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Abstract

The Net Emission Coefficient (NEC) has been calculated for Ar-Hy,-He thermal plasmas and
for a temperature range from 5000K to 30000K. The plasma is supposed to be in Loca
Thermodynamic Equilibrium (LTE) at atmospheric pressure. This study takes into account the
radiation resulting from the atomic continuum, the molecular continuum, and the atomic lines.
A particular attention has been paid to the treatment of helium lines broadenings. The results of
net emission coefficients are presented for pure gases and Ar-H,-He mixtures. Radiation is
weak in pure helium at low temperatures because of the high ionization energy of this species.
On the opposite, at very high temperature, the influence of hydrogen tends to decrease because
ionic lines do not exist for this last species. Finaly, a small proportion of helium in Ar-H,
mixtures does not change the net emission coefficient because of the weak intensity of the
helium lines.

1. Introduction

In plasma spraying, the arc and the jet are often established in an argon-hydrogen mixture, thus
creating arather high plasma entha py brought by hydrogen combined to alarge momentum due to the
argon mass. Nevertheless, in industrial conditions, different microstructures of the material deposition
are required and depend on the velocity, size and melting conditions of the splashing particles [1].
Changing these parameters is not easy but can be obtained by using various types of gases or gas
mixtures. Ternary mixtures, particularly those containing argon, hydrogen and helium, are known to
be good candidates such as plasma gases. In this case the operating conditions and the plasma
characterigtics can be either measured with the help of various diagnostics or calculated by physical
modelling. In the last case, all plasma properties (equilibrium composition, thermodynamic properties,
transport coefficients and radiative transfer data) must be calculated in advance. Some references can
be found for the transport properties of Ar-H,-He mixtures in [2-5], at equilibrium or with departure
from equilibrium. In the same casg, the literature proposes the radiative properties for pure gases or

Ar-H, binary mixtures [5-9] but no data are available for Ar-He and Ar-Hx>He mixtures.



Conseguently, the bases of calculation and some results relative to the net emission of radiation for the
binary and ternary mixtures are presented in this paper.

The calculation of the radiation is based upon the previous knowledge of the equilibrium composition
and on the calculation of all emission and absorption phenomena including atomic continuum
(radiative attachment, Bremsstrahlung, radiative recombination), molecular continuum (photo-
dissociation and photo-ionization) and line radiation (line profile and broadenings). The main
difficulties concerned the bibliographical study of the basic data and the study of the line broadening
mechanisms. The line contribution is treated using the notion of escape factor which is calculated for
each line as a function of temperature. In the case of hydrogen and helium, linear Stark effect must be
taken into account contrarily to the general case where quadratic Stark effect is dominant. Indeed, for
hydrogen-like species (H, He"), the interactions are characterized by a r linear dipolar potential. The
line profile is then broadened by linear Stark effects due to the presence of the ions. For atoms having
more than one dectron, the electric field leads to shift the energy levels proportionally to the square of
the force corresponding to this electric field. Consequently, the interactions can be characterized by
two potentials: a r® quadrupolar potential or a r quadratic potential. The literature proposes many
numerical or experimental values for the broadenings of argon or hydrogen lines [10-16] whereas data
for helium lines are often given by measured or calculated Stark Broadenings of selected lines [17-19].
Therefore, this work studies with a particular attention the broadening lines of helium atoms and their
absorption. The net emission coefficient (NEC) is then calculated in a classical way for thermal
plasmas, i.e. considering an isotherma plasma sphere of radius R,. The results are presented for
amospheric thermal plasmas in a temperature range between 5000K and 30 000K, and various gas
proportions in the mixture.

In this paper, the first part briefly presents the calculation of the plasma composition, while the second
part is devoted to a presentation of the net emission coefficient method and to various radiative
processes responsible for the radiation of a thermal plasma. A study of helium lines is done and their
broadenings are compared to experimental results issued from literature and used to validate our
calculations. Findly, the last part presents some results of the net emission coefficient obtained at
atmospheric pressure for pure gases (Ar, H, and He), binary gases with molar proportions (Ar-H, and
Ar-He) and atypical ternary mixture 53%Ar-12%H,-35%He.

2. Plasma composition

The first step consists in calculating the equilibrium composition of the plasma versus the temperature
and the pressure. At atmospheric pressure, the following gaseous species are only taken into account:
electrons, Ar, He, H, H,, Ar", He", H', H,", Ar™, He™, Ar™, H', He', H,".

The numerical method used to calculate the equilibrium composition of the plasma is based upon the

mass action law and on the basic chemical concept defined by Godin and Trepanier [20]. This law



enables the generation of as many equations as there are independent chemical processes existing in a

plasma. For a given reaction, this law iswritten as:

&1t =Blon)

With N the total number of chemical species considered in this reaction, n; the corresponding

stoechiometric coefficients, n; and Q}Otw the number density and the total volumetric partition
function of the species i respectively. Q}Otw is given by :
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where Q. (T) is the internal partition function of the species i and E/

its reference energy calculated
from the formation enthalpy defined in Janaf tables [21]. The knowledge of the partition function is
essential to enable the establishment of the composition calculation. This step requires a great amount
of data which can be determined either from literature or thanks to appropriate formulas depending on
the nature of the species: atomic or molecular species [23, 24]. Internal partition functions of atoms
and their positive ions are taken from Drawin and Felenbok [22]; internal partition functions were
assumed to be equal to the degeneracy of the ground state for negative atomic ions; they were
calculated with the Morse potential minimization method [23, 24] for diatomic species. The
spectroscopic data (Dunham coefficients, vibrational frequencies and degeneracies, rotational
constants, moments of inertia and symmetry numbers) essential to the calculation of the internal
partition functions of molecules were taken from Chase et al [21] and Huber and Herzberg [25].

Finally, the charged species generate a Coulombian field which creates an interaction potential
modifying the state of the plasma. This effect is crucial at high temperature when the population
number densities of charged particles are important. Also, at low temperatures and for pressures higher
than the atmospheric pressure, the interactions between neutral particles imply a correction of the
perfect gas law. Therefore, the Debye-Hiickel and the Viriel corrections [28] have been considered.
Figure 1 shows the plasma composition obtained for the 53%Ar-12%H,-35%He (in molar
proportions) mixture at atmospheric pressure whereas Figure 2 compares the electron number density
obtained in the case of pure plasmas (Ar, H,, He) and binary mixtures (50%Ar-50%H,, 50%Ar-

50%He in molar proportions).
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Figure 1. Plasma composition at atmospheric pressure for 53%Ar-12%H,-35%He mixture.
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Figure 2. Electron number density for pure gases, 50%Ar-50%He and 50% Ar-50%H, mixtures.

at atmospheric pressure (molar proportions).

The ionization energies of argon and hydrogen being rather close, a slight difference in the electron
number density for these two pure plasmas or mixtures can be noticed in this temperature range. On
one hand, for temperatures above 25 kK, the absence of multi-charged particles for pure hydrogen
plasma generates a faster decrease of the electron number density contrarily to the case of pure argon

or pure helium plasma whose electrical neutrality is still ensured by the presence of the positive ions



Ar" and Ar"", or He" and He™. Between 25kK and 30kK, the electron number density decreases of
some 5 % for pure argon or helium plasmas while it decreases of approximately 17 % in the case of a
pure hydrogen plasma. On the other hand, for temperatures lower than 25kK, the electron number
density for pure helium plasmas is largely lower than the electron number densities for pure argon or
pure hydrogen. This result is due to the high ionization energy of the neutral helium He (24,580eV) in
opposite to the ionization energies of argon Ar (15,7596eV) and hydrogen H (13,598eV).

3. The method of the Net Emission Coefficient calculation
The divergence of the radiative flux is an important term in the energy balance. The latter represents

the radiative losses and can be determined by the resolution of the radiative transfer equation. For a

direction defined by the normal unit vector N, we have:

Fea = (CLy (F, dW) xS i xdw>dll 3)
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with

where Iq:rad is the radiative flux (W/m®), L,(T) is the spectral radiation intensity (W.m?sr'.m™), S is
the vector orthogonal to the surface S, dW s the solid angle, s is the distance along the considered

direction. In equation (4), K'I represents the spectral absorption coefficient at wavelength | and

corrected by induced emission. L{ (T) is the spectral radiation intensity of the black body.

A rigorous calculation would consist in resolving this equation for all wavelengths of the spectrum and
for all directions. For a practical problem, the calculation time would be extremely long. Some
methods have therefore been developed in order to simplify the spectral or geometrical dependencies
of the radiation while keeping a good accuracy. For a detailed description of the different existing
methods, the reader will find references into the general works of Siegel [29] and Modest [30]. One of
the frequently applied methods in the numerical models destined to thermal plasmas is the NEC [31,

32] which takes into account emission and absorption of radiation in isothermal conditions
To calculate this coefficient, three assumptions have to be considered:

- the plasma is homogeneous.

- the plasma is isothermal. The radial profile of temperature in the arc plasmas is often
characterized by weak gradients in the hottest regions and by an abrupt decrease on the edges
of the discharge. Thus, in a first approximation, the temperature of the discharge can be

considered as a constant and its variation can be approximated by a rectangular profile [31,



32]. This assumption is satisfactory for the central regions of the arc where the temperatures
are the highest, the gradients the weakest and the emission the most important.

- the plasma is assimilated to a sphere of radius R, Libermann and Lowke [33] have shown
that an isothermal cylindrical plasma could be assimilated to an isothermal sphere which
would have the same temperature (with a discrepancy of 10%) as the emitting point in its
centre. The radiation is then calculated at this centre and considers the emission and

absorption of the points included in this sphere.

For a given pressure, the expression of the NEC is the following:
¥
ey (T,R)) = 32 (T) %K, (T)expl- K, (T)R, )l (5)
0

In spite of the strong approximation of isothermal plasma, this net emission coefficient gives
acceptable values for the radiative balance in the hottest regions of thermal plasmas [34]. Indeed the
local emission depends on the local temperature, whereas the main self-absorption occurs in the very
near surroundings of the emission point as it will be pointed in the results.

The main difficulty of this method consists not only of the calculation of the spectral absorption
coefficient K,' (T) which strongly varies according to the wavelength and temperature, but also of the

calculation of the radiation lines including their absorption. Therefore, various physical phenomena
must be considered: the radiation of the atomic continuum (radiative recombination, Bremsstrahlung
and radiative attachment), the radiation of the H, molecular continuum (photo-dissociation, photo-
ionization and photo-attachment) and the radiation of the atomic lines (by taking into account the

absorption phenomena).
4. Continuum radiation
Two types of transitions constitute the atomic continuum: the free-free (Bremsstrahlung) and the

bound-free (radiative attachment and radiative recombination) transitions.

- The radiative attachment: the radiation due to the attachment is calculated according to the

expression given by Gleizes et al [34]. To obtain the absorption coefficient for hydrogen H’, the photo-
detachment cross section given by McDaniel [35] was used. The radiative attachment of helium He" is

neglected in the total spectral absorption coefficient.

- The radiative recombination: this mechanism is important in the continuum emission for thermal

plasmas. The radiation is calculated according to the method of the Scaled Thomas-Fermi potential
[36] that supposes a Maxwell velocity distribution. This method takes into consideration a

Coulombian potential for great distances. For short distances, a more complex potential is used in



comparison to the potential used in the quantum defect method developed by Seaton [37]. Therefore,

the following expression for the radiative recombination is obtained:
1
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where Qiﬁ; is the internal partition function of the Z" ion, Z. is its charge number, N_, N,. are the

population number densities of electrons and ions Z* respectively, gZ is the statistical weight of the

ground state level of Z" and sz'l) represents the Biberman-Schliiter factor of the Z*Y" atom. This

factor, introduced by Biberman and Norman [38,39], is a correction for the difference between the

photoionization cross section of the energy levels and the corresponding hydrogen-like cross section.
For argon (Ar" « Ar, Ar™ « Ar") and helium (He" « He), Hofsaess [40] gives values of X|(Z'1)+ for

temperatures ranging from 6000K to 30000K and wavelengths from 30nm to 1000nm. Figure 3 shows
this coefficient for helium recombination. For other temperatures and wavelengths, these data are
extrapolated. Unfortunately, the Hofsaess data do not cover the range of energy higher than the
ionization energy of He (E>24.580eV i.e | <50nm). In the case of pure helium plasmas, we also
compared the spectral absorption coefficients obtained with this extrapolated Biberman-Schliiter factor
and the results deduced from the hydrogen-like atoms approximation developed by Okuda [41]. For a
temperature equal to 10kK, this comparison is shown in figure 4 and highlights a good agreement for

wavelengths between 100nm and 1000nm (0.2998 10"°Hz < n < 2.998 10"°Hz) whereas the results
obtained with the Biberman-Schliiter factor X,He diverge for wavelengths inferior to 100nm.

Consequently, the radiative recombination for helium (He* « He) is calculated using the Biberman-
Schliiter factor for | > 100nm and according to the formula given by Okuda for wavelengths | <
100nm. The radiative recombination for hydrogen (H" « H) and ionized helium (He™ « He") is also
calculated according to the hydrogen-like atoms method for all temperatures and all wavelengths. For
this last method, the energy levels and principal quantum numbers of the considered species are issued
from the tables of Moore [42], corrected by the recent data of the NIST [43] and completed if

necessary by those of Kurucz and Peytremann [44].



Biberman-Schiiiter factor x

: 6000 K ,
10'8 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1

7100 200 300 400 500 600 700 800 900 1000
wavelength (nm)
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Figure.4. Recombination radiation for pure helium plasma

- The Bremsstrahlung radiation: the expressions used to calculate the corresponding radiation are

given by Cabannes and Chapelle [45]. The elastic cross-section for electron-argon collisions are given
by Tanaka and Lowke [46] versus the kinetic energy of the electron whereas Neynaber et al [47] give
the cross-section for electron-hydrogen collisions. Finally, the elastic cross section characterizing the
electron-helium collisions is reconstituted in figure 5 from data of Fursa and Bray [48], Golden and

Bandel [49], and Kennerly and Bonham [50].
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Figure 5. Elastic cross section for electron-helium collisions.

- The molecular continuum: the presence of hydrogen H, is also considered. In thermal plasmas, the

molecular continuum spectrum corresponds to absorption to which two mechanisms contribute,
namely photo-ionization and photodissociation. The molecular continuum of molecular hydrogen is
obtained by the multiplication of the molecular H, density and the photoabsorption cross-section
issued from the works of Cook and Metzger [51] and Brolley et al [52]. We assume that the

corresponding cross-section does not depend on temperature.

Examples of the continuum absorption coefficient K'n(T) are shown as functions of frequency and

temperature for pure plasmas (fig.6 and fig.7) and for the ternary mixture 53%Ar-12%H,-35%He
(fig.8).
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Figure 8. Spectral absorption coefficient for 53%Ar-12%H,-35%He mixture.

5. Emission of the spectral lines

10588 lines (8708 lines for argon species, 230 lines for hydrogen and 1650 lines for helium species)
have been considered, whose characteristics (energy levels, quantum numbers, transition probabilities,
oscillator strengths...) are issued from the tables of Moore [42], corrected by the recent data of the
NIST [43] and completed if necessary by those of Kurucz and Peytremann [44]. Radiation transfer
requires the knowledge of line profiles which are calculated by taking into account the Doppler
broadening, pressure effects (resonance and Van der Waals broadenings) and the Stark broadening.
Griem and Traving [53-56] give a review of different classical and semiclassical methods to calculate
the shape of spectral lines. To simplify the calculation of the emission line, the line overlapping is

assumed to have a very low influence on the radiative transfer.

Each line is then treated individually by the use of an escape factor which depends on the line intensity
and on its profile [57, 58]. The phenomenon of absorption is then taken into account through this
factor L, ranging between O and 1 and which represents the ratio between the radiative flux
escaping isothermal plasma of thickness R, with the consideration of the absorption and the radiative
flux without absorption. Its introduction considerably diminishes the computing time but sometimes
tends to over-estimate the net radiation if the lines are not separated enough from to one other. The
values are however acceptable assuming the precision of the method [32]. Indeed, the use of an escape
factor is fully justified in this study since the error obtained between this calculation and the exact
calculation remains inferior to 1% whatever the temperature or the thickness of the plasma.

Futhermore, the local emission depends on the local temperature, whereas the main selfabsorption

11



occurs in the very near surroundings of the emission point as it will be pointed in the results. So self-
absorption occurs in the region where the temperature is not far from that of the emitting point (low
temperature gradients near the axis or the centre of the plasma) and thus the assumption of isothermal

plasma is rather valid. The line radiation is written as:

2 L
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where m, is the mass of the electron, | is the wavelength corresponding to the transition between the

upper energy level E, and the lower energy level E,, f}, is the oscillator strength of this transition, N is

the average number density of the lower energy level and L is the escape factor of the line,

line

function of the temperature and R,.

Doppler broadening: for thermal plasmas in a steady state, the emitting atoms are moving and
contribute to the broadening of the lines by thermal motion. For an emitted line centred in | , the
Doppler Effect is due to the relative velocity of these emitting atoms compared to an observer. The
line shape is a Gaussian profile and its full width at half maximum (FWHM) is given by (SI units)
[59]:

8kgTIN2
T ©
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where m is the mass (kg) of the emitting atom.

Pressure Effects: this type of broadening is due to the perturbation of the energy levels of an emitting
atom or ion by the presence of the other surrounding particles. These interactions cause the broadening
and the shift of the lines. The interpretation of the pressure effects depends not only on the distance
between the two atoms but also on the nature of the disturbers. The line shape is assimilated to a
Lorentzian profile [56] and two theories are also used to calculate the FWHM: the impact

approximation and the quasi-static approximation [10, 11, 54].

- Van der Waals broadening: This interaction is usually described by the Cs/r° Lennard-Jones
potential [28] where r represents the distance between the emitting atom and the disturber (identical
neutral atom or different neutral atom if the higher energy level of the emitting atom is not coupled to
its ground state energy level) and Cs; the Van der Waals constant. The first order of the interaction
gives the Hartree-Fock mean field whereas the impact approximation is obtained in second order
where collisions are described in Born approximation. The FWHM (SI units) is obtained according to

the detailed investigations of Walkup et al [60]:

12
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Where V =,/8K T /pm is the mean velocity of the radiating species and n' is the population number

density of the perturbing particle. The constant Cs (m® s™) is calculated with the expressions given by
Hirschfelder [28]and the polarizability [61] of each particle (aa=1.643A7 ay=0.666793A7,
a.=0.205A). In Ar-H,-He mixtures, this broadening line is negligible in comparison with the
Doppler and the Stark broadenings when the particle is an atom of hydrogen H or helium Hell. A

review of Van der Waals broadening is given in the impact approximation method by Traving [56].

- The resonance broadening: this phenomenon is treated within the impact approximation
method and a Cy/r’ interaction potential. For an atom, this phenomenon is mainly important if the
higher energy level is coupled with its ground state. The FWHM (SI units) can be expressed in the
fourth order approximation [53, 56]:

_ 0 %ee e oaef oael 9

where ny is the population number density of the atom in its ground state level.

- Stark broadening: Stark broadening is the consequence of a disturbance from the atom or
emitting ion by the electric field due to the surrounding charged particles (ions and electrons). For Ar-
H,-He mixtures, the Stark broadening was not treated in an identical way for argon, hydrogen and
helium particles.

For the argon atoms, the interaction potential exists in two forms: quadripolar in 7 [62-64]
and quadratic in 7 [54], where r represents the distance between the atom or the emitting ion and the
disturber. The velocity of the electrons being more important than the velocity of the ions, the effect of
the latter is often weaker than the influence of the former. Griem [54] added a correction term to take
into account the influence of the ions in the Stark broadening lines. In the frame of the impact
approximation method (for neutral atoms) and the quasi-static theory (for ions), the FWHM are

written as (SI units) [54, 56, 65]:

2
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where V, =,/ 8kBT / pm, is the electron mean velocity, Zj,, is the charge number of the radiating ion,

and C; (m* s™) is a constant characteristic of the transition [56, 66]. The term in brackets is the
Griem’s correction [54] calculated with the quasi-static approach where r, r’, A and A’ are respectively
the Debye shielding parameters and the ion broadening parameters given by Griem [54] and Konjevic

[65].

For hydrogen atoms, the quantum weight for a given energy level and the mutual permutation
of the states having the same principal quantum number but not the same orbital quantum number
cause a shift of the energy levels. Hydrogen lines profile is well described by Kepple and Griem [54,
67]. The Stark broadening is mainly due to the ions, its form is linear and the resulting shape is more
complex than a Lorentzian profile when the dynamics of the ions is considered. Several approaches
were developed to characterize the shape of the spectral lines: the microfield method that includes the
dynamics of the ions and the rotation of the ionic field in the total profile [68-70]; the generalized
impact theory and the unified classical path theory which are considered as better methods to calculate
the hydrogen shapes [12-16, 71]; the quantum statistical approach based on the many-particle Green
functions method used by Giinter [72] and developed for charged perturbers and applied to plasmas as
hydrogen [72,74] or helium [74,75]. The normalized profile used in calculation is deduced from works
of Vidal, Copper and Smith [12, 14-16] who considered the unified theory and the impact

approximation at the centre of the line and the quasi-static approximation on the edges.

Finally, for helium atoms, Griem et al [76] indicated that the line broadening was also a linear
Stark broadening. They specified that the shape of the spectral lines did not depend too much on the
velocity distribution of the ions and the electrons and did not depend on the temperature when the
Stark broadening dominates the other broadenings. Some references and comparisons of calculated
values and measurements of Stark broadening for neutral-helium lines are available in works of
Dimitrijevic and Sahal-Brechot [17] and Bassalo et al [77]. Whereas the Hell lines are supposed to be
optically thin (L jnes= 1), the FWHM for the Hel lines is given by Griem (in SI units):

6 3

d;:rk (T)=16.10 * 9 yag[ V(au : ;-)>au N (T) (13)
/

where 7, is the electron number density (m™), ¢ and u are the index of the lower and upper energy

levels for a given transition, & is the principal quantum number of the energy level, gis a constant

equal to % for a, =1 and @, =2, and equal to unity for the other transitions. Indexes U and /¢

correspond respectively to the upper and lower levels of the line transition.

6. Results on spectral line broadenings
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6.1. Spectral line broadenings of neutral helium.

For pure helium plasma, figure 9 and figure 10 present the Stark broadenings obtained for 9 lines of
neutral helium These lines correspond to transitions leading to the two first energy levels. Whereas
Figure 9 presents the Stark broadenings at atmospheric pressure in function of temperature, Figure 10
is drawn for various pressures according to the electron number density. The characteristics of the 9

lines are reported in table 1.

Table 1. Characteristics of the Hel selected lines.

I (m) a, a, Aul (s-l) E, (cm?) E, (cm™?)
50.999 1 7 5.07 10’ 0.000 (159) 196079.086 (1s7p)
51.209 1 6 7.19 10’ 0.000 (159 195274.906 (1s6p)
51.561 1 5 1.26 10° 0.000 (159 193942.460 (15p)
52.221 1 4 2.46 10 0.000 (159 191492.710 (1s4p)
53.703 1 3 5.66 10° 0.000 (159 186209.363 (13p)
58.433 1 2 1.80 10° 0.000 (159 171131.895 (1s2p)
294511 2 5 2.9310° 159855.972 (1s29) 193800.766 (15p)
318774 2 4 5.05 10° 159855.972 (1s29) 191217.158 (1s4p)
388.865 2 3 9.48 10° 159855.972 (1s29) 185564.581 (1s3p)

Table 1 and figure 9 show that the resonance lines (&, = 1) are more intense and less broadened than

the others so that they are the most absorbed within the plasma. For the three lines characterized by
a, = 2, Figure 10 shows a good agreement between our results and some experimental values issued

from the literature [77].
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Figure 9. Total Stark broadenings versus temperature for the 9 Hel lines.
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Figure 10. Total Stark broadenings versus electron number density for 9 lines of He I.

Figures 11 and 12 compare the evolution of broadenings of two Hel lines: a resonance line centred at

53,703nm (with &, =1) and a slightly absorbed line centred at 388,865nm (with a, = 2).
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Figure 11. Contributions of the various broadenings to the FWHM of the lines 53.703nm and
388.865nm for pure helium plasma.
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Figure 12. Contribution of the line broadenings (53.703nm and 388.865nm)
in total FWHM for pure helium plasma.

First, Figure 11 shows a good agreement between the values given by Bassolo [77] for the 388.865 nm
line and our calculation relative to the FWHM Stark broadening. It also highlights the fact that this
linear broadening does not represent the principal broadening of Hel lines at low temperature. Finally,
the FHWM are higher for the 388,865 nm line. Figure 12 shows the importance of the Doppler
broadening for temperature inferior to 10kK since it represents more than 99% of the FWHM. The
same behaviour is observed for the 7 other Hel lines reported in table 2. Even if the FWHM of the
Stark effect is smaller than the FWHM of the Doppler effect, the escape factor of a line strongly
depends on the behaviour of the edges of this line. Consequently, the Lorentzian profile (Stark and

pressure) can be predominant in comparison to Gaussian profile (Doppler).

Table 2. Broadening of Hel selected lines at 10kK and 20kK.

T = 10kK T = 20kK
Lem g Boppier em Al Varperweas om Al e om Ol Bopier em Al Viperveais em Al qaric o
50.999  1.8310° 1.2310° 1.77 10" 2.5810° 1.47 10° 2.1210"
51.209  1.8310° 6.64 10° 9.3010° 2.5910° 7.9610° 1.1110™
51561  1.8510° 3.2110° 4.3010° 2.6110° 3.8510° 5.16 10”
52221  1.8710° 1.3210° 1.6510° 2.6410° 1.5810° 1.98 102
53.703  1.9210° 421107 4.6510° 2.7210° 5.04 10 5.5710°
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58.433 2.0910° 8.3510° 1.72 107 2.9610° 1.0010* 2.06 10"

294511 1.05107 9.8210° 9.1810* 1.49 102 1.1810% 1.1010°
318.774 114107 45410° 3.5310* 1.61 10 5.44 10 4.2210*
388.865 1.39107 1.9810° 9.9210° 1.97 10 2.3710% 1.1910%

For higher temperatures, Stark broadening becomes increasingly important so as to represent nearly
70% of the FWHM when temperatures are above 20kK. The remaining 30% are mainly due to

Doppler broadening for resonance lines, or Doppler and Van der Waals broadenings for lines with

a, =2. In opposition to Arl and H lines, Van der Waals broadening of Hel lines can play a

significant role since helium atoms are only ionized at very high temperature. Consequently, the

neutral helium lines must be treated with a Voigt profile for temperatures above 10000K.

6.2. The escape factor
For pure argon plasma, Figure 13 shows the escape factors obtained for some neutral argon lines
according to the thickness of the plasma (Imm and Scm). Figure 14 presents the same results for the

10 Hel selected lines.
10

10 T T T T T T T T

Terpaaire(kK) Terperaure(kk)

Figure 13. Escape factor for several neutral argon lines versus the plasma thickness.
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Figure 14. Escape factor for several Hel lines versus the plasma thickness.

These results highlight how L for a specific line depends on the temperature and the considered

line
line. The line absorption becomes important for the first millimetre of plasma and the resonance lines
are the most affected. An example is shown in Figure 13 for several neutral argon lines.

For helium plasma and temperatures lower than 15kK, the most absorbed lines are
characterized by @, =1 as shown in figure 14. For a given temperature, we also observe that L . is
weaker (and is thus strongly absorbed) when the upper energy level of the line is close to the ground
state energy level (&, =1).

Figure 15 presents the radiation of the Hel lines for pure helium plasma and for three plasma
thicknesses (Omm, Imm and lcm). The total radiation of the lines having a, =1 (the lower energy
level is the ground state), @, =2 (the lower energy level is the first excited level), and a, > 2 (the

lower energy level is higher than the first excited level) are distinguished.
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Figure 15. Radiation of the Hel lines in the case of pure helium plasma.

It can be observed that resonance lines of Hel are strongly absorbed. The lines verifying

a,=2 are very slightly absorbed. Their total radiation becomes important for high plasma
thicknesses due to the strong absorption of the first lines (@, =1). Indeed, the lines having the lower

energy level corresponding to their ground state are characterized not only by a strong emission for
thin plasma but also by a strong absorption for high plasma thicknesses. Even if the plasma thickness
is often inferior to a few centimetres (thus a slight absorption), the absorption phenomena for these

lines are also taken into consideration.

Finally, the lines with @, > 2 are not absorbed. As a consequence of that, we assume that

these lines are optically thin lines with an escape factor L, . equal to unity. It can also be observed

line
that their total radiation is lower than the total radiation of the other lines. This effect can be explained
by the important energy gap between the ground state and the first excited level of Hel
(De=159856cm™). Tt is thus very difficult to populate the excited levels of Hel which implies a very
weak population number for these levels. According to relation 7, the contribution of theses lines

(a, >2) will be assumed negligible in front of the transitions leading on the ground state or the first

excited state.

7. Results on Net Emission Coefficients
7.1. Net Emission Coefficient of pure plasmas

Figure 16 shows the net emission coefficient of pure helium plasmas versus temperature and plasma

thickness. The case R, = Omm is a fictitious case corresponding to an optically thin plasma. The
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differences between the curve R, = Omm and the others show a typical trend: the strong absorption of
the radiation in the first millimetres around the emitting point. This phenomenon is due to the
resonance lines that are strongly absorbed when R, Omm [7].

Our results are coherent with those of Moscicki [9] for optically thin plasmas. However, we
denote important discrepancies for R,=Imm at low temperature. Nevertheless, our calculations present
a good agreement when the atomic lines contribution is only considered in the total radiation. The
differences are thus mainly due to the continuum radiation which presents a weak absorption for this
radius value unlike the atomic lines which are strongly absorbed. We propose two reasons to explain
these discrepancies corresponding to assumptions used by Moscicki: the first one is a wavelength
range limited from 30nm to 2500nm (inferior to our wavelength range); and the second one concerns
the electron-helium Bremsstrahlung. Indeed, the author does not give reference about the electron-
helium cross-section. Therefore, we then suppose that he has not taken into account this phenomenon.
By using these assumptions in calculations, closer values are obtained: they are represented by the

curve with triangles in Figurel6.
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Figure 16. Net emission coefficient of pure helium plasma for different plasma sizes. (a) is the net

emission coefficient obtained with the same assumptions of [9].
Figure 17 compares the continuum and lines contributions to the total radiation for an optically thin

helium plasma (R,=0mm) and for a thickness equal to Imm. While the radiation of the atomic lines is

dominant when the plasma is optically thin, these lines are strongly absorbed when the thickness of the
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plasma increases. This tendency is visible in the majority of pure gases or mixtures except for noble

gases and hydrogen.
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Figure 17. Continuum and lines contributions to the radiation of pure helium plasma.

Figure 18 compares the net emission coefficient of the three pure plasmas for R,=1mm.
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Figure 18. Net emission coefficient of pure gases for R,=1mm.

For pure argon and hydrogen plasmas, a good agreement is observed with the works of Riad [78] and
Erraki [79]. Our net emission coefficient for hydrogen plasma is slightly higher for low temperatures
due to the molecular continuum of hydrogen H, that Riad had not considered in his work. Also note

that hydrogen plasmas have a particular behaviour at high temperature because ionic lines do not exist

[5].
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For pure helium plasma, the NEC is the weakest for temperatures inferior to 20kK. Compared to pure
argon plasma, the NEC is 300 times weaker at 10000K, 52 times (weaker) at 15000K and 1,35 times
at 20000K. For higher temperatures, the NEC is similar to the previous ones. This behaviour can be

explained by a very high ionization potential of helium.

7.2. The Net Emission Coefficient of binary mixtures : Ar-H, and Ar-He

The NEC of several Ar-H, mixtures for a plasma thickness of R,=Imm is drawn in Figure 19.

10”
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Figure 19. Net emission coefficient of Ar-H, mixtures at atmospheric pressure.

In industrial plasma processes such as plasma spraying or gas-tungsten arc welding, helium is
widely used with argon. Argon is used for its high mass density whereas helium increases the enthalpy
of the plasma. The presence of helium also increases the thermal conductivity of the mixture compared
to the pure gases and limits the penetration of the surrounding gas. Consequently, the mixture exhibits
a higher viscosity due to its high ionization energy. However, helium can create a departure from
equilibrium because of the high excitation potential of its first excited levels and of its light mass
which facilitates the diffusion phenomena. In Figure 20, helium only plays a role at very high
temperatures (centre of plasma) and for important proportions (>70% app). This phenomenon can be
explained by a higher ionization potential for helium than argon. Murphy [80] had observed this
phenomenon while studying experimentally demixing of helium in an argon-helium mixture in a free
burning arc. A pink colour appeared, characteristic of helium concentration in the arc centre while the
violet colour, characteristic of argon, was concentrated toward the arc fringes. Murphy showed that the
pink region was discernable for a helium proportion higher than 75% (in volume) which is in

agreement with our conclusions.
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Figure 20. Net emission coefficient of Ar-He mixtures at atmospheric pressure.

7.3. The Net Emission Coefficient of 53%Ar-12%H,-35%He mixture

The combination of the three gases (argon, hydrogen and helium) gives plasmas whose thermal
conductivity is more important than that of pure or binary mixtures for temperatures inferior to 10kK.
Those mixtures present a clear interest for transferred arcs or in plasma spraying: best heat transfer and
highest length of plasma jet [81]. Figure 21 presents the net emission coefficient of the 53%Ar-
12%H,-35%He mixture at atmospheric pressure, for plasma thicknesses R,=0mm and Ry,=Imm. It can

be observed that:

- When the plasma is optically thin, the radiation line is more important than continuum. This
radiation is mainly due to the resonance lines of hydrogen and argon. The radiation of the hydrogen
lines represents more than 70% of the net emission coefficient for temperatures lower than 10kK
whereas the radiation of the argon lines represents more than 80% of the total radiation for
temperatures higher than 20kK. The helium radiation is not really important for this mixture since its
contribution does not exceed 3% of the total radiation (maximum at 21kK). The contribution of helium
plays an important role in Ar-H,-He mixtures either for a helium proportion higher than 70% in

volume, or for small thicknesses of the plasma and high temperatures (strongly ionized plasmas).

- The increase in the plasma thickness generates an increase in the absorption phenomena and the
decrease in the lines contribution in the total radiation. The continuum then becomes fundamental for
temperatures inferior to 15kK (around 95% of the total radiation at SkK and 45% for temperatures
between 15kK and 30kK). For these temperatures range (SkK<T<15kK), the argon and hydrogen lines
are so strongly absorbed that they do not play the main contribution to the total radiation. Finally, for

high temperatures (T>20kK), the net emission coefficient is mainly due to the argon lines radiation.
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Fig.21: Net emission coefficient of Ar-H,-He mixtures at atmospheric pressure.

8. Conclusions

Different molar compositions have been studied to deduce generalities on the influence of the
helium species in ternary mixtures Ar-H,-He. The results showed that an increase in the helium
proportion (up to 70% in molar proportion) in the mixture with fixed 5% of hydrogen led to a decrease
in the net emission coefficient for all temperatures and all plasmas thicknesses. It has been showed
that this was mainly due to a smaller radiation of the argon lines whose population number densities of
the atoms were weakest. The influence of the hydrogen proportion in the mixture has also been
evaluated. For a fixed proportion of argon (53%), an increase in hydrogen proportion (up to 40%)
strongly enhanced the total radiation for temperatures inferior to 15kK. this phenomenon can be
explained not only by the radiation of the H, molecular continuum which was more important but also
by the radiation of hydrogen lines which was higher. Consequently, we highlighted the fact that the
radiation of helium only played an essential role in the total radiation of the Ar-H,-He mixtures when
the plasma was optically thin and when the molar proportion of helium was very important in the
mixture. For industrial applications such as plasma spraying where proportions of helium are up to
10% and plasma thickness close to the centimetre, we finally conclude that the presence of helium in

Ar-H,-He mixtures does not really modify the radiative properties of these mixtures.

Appendix : specific references for basic data

- Partition functions:

Reference energies : Janaf tables [21]

Internal partition function of atomic species: Drawin and Felenbok [22]

Internal partition function of diatomic species: Janaf tables [21], Herzberg [24]
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- Continuum radiation :

Energy levels, quantum numbers: Moore [42], NIST [43], Kurucz and Peytremann [44]

Biberman factor for argon recombination: Hofsaess [40]

Biberman factor for helium recombination: Hofsaess [40]

Cross section for the radiative attachment of hydrogen: McDaniel [35]

Cross section for the Bremsstrahlung radiation e-argon : Tanaka and Lowke [46]

Cross section for the Bremsstrahlung radiation e-hydrogen : Neynaber et al [47]

Cross section for the Bremsstrahlung radiation e-helium: Fursa and Bray [48], Golden and Bandel
[49], Kennerly and Bonham [50]

Cross section for the molecular continuum of H, : Cook and Metzger [51], Brolley et al [52]

- Lines radiation

Energy levels, quantum numbers, oscillator strength, atomic transition probability: Moore [42], NIST
[43], Kurucz and Peytremann [44]

Doppler broadening : Laux [59]

Van der Waals broadening: Traving [59], Walkup et al [60]

Resonance broadening: Ali and Griem [53], Traving [56]

Stark broadening of argon lines: Griem [54], Traving [56], Konjevic and Konjevic [65]

Stark broadening of hydrogen lines: Kepple and Griem [54, 67], Vidal, Copper and Smith [12, 14-16]
Sark broadening of helium lines: Griem et al [76], Dimitrijevic and Sahal-Brechot [17],
Bassalo et al [77]

Polarisability constant : Handbook of Chemistry and Physics [61]
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