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Atmospheric pressure plasmas in argon are of particular interest due to the production of highly excited and reactive
species enabling numerous plasma-aided applications. In this contribution, we report on absolute optical emission
and absorption spectroscopy of a radio frequency (RF) driven capacitively coupled argon glow discharge operated in a
parallel-plate configuration. This enabled the study of all key parameters including electron density and temperature,
gas temperature, and absolute densities of atoms in highly electronically excited states. The space and time-averaged
electron density and temperature were determined from the measurement of the absolute intensity of the electron-atom
bremsstrahlung in the visible range. Considering the non-Maxwellian electron energy distribution function, an electron
temperature (7¢) of 2.1 eV and an electron density (n) of 1.1 X 10" m—3 were obtained. The time-averaged and
spatially resolved absolute densities of atoms in the metastable (1s5 and 1s3) and resonant (154 and 1s;) states of argon
in pure Ar and Ar/He mixture were obtained by broadband absorption spectroscopy. The 1ss5 metastable atoms had the
largest density near the sheath region with a maximum value of 8 x 10!” m~3, while all other 1s states had densities of
at most 2 x 107 m~3. The dominant production and loss mechanisms of these atoms were discussed, in particular, the
role of radiation trapping. We conclude with a comparison of the plasma properties of the argon RF glow discharges

with the more common He equivalent and highlight their differences.

I. INTRODUCTION

Plasmas operating at atmospheric pressure in argon have
witnessed a tremendous growth in last few decades. The non-
equilibrium feature of such discharges allows production of
highly excited and reactive species initiated by energetic elec-
trons, which have enabled a plethora of applications, includ-
ing gas discharge laser systems such as optically pumped rare
gas lasers (OPRGLs) operated in Ar/He mixtures,' ™ gas dis-
charge lamps, plasma medicine,®® surface modification,®!!
and surface decontamination.'>'* In highly repetitive dis-
charges, such as radio frequency (RF) driven plasmas, the
long-lived charged and energetic species from the previous
discharge cycle enable to sustain stable discharges at lower
voltage requirements. The argon metastable species are one
of those strong contenders for driving the kinetics in these low
temperature plasmas.'> Due to their relatively long lifetime,
atoms in the metastable states are known to be excellent reser-
voirs of energy. The excitation energy required for metastable
production (11.6 eV) is lower than the ionization energy of ar-
gon (15.8 eV). Thus, these metastable atoms can be produced
efficiently and can further lead to ionization at lower electron
energy via stepwise ionization.

Since argon is used as a feed gas for many plasma-aided
applications, it becomes imperative to study its metastable
states in terms of the absolute densities and the spatial dis-
tribution within the active plasma region. Numerous mod-
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eling studies have been carried out to understand the kinet-
ics of the argon metastable atoms in Ar and Ar/He plas-
mas over a wide range of pressures (few mTorrs to atmo-
spheric pressure).>'%20 However, only a handful of papers
report measurements of these vital species at atmospheric
pressure. Most of the argon metastable species measure-
ments are performed using tunable diode laser absorption
spectroscopy*>21=2% or time-resolved laser induced fluores-
cence measurements.! In addition, the resonant states of ar-
gon could also be important energy reservoirs, but they have
only been studied in low pressure argon plasmas.”®2% At at-
mospheric pressure, the effective lifetimes of the metastable
states of Ar, 1ss and 1s3 (Paschen’s notation, details provided
further in Table II), are governed by three-body collisions with
two ground state Ar atoms, producing Ar; excimers, and by
collisional transfer to the resonant states, 1s, and 1s4 via both
electron-impact and heavy particle collisions.”®** A more de-
tailed measurement/analysis of the population of these reso-
nant states will facilitate an understanding of the dominant en-
ergy transfer mechanism(s) and its potential impact on plasma
kinetics.

In this work, the time-averaged absolute densities of Ar
atoms in both metastable and resonant states of Ar in pure
Ar and Ar/He gas mixtures in an RF-driven capacitively cou-
pled glow discharge at atmospheric pressure are measured us-
ing broadband absorption spectroscopy. The electron temper-
ature and density are determined from continuum radiation
emission spectroscopy and compared with the electron den-
sity obtained from a previously reported electrical impedance
measurement approach.’’ The experimental setup, optical di-
agnostics and a detailed procedure to determine the electron
temperature and density as well as the absolute densities from
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the measured absorption data are described before we present
the results. The estimated electron properties and the spatially
distributed densities of atoms in the metastable and resonant
states of Ar across the plasma gap allow to discuss the pro-
duction and destruction mechanisms of the excited atoms of
Ar in detail.

1. METHODS
A. Experimental setup

A schematic of the experimental setup is shown in Fig. 1(a).
The plasma reactor used in this study generates an RF-driven
capacitively coupled glow discharge in a water-cooled paral-
lel plate electrode type configuration. A detailed description
of the reactor is provided in*'-32. The reactor is designed to
facilitate access for optical diagnostics along the length of the
plasma (19.1 mm) and within the inter-electrode spacing of 2
mm. The discharge was generated at atmospheric pressure in
argon (ultra-pure carrier grade 99.999%) as well as in helium
(ultra-pure carrier grade 99.9995%) with 17% admixture of
argon to elucidate on the effect of absolute densities of atoms
in the metastable and resonant states of Ar with He as the
perturber atom. The total flow rate of the gas or gas mixture
used was maintained using electronic mass flow controllers
(MFCs) at 1 standard liter per minute (slm) for Ar and He +
17% Ar plasmas. The time-averaged plasma images for differ-
ent gas conditions were obtained using a digital camera with
a 1/10s exposure time.

The RF power (13.56 MHz) was applied continuously
and only time-averaged densities of metastable and resonant
atoms are reported. The discharge power was determined by
acquiring and recording voltage and current data on a digital
oscilloscope (Tektronix DPO2024B, 200 MHz, 1 Gs™!) us-
ing a voltage probe (Tektronix P5100A) and a Rogowski coil
(Pearson Electronics, Model 2878), respectively as shown in
Fig. 1(a). The discharge powers used for different gas mixture
are reported in Table 1.

B. Spectroscopy of emission continuum

The continuum radiation, visible in pure Ar discharge
(Fig. 1(b)), mostly originates from collision-induced pro-
cesses, for example, free-free bremsstrahlung and free-bound
recombination between electrons and ions in low pressure
plasmas.>> However, in weakly ionized plasmas with a low
degree of ionization (1o /n, < 1074, n, being the density of
the neutral atom), such as the atmospheric pressure glow dis-
charges studied in this work, the continuum radiation emit-
ted through interactions between free electrons and neutral
atoms becomes dominant over the electron-ion interactions
typical for high density plasmas, where Coulomb collisions
dominate.?* This “continuum" radiation is further composed
of two major contributing mechanisms: (a) the electron-
neutral atom (e-a) or neutral bremsstrahlung, caused by the
deceleration of a free electron during its interaction with a

TABLE I. Discharge power for different plasma conditions.

Flow rate Power
Gas (slm) (W)
Ar 1 13.5+0.2
He 1 14.0+0.5
He + 17% Ar 1 124+1.4

neutral atom, and (b) the polarization bremsstrahlung, which
originates from the time-dependent induced dipole moment in
neutral atom by the Coulomb field of the incident electron.
However, it is shown that for electron-argon collisions with
T. > 0.9 eV, the neutral bremsstrahlung spectral intensities
are much higher than that of polarization bremsstrahlung.>
This was further confirmed by numerical studies in*®, which
showed that the induced dipole radiation contributes to < 8%
of the total radiation for a T, = 0.5 eV, and was insignificant in
most cases. Thus, in this study, the continuum radiation will
be analyzed and discussed based on neutral bremsstrahlung
only.

The emission from the continuum radiation is usually stud-
ied by determining the emissivity as function of wavelength.
The emissivity of the e-a bremsstrahlung has been reported in
detail in*” and can be expressed as

2 neny he [
%ﬂwﬂ%yMﬁﬁwm@mw (M
where me, A, h, ¢, hv and E are the mass of an electron, the
wavelength of the emitted photon, the Planck constant, the
speed of light in vacuum, the energy of the emitted photon and
the energy of the electron, respectively. In this work, we use
SI units and &, has the units [W m—3 nm~']. The electron
energy distribution function (EEDF), f(E) is derived from
Bolsig+3® and both Maxwellian as well as non-Maxwellian
distributions are considered to compare their effect on the esti-
mation of 7, and n.. The neutral bremsstrahlung cross-section
62 (A,E) according to* is given by

8a E he hc
a4, E) 37T mec? <1 ZAE> \/1 AE ¢ (E), @)

where 62°™(E) is the cross-section for momentum transfer
between the electron and the neutral argon atom adopted from
the Phelps database in LXCat.*®% The fine structure constant

« is given by

62

o= .
2&phc

3)

Substituting Eq. 2 in Eq. 1 yields

neng [
b= Cu'53 [ omm(E)E
v

hc hc
x(l—m)\/l—wf(E)dE, @
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FIG. 1. (a) Experimental schematic of the plasma reactor, and digital color images of the plasma operated in (b) pure Ar, (c) pure He, and (d)
He + 17% Ar. (FG: function generator, RF Amp: RF amplifier, MB: matching box, MFC: mass flow controller)

where Coy = (2v/2/372)(ath/m2*c) = 1.77 [W m? J-3/2
st !]. The EEDF, f(E) has units [eV—3/2]. Integrating
E-\2f (E) over the entire energy range yields 1. Eq. 4 shows
that 7; and n. determine the spectral shape and the intensity of
the neutral bremsstrahlung. Thus, by comparing the measured
absolute continuum radiation with the theoretical spectrum, T,
and n. can be determined.

C. Determination of electron density and temperature from
continuum radiation spectra

The continuum radiation requires the measurement of the
absolute spectral irradiance (in [W m~2 nm~!]). In this work,
we only determined the time and spatially averaged absolute
plasma emission through an absolute calibration of the spec-
trometer and detection system with a tungsten halogen lamp.
The optical configuration for recording the global emission
from the plasma is schematically shown in Fig. 2. The plasma
reactor was placed at a distance of 0.5 m from a diaphragm
with a diameter of 4.2 mm. The plasma emission through the
diaphragm was focused into an optical fiber by a UV-visible
plano-convex lens (f = 7.5 cm), which was then analyzed by
a broadband spectrometer (Avantes 2048) with a spectral res-
olution of 0.6 nm. To achieve calibration, the calibrated tung-
sten halogen lamp (Oriel, Spectral Irradiance (250-2400 nm)
200 Watt QTH Lamp, Model No 63355) with known spectral
irradiance at a distance of 500 mm was recorded by replacing
the plasma source with the lamp and keeping all other opti-
cal components fixed and identical. At a distance of 500 mm,
both the plasma and the light source can be considered as a
point source and this simplifies the further analysis signifi-
cantly. The absolute spectral irradiance, Ip(A) of the plasma
is then given as follows

®)

Lens
Ar plasma or | Optical fiber

Diaphragm I
calibration lamp

with lens

Spectro-
meter

FIG. 2. Setup used for optical emission spectroscopy. The provided
dimensions have mm units.

where P(1) and L(A) are the relative emission intensities from
the plasma and the lamp, respectively, measured by the same
optical detection system and I (1) is the spectral irradiance
of the calibrated tungsten lamp at the same distance of 0.5
m. Now, the volume-averaged spectral emission coefficient
or emissivity (in [W m~3 nm~']) of the Ar plasma can be
obtained from the calibrated spectral irradiance, Ip(2) by*!#?

d2

Ip(l)vp

(6)

where d is the distance between the light source and the di-
aphragm (0.5 m) and Vp is the plasma volume. The calculated
emissivity &, from Eq. 4 is fitted to the measured spectral irra-
diance (j(A))y to obtain a spatially averaged T and n.. This
fitting is performed in the range of 350 nm < A < 900 nm
since the spectral sensitivity of the calibrated halogen lamp
drops significantly below 350 nm and the sensitivity of the
spectrometer reduces significantly above 900 nm.

D. Electrical model

An independent determination of . is obtained by the anal-
ysis of an equivalent electrical circuit for a homogeneous RF
plasma as reported in****. This method is based on a sim-
plified homogeneous RF discharge model without considering
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FIG. 3. Equivalent electrical circuit used for the calculations of the
sheath width and the electron density with (a) plasma off, and (b)
plasma on.

sheath effects (stochastic and ion heating),***> while isolating

the influence of the bulk plasma and the sheaths. The assump-
tions used in this model are only valid for discharges operating
in the ¢ —mode, which is valid for the Ar plasma investigated
in this study (see also further). This electrical model allows
the determination of the electrical characteristics of the bulk
plasma and the sheath, such as the plasma impedance, resis-
tance and reactance. Fig. 3 shows the equivalent electrical
circuit for the RF plasma under operation. For a detailed anal-
ysis of the equivalent electrical circuit, the reader is referred
to*3. Briefly, the components of the equivalent electrical cir-
cuit, such as the sheath reactance (Xs), the bulk plasma reac-
tance (Xp) and the bulk plasma resistance (R},) can be obtained
by solving the following equations*’

R2
Xs =X L 7
et e ™
Xb ZX()—XS, and (8)
2
— p
Rb_Rp 1+m ; )

where Xy = (wCy)~' is the reactance of the discharge gap

without plasma with capacitance Cp, and R, (= ¥.cos(A¢))

and X, (= %sin(A(]))) are the real and imaginary parts of the
plasma impedance, respectively. When the plasma is not ig-
nited yet, the impedance should correspond to a purely ca-
pacitive reactance (Fig. 3a), with Cy = 0.8 pF, however, the
measured plasma-off impedance corresponds to a value of
C = (wX,)~! = 14.6 pF. This huge deviation is caused by
the additional stray or parasitic capacitances in the system,
and are clubbed together as X,,,; by adding an additional par-
asitic capacitance, Cp, parallel to the RF glow discharge in
Fig. 3b, where Cpyr = C — Cp = 13.8 0.1 pF. Considering
Cpar 1n the equivalent circuit, the current through the plasma

Mono- | ___
chromator

R T
ESS eSSl mwm

L3 Filter

FIG. 4. Setup used for broadband absorption spectroscopy.

circuit was recalculated from the measured current. The time-
averaged electron density can then be estimated from R}, using
impedance measurement and a homogeneous plasma model*

[ — 250 Vinme
Ne =
© ARb 82 ’

(10)

where [ is the inter-electrode spacing (2 mm in this case),
so the time-averaged sheath width and A the cross-sectional
area of the electrode. The rates of electron-neutral momen-
tum transfer (vy,) for argon and helium at atmospheric pres-
sure are 4.03 x 102 s7! and 1.52 x 10'? s~!, respectively.*
Using the measured sheath capacitance X, the sheath width
can be estimated as follows: 3044

s0 = ©&AX; /2, (11)

where @ = 27 f is the plasma excitation frequency. The un-
certainties in the time-averaged sheath width and the electron
density are estimated by propagating the measurement uncer-
tainties in Cp,r and A¢y, through the equations of the equivalent
electrical model.

E. Broadband absorption spectroscopy

The absolute densities of Ar atoms in metastable and reso-
nant states across the plasma gap were determined by employ-
ing broadband absorption spectroscopy. The optical configu-
ration for the spectrally resolved measurements is similar as
used in®! and is shown in Fig. 4.

A laser-stabilized broadband lamp (Energetiq EQ-99
LDLS) was used as the light source. The light produced
by the lamp was focused into the plasma reactor via lenses
L1 (f =20 cm) and L2 (f = 10 cm) through a diaphragm
D with a diameter of 1 mm. After passing the reactor, the
light was immediately focused onto the entrance slit of a
1 m high-resolution Czerny-Turner scanning monochroma-
tor (ARC AM-510), equipped with an 1800 g mm~! grating
blazed at 500 nm, via a plano-convex lens L3 (f =5 cm).
The width of the entrance slit was fixed at 10 um and was
located 5 cm from the lens L3. A neutral density filter was
used in all the experimental conditions to avoid the saturation
of the detector by the lamp. The spectrometer was backed by
a 26 um pitch charged-coupled device (CCD) camera (An-
dor iDUS 420). The spectral resolution of the optical system
(monochromator + CCD), as deduced from the width of the
atomic line of mercury in a low pressure Hg-Ar lamp, is 29
pm FWHM at 365 nm monitored in the 15 order of diffrac-
tion.
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To obtain spatially resolved measurements, the plasma re-
actor was moved in steps of 50 um along the plasma gap, on a
translational stage. The spatial resolution was 40 pm. For the
determination of the spatial resolution within the plasma gap,
the readers are referred to the procedure described in’!.

F. Gas temperature

Due to the presence of a small concentration of water im-
purities in Ar and He + 17% Ar plasmas, we were able to
record high resolution rotational spectra of OH(A-X)(0-0). In
this case, a bandpass filter (240-420 nm), instead of a neu-
tral density filter, was used. The experimentally measured
emission spectra of OH(A-X) in different gas conditions were
fitted with synthetic spectra obtained by following the model-
ing procedure described in*’ to determine the gas temperature.
The reported uncertainties were derived from the 95% confi-
dence interval using the least-square fitting procedure. An ex-
ample of a recorded OH(A-X) emission spectrum along with
the simulated best fit is shown in Fig. 5 for the He + 17%
Ar plasma. The gas temperatures obtained from the rotational
temperature of OH(A—-X) are 365 K and 335 K for pure Ar and
He + 17% Ar plasmas, respectively.

G. Absolute densities of atoms in resonant and metastable
states

The different excited states and corresponding transitions
investigated in this study are compiled in Table II. Density
of Ar metastable atoms in 1s3 and lss states, according to
Paschen notation (or 4s'[1/2]y and 4s[3/2], in Racah nota-
tion), are measured from absorption on 763.51 and 794.82
nm transitions, respectively. Density of atoms in resonance
states 1sy and 1s4 (or 45'[1/2]; and 4s[3/2];), are measured
by means of 750.39 and 751.47 nm lines, respectively. 1s;
and ls4 states being optically connected to the ground state
of Ar, these later lines are strongly broadened by resonance
interaction (resonance broadening).

The detailed procedure for obtaining the absorption spec-
trum using broadband absorption spectroscopy is reported
in314850 " In brief, the experimental fractional absorption

A(A) can be calculated as follows:*’

12)

where P(A1) and Ly(A) are the emission spectra of the plasma
and the lamp, respectively; Lp(A) is the emission spectrum of
the plasma with the transmitted light of the lamp; and B(4) is
the background spectrum with both plasma and lamp off. As
an example, these emission spectra were recorded for 1s;, 1s3,
1s4 and 1ss states in He + 17% Ar at the sheath edge, 250 um
from the powered electrode, and the corresponding fractional
absorption spectra obtained using Eq. 12 are shown in Fig. 6.
The absorption spectra for these states contained oscillations
as reported in®!', the amplitude of which were significantly

J—
\S]
1

exp. plasma emission
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FIG. 5. Gas temperature determination from an experimentally
recorded emission spectrum of OH(A-X) and the simulated best fit
for He + 17% Ar plasma operating at 12.4 W and measured at a dis-
tance of 600 um from the powered electrode surface.

attenuated by using FFT band block filters at frequency ranges
of 0.18-0.2 per pixel and 0.086—0.095 per pixel. This induced
an average difference of ~10% in the magnitude of the peak
fractional absorption without affecting the total wavelength
integrated area under the absorption line profile significantly.

The absolute path-averaged density, n, of the absorbing
species can be determined by calculating the wavelength inte-
grated area W under the fractional absorption curve for each
of the above cited argon lines and using the Beer-Lambert law
as follows:*

W= /A(A)da:/(1—exp(—o(A,T).n.z))dA, (13)

where T is the neutral gas temperature, o the wavelength
and temperature dependent absorption cross-section, and / the
beam path length through the plasma (19.1 mm). As previ-
ously reported in*, Wis independent of the instrumental spec-
tral resolution, and thus, can be experimentally determined by
fitting the absorption profile for each line with a Voigt function
as shown in Fig. 6. In Eq. 13, the absorption cross-section, ¢
(m?), is given by

2

oc(A.T)=13 fup(L), (14)

4egmec?

where Ay, e, €, me, ¢, fiy and @(A) are the peak wavelength
of the observed transition (m), the elementary charge (C), the
permittivity of the free space (F m~!), the electron mass (kg),
the speed of light in vacuum (m s~!), the dimensionless os-
cillator strength of the line and the area-normalized spectral
shape of the absorption line profile, respectively.** In high
pressure plasmas with a low ionization degree as in the glow
discharges studied, collisional broadening due to neutral colli-
sions is the dominant effect, while natural broadening is neg-
ligible. Assuming a Maxwellian velocity distribution, @(4)
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TABLE I1. Different transitions of Ar and their characteristics.>!

Observed Resonant Lower Upper Paschen E Ey Oscillator
wavelength wavelength level level notation (cm™ 1 ) (cm™ 1 ) strength

(nm) (nm)

750.39 104.82 45'[1/2]; 4p'[1/2)o 15, 95400 108723 0.125%, 0.2629°
751.47 106.67 4s(3/2); 4p[1/2]o 1s4 93751 107054 0.114%, 0.0675°
763.51 4s(3/2)» 4p[3/2]n 1s5 93144 106238 0.214

794.82 45'[1/2)o 4p'[3/2]; 1s3 94554 107132 0.53

2 Oscillator strength of the observed transition.
b Oscillator strength of the resonant transition.

can be regarded as a normalized Voigt function, for which the
Gaussian component is due to Doppler broadening. The cor-
responding Doppler-broadened full width at half maximum
(FWHM) is given by

AAD(T):ZOX7.16><10‘7><M%, (15)

where M is atomic mass of the collider. The Lorentzian
component arises because of collisions between the excited
Ar atom and a ground state Ar atom. For lines ending in
metastable states, which are not optically connected to the
ground state, broadening is mainly by van der Waals inter-
actions, while for the lines ending in the resonant states, ad-
ditionally, resonance broadening needs to be considered. The
analysis of both type of line profiles is discussed below.

The FWHM of the van der Waals broadening, which arises
due to the dipole interaction of an excited Ar atom with the
induced dipole in the ground state Ar (or He) atom, can be
expressed as>”

3/10
Advaw [nm] = 3.0 x 107 PA2(ACs)?? (;) Np, (16)

where A is the wavelength of the observed transition (nm),
ACg the Leonnard-Jones potential interaction constant, and up
the radiator-perturber reduced mass. For He-Ar and Ar-Ar in-
teractions, the values of up are 3.638 amu and 19.97 amu,
respectively. Np is the ground-state perturber density (cm™3).
The value of ACg can be estimated from the following equa-
tion

ACs =9.8 x 10~V op((R2) — (R?)), 17)

where op is the dipole polarizability of the perturber atoms
(cm?) in their ground states and has values of 2.01 x 1072
cm? for He and 1.654 x 10724 cm? for Ar.>? (R?) is the mean
square radius of the radiator atom in the upper and lower states
of the observed transition of the perturbed atom (expressed in
units of Bohr radius ap). (R?) can be determined from Un-
sold’s hydrogenic approximation as>>

(B) = SlS 1 -3+, ()

where [; is the active electron orbital quantum number (O for s
and 1 for p) and ”12 is the effective principal quantum number
of the sate, given by

EH
2 _
ny = EArli]Eiv (19)

on

where Ei}OI[1 is the ionization potential of the hydrogen atom or
Rydberg constant, E{glﬂ the ionization potential of the radia-
tor atom (Ar in this case) and E; the energy of the considered
state of the perturbed atom to which the observed transition
belongs. Thus, for different concentrations of Ar in He-Ar
plasma, Ad,qw could be calculated with He and Ar as the per-
turber atoms. The total width of the vdW broadening is the
sum of the individual width perturbed by He and Ar.

For resonance broadening, the FWHM (in nm) can be cal-
culated as>>

1/2
Adg =8.6x 10728 (f;’) A2 AR fiuNar

300
= XarRar (T) P, (20)

where A and A are the wavelengths of the observed and
the resonance lines in nm, respectively, fi, is the oscillator
strength of the resonance line starting from the lower state of
the transition (given in Table II), g = 3 and gy = 1, the sta-
tistical weights of the lower level of the transition and of the
ground state, respectively. Nar, Xar, Rar and p are the argon
ground state number density (cm3), the fraction of Ar in the
gas mixture, a constant for resonance broadening of Ar, and
the pressure in bar, respectively.

The Stark broadening for the investigated experimental
conditions is negligible due to the low electron density in such
RF discharges.

The vdW broadening calculations are carried out only for
lines ending in the metastable states as lower level (1s3 and
Iss). Since the resonance broadening dominates for 1s, and
1s4 states, the vdW broadening has been neglected for these
lines. The perturbation due to He and Ar are considered sepa-
rately in determining the vdW broadening with Eq. 16,

300\ 07 300 07
Alyvaw [nm] = YHeKne (T) + XarKar (T) . (21
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TABLE III. Measured van der Waals and resonance broadening con-
stants of used Ar lines scaled for atmospheric pressure and 300 K in
pure Ar and He.

Kye Kar Rar
State (nm) (nm) (nm)
1s3 0.023 0.032 -
Iss 0.020 0.028 -
s - - 0.189
1s4 - - 0.050

o 763.5 nm
0.3 o 794.8 nm
=)
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FIG. 6. Absorption profiles of atoms in (a) metastable states (763.5
and 794.8 nm), and (b) resonant states (750.4 and 751.5 nm) of Ar
corresponding to He + 17% Ar plasma. The profiles are recorded
at the sheath edge, 250 um from the powered electrode. As a com-
parison, the slit function of the monochromator as determined by the
normalized intensity of Hg I line recorded at 365 nm is also shown
in (b).

Xue 1s the fraction of He and Ype + xar = 1. Kye and K, are
constants for vdW broadening. Table III compiles the values
of these constants. However, as one can see from absorption
profiles presented in Fig. 6, their noise level is too high to
permit a correct determination of the broadening parameters.
We, thus, have used the line profiles of the emission spec-
tra P(A) recorded for the broadband absorption spectroscopy
measurements, which have much higher signal/noise ratios
(see Fig. 11 in Section III B), for the determination of the pres-
sure broadening constants of the lines reported in Table III.
The convolution of the Gaussian FWHM (AAp) and the
Lorentzian FWHM (AAy ) profiles provides the Voigt function
to be used as the normalized (1) in Eq. 14. For a fractional
absorption of only a few %, W can be directly deduced by
a linear approximation of the term (1 —exp(—o(A,T)-n-1))
in Eq. 13 to 6(A,T)-n-1, and thus the density, n can be di-
rectly determined using equations Eqs. 13-20. However, for

strongly absorbing lines, due to the non-linearity of W as a
function of n, there is no analytical expression to relate these
two parameters. Therefore, a simulation was performed to
deduce W for different values of n.3'*’ The experimentally
measured values of W were compared with those of simulated
W to determine the absolute time-averaged and line-of-sight
integrated densities of atoms in 1sp, 1s3, 1s4 and 1ss states
of Ar. The reported uncertainties on the estimated densities
were determined from twice the standard deviation based on
the uncertainties in the fitting of the Voigt profile to the ab-
sorption line profile to determine W and the asymmetry in the
spatially distributed density profile. The uncertainties due to
the estimated error in the gas temperature determination were
negligible. Moreover, there exists uncertainty in the spatial
variation of the experimental data. For instance, spatial vari-
ations of ~ 20% were observed in the density profiles of the
1s3 and 1s5 metastable states, which could be increased to
45% close to the detection limit, in pure Ar discharge.

H. Resonance radiation transport modeled by Monte Carlo
simulation

To explain the measured profile of atoms in resonance
states in the discharge, we implemented a resonance radia-
tion transport model. We considered the argon lines 3523 p% —
3573p°(°P) ,)4s (104.8 nm) and 353p° — 35°3p° °PY )4s
(106.7 nm) in an optically thick slab corresponding to the
plasma volume within 2 mm gap between the electrodes. The
density of photo-excited atoms has been estimated using a ki-
netic Monte Carlo method; details can be found in>*3°. The
inter-electrode gap is divided into 100 slabs of 20 pm thick-
ness each, which form the grid points for the Monte Carlo
simulation. The 20 pum thickness of the slabs enables to re-
solve the 50 um spatial resolution of the experiment.’! The
two slabs at a distance of 0.4 mm from the walls correspond-
ing to the locations where the maximum densities of atoms in
the resonant states were measured (see further) are taken to
be the source of the initial photons for this simulation. In this
method, random walks for photons are generated numerically
and they serve in the evaluation of the number of absorption
processes that occur at a given location z in each slab. At
each walk, a photon “birth” is first performed through ran-
dom generation of the position r, the wavelength A, and the
direction n = k/|k|. The angles 0 and ¢ relative to the direc-
tion n (expressed using the spherical coordinates) are gener-
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ated using a uniform distribution for cos 0 = u and for ¢. The
wavelength A is generated assuming a Lorentzian distribution,
¢ (1), accounting for collisional broadening. Once z, 0, ¢ and
A have been generated, the path length s covered by the pho-
ton before its absorption by an Ar atom is generated using
an exponential distribution, of parameter a(A), the mean free
path of the photon, defined as a(1) = 1/([Ar].6(4)), where
[Ar] is the density of argon atoms and ¢(A) is the absorption
cross section, given in Eq. 14, but with A and f relative to
the resonance transition. Note that the photon path length s
is wavelength dependent. The absorption occurs at the coor-
dinate ' = r +ns. During the lifetime of the newly excited
atom, the proportion of emission of a new photon is estimated
using the branching ratio Ay /(Ay + Cy1) wWhere Ay is the Ein-
stein coefficient for spontaneous emission and Cy; is the col-
lisional de-excitation frequency. A uniform random variable
in the [0,1] interval, u, is generated and provides the process
that occurs (photon emission if u < Ay /(Ay +Cu ); quenching
otherwise) at the location r’. In the case where a photon emis-
sion process occurs, new values are generated for the direction
n, the wavelength A, and the path length s, according to the
procedure indicated above. In the quenching case, the ran-
dom walk ends. The simulation ends once a given number of
random walks has been performed. The calculation yields the
photo-excitation rate Wiy (s~ 1) at the z location within the 100
grid points. The total number of initially generated photon
+ photon absorption occurring at each grid point is evaluated
using a counter. This quantity is representative of the density
of atoms in the resonance state. About 10° initially generated
photons, followed by random walks, was necessary in order
to have a reasonable (> 100) signal/noise ratio on calculated
densities.

I1l. RESULTS AND DISCUSSIONS
A. Determination of T, and n,

Fig. 1(b)—(d) present emission images of plasmas in Ar,
He and He + 17% Ar, respectively. The intense bright
“white" emission in the bulk of the pure Ar discharge shown
in Fig. 1(b) suggests the presence of continuum radiation
in the visible wavelengths. The measured time and spa-
tially averaged absolute emission spectra of the RF-driven
capacitive discharges in Ar and He and the fitted theoretical
spectra are shown in Fig. 7. This measured emission spec-
trum is fitted with the calculated emissivity of the neutral
bremsstrahlung radiation (&) following the procedure de-
scribed in Section IIB. The fit was performed by matching
the lowest intensity features of the spectra in their high wave-
length sides. For argon, the fit suggests the presence in the
450-650 nm range of emission having another origin.

The neutral Bremsstrahlung &, is calculated by using
both Maxwellian and non-Maxwellian EEDFs via the Boltz-
mann solver Bolsig+>® (cross-section obtained from**7) as
the EEDF deviates significantly from a Maxwell-Boltzmann
distribution.’®>° The obtained electron properties (7. and
ne) are shown in Table IV. For the calculation of the non-
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FIG. 7. The measured absolute intensity of RF plasma emission in
(a) Ar at a discharge power of 13.5 W and (b) He at a discharge
power of 14.0 W, and gas flow rate of 1 slm fitted with the cal-
culated emissivities of the e-a bremsstrahlung continuum radiation
using both Maxwellian and non-Maxwellian EEDFs. The obtained
values for Ar and He plasmas are reported in Table I'V.

Maxwellian EEDF, an ionization degree of 10~7 was used.
The uncertainty in the absolute calibration due to day-to-day
variation in the intensity of plasma and halogen lamp emis-
sions was ~ 12%, while the random variation in the abso-
lute intensity was ~ 14% for helium and ~ 12% for argon.
The random uncertainty due to the experimental variation be-
tween different measurements were negligible as compared to
the aforementioned uncertainties. The final uncertainty in the
electron density was estimated by using the root mean square
error. While the relative calibration is more accurate than the
absolute calibration, the uncertainty in n also leads to addi-
tional uncertainty in 7;. The fit resulted in an effective T of
2.1£0.3 eV for argon and 3.5 £0.4 eV for helium. The fit
also yielded an . of (1.140.7) x 10" m~3 for argon and
(1.240.2) x 10" m~ for helium. However, a Maxwellian
distribution led to a significantly lower 7; for both Ar and He,
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with an ne, which is ~ 5 times higher to obtain the same pro-
file, particularly for Ar (Table IV). This suggests that it is im-
portant to consider non-Maxwellian effects in the EEDF to
obtain accurate 7. and n. from neutral bremsstrahlung mea-
surements.

An alternative and independent approach to measure the
electron density is using plasma impedance measurements, as
described in Section II D. The voltage and current waveforms
for Ar plasma operating at a discharge power of 13.5 W with
an applied peak-to-peak voltage of 853 V and a current of 1.3
A are shown in Fig. 8. The sheath width calculated for these
parameters from the equivalent electrical model described in
Section IID is 180 um. Additionally, the sheath width was
obtained from optical images of the discharge at the same
operating conditions. The digital images were converted to
spatially-distributed intensity profiles by binning the pixels in
the vertical direction (not shown here) and then normalized
with respect to the maximum intensity for better visualiza-
tion. These normalized total intensity profiles for discharge in
Ar and He are shown in Fig. 9. The apparent peaks at posi-
tions O (grounded electrode) and 2 mm (powered electrode)
are most likely due to the grazing-angle reflections of the
plasma emission by electrodes. Finally, the sheath width was
determined by the difference in the number of pixels when the
intensity drops to 61% of the intensity at the sheath edge.’**
The sheath edge is marked by a horizontal gray dashed line in
Fig. 9. This yielded a sheath width of 170 ym in pure argon
discharge, which is very similar to that determined from the
electrical model within the accuracy of the experiment. Using
Eq. 10 and Eq. 11, the n, is calculated to be 1.3 x 10'® m—3,
which is an order of magnitude lower than the n. determined
by neutral Bremsstrahlung assuming a non-Maxwellian distri-
bution. The same procedure was followed to obtain so = 380
um and n, = 1.8 x 10!7 m~3 for He. The electron density is
of the same order of magnitude as obtained from the neutral
Bremsstrahlung. However, the sheath width obtained from
the optical images was found to be 160 um, which is much
smaller than that obtained from the electrical model. A sum-
mary of the sheath widths and electron densities as calcu-
lated from the equivalent electrical model for Ar and He RF
glow discharges as functions of discharge power are shown
in Fig. 10. Similar trends and values are obtained for the RF
COST reference microplasma jet operating in the abnormal or
a-mode with an inter-electrode gap distance of 1 mm.®°

An independent estimate of 7. can be obtained from the
power balance. Assuming momentum transfer from electrons
to neutrals by elastic collisions as the dominant loss mecha-
nism, the input electrical power density, P/V [W m~3] can be
written as follows**

P 3m
= = NeNake (Te) :

kg(T. — T 22
v Mar B( e )a ( )

where k¢ is the rate constant for elastic electron scattering
on Ar calculated by Bolsig+.°! The ionization and excitation
rate constants are neglected in Eq. 22 as these are several or-
ders of magnitude lower than k| in the investigated operating
conditions. Using Eq. 22, at P/V = 37.2 W cm~3 assuming
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FIG. 8. Voltage and current waveforms of the Ar RF glow discharge.
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FIG. 9. Normalized total emission intensity profiles of Ar and He RF
glow discharges at discharge powers of 13.5 W and 14.0 W, respec-
tively. The shaded regions represent the location of the grounded and
the high-voltage (HV) electrodes.

V is equal to the entire plasma volume, 7. was evaluated at
the same 7, as obtained from continuum emission fitting ap-
proach and found to be 1.2 eV for Ar. Similarly, assuming a 7
of 2.1 eV, a mean electron density of 2.2 x 10'® m~3 was ob-
tained. The same approach was applied to the He case and the
results are shown in Table IV. The obtained electron tempera-
ture from the power balance in Ar (1.2 eV) is much lower than
that obtained from the continuum radiation approach. While
the power approach is an approximation, a possible explana-
tion for the higher 7. obtained from the continuum radiation
measurement is the contribution of a higher T in the near
sheath region due to the non-local electron kinetics effects.
Indeed, particularly in Ar, the length scale of electron energy
relaxation at atmospheric pressure as given by®>

Ae = (23)

e
NG
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FIG. 10. Time-averaged sheath width and electron density as a func-
tion of the discharge power for Ar and He RF glow discharges ob-
tained using Eq. 10 and Eq. 11.

is large (~240 pum). In Eq. 23, A, is the mean free path of elec-
tron in Ar and 6 = 2me/ma,. Hence, a significant part of the
inter-electrode gap can contain electrons with a much higher
energy than estimated from a bulk local field approximation
analysis. In addition, the power dissipated in the sheath is
unknown and not accounted for, which leads to additional un-
certainties.

For a similar geometry with 2 mm inter-electrode gap, a
driving frequency of 13.56 MHz and similar power density
in Ar, the modeling results reported an n, of 8 x 10'7 m—3
in the bulk and a T, of ~2.5 e¢V.%% This model accounted for
the deviations from Maxwellian distribution by calculating the
EEDF from Bolsig+ and also included stepwise ionization as
one of the prominent electron production mechanisms in the
plasma. Using similar model, but with a different geome-
try, an ne of 7 X 10'7 m—3 was reported, while the 7; varied
from 2.1 eV to 2.9 eV within one RF discharge cycle.** Al-
though the calculated 7. in these models is lower than that
determined in the current study, the space-averaged T is sim-
ilar. An experimental study on Ar and He RF discharges at
atmospheric pressure used the current density and a steady-
state power balance to determine 7. and 7. Although the
reported T; values for both Ar and He plasmas are lower (1.1
eV) than that determined in the current study, n. value for
Ar plasma ((2.440.5) x 10'® m=3) is of the same order of
magnitude as estimated in this study within the experimental
error, while it is almost an order of magnitude larger in He
((9.341.8) x 107 m™3). A one-dimensional fluid model ap-
plied to an Ar RF discharge operating at atmospheric pressure
using a similar electrical model analysis as® reported an ne of
~ 2 x 10'® m—3,% which is 5.5 times smaller than the value
estimated in this study. A self-consistent computational study
of a He RF discharge reported an n. of 3.6 x 10'7 m—3, only
thrice the value determined in the current study.®’

Thus, from these reported results, it is evident that differ-
ent methods (continuum radiation, electrical model and power
balance) yield different values of n. and 7.. While both elec-
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TABLE IV. Comparison of electron properties (7 and n¢) of RF-
driven capacitive Ar and He glow discharges at atmospheric pressure
with a discharge power of 13.5 W and 14.0 W, respectively obtained
from the continuum radiation &, fitting with the assumption of a
Maxwellian EEDF and non-Maxwellian EEDF.

Ar He
T. Ne Te Ne
Method eV)y (m3) (V) (@@
Continuum radiation
Maxwellian EEDF 1.1 53x10" 25 20x107
Non-Maxwellian EEDF 2.1  1.1x10Y 35 1.2x10"
Electrical model - 13x10"® - 1.8x10"7

Power balance 12 (1.1x10'%) 3.1 (1.2x10'7)

trical model and power balance methods have assumptions,
and, in particular for He, which do not account for impor-
tant impact of impurities leading to Penning ionization,%-%°
the only uncertainty in the continuum radiation approach is
mainly due to the fitting and absolute calibration of the con-
tinuum emission intensity. Thus, the continuum radiation ap-
proach is believed to be the most accurate.

In summary, the time and space-averaged ;. and n. values
determined from the continuum emission of the argon plasma
are 2.1+£0.3 eV and (1.140.7) x 10! m™3, respectively,
while for helium plasma, a 7; of 3.5+ 0.4 eV and an n. of
(1.240.2) x 10" m~3 are determined.

B. Measured Ar line widths

The collisional broadenings, or the Lorentzian widths of Ar
lines used in this study for the measurement of Ar(ls) atoms
density in both metastable and resonant states, were deter-
mined from the plasma induced emission spectra, as shown
in Fig. 11 for the 750 nm spectral region, recorded in pure ar-
gon plasma. The gas temperature, obtained from the rotational
temperature of OH(A—X) emission (see Section ITF), is 365 K
in this plasma. Fitting the profiles of these lines with Voigt
functions provides their Gaussian and Lorentzian widths. In
the example of Fig. 11, the best fit of the 751.5 nm line is
obtained with wg = 2.27 £0.38 pixels and wp, =4.17£0.26
pixels, for the Gaussian and Lorentzian widths, respectively.
Uncertainties are twice the standard deviations from the fit.
With the 11.47 pm/pixel linear dispersion of the spectrometer,
deduced from the numbers of pixels between the positions of
750.4 and 751.5 nm lines, the widths in pixel are converted to
AAg = 26 +4 pm and AAL = 48+ 3 pm. Given that at 365 K
the Doppler widths of the 750 nm lines are only about 1.6 pm,
we can conclude that AAp can be neglected and AAlg =26 +4
pm corresponds to the instrumental width. This apparatus
width is slightly smaller than the 29 pm deduced from the
365 nm Hg line width, as shown in Fig. 6(b). The difference
is in accordance with the reduction of the linear dispersion
of the spectrometer with increasing rotation angle of the grat-
ing, thus with the wavelength. Fixing the same instrumental
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FIG. 11. Experimentally recorded emission spectra of Ar(1ls) lines
in the resonant states fitted with a Voigt profile for pure Ar discharge
operating at 13.5 W and measured 250 um away from the electrode
surface.

width wg = 2.27 pixels for the fit of the 750.4 nm line, we
obtain the Lorentzian width of the line wy, = 13.5 £0.2 pix-
els, corresponding to AAL = 155 + 3 pm. From the above de-
duced wr, values in pure Ar plasma at 7, = 365 K, the broad-
ening coefficients at “standard conditions” of 1 atmosphere
and 300 K would be 58 £4 and 189 £4 pm for 751.5 nm and
750.4 nm lines, respectively. Following the same procedure,
the Lorentzian widths of the 763.5 nm and 794.8 nm lines
have been deduced from the Voigt fits of their emission spec-
tra (not shown) recorded in pure argon plasma. With fixed
Gaussian width of wg = 2.27 pixels, the deduced Lorentzian
widths are 2.68 £0.08 and 2.77 £ 0.10 pixels for 794.8 and
763.5 nm lines, respectively. Taking into account the uncer-
tainty on wg = 2.27 £ 0.38 pixels, the above values lead to
AAL, = 30.8+4.5 and 31.7 4.5 pm at 365 K for these lines.
These values correspond to AA;, = 35+ 5 pm for the 794.8
nm line and A4 = 36 =5 pm for the 763.5 nm line at 1 at-
mosphere and 300 K. Our experimental values are compiled
in Table V, as well as the theoretical broadening coefficients,
deduced from Eq. 20 and Eq. 21, and those reported in the lit-
erature. The pressure range and the estimated temperatures, as
reported by authors, are also included in this table and, for the
sake of clarity, all reported broadening coefficients are con-
verted to their “standard conditions” of 1 atmosphere and 300
K, by using the temperature dependence of AAy, as indicated
in Eq. 20 and Eq. 21. The reported uncertainty in column 2 ac-
counts for the uncertainty deduced from the fit plus the 2.7%
uncertainty in the determination of the gas temperature.

The measured broadening coefficient of 750.4 nm line is in
perfect agreement with its theoretical value and very close to
the mean value of coefficients reported in79.72 and’*. These
later have been measured in atmospheric pressure thermal
plasmas, in which the plasma is usually not spatially homo-
geneous and the determination of the correct gas temperature
is a hard task and is further complicated by additional Stark
broadening of the lines. Our experimental coefficient for the
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FIG. 12. Time-averaged spatially resolved absolute densities of
atoms in 1sp, 1s3, 1s4 and lss states of argon in pure Ar plasma
at a discharge power of 13.5 W and total gas flow rate of 1 slm.

751.5 nm line being almost 20% larger compared to the theo-
retical one, can be justified by a contribution from the van der
Waals broadening of the upper and lower states of the 751.5
nm line. In fact, the theoretical values reported in the 31 ¢ol-
umn of Table V for 750.4 and 751.5 nm lines represent only
the resonance broadening of the lower states of these transi-
tions, lsp and 1s4 states, respectively. Values reported in’!
and’?> have been obtained from the emission line profiles in
glow discharges, analyzed with a Fabry-Perot interferometer.
At the low working pressures in these works, the Lorentzian
width of the lines was comparable, or even smaller than the
Doppler width, introducing large uncertainty on deduced AA .
Reported uncertainties on the broadening coefficient of 751.5
nm line are +23% in’! and £18% in’?. Our result for the van
der Waals broadening of 794.8 nm line is in perfect agreement
with the calculated and previously reported values. But for
763.5 nm lines, we have measured slightly larger value than
the calculated one and those reported in the literature. Note
that the uncertainties on these later broadening coefficients are
large. However, considering that, with the estimated n, < 10'°
m 3 (see Table IV) the Stark broadenings of the lines are neg-
ligibly small’> and the high precision on measured gas tem-
perature, we are reasonably confident on our measured AAL
values reported in the 2" column of Table V.

C. Spatial distribution of Ar atoms in metastable and
resonant states

1. Ar RF glow discharge

The absolute densities of atoms in metastable (1s3 & 1ss)
and resonant (1sy & 1sy4) states are determined following the
detailed procedure described in Section II G. Fig. 12 shows
the spatial distribution of the absolute densities of these atoms
in the inter-electrode gap of pure argon discharge as a function
of distance.
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TABLE V. Pressure broadening coefficients by argon of the lines used for the determination of Ar(1ls) atoms density. For the sake of clarity
all AAL values are for the “standard conditions” of 1 atmosphere at 300 K and previously reported widths are re-scaled for their temperature

dependence by using Eq. 20 and Eq. 21.

Wavelength (AA'L)exp (AAL)lheory (A)’L)previous experiments
(nm) (pm) (pm)? (pm)
Ref This work 70 53 71 72 73 74
P (bar)® 1 1 0.5-2 <0.02 <0.1 <0.02 1-2.5 1-3
T, (K)° 365 300 1130 300 360-500 300 2000 3900
750.4 (1s7) 189+9 188 213 - - 208 - 165
751.5 (1s4) 58+6 49 59 - 41 48 75 57
763.5 (1s5) 36+6 28 - 30 - - 32 22
794.8 (1s3) 3546 32 31 - - - 30 20
2 From Eq. 20 and Eq. 21
b Gas pressure
¢ Estimated temperature
The density profiles in these states correlate well with the
excitation zone in an RF-driven atmospheric pressure dis-
charge operated in o-mode.®”7° A maximum density of atoms Ar(1ss) +2Ar — Ar; + Ar, 24)

in metastable and resonant states in excess of 10'7 m~3 are ob-

served near the sheath edge region, 250-300 um away from
the electrodes, while the densities decline towards the elec-
trodes and in the bulk plasma. The absolute densities of Ar
atoms in 1s3 and lss metastable states are more than an or-
der of magnitude smaller in the bulk plasma than in the sheath
region. A similar trend is observed for the absolute densities
of Ar in ls; and 1s4 resonant states, with densities dropping
below the detection limit in the bulk of the plasma. The den-
sity maxima near the sheath region are due to the elevated
E/N in this region, leading to enhanced excitation and ion-
ization rates in this region.’ The peak density of atoms in 1ss
state is the highest (7 x 107 m~3), while the lowest density at
the same location is that of atoms in 1s3, the other metastable
state (9.7 x 10 m—3). The major production mechanism of
Ar atoms in the 1s states is electron-impact excitation from
the ground state, directly or after radiative cascades from 2p
states, following their excitation.”! Assuming a Maxwellian
EEDF, with T, = 1.1 eV and ne = 5.3 x 10! m~3 obtained
from the continuum emission measurement (see Table IV), the
production rate could be as high as 6 x 10> m~3s~! for the
1s5 state.'®77 However, as the ground-state excitation rate co-
efficients are highly sensitive to a variation of EEDF,'® a non-
Maxwellian EEDF strongly impacts this reaction rate, and the
production rate will be reduced by more than 3 orders of mag-
nitude, 2.5 x 10?2 m—3s~!.38 In this case, a non-Maxwellian
EEDF increases the likelihood of other dominant reaction
mechanisms for the 1ss production. In an atmospheric pres-
sure Ar glow discharge, Ar" ions produced by ionization are
rapidly converted by 3-body reaction involving two Ar atoms,
into Ar; dimer ions,%® which rapidly recombine with elec-
trons to produce Ar atoms in excited states; all these excited
atoms ending finally in 1s states.

The dominant mechanism for the destruction of lss and

1s3 metastable atoms is via the three-body collision with the

ground-state argon atoms forming argon excimer:”

and by the electron collision induced transfer to the 1s4 and
15, resonant states:2-21:28

e +Ar(lss/1s3) 2 e +Ar(lsa/1s2). (25)

However, the reverse transfers of reaction 25 have comparable
rate coefficients’®?? and instead of introducing a net loss of
population in metastable states, the electron collision induced
transfer reactions should be considered as partial population
mixing mechanisms between the four 1s states. With the rate
coefficient reported in’®: koy = 1.1 x 107* m®.s~!, the 3-
body quenching frequency of lss metastable atoms in pure
argon would be 4.5 x 106 s~ 1.

Besides volume quenching, the metastable species also dif-
fuse across the gas volume and de-excite when impacting on
the reactor walls. The diffusion timescale is given by

Taifr = A%/ Der (26)

where A, the characteristic length scale is given by A = L/,
with L ~ 300 um being the distance to the electrode of the
maximum lss metastable density and Dg the binary diffu-
sion coefficient, whose value is 1.0 x 107> m2s~! for Ar(1ss)
in atmospheric pressure Ar at 365 K.”® The diffusion time, es-
timated as 1 ms, is more than 3 orders of magnitude longer
than the time for the collisional quenching of 1s5 state by 3-
body reaction 24 (0.2 us). Thus, the metastable atoms are
primarily lost by collisional processes in the plasma volume.
This would also mean that their recorded density profile cor-
responds exactly to the axial profile of their production rate.

For 1s3 metastable atoms, even with slightly different rate
coefficients for their production,>! quenching,>® and state
mixing”®2° than for 1ss5 atoms, their kinetics is similar to that
of lss atoms and except for the absolute values, their density
profiles are almost identical.
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Densities of atoms in resonant states (1s4 and 1s;), shown in
Fig. 12, are also similar to those of metastable atoms. The pro-
duction mechanisms for these resonant states include also di-
rect and cascaded electron-impact excitation from the ground-
state and e-Ar;, dissociative recombination. Electron-induced
transfers between these states and metastable states (1ss and
1s3) cannot be considered as a net gain or loss mechanisms
for the population of these states. Globally, the 1ss state is
receiving more than what is transferred from it to the other
1s states, the fact which, together with its largest statistical
weight, explains the highest density of this state. However,
the number of atoms transferred in one way and in the op-
posite way are comparable, within a factor of about 2. As
an example, with rate coefficients reported in>’ and an elec-
tron density of 1 x 10! m—3, the 1s5 — 1s4 transfer frequency
would be 1.9 x 10% s~ and 3.1 x 10° s~! for the reverse trans-
fer 1s4 — 1s5. These values are about 2-3 times smaller than
the 3-body quenching frequencies of these states. We thus can
conclude that, under our experimental conditions, e-impact
transfers are not an important process for controlling the den-
sity of 1s states.

The radiative lifetimes, 7,4 of the 1s, and 1s4 states are
1.88 and 7.58 ns,’! respectively. However, due to the res-
onance radiation trapping,’%" the effective radiative decay
time of population of these states rises to about 0.37 and 1.48
us for 1s, and sy states, respectively, when the pure argon
gas medium is approximated by two infinite parallel-plan lim-
ited slab of 2 mm thickness, an acceptable approximation to
illustrate radiation trapping for the experimental conditions
in our case. These global effective lifetimes, 7. are calcu-
lated using the Walsh model,3' which is the generalization of
the Holstein theory.””%" Atoms in resonance states are also
quenched by 3-body collisions (similar to 24) and rate co-
efficients reported in’® for 1s, and 1s4 states are koy(1sy) =
2.4 x 107 m®s~! and ky4(1s4) = 1.2 x 10~* m®s~!, respec-
tively. In pure argon at 365 K, they lead to quenching frequen-
cies Vq of about 1.0 x 10°s tand 5.1 x 10° s~ for 1s, and 1ss4
states, respectively. Comparing for each state the global ra-
diative decay frequency, 1/ 7. and the 3-body loss frequency,
one can conclude that the photon emission controls the decay
of the global density of atoms in the 1s;, state but the 3-body
collisions are dominant loss mechanism for atoms in the 1s4
state.

2. He + 17% Ar RF glow discharge

Fig. 13 shows the spatial distribution of density of atoms
in the investigated excited states of argon in 17% Ar in He
gas mixture. The density profiles are almost similar to those
shown for the pure argon in Fig. 12 and correspond well with
the emission profile of the plasma shown in Fig. 1d. Peak
density of atoms in metastable (1s3, 1ss) and resonant (1s,,
1s4) states are measured near the sheath region, 400 um away
from the electrode surface. The maximum absolute density
of slightly larger than 10'® m~3 is observed for the 1s5 state.
Compared to the pure Ar discharge, the peak metastable 1s3
and lss densities are about two times larger but those of reso-
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FIG. 13. Time-averaged spatially resolved absolute densities of
atoms in sy, 1s3, 154 and 1s5 states of argon in He + 17% Ar plasma
at a discharge power of 12.4 W and total gas flow rate of 1 slm.

nance states 1s, and 1s4 are almost similar and about one order
of magnitude lower than that of the 1s5 state. The densities de-
cay when going away from the sheath region and at the central
part of the plasma, drop below the detection limit for 1s4 res-
onant state. The peaks seem to be broader than in pure Ar and
also slightly farther from electrodes (Fig. 12), which suggests
a wider excitation zone. Helium being the main constituent
of this plasma, an order of magnitude lowering of the electron
density and an enhancement of T is expected, relative to the
pure argon plasma (see Fig. 10 and Table IV). The main conse-
quences in the kinetics of Ar(1s) atoms when switching from
argon to 17% Ar + He are twice. First, the e-impact collisional
transfer rates between metastable and neighboring resonance
states will be much reduced in the mixture, almost decoupling
their respective densities. Second, the most frequent 3-body
quenching collision will be:

Ar(ls)+ Ar+He — Ar; + He. 27

To our knowledge, no experimental or theoretical value for the
rate coefficient of this reaction has been reported in the liter-
ature. The quenching coefficient of Ar(1ss5) metastable atoms
by He must be smaller than by Ar because helium was used
as carrier gas in the afterglow experiments of Jones ef al for
the study of argon metastable atoms reaction with different
reactants.? Also, the rate coefficient for the quenching of ex-
cited Ar* atoms by He was found to be smaller, or comparable
to their quenching by argon.®? In the present case of reactions
24 and 27, the 3" collision partner (Ar or He) is only act-
ing for the stabilization of the transient Arj excimer formed
after Ar(1s)-Ar encounter. Considering that the 34 collision
partner plays an identical kinetic role in both reactions, we
will assume for reaction 27 a similar rate coefficient than in
reaction 24. However, as the gas mixture contains only 17%
of argon, the 3-body quenching frequencies of Ar(ls) states
will be 0.17 times the above calculated frequencies in pure
argon discharge. Taking into account the gas density change
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with the temperature (365 K in Ar and 335 K in He + 17%
Ar plasmas), we end up with 3-body collision quenching fre-
quencies Vq of 2.0 X 103 s~ and 1.0 x 10 s~! for 1s, and
1s4 states, respectively. However, in He + 17% Ar mixture,
the effective radiative lifetimes predicted by the radiation trap-
ping model’®#" remain unchanged, compared to the pure ar-
gon case. In fact, at atmospheric pressure the partial density of
argon in the mixture is high enough for the spectral profile of
the resonance lines 104.7 and 106.7 nm being still controlled
by the resonance broadenings of their upper 1s; and 1s4 states,
respectively, and for the effective radiative lifetimes, predicted
by the radiation trapping model, having reached their asymp-
totic highest values.”®%0

In He + 17% Ar discharge, the most remarkable difference
between the density distribution profiles of atoms in the four
Ls states, but also with the pure Ar case, is the much slower
decay of the density of Ar(ls,) atoms toward the plasma cen-
ter. In the middle of electrodes, the density of Ar(ls,) atoms
is only 5 times smaller than its peak value at the sheath region
but the relative change for metastable Ar(1ss) density is about
30 (Fig. 13). This peculiar behavior of Ar(ls;) atoms density
in the He + 17% Ar gas mixture is attributed to the smallness
of the 3-body quenching rate of the 1s, state, which permits
the spatial transport of the excitation in this state by radiation
trapping phenomenon. To verify this assertion, a collisional
radiative model, based on the random walk of resonance pho-
ton by Monte Carlo statistic was developed as discussed in
Section IT H and the results are discussed below.

D. Excitation transport by resonance radiation

Fig. 14 represents the measured and simulated densities of
atoms in ls, and ls4 states in the pure argon discharge. The
simulation is performed as described in detail in Section IT H.
The peak amplitudes are normalized to 1 and, in the simu-
lation, the plasma excitation zone of 0.14 mm wide was set
between 0.2 and 0.34 mm from electrodes (positions £0.66 to
+0.8 mm).

At the gap center, the simulated density of ls, atoms is
larger than that of 1s4 atoms because the former being less
exposed to the 3-body quenching collisions during their short
radiative lifetime, the 104.8 nm photons can propagate far-
ther from their production zone and create 1s, atoms in the
central part of the gap. However, the uncertainty level on
measured densities in positions far from the sheaths does not
permit an indisputable conclusion for the agreement between
experimental and simulated density profiles. Nonetheless, the
different behavior of 1s; and 1s4 atoms as found in the experi-
ment in the He + 17% Ar mixture is clearly reproduced by the
model (Fig. 15). In the simulated profiles, the plasma excita-
tion zone of 0.20 mm wide was set between 0.3 and 0.5 mm
from electrodes (positions +0.5 to +0.7 mm). Thanks to the
larger density of excited atoms in this discharge, the signal-to-
noise ratio of the experimental data points is much better and a
good agreement with simulated profiles is observed. It should
be pointed out that with about 5 times smaller 3-body quench-
ing rates in this plasma, compared to pure argon discharge,
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FIG. 15. Measured and simulated normalized densities of atoms in
s, and 1s4 resonant states in the He + 17% Ar plasma.

the resonance photons can diffuse farther from the sheath re-
gions and transport the excitation in the resonance states to the
central part of the plasma volume. We also note that the ratio
between the quenching frequency (V4) and the radiative de-
cay frequency (1/7.,q) being 20 times smaller in the mixture
for 1s, atoms than for 1s4 ones (3.8 x 10~* and 7.6 x 1073,
respectively), the excitation transport by 104.8 nm photons is
more efficient than by 106.7 nm photons.

E. Comparison with He RF glow discharge

The RF glow discharges operated in He have been inten-
sively studied both experimentally and theoretically,%”-76:84
while a diffuse RF glow discharge in Ar has not been investi-
gated in detail to date. Unlike glow discharges in He, the gas
temperature is higher and the emission intensity is stronger in
pure Ar discharge. The dominant mode of ionization in He
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discharge is through Penning ionization of impurities present
in the gas such as N», O, or H,O. However, the energy in
the metastable state of Ar is too low to enable Penning ioniza-
tion. Considering a Maxwellian EEDF, most ionization would
occur from direct electron impact of ground-state Ar atoms
with an ionization rate of 1.6 x 102 m—3s~! 38 however, if
the EEDF is non-Maxwellian, the dominant ionization mech-
anism for the estimated electron temperature of 2.1 eV from
the continuum emission measurement needs to be stepwise

jonization with an ionization rate of 1.0 x 1023 m—3s~138
e  +Ar(lss) — Art +2e”. (28)
Associative ionization,
Ar(lss) + Ar(lss) — Ar+Ar+e~ (29)

with a rate coefficient of 6.4 x 1071® m3s~1,77 has an ion-
ization rate that is 2 orders of magnitude smaller than the
stepwise ionization 28. A brief comparison of the measured
plasma properties of Ar discharge reported in this paper with
He RF glow discharge is summarized in Table VL.

IV. CONCLUSION

In this work, a radio frequency-driven capacitively coupled
argon glow discharge at atmospheric pressure is investigated.
We deduce the electron temperature and density by fitting the
absolute intensity of the recorded emission spectrum with the
stimulated spectrum of the neutral bremsstrahlung radiation.
Using a non-Maxwellian EEDF, the time and space-averaged
T, and ne of of 2.1 eV and 1.1 x 10" m~3 were estimated,
respectively, for pure Ar plasma. Using similar approach for a
diffuse He RF discharge, a 7. of 3.5eV and an n. of 1.2 x 1017
m~3 were obtained.

We also have applied for the first time broadband absorp-
tion spectroscopy for the measurement of the space-resolved
absolute density of atoms in metastable (1s5 and 1s3) and res-
onant (1s4 and 1s;) states of argon in a 2 mm wide plasma re-
actor running in pure argon or Ar/He mixture at atmospheric
pressure. In all the discharge conditions, the density profiles
of these excited atoms across the plasma gap showed features
similar to the light emission profile of a glow RF discharge
operated in the o-mode at atmospheric pressure. A maxi-
mum density of the order of 10'® m—3 was obtained for the
155 metastable atoms, while in the other metastable state (153)
and resonant states, 1s4 and 1s,, maximum densities were ~
2 x 10'7 m~3, which occurred in the sheath region. The major
production mechanisms of metastable atoms are the electron-
impact excitation from the ground state and the dissociative
electron-ion recombination of the ArgL ions. Their domi-
nant loss mechanism is through the three-body collisional
quenching with 2 ground state argon atoms, forming Ar} ex-
cimer. Beside the above cited production and loss mecha-
nisms, atoms in the resonance states are also lost by radiative
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decay to the ground state, controlled by the resonance radia-
tion trapping process in the optically thick medium. While the
density of atoms in three 1ss, 154 and 1s3 states drops by fac-
tor 10 within 200 pum aside their production zone in the sheath
region and becomes hardly detectable, the density of 1s res-
onance atoms in the center of the He + 17% Ar discharge is
about 20% of its peak value in the sheath. This peculiar be-
havior is attributed to the smaller 3-body quenching rate co-
efficient of 1sp atoms, compared to the 3 other 1s atoms and
its shorter radiative lifetime, relative to that of the 1s4 state.
This assertion is confirmed by comparing the measured den-
sity profiles of atoms in the resonance states to the density
profiles calculated with a kinetic Monte Carlo statistic code of
the random walk of the resonance photons in optically thick
medium. A detailed comparison of the key plasma properties
measured for both He and Ar RF glow discharges shows, for
the same power density, significantly larger 7. for He com-
pared to Ar, while the electron density is more than an order
of magnitude higher in Ar than in helium.
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