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Abstract

In this paper a spectroscopic study of a microwave (2.45 GHz) neon surface-wave
sustained discharge (SWD) at atmospheric pressure in a quartz tube has been carried out
in order to determine the plasma characteristic parameters (e.g electron temperature and
density, gas temperature, absorbed power per electron) and also to identify possible
deviations from the thermodynamic equilibrium for this kind of microwave discharge.
The results have been compared to experiments in the literature for other noble gas
(helium and argon) SWDs generated under similar experimental conditions.
Intermediate values between those of argon and helium plasmas were obtained for
characteristic neon plasma parameters (temperatures and electron density). An

important departure from the Saha equilibrium was exhibited by neon SWDs.
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1. Introduction

There has been a growing interest in the study of microwave induced plasmas (MIPs) in
recent years due to the increased use of this kind of discharge in a number of scientific
and technological fields. Nowadays, MIPs are being used in analytical chemistry, in
spectroscopy, in the sterilization of medical instruments, for gas detoxification, in
surface processing [1-4], etc. A large set of MIPs has been developed in the last two
decades [1, 5-17]. Among them, surface-wave sustained discharges (SWDs) in
dielectric tubes [1] are especially interesting because of their unique features such as
high flexibility, ease of handling and their ability to be generated under broad ranges of
experimental conditions (pressure, frequency, type of gas). Moreover, the length of
SWDs can be easily changed by applying different microwave powers. In recent years
a significant number of theoretical and experimental works have been conducted on the
behavior of this type of plasma under atmospheric pressure [18-24]. However, the most
of them focus their attention on helium and argon plasmas and there have been few
experimental studies on the characterization of surface-wave neon discharges sustained
at this pressure condition. As far as we know, only the works of Kabouzi et al. [24] and
Kabouzi and Moisan [25], on the study of the contraction and filamentation of (argon,
helium, neon, nitrogen) SWDs at atmospheric pressure can be found in the literature.

In the field of analytical spectrometry, helium is advantageously used to generate
plasmas intended for applications to detect elements with a high ionization potential,
such as non-metals. This is due to the fact that metastable and excited states of helium
plasmas have a higher excitation energy (= 19.73 eV) than that of argon plasmas (=
11.62 eV). However, the use of high microwave power (= 1-2 kW) is necessary to

create and maintain helium SWDs at atmospheric pressure [24] and a short column of a



typical 10 cm in length is achieved at 2kW. On the contrary, microwave argon SWDs
can be generated with only a few watts (~ 25 W) [18-21] and longer columns can be
generated (40 cm at 500 W). The metastable and excited levels of a neon discharge have
excitation energy over 16.67 eV and it is possible to maintain stable neon SWDs of
about 7 cm by using a microwave power of 200 W. So, it is of great interest to research
the possibility of using neon as an alternative to argon and helium gases to generate
microwave discharges and study the possible advantages of the use of this kind of
plasma in some applications.

In this work, a thorough experimental analysis of a microwave (2.45 GHz) neon
surface-wave sustained discharge maintained at atmospheric pressure has been carried
out in order to determine the plasma characteristic parameters (e.g electron temperature
and density, gas temperature, absorbed power per electron), and to identify its possible
deviations from the state of thermodynamic equilibrium.

Densities of the excited states and the physical quantities that characterize the
plasma have been determined by using Emission Spectroscopy techniques (non invasive
techniques). The experimental results obtained in this work were compared with
theoretical ones obtained by Nowakowska et al. [26] from a two temperature fluid
model for a neon microwave discharge at atmospheric pressure, resulting in a good
agreement.

This paper has been organized as follows. The next section briefly describes the
possible deviations from the thermodynamic equilibrium state for laboratory plasmas
while Section 3 indicates the diagnosis techniques employed to determine characteristic
plasma magnitudes. Section 4 describes the experimental setup used to generate and

diagnose the discharge. Finally, Section 5 presents and discusses the experimental



results obtained in this work and Section 6 highlights the most interesting conclusions to

be drawn.

2. Characterizing the departure from thermodynamic equilibrium

It is well known that local thermodynamic equilibrium (LTE) is the closest possible
state to complete thermodynamic equilibrium (TE) in laboratory plasmas. When the
plasma is in LTE, all plasma species are characterized by the same temperature, so it is
plausible to define a “plasma temperature”. A deviation from LTE occurs when the
kinetic energy transferred between electrons and heavy particles is no longer sufficient
to distribute energy evenly among them because of the large mass difference involved.
Nonetheless, provided that the interaction among particles of a given type is strong
enough, these particles obey a Maxwellian energy distribution, viz. one for electrons,
characterized by the electron temperature (7.), and the other for heavy particles
characterized by the gas temperature (7gqs). These discharges are known as two-
temperature plasmas (27 plasmas) [27-28]. In a 27 plasma, if the electron density is
high enough to ensure that the electrons are solely responsible for the plasma
excitation/de-excitation mechanisms, a situation close to LTE can appear and the
Atomic State Distribution Function (ASDF) is described by the Saha-Boltzmann

distribution, given by [27]

I g n’ E,
S pe p
n = exp| —
(») QrmkT,)*"* 2g., p(kTe 1)

where n° (p) is the Saha density of excited atoms in level with an effective quantum

number p and g, its degeneracy, n. is the electron density, 7. the electron temperature,



and Ej, the ionization potential of the atom in level p. This number is defined as p = &
(En | Ep)'?, ¢ being the core charge of the atom and Ep the ionization potential of
hydrogen. In this case, the production and destruction of free electrons is governed by

the so called Saha balance

A, te oA +e te (2)

that is verified for all levels of the atomic system. The plasma is said to be in Local
Saha Equilibrium (LSE).
In LSE, the Boltzmann balance describing the exchange of internal atom energy

with the kinetic energy of free electrons
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is also in equilibrium for each pair of levels.

However, occasionally electrons cannot control the full ASDF, but only part of it.
In microwave discharges, a partial Local Saha Equilibrium (pLSE) is frequently found
[18,19,21,29,30]. In this case, the atomic energy system splits into two regions, one at
the top where the Saha balances (2) are conserved and the level populations are given
by (1), and the other at the bottom, where elementary balances are controlled by
improper balances [27-28] and the levels are underpopulated (pLSE recombining) or
overpopulated (pLSE ionizing) with respect to the Saha equilibrium. These deviations
might result from the existence of gradients in the plasma leading to diffusive processes

that alter the balance (2) [31].



In order to readily characterize the type (ionizing versus recombining) and the
degree of departure from LSE of an atomic system, it has become standard to use the

b(p) parameter defined as

(p) _ n(p)
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where the density n(p) of excited atoms in level p is normalized to the Saha equilibrium
density n5 (p). The third member of Eq. (4) is written in terms of the density per
statistical weight g(p) [n(p) = n(p)/g(p)], which is the number density of a state with
excitation energy E,. Thus, in this formalism, provided with b(p) the energy system’s
excited levels, one can distinguish between ionizing and recombining plasmas
depending on whether b(p) > 1 or b(p) < 1 for lower lying levels, respectively; the
degree of equilibrium is close to (or far from) LTE when b(p) for the lower levels is
close to unity (or far from it). A more detailed discussion on pLSE and the physical
processes that determine it can be found in Refs. 18-23, 27-28 and 32-33.

So, in studying the type of equilibrium prevailing in laboratory plasma, the
atomic-state distribution function should be known as accurately as possible. On the
other hand, the ASDF is the result of all of the elementary processes occurring in the
plasma and so possesses valuable information about microscopic processes. In this
paper the ASDF has been plotted in the so-called Boltzmann plot, which reflects the
dependence of the population of the atomic states on their respective excitation

energies.



3. Diagnosis methods

Characteristic quantities of the plasma were determined by using Emission
Spectroscopy techniques. Atomic Emission Spectroscopy (AES) techniques were used
to measure the electron density, electron temperature and population density of excited
states, and Molecular Emission Spectroscopy techniques to estimate the gas
temperature. A brief comment on the procedure followed in each case is presented

below.

3.1. Electron density

The electron density (n.) was determined from the Stark broadening of the Hg Balmer
series line (486.13 nm) of the hydrogen atomic system. Hydrogen atoms were present in
the discharge because of impurities in the carrier gas (neon of 99.99% purity). The Stark
broadening of the Hp line is one of the most common tools for the diagnosis of plasma
electron density because this broadening is slightly dependent on electron temperature
as well as on its profile of phenomena, such as ion dynamics [34]. Moreover, the tables
and expressions available in the literature [34-35] relating the Stark profile of the Hp
line to electron density are very accurate. In the present work, the Gigosos et al. [36]
expression was used to calculate n. from Ais (Hp) (full width at half-maximum FWHM

of the Stark unfolded line)
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with 7. in m? and the Als in nm. The calculations cover the n.-range of between 10%°

and 10% m> and of T, between 1 000 and 17 500 K.



The magnitude of the experimental Stark broadening of the Hp line was calculated
by numerically fitting its experimental profile to a Voigt function (a result of the
convolution of a Gaussian function with a Lorentzian function). Under the experimental
conditions of the plasma studied, the Lorentzian part of the Hp profile could be largely
ascribed to the Stark effect [35].

The error in the data, obtained from the standard deviation of n. upon repeating

the Hp recording 6 times at a given plasma position was around 10%.

3.2. Plasma temperatures
The gas temperature (T,as) Was considered as being equal to the rotational temperature
T obtained from the rotational spectrum for the Q; branch of the (0-0) of the OH
radical between 306 and 311 nm, which came from the dissociation of water traces
present in the plasma gas. The highly favorable energy exchange between heavy
particles in the plasma and the internal roto-vibrational states of these molecular species
via collisions allowed this assumption to be made [37]. Likewise, Ricard et al. [9] have
utilized N>*, N2, CN, and OH as thermometric species in an argon microwave discharge
at atmospheric pressure. They found that the value of Tgu obtained from N>*, N>, and
CN agreed, within experimental error, and the OH band was a reliable thermometer
variable for T < 1 800 K. In our case, very weak bands for N>*, N2, and CN were
detected, so the OH band was used for 7,5 determination.

The value of T,us was taken from the slope of the plot of log(/4/A) as a function of
transition upper state energy, / being the maximum value of the line intensity and A the
corresponding transition probability (Table 1). The standard deviation on T,.s was under

15% upon repeating the recording six times.



On the other hand, the electron temperature (T.) was estimated from the line-to-
continuum method [38-39]. The use of the Boltzmann-plot method employed in argon
SWDs [18, 21] to determine the electron temperature from the excitation temperature
was discarded because this is an unreliable method in plasmas far away from LTE [40]
like the neon SWDs studied in the present work (see Section 5.4).

The line-to-continuum method is based on the measurement of the ratio of the
relative intensity of an isolated line (/) and its neighboring continuum &, which is

related to 7, through the expression
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where ¢ is the free-bound Gaunt factor, Z* the partition function of singly ionized
atoms, Ej,, the ionization potential of neon, A, the coefficient for spontaneous emission
from level p to level g, A the wavelength of the corresponding transition, g, the
statistical weight of the level p, E, the excitation energy of the level p, and T.. the
excitation temperature that relates the population of level p to that of the ground state
[41]. This calculation was done for three lines of neon: 692. 95, 717.39 and 724.52 nm.
The values of electron temperature estimated in this way were consistent with those
obtained from electron-atom collision frequency, taking advantage of the relationship

existing between the two parameters, as will later be seen in Section 5.1.



3.3. Population of the metastable and resonant states

The population of Ne(*Py) and Ne(*P;) states was obtained using self-absorption
techniques [42-44]. The ratio of the total intensities of two partially self-absorbed lines
emitted by the discharge (both ending at the same level whose population one aim to
determine) was measured.

Assuming that the medium (plasma) is homogeneous in the observation direction,
the emissivity, J(v), and the absorption coefficient, k(v), do not depend on the spatial
coordinates and it is presumed that they have the same spectral profile. The total
transmitted intensity at the end of the medium, /, can be expressed as [42]
1/1,=W/SI (7)
where Iy is the total transmitted intensity in the absence of absorbing atoms and [ is the
length of the medium in the observation direction. In the expression (7), W is the

equivalent width of the line given by

W = [[1 - exp(—k(v) - Dldv (8)

and S is the strength of the line defined as
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Jpq being the oscillator strength and n, the absorbing atoms concentration.

For a Voigt profile, the absorption coefficient has the expression:

10
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where

w=2L-v,)VIn2/Av, (11)

and a is the so-called damping parameter

a=Av,JIn2/Av, (12)

The a parameter gives the ratio between the Lorentzian and Doppler widths at half
height of the line, AuL and Auvp, respectively. This parameter characterizes the profile
shape of the lines and depends on the state of the plasma, e.g. on gas temperature and
electron density.

In this case (Voigt profile), the ratio between the line intensities can be written as:

11, = 4&) (LJ[MJ 13)
n kil )\ Av,

with Avp done by:
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From these expressions, the metastable and resonant population of the argon can be

obtained.
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The method employs two lines ending at the same level (for which one wishes to
determine the population): line (1), for which the oscillator strength is highest, will be
more strongly absorbed than line (2). From the total intensities emitted by these lines in
the absence of absorption, Ip; and oz, and the total self-absorbed intensities, /; and Iz,
the ratio of these amounts (which depends on the population of the absorbing level) can

be written as follows

I, /1 k ko, A k
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is constant for a chosen pair of lines, v; and vz being the experimental frequencies at the
centers of lines (1) and (2), respectively. The values of a; and a2 are obtained from the
Doppler and the Lorentzian broadenings of the spectral lines.

The ratio Ip;/lp> can be measured by measuring the intensities of lines (1) and (2)
along a plasma direction small enough in length, in which the absorption can be
neglected. On the other hand, /;/I> can be determined by measuring the line intensities
along a longer direction. In the plasma column studied in this work, whose diameter
(2.5mm) is much smaller than its length (typically / = 65 mm), loi/lo> and I;/I> were
side-on and end-on measured, respectively.

By using the values of r determined experimentally and the relationship (16), the
value of the coefficient ko; of the most self-absorbed line was obtained. Finally, from
equation (15) it is possible to calculate the metastable (and resonant) atom

concentrations whose error was estimated (from the standard deviation upon repeating

12



the recordings six times) to be around 20%. A more detailed description of this method

can be found in Refs. 43 and 44.

3.4. Population density of the Nel excited states

The absolute populations of the different atomic levels n, of neon system were
determined from calibrated measurements of the intensity I of the spectral lines emitted
by the plasma [45], corresponding to atomic transitions starting at each specific level,

using the following expression

ey
4 A °

(18)
where Ap, is the coefficient for spontaneous emission from level p to ¢ and A the
wavelength of the corresponding transition. The neon atomic lines detected in this work
and their spectroscopic features are shown in Table 2 [46]. The error in the n,
measurements of about 20 % was mainly determined by the accuracy of the absolute
intensity calibration.

On the other hand, in the discharges studied, the ground state population of the
Nel system was much greater than that of any other species present in the plasma. Thus,
the population of the ground state, n;, could be determined from the ideal gas equation

p=nkT, (19)

gas

13



where the pressure (p) was 1 atm, and 7T, was the previously measured gas

temperature.

4. Experimental set-up

The neon surface-wave sustained plasmas studied were generated in a quartz tube, by
using a surfaguide launcher device [1], which allowed microwave (f = 2.45 GHz)
energy to be coupled to the discharge (see Fig. 1). This device launched surface waves
along the discharge tube direction in two ways, creating and sustaining a plasma column
that extended to both sides of it (Fig. 1). The part of the plasma in which the direction
for both surface wave propagation and flow gas is the same is called the downstream
column. The other part of the plasma is the so-called upstream column. Thus, the full
length of the plasma column results from the addition of the lengths of the downstream
column, the upstream column and that corresponding to the launcher gap (of 1 cm). The
injected microwave power (P;) was 400 W; and the full plasma length was about 14 cm.
This plasma length was enough to perform the axial study of the column. The movable
plunger and pistons permitted the impedance matching so that the best energy coupling
could be achieved, making the power reflected back to the generator (P,) negligible (<
5%). In this way, the power absorbed by the discharge (Paps) 1s considered equal to the
difference between P;and P,.

High frequency plasmas sustained with either rf or microwave fields at high
enough pressures (typically higher than 10 Torr in rare gases) are radially contracted
[24]. An effect related to contraction phenomenon is the so called plasma filamentation:
at high enough electron densities the plasma column splits into two or several filaments

of smaller diameters, the discharge often being unstable in this situation. In the case of
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neon SWDs maintained at atmospheric pressure and microwave frequency of 2.45 GHz,
no contraction or filaments were observed using tubes with diameters of less than 6 mm,
contrarily to what occurs in the argon discharges which show radial contraction and
filaments in tubes with 3 mm inner diameter [24]. The discharges were created in tubes
with an inner diameter that were small enough to ensure that the plasma was stable and
well centered at the axis. Thus, the neon plasma in the present work was created within
a quartz capillary tube of 2.5-mm inner diameter in order to prevent its contraction and
filamentation.

The support gas of the discharge was 99.99% pure neon, flowing at 0.5 1/min and
coming out into the room through the open end of the discharge tube. The study
performed was restricted to the analysis of the downstream column.

Figure 1 also depicts the optical detection assembly and the data acquisition used
to process spectroscopic measurements. The light coming from the plasma was
analyzed by using a spectrometer of 1 m focal length equipped with a 2 400 groves/mm
holographic grating. Intensity measurements were calibrated by using the system
spectral response (carried out in a previous experiment) [45]. The spectral resolution
was 0.004 nm and 0.01 nm when using the photomultiplier (OH and Hg records) and the
CCD camera (Ar I spectra), respectively. The light was collected through 50 pm
diameter optical fiber (UV-VIS high OH fiber with a range of transmission wavelength
200-800 nm). A UV-VIS collimating beam probe was coupled to the optical fiber
giving a 0°-45° of field of view and 3mm of aperture. Thus, an Abel inversion [47] was
precluded. Consequently, the values reported for the quantities measured side-on in this
work should be considered to be average ones for a transversal section of the plasma

column associated with a specific axial position, and the values obtained from end-on
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measurements must be interpreted as average ones for the whole plasma column. As is
habitual for SWD [18, 21], the axial origin of the measurement was assumed to coincide

with the end of the column (z = 0).

S. Results and discussion

5.1. Temperatures and electron density

Figure 2 shows the axial variation of the electron temperature values estimated from
line-to-continuum method. This profile was practically constant (~13 000 K) all along
the plasma column and in good agreement with those predicted by the model of
Nowakowska et al. [26]. It can also be noted that the values of T, in neon SWDs are
higher (~ 50 %) than those obtained for the argon columns [18, 21] under the same
experimental condition of pressure and frequency, but lower than those theoretically
predicted for helium SWDs [22]. The different ionization potential values for helium,
neon and argon gases are responsible for the different electron temperature values found
in the three kinds of SWD [29], and explain why the electron temperature in neon SWD
has values between those of helium and argon discharges.

Figure 2 also represents the axial gas temperature profile obtained for the neon
plasma column studied. This profile was also constant (~1 300 K) and comparable to
those reported for a similar plasma generated using argon as a support gas, showing a
good agreement with that calculated from the Nowakovska et al. [26] model.

It is shown that the electron temperature was much higher than that of gas (7. >>
Teus) which indicates that the discharge is clearly a 27 plasma, and also reflects the
inefficient exchange of kinetic energy through the collisions between the electrons and

heavy particles present in these neon discharges, due to their marked difference in mass.
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Figure 3 shows the axial profiles of the electron density for the neon SWD studied
in this work. For comparison purposes, the axial profile obtained for a tube of 1 mm
inner diameter and the axial profiles obtained by Kabouzi et al. [24] for higher radius
discharges (R = 2 and 3mm) in neon and helium SWD generated at atmospheric
pressure and 2.45 GHz are also shown. Electron density profiles for argon SWDs
studied by Garcia et al. [21] created in quartz tubes of R = 0.5 mm have also been
included. It can be seen that the electron density decreased towards the end of the
discharge, as expected for a surface-wave sustained discharge [48]. The n. axial profiles
for neon plasma had values ranging between 1 and 2 x 10" cm™; these values were
lower than those obtained for argon SWDs (2.1- 5.5 x 10" cm™) [21].

The electron density values found in neon SWD help to explain why the gas
temperature has similar values in neon and argon SWDs. In the neon discharge higher
values of Tgqs could be expected than for argon, because of both the higher value of 7,
and the smaller mass of the neon atoms, which increase the effectiveness of the energy
transfer in electron-heavy particle interactions. But on the other hand, the electron
density is lower in neon SWDs than in argon SWDs; thus, the number of collisions
between electron and heavy particles (also determining the energy transfer) is lower,
resulting in a similar transference of energy in neon and argon plasmas, and thus similar
values of Ts.

In Fig. 3, the difference in slope shown by the n. axial profiles for each one of the
three gases can be explained in terms of the direct relation of this slope to electron-atom
collision frequency for the momentum transfer v (characteristic parameter of the
discharge that depends only on the pressure and gas temperature) and of the inverse

dependence of the slope on the discharge tube radius [49]. In Fig. 4 electron-atom
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collision frequency v is represented for argon, neon and helium gases, normalized to
microwave frequency, as a function of electron temperature. To compute v, the

following expression was used

v=(Nv,0) (20)

where ( ) denotes integration over the Maxwellian electron energy distribution function,
N = n, 1s the total density of neutral atoms, v, is the velocity of the electrons, and Q is
the momentum transfer cross section [5S0]. In this figure, it can be observed that in the
interval of 5 000K <7, <20 000K, the frequency for momentum transfer is much higher
for helium plasmas than for neon and argon. On the other hand, the values of v for argon
and neon discharges are close, which explains the similar slopes dn./dz observed for
both discharges in the same conditions of discharge radius.

From Fig. 4 it can also be inferred: 1) for argon plasmas at atmospheric pressure
where Vo = 1.3-4.5 [51], T.= 7 000 K, which agrees with experimental results obtained
by Garcia et al. [21]; 2) for helium plasmas where v/o = 20 [52], the curve predicts a 7,
= 20 000 K, similar to those obtained for other helium MIPs at atmospheric pressure
[40]; and 3) for neon plasmas, a value of v = 5 corresponds to the electron
temperature ~13 000 K estimated using the line-to-continuum method, which agrees

with the results of the Nonavoska et al. model [26].
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5.2. Power absorbed per electron
The power absorbed per electron in the plasma (&) necessary to preserve the discharge
in a stationary state is usually employed to characterize and compare microwave
plasmas [1, 18, 21]. This parameter expresses the balance between the power &, that the
(average) electrons lose to the discharge (through various mechanisms) and the power
64 that it absorbs from the microwave field to compensate for this loss.

The average 61 value for the plasma columns is defined as being the ratio between
the microwave power absorbed (Pa»s) and the number of electrons (N.) present in the

discharge (calculated from the axial electron density profile Fig. 3) using the equation:

g, = fus _ Py 1)

N, 72'R2J.; n,dz

where R is the inner radius of the tube and / the plasma length. In our calculation, / was
the length of the downstream column and Pu»s was considered as 200 W (because the
other 200 W were employed in the generation of the upstream column).

For the neon SWD studied, the value obtained was ~ 5.2 pW, higher than those
obtained for argon SWD columns (1.5-2.6 pW) [18, 21]. So maintaining an electron in
the neon SWD is more expensive, from an energetic point of view, than in the argon
one but much cheaper than in the case of helium SWD (27-35 pW) [29]. We estimated
the error bar on 64 (from n, error) to be £ 20%.

For comparison purposes, Table 3 presents a summary of the parameter values
of helium, neon and argon plasmas. These values also permit an understanding of the

discussion on the electron temperature values carried out in previous sections.
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5.3. Absolute population densities of Nel levels

The absolute population of Nel excited levels was measured at different z positions
along the plasma column. The axial gradient of the absolute population of Nel excited
levels was very slight and shows the same behavior as the axial gradient of the electron
density. Fig. 5 shows similar (approx. linear) dependency on the electron density of the
population of several atomic neon levels. This result, together with that obtained for the
temperatures (7. >> T,us), indicates that the excitation kinetics in the discharge was
controlled by the electrons. A similar result was found by Calzada et al. [18, 20] for the
excited levels in a surface-wave argon column and flame, respectively.

Figure 5 also includes the densities of three argon atom excited levels with a
similar ionization potential to what was obtained by Garcia er al. [21]. This figure
shows that the populations of the argon levels are higher than those of the neon levels,
which is comprehensible when taking into account that the excitation of the atomic
levels in argon plasmas is enhanced because of their higher electron density values.

As commented in Section 3, metastable Ne(*Py) and resonant Ne(*P;) levels were
measured using a self absorbing method. This method has been used successfully by
Santiago et al. [43, 44] in microwave argon plasmas at atmospheric pressure in capillary
tubes. The a parameter necessary in the calculation was determined as described in Ref.
55. In the plasmas studied, the Lorentzian part of the line profiles corresponding to
transitions with a quantum number p < 6 is mainly ascribed to the Van der Waals effect
[56, 57]. Taking into account that the Van der Waals effect depends only on the gas
temperature and this magnitude is constant throughout the discharge, the a parameter
for the spectral lines used in this self-absorption method was considered to be

approximately constant all along the plasma column. Table 4 shows the lines used in the
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self-absorption method as well as the necessary parameters in Eq. (15). The curves of r
versus kol for different values of koi/koz, a; and a2 corresponding to each pair used in the
3Ppand 3P, level population measurement, are drawn in Fig. 6 [43, 44].

To perform this determination the fact that SWDs at atmospheric pressure have
similar characteristic parameters when studied from their end [18, 21] was used. The
side-on and end-on measurements of light intensities in each z position were taken by
changing the microwave power and, therefore, by generating different plasma columns
of different lengths [55]. The population density values found for the first metastable
state Ne(*Pp ) and the first resonant one, Ne(*P; ), were 2.1x10'"'em™ and 1.7x10"'em™,

respectively, not showing any axial variation along the plasma column.

5.4. Degree of thermodynamic equilibrium
Figure 7 shows the Boltzmann-plot of neon excited levels obtained at z = 4.5 cm axial
position of the plasma column. The plot also includes the value corresponding to the
ground state and metastable and resonant levels. The Saha distribution is also depicted
in this ASDF representation, including the Saha point which corresponds to the
population for the highest excited level obtained from Eq.(1) when Ej, is equal to zero.
The overpopulation of the excited states with respect to the Saha distribution
shows the ionizing character of the neon SWDs studied. None of the measured atomic
levels were in pLSE and the departure from the Saha equilibrium was very high, which
precluded considering the excitation temperature obtained from the Boltzmann plot as
the electron temperature. This behavior contrasts with the recombining character of
argon SWDs at atmospheric pressure [18, 21], but it is similar to that found for helium

microwave discharges at atmospheric pressure [29, 30].
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In order to measure the equilibrium departure for the discharge, the values of b,
were calculated (see Table 5). The b; values obtained were around 10°, so this plasma
cannot be considered to be close to LTE. The high overpopulation of the ground state
induced a larger excitation from the first to the second excited state (metastable)
resulting in an overpopulation at this level. This overpopulation again caused a larger
excitation from second to third level, etc, and, consequently a stepwise ionisation flow
was established in the atomic system. Jonkers et al. [29] have found a similar ionizing
behavior in the helium microwave (2.45 GHz) torch generated using a TIA device [9],
with radial dimensions of the same order (~ 1-2 mm). Table 5 also includes the b;
values of a microwave-induced argon plasma at atmospheric pressure obtained by
Calzada et al. [58]. It can be noted that the b; parameter in the argon plasma increases
with z position while in the neon plasma it remains practically constant throughout the
column. This fact, together with the slight axial variability of the electron density and
temperatures in the neon SWD, permitted us to expect negligible axial changes in the
discharge kinetics, which is in agreement with the slight variation in the Nel excited
level populations shown in Fig.5.

The monotonic decrease in by, as a function of principal quantum number p can be
observed in Fig. 8. This behavior is also characteristic of the ionizing plasmas. The
bottle-neck in this ionisation process is the relatively great step from the first (ground)
to second (metastable) level [27, 29].

Margot [22] has calculated the b; parameter in surface-wave helium plasma at
atmospheric pressure by means of a collisional-radiative model finding a value of about
2x10° for this parameter with n, = 3x10'® cm™ and Teas = 2 000 K. In the case of

helium, Margot has indicated that the great departure from the Saha equilibrium can be
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explained by the existence of ionization routes that do not involve electrons (associative
ionization) and by the fact that dissociative recombination of He;" ions is a significant
mechanism for electron losses. The importance of dissociative recombination to explain
the equilibrium departure in atmospheric argon SWD has also been studied by Sdinz et
al. [23]. The role of the dimmer ions Ne>* in the excitation kinetics of the neon SWD at
atmospheric pressure could also be expected to be important, although a collisional-

radiative model of this neon discharge would be necessary to confirm this statement.

6. Conclusions
This paper presents the results of an experimental study of a surface-wave sustained
neon plasma created and maintained at atmospheric pressure and frequency of 2.45
GHz. For this purpose, its characteristic parameters (temperatures, densities and power
absorbed by electron) were measured by using emission spectroscopic techniques. A
comparison with other noble gas SWDs (helium and argon) has been carried out. In the
neon discharge studied, the gas temperature was axially constant at a value of about 1
300 K. The electron temperature estimated (from line-to-continuum method) was 13
000 K, and the values of electron density ranged between 1 and 2 x 10'*cm™. The value
of @ parameter was 5.2 pW, higher than that obtained for argon SWDs, and lower than
that corresponding to helium SWDs, obtained under similar experimental conditions. So
maintaining an electron in the neon SWD is more expensive from an energetic point of
view than in that of argon, but much cheaper than in the case of helium.

In the neon discharges studied, a great departure from the Saha equilibrium has
been demonstrated, finding b; parameter values of about 10°. The cause for this

departure could be related to microscopic processes which involve neon molecular ions.
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FIGURE CAPTIONS

Fig.1. Schematic diagram of the experimental set-up.

Fig.2. Gas and electron temperatures as a function of axial position along the neon
plasma column.

Fig. 3. Electron density axial profiles measured in the present work for neon SWD
columns (e®). Axial profiles of electron density for other (neon and helium) SWD
columns (m) [24] and argon SWD columns (A) [21].

Fig. 4. Electron-atom collision frequency in helium, argon and neon plasmas at
atmospheric pressure as a function of the electron temperature.

Fig. 5. Population density of several excited levels of Nel and Arl with a different
1onization potential as a function of electron density

Fig. 6. Ratio r of intensities as a function of the absorption parameter for different pairs
of spectral lines.

Fig. 7. The Boltzmann-plot of the absolute population density of Nel excited levels at z
= 4.5 cm. The Saha distribution and the point corresponding to the ionization level (O)
have also been plotted.

Fig. 8. Experimental b(p) parameter for the levels measured.
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TABLE CAPTIONS

Table 1. Characteristic parameters for the Qi branch of the OH (0-0) band [34].

Table 2. Spectral line parameters for Nel levels used in this study [46].

Table 3. Values of the characteristic parameters in microwave helium, neon and argon

plasmas generated at atmospheric pressure. “Ref. 53, "This work, “Refs. 18 and 23, Ref.

54, °Ref. 51.

Table 4. Parameters of the spectral lines of Nel system used to measure the metastable

and resonant populations.

Table 5. Values of the b; parameter at different positions along the plasma column for

argon and neon plasmas.



A (nm) Ay (10787 K" E,(eV)
307.84 1.00 1 4.0252
307.99 1.70 2 4.0336
308.33 3.37 4 4.0629
308.52 4.42 5 4.0838
308.73 5.06 6 4.1089
309.24 6.75 8 4.1711
309.53 7.58 9 4.2083
309.86 8.41 10 4.2493

Table 1. Sainz et al.



A (nm) E, (V) g, A, (10°s™) Transition
345.41 20.25918 1 0.037 4p-3s
347.25 20.18844 7 0.017 4p-3s
350.12 20.21099 3 0.012 4p-3s
351.07 20.14965 3 0.0022 4p-3s
351.51 20.19692 5 0.0069 4p-3s
352.04 20.36886 1 0.093 4p-3s
359.35 20.29728 5 0.0099 4p-3s
360.01 20.29092 3 0.0043 4p-3s
363.36 20.25918 1 0.011 4p-3s
368.22 20.21418 5 0.0016 4p-3s
368.57 20.21099 3 0.0039 4p-3s
534.10 20.70231 3 0.11 4d-3p
585.24 18.96596 1 0.682 3p-3s
594.48 18.70407 5 0.113 3p-3s
602.99 18.72638 3 0.0561 3p-3s
626.64 18.69336 3 0.249 3p-3s
640.22 18.55511 7 0.514 3p-3s
650.65 18.57584 5 0.3 3p-3s
653.28 18.61271 3 0.108 3p-3s
692.94 18.63679 5 0.209 3p-3s
717.39 18.57584 5 0.0287 3p-3s
724.51 18.38162 3 0.0935 3p-3s
743.88 18.38162 3 0.0231 3p-3s

Table 2. Sainz et al.



Gas

ne (x10'* cm™) T, (K) T, (K)

viw 6 (pW)
He 0.1 1 100-2 000* 20 000¢ 20° 27-35%
Ne 1-2 1 200° 13 000° 5° 5.2
Ar 2.1-5.5 1 500° 7 000° 1.3-4.5¢ 1.5-2.6°

Table 3. Sainz et al.



A (nm) Transition Fog a

347.25 4p-3s(*P,) 0.0043 0.75
594.48 3p-3s(*P,) 0.0599 0.68
640.22 3p-3s(*P,) 0.373 0.70
725.51 3p-35CP) 0.0736 0.88
345.42 4p-3s(’ P) 0.0022 0.65
650.65 3p-3s( 3pl ) 0.318 1.0

Table 4. Sainz et al.



Gas z (cm) T (K) n, (cm™) nf (cm™) b,

gas

2.5 1200 6.0x10'8 2.5x10"3 2.4x10°

Ne 4.5 1200 6.0x10'8 1.9x10"3 3.2x10°
6.5 1200 6.0x10'8 3.1x10"3 1.9x10°

2 1400 5.3x10'8 4.0x10% 1x107
Ar 4 1400 5.3x10'8 6.0x10% 9.0x10°
8 1400 5.3x10'8 1.0x10%! 5.0x1073

Table S. Séinz et al.



