1] show that the tempora evolution of the total
number of each charged particle is very similar to figure 13.a, but with a much shorter timescale.
Indeed, the total number of electrons is always nearly constant [Cap-1], while the time constant

for Xe'(®Py2) and Xe,'(A%L,") is about 7 =18ns, which fully agrees with reaction R.O1.

When E =40V.cm™, the total number of electrons remain nearly constant until 14 ps (instead of

6 ps at 30 Torr). Thisis due to their drift time, 5.5 times longer at 500 Torr than at 30 Torr (cf
Appendix).

Subsequently, the 6p, 6s and molecular states are created much earlier at 500 Torr (Figure
20) than at 30 Torr (Figures 14.a and 15.a). Beyond 400 ns, the total number of each species

seems constant. In fact, they al have a very dow and nearly exponential

decay (72> 94 ms). Now, low vibrational excimers are predominant (Figure 20.b). Indeed, once
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created, the Xe[1,(3P2)]n and Xe,[0,"(3Py)] states mainly relax (782 =™ =1ns). Besides, the
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transfer reaction R.15 induces further more Xey[1,(3P2)]n which again quickly relaxes to form
more Xe)[1,CP,)], excimers. Thus, as expected, at 500 Torr, the first continuum emission is
weaker and its maximum is about 3.3 times less important than at 30 Torr (Figures 21 and 18.a).
Yet, about 75 % of its intensity comes from the Xe,)[0,'(*P.)], state. This result, apparently
surprising, is not absurd if we consider the total number of VUV emitting states and their
respective radiative lifetimes. According to our results, the VUV radiation of the first continuum
coming from the Xe[0,"CPy)]n state is 2.5 times more intense than the one related to the
Xe[1,CP,)]h state [Cap-1]. This result is consistent with the ratio between the radiative lifetimes

(11)

3
of these excimers {ﬂ = 8j and the one of their total number ( N(Xe,[1,CR)l)(0) = 3.13],

as) N(Xe,[0; CR)I,)(t)

remaining always constant. According to the radiative lifetimes of low vibrational molecular
states, the emission of the second continuum related to the Xe,[0,"(?Py)], States is 3 times less
important than that coming from Xe,[1,(P2)], [Cap-1], even if the latter remains predominant
over the Xe,[0,"(3Py)]» (Figure 20.b). Figure 21 shows that about 90 % of the total VUV radiation
is in the second continuum. This result is certainly overestimated because Xe)[0,"(Py)]n states
equally relax (45 %) towards Xe)[0,"(?P1)], and transfer to P, metastables. But, in fact, the
former phenomenon is much less important because of the presence of the Xex(2,,24,14,04)
dissociative states correlated to the 3P,. The intensity of the first continuum represents almost 10

% of the total VUV emission. Resonance photons are hardly emitted at 500 Torr.

V. Conclusion

This work concerns the modeling of the transport of excited and charged species created
in alaser beam following (2+1) photon ionisation via the Xe(®P,) relay state. It is meant for the
gpatio-temporal follow up of the species in order to estimate the real contribution of slow
recombination processes on the VUV emissions of neutral xenon. Indeed, the experimenta
approach can only provide simultaneously the VUV radiation issuing from both initial excitation
and electronic recombination. Thus, dealing with photons resulting only from recombination
processes, this paper constitutes the first step of the study of VUV emissions following TALIF
experiments.

The kinetic model used is well established and it implies the main species and reactions
occurring in pure xenon. Most reaction rates, used, were previously experimentally determined by
our team. As expected, the results given here are fully consistent with the model, which also

accounts for diffusion processes. We considered pure xenon in a weakly ionised medium. The
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initial state is a double Gaussian (along x and y) electronic number density centred at the laser
beam axis. These charges are balanced by an identical distribution of monoatomic xenon ions.
The maximum number density is n, =10" cm™. At 30 Torr, in the absence of an electric field, the
tempora evolutions of the VUV intensities (measurable quantities) present a slow component

issuing from the recombination of molecular ions (7 > 94 ms). Nevertheless, here, we have not

reac
taken into account the initial presence of the P, states distributed similarly to the electrons but
with different proportions. The VUV intensities coming only from these initial metastables,
certainly faster, would be much more intense and would mask the VUV intensities coming from
the electronic recombination. This incomplete study, yet enables us to emphasize the slow
phenomena related to electronic recombination. Considering the extremely weak number of
atomic and molecular states issuing from these recombinations, we can assert that these reactions
will not affect the VUV emission intensities directly coming from the initial 3P, states, in our
normal conditions of selective excitation.

The temporal evolution trends of the VUV intensities are consistent with recent
experimental measurements. However, some discrepancies related to the slow decay frequencies
still persist. Especidly, at long times, the luminescence decays obtained by calculations at 500
Torr, remain dightly slower than the measured VUV intensities [Rod]. The slow phenomena are
related to electron recombination whose frequency depends on the electronic number density. An
improvement consists in introducing an initial electronic number density which accounts for both
the laser beam energy, the gas pressure, the 2-photons excitation of Xe(*P,) and 1-photon
ionisation cross section of this state. The reaction rates of the recombination processes are under
investigation.

Nevertheless, this work alowed us to validate our approach and it enables us to follow
only the contribution of recombination on VUV emissions. In order to make a direct comparison
to the experiment, it will be necessary to:

- take an initia realigtic distribution of the metastable number density into account, as explained
formerly,

- consider areadlistic initial electron density, as stated earlier,

- improve the kinetic scheme by introducing the dissociative state correlated to the *P, metastable,
whose decay frequency is very high,

- consider the spectral dependence of each group of photons and to perform a specific treatment of
the radiation trapping of the resonant level, particularly to quantify the contribution of the 3Py
states to the total VUV luminescence, with accuracy.
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Appendix. Diffusion and drift characteristic times of the species

We here present the longitudina and transversal characteristic times of each

considered species q, aong x and y respectively, defined by:

D2

T, =— A.l

diff ,x,q 8DLq ( )
L2

T. = A.2

diff ,y,q 8DTq ( )

With an electric field, the drift characteristic time of each charged particle is given by:

D

T = A.3

conv,g 2Wq ( )

All the values obtained at 500 and 30 Torr are gathered in table A. 1.



Table 1.

Chemical reaction Number Reference

Molecular ion formation o ROL (Mil-2]
Xe'(°P,,) +2Xe('S,) O P10 T - Xe; (A%Z)) + Xe(*'S,)
Electronic recombi naj:llzon3 ) RO2 [Mil-2]
Xe'(’R,,) +e Ot T — Xe(6p)
Electronic recombination RO3 [Oda]-
Xel(A?z!) +e O TP T8 - Xe6p) + Xe('S,) ' [OsK]
Radiative deca37/ <_)1f Xe(6p) R.04 [Rad]
Xe(6p) 0TI — Xe(°P,) +hv g
Radiative decay 01:Xe(6p)3 RO5 [Rad]
Xe(6p) O FEE - Xe(®P) +hv .
Coallisiona declay of Xe(16p)_11 » . 1 R.O6 [Alf]
Xe(6p)+ Xe(*S,) O PP MY - Xe(*P,) +Xe('S,) +hv .
Collisiona declay of Xe(?p)-11 » . 1 RO7 [Alf]
Xe(6p)+ Xe(*S,) DEPE T - Xe(*R) +Xe(*S,) +hv
Resonance radlf)at_l1 on decay ROS [Mar-2]
Xe(Spl) 0 iml(tm - Xe(lso) +hvres
nghsw brational levels exci m(irlsfg):nqatlon ) R.09 [Led]
Xe(*R) +2Xe('S;) O I — Xe,[0,"CP)I, +Xe('S,)
H|gh3V| brational levels exci me:szfosrrlqatlon R10 [Led]
Xe( Pz) + 2)(6(180) O (989 T — Xez[lu (3P2)]h +Xe(lso)
Radlat|ve3decays of exci 7mtlar 1 R11 [Mad]
Xez[lu( PZ)]h 08E - 2Xe( SO)+hV1c
2-body c<3)II|S|onal rel ?xatl on of h|gﬂ Iez/fls exci mers3 1 R 12 [Bon]
Xez[lu( PZ)]h +Xe( So) O PR I Xez[lu( PZ)]b +Xe( So)
Radlat|sz 2ecays of @(Clsm?r R13 [Bon]
Xez[ou ( Pl)]h O #9908 - 2X6(180)+h\/1c
2-body (:olllsonal relaxation of hlghnle\ﬁs excl mers+ R14 [Bon]
xez[ou (3P1)]h +Xe(180) 0RO - Xez[ou (3P1)]h +Xe(180)
Xe(®P,) formation via crossing of potential curves and fast molecular dissociation

. 0 a R.15 [Bon]
Xe,[0," CP)], + Xe(*'S,) 0PI . Xe®P,) +2Xe('S,)
Radlatlvegdecays of e)iCI m(_elr 1 R16 [Led]
Xe,[1,CP)], O ~ 2Xe(*'s)) +hv,,
Radiative decays of excimer R17 [Ket]

Xe,[0,"CP)], OB - 2Xe('s,) +hv,,




Table 2.

p=30Torr p =500 Torr
N (cm”) 9.88.10" 1.65.10"
Without With Without With
electric field | eectric field | electric field | eectric field
E/N (Td) 0.00 4.04 0 0.24
U, (cm?V7ts™) 3.42x10* 5.33x10° 2.05x10° 2.36x10°
w, (cms™) 0.00 2.13x10° 0.00 9.43x10"
€ D, (cm*s™) 8.32x10° | 7.91x10° | 4.99x10' | 5.32x10°
D; (cm*s™) 8.06x107 3.52x10* 4.83x10" 5.08x10°
K. (cm?V7s™) | 147x10° | 1.47x10° | 880x10" | 8.80x10*
w, . (cms™) 0.00 -5.88x10? 0.00 -3.53x10"
Xe"(*Py2) D, =D, . . , ,
W 3.40x10 3.40x10 2.08x10 2.08x10
(cm=.s™)
Hy, (€M*V7s™) | 200x10" | 2.00x10" 1.20 1.20
s w,. (cms™) 0.00 -8.00x10? 0.00 -4.80x10"
X&' (AZy)
D, =Dy | -1 -1 -2 -2
“ 4.70x10 4.70x10 2.80x10 2.80x10
(cm=.s™)
3 D —
op, e and Lie ~ T 6.19x10" | 619x10" | 371x10° | 3.71x102
P, states (cm-.s™)
1u(3p2) DL =
0. Py @ 6.19x10" | 6.19x10' | 3.71x10? | 3.71x107
states (cm”.s™)




Table 3.

Characteristic time of reaction

Chemical reactions r®
p=30Torr p =500 Torr
R.01 5.1ups 18ns
R.02 > 10°s
RO03 Without field > 94 ms
' With field >83%ms | =524ms
R.04 33ns
R.05 40 ns
R.06 10 ns 0.6 ns
R.07 10 ns 0.6 ns
R.08 3.3 us
R.09 6.3 us 23 ns
R.10 13 ps 47 ns
R.11 40 ns
R.12 17ns | 1ns
R.13 5ns
R.14 17 ns 1ns
R.15 17 ns 1ns
R.16 103 ns
R.17 40 ns




TableA.1.

p =500 Torr p=30Torr
Without electric With electric field Without electric With electric field
field field
L it Lot y Laitr x Laitr y ooy Lt Lot y Lt Lot y L ooy
(s) (s) (s) (s) (s) (s) (s) (s) (s) (s)
e 63x10° | 58x10° | 58x10° | 55x10° | 6.6x10° | 38x10° | 0.35x10° | 4.0x10° | 8.0x10° | 1.2x10°
Xe'(*Pyy) 15 14 15 14 | 0.71x10° | 89x10° | 0.80 | 92x10° | 0.83 | 420x10°
Xe' (A%Z,) 1.1 10 1.1 10 | 0.52x10° | 66x10° | 060 | 66x10° | 060 | 0.31x10°
Xe(*P,) 0.84 7.6 0.84 7.6 X 50x10° | 0.45 0.50 0.45 X
Xe(®Py) 0.84 7.6 0.84 7.6 X 50x10°% | 045 0.50 0.45 X
X e&(6p) 0.84 7.6 0.84 76 X 50x10° |  0.45 0.50 0.45 X
Xe[1,CP)]n | 0.84 7.6 0.84 76 X 50x10°% | 0.45 0.50 0.45 X
Xe[1LCP)]b 0.84 7.6 0.84 7.6 X 50x10°% | 045 0.50 0.45 X
Xe0,'CP)]n | 0.84 7.6 0.84 76 X 50x10°% | 0.45 0.50 0.45 X
Xe 0, (CP)]s | 0.84 76 0.84 7.6 X 50x10°% |  0.45 0.50 0.45 X




Table 1. Reactions used in xenon for particle transport modeling.

Table 2. Swarm parameters of the selected species in neutral xenon with or without electric
field E=40V.cm™

Table 3. Characteristic times of reactions used in our modd, at 30 and 500 Torr.

Table A.1. Diffusion and drift characteristic times of species considered in neutral xenon for
particle transport modeling, at 500 and 30 Torr.
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Figure 1. Cartesian geometry used to describe the experimental situation with the axial laser
beam crossing between metallic electrodes.

a. Most general experimental configuration

b. Simplified configuration used for calculations

Figure 2. Schematic diagram for (2+1) ionisation of a xenon atom with two-photon resonance
process via the X e(*P,) metastable state.

Figure 3. Initial distribution chosen for electronic density n, (X, y)|t:O aswell asfor atomic

ionsone n_, . (X, y)‘t:O .

a. Volume distribution

b. Projectionin any (x,y) plane
c. Sectioninthe y =y, plane
d. Sectionin the x = x, plane

Figure 4. Potential curves of the chosen xenon excimers[Jon].
Figure 5. Mean electron energy in xenon, calculated by solving Boltzmann's equation.
Figure 6. Kinetic scheme used for particle transport modeling in xenon.

Figure 7. Electronic characteristic energies (Do te, D1é/ tie) and electron drift velocity we in
xenon as a function of the reduced electric field E/N, calculated by solving the Boltzmann
eguation.

Figure 8. Variation of the product of the mobilities and longitudinal and transversal diffusion
coefficients of Xe*(?Py2) and X&' (A%Z,") ions with the neutral gas density in pure xenon.

Figure 9. Spatial variations of the e ectronic, atomic ions, and 6p states number densities at
30 Torr (E=0V.cm™) at different times (t = 0, 20 and 50 ps). Dashed circle represents the
laser envelope (logarithmic scale). Range: [1; 10’] cm™ for charged particles, [3.4x10°%;
3.4x10™] cm’ for 6p states.

Figure 10. Evolution of the electronic number density at 30 Torr along x inthey =y, plane
at different moments of the time: a. without electric field b. with electric field.

Figure 11. Evolution of the ions number density at 30 Torr along x inthey =y, plane
without electric field at different moments of thetime: a. Xe'(°*Py,) b. X&' (A%Z,).

Figure 12. Evolution of the 6p number density at 30 Torr along [Cx) ,a. without field b. with
electric field.

Figure 13. Temporal evolution of the total number of electrons, atomic ions and molecul ar
ions, per unit length along z at 30 Torr a. without electric field b. with electric field.

Figure 14. Tempora evolution of the total number of Xe(6p) and Xe(6s) states, per unit
length dong z
at 30 Torr: a. without electric field b. without electric field.



Figure 15. Tempora evolution of the total number of Xex[1,(3P)]n, Xe[0. P,
Xe[1u(3P2)]s and Xes[ 0, (3P1)], States, per unit length along z at 30 Torr: a. without electric
field b. with electric field.

Figure 19. Temporal evolution of the VUV intensity of the 1% continuum and of its
contributions, per unit length along z at 30 Torr: a. without field b. with electric field.

Figure 17. Temporal evolution of the VUV intensity of the 2™ continuum and of its
contributions, per unit length along z at 30 Torr: a. without field b. with electric field.

Figure 18. Temporal evolution of the total VUV intensity and of its contributions from
resonant states, the 1% continuum and the 2™ continuum, per unit length along z at 30 Torr: a.
without field b. with electric field.

Figure 19. Spatial variations of the electronic, atomic ions, and 6p states number densities at
30 Torr (E = 40 V.cm™) at different times (t = 0, 10 and 20 ps). Dashed circle represents the
laser envel ope (logarithmic scale). Range: [1; 10] cm™ for charged particles, [7.6x10™;
7.6x10°] cm for 6p states.

Figure 20. Tempora evolution of the total number of excited species, per unit length along
z at 500 Torr without electric field: a. 6s and 6p states b. excimers.

Figure 21. Temporal evolution of the contributions to the total VUV intensity, per unit length
along z at 500 Torr, without electric field.
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Figure 21.
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