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Abstract.

The net emission coefficient of plasmas containing argon and iron at atmospheric
pressure is calculated and analysed for the case of cylindrical geometry. Its values
are obtained by integrating the monochromatic net emission coefficient taking into
account continuous and line radiation. The width of the spectral lines is determined
by Doppler broadening, natural, resonance, van der Waals, electron and ion Stark
broadening. As Stark broadening is the most important broadening mechanism in the
considered pressure and temperature range, the electron Stark widths are calculated
following the semi-empirical Stark broadening theory. Additionally, the electron Stark
widths of Ar, ArT, Fe and Fet are multiplied by scaling factors in order to reproduce
experimental electron Stark widths. The scaling factor is determined for each species
separately. For small plasma radii the net emission coefficient determined here shows
good agreement with literature values where spherical geometry is considered while
they decrease faster with increasing plasma radius. This behaviour is caused by the
increase of the irradiation of the symmetry axis when cylindrical instead of spherical
geometry is considered. For radii and temperatures typical of the metal filled core of
arcs occurring in gas metal arc welding processes, i.e. radii between 1 and 2 x 1073 m
and temperatures between 5000 and 10000 K, the scaling of the Stark widths increases
the net emission coefficient of iron plasmas by between 2 and 23 %. In this parameter
range the net emission coefficient of iron plasmas for cylindrical geometry is between
30 and 37 % smaller than values calculated for spherical geometry.

PACS numbers: 52.25.0s, 52.77.Fv, 81.20.V]j
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1. Introduction

In atmospheric pressure arcs such as welding arcs [1,2] the energy transport by
radiation has a significant influence on the energy balance and needs to be included
in corresponding numerical models. The conditions in these arcs are such that the
plasma is optically thick in a significant range of wavelengths so that a treatment of the
radiation transport has to take into account reabsorption. An exact treatment of the
radiation transport based on the radiation transport equation leads to high numerical
costs, because application relevant species like iron show a multitude of spectral lines.
In numerical models of atmospheric pressure arcs the exact radiation transport term is
consequently often replaced by the net emission coefficient as introduced by Lowke [3].
Thus net emission coefficients remain important input data for numerical modelling of
welding arcs as done by e.g. Lowke et al [4] and Schnick et al [5]. The use of net
emission coefficients in such models has the drawback that it does not take into account
the inhomogeneity of the temperature and the spatial distribution of the elements in
experimental arcs. More advanced approximations of the radiation transport equation
are discussed by e.g. Modest [6].

Net emission coefficients of argon iron plasmas have been calculated by Cram [7],
Essoltani et al [8], Gleizes et al [9], and Menart et al [10]. Net emission coefficients for
iron-helium plasmas have been calculated by Moscicki et al [11].

Cram [7] considers line radiation only. In this investigation the total number of
lines is estimated from a subset of spectral lines by means of a statistical method [12],
so that the need for extensive line data tabulations is eliminated. The only considered
broadening mechanism is Stark broadening, and absorption is accounted for by means
of line escape factors [13,14]. Essoltani et al [8] use line data tables from the National
Institute of Standards and Technology (NIST), and include bound-free and free-free
radiation. The line broadening takes account for natural, resonance, van der Waals,
Stark and Doppler broadening while absorption is treated by line escape factors.
Gleizes et al [9] also consider line and continuous radiation processes using improved
line data tables from NIST and additional data from Kurucz and Peytremann [15].
Doppler broadening and pressure broadening are considered. Absorption of lines with
high emissivity is treated using escape factors while lines with low emissivity and the
continuum are considered as optically thin. Menart et al [10] take account for both line
and continuum radiation. Their results are based on line data tables from NIST and
the Kurucz database. Extrapolation procedures are employed to add missing atomic
levels and lines so that these authors include still more spectral lines than Gleizes et
al [9]. The net emission coefficients are calculated by integrating the monochromatic
net emission coefficient. Moscicki et al [11] also include line and continuum radiation.
Their results are based on line data tables given by Bautista [16] and Nahar [17]. These
tables of theoretical transition probabilities provide approximately the same number of
lines for neutral iron as used by Menart et al [10] while the number of lines given for
singly and doubly ionized iron ions is approximately a factor of two smaller.
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Essoltani et al and Gleizes et al estimate the electron Stark widths via classical
formulae [18]. The present work follows the more accurate method used by Menart et
al [10,19]. Menart et al calculate electron Stark widths using the semi-empirical theories
of Griem [20], and Dimitrijevi¢ and Konjevi¢ [21,22]. These theories take into account
quantum mechanical effects and inelastic collisions between the radiator and electrons.
In order to use electron Stark widths that closely reproduce experimental electron Stark
widths, a scaling factor is introduced for each species where experimental electron Stark
widths are available. While this procedure is applied to argon and copper in [19] it is
not mentioned in [10] so that to our knowledge it is first applied to iron here.

The earlier investigations on argon iron plasmas [8-11] consider an isothermal,
homogenous plasma of spherical shape while this work assumes cylindrical geometry.
This change of geometry leads to an increased irradiation at the symmetry axis so that
the net emission coefficient is reduced. The net emission coefficients presented below are
based on the monochromatic emission coefficient for argon iron plasmas assuming local
thermodynamic equilibrium (LTE). The monochromatic emission coefficient includes
line radiation, free-bound and free-free transitions. The spectral lines are broadened by
natural, resonance, van der Waals, electron and ion Stark broadening and by Doppler
broadening.

2. Theory

The net emission coefficient €, is defined as the power lost by radiation per volume
and solid angle, that is

€net = //\ (ex — K'Jy) dA (1)

where €, is the monochromatic emission coefficient per wavelength X, k' the
monochromatic absorption coefficient including induced emission and

1
Jy = — L,dQ 2
2 47T/QA (2)

the solid angle averaged spectral radiance impinging onto the considered point in the
plasma. On the axis of a homogeneous, cylindrical plasma column of radius R it holds
enet (R, T) = /e,\(T) G1(K'R)dA (3)
A
where G is a function taking account for the considered geometry. For cylindrical
geometry it holds [23]

w/2
Gi(z) = /0 exp (—ﬁ) sing d¢ . (4)

It can be shown that G is identical to Kis, the second integral of the modified Bessel
function K, [24]. It has the limits 1 — 7z /2 and \/7/(22) exp(—=z) for small and for
large x, respectively. While Lowke [3] evaluated G;(z) by a numerical treatment of
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(4), Lee [25] used series expansions based on modified Bessel functions. For spherical
geometry it holds Gy (z) = exp(—x).

In local thermodynamic equilibrium the monochromatic emission and absorption
coefficients obey Kirchhoff’s law

€\ = “/Li’l (5)

-2 o (85)-

is the black body spectral radiance with h, ¢, k, and T being the Planck constant,

where

the velocity of light, the Boltzmann constant and the temperature, respectively. In (3)
Kirchhoff’s law is used to express the absorption coefficient by the emissions coefficient.
The total monochromatic emission coefficient €y is the sum of the species emission
coefficients €, where r denotes the atomic and ionic species of the plasma. As
the emission coefficients €y, are proportional to the species densities [V,, the plasma
composition needs to be known. The plasma composition is calculated assuming LTE
taking weakly non-ideal corrections due to the Coulomb interaction into account [26].
The composition includes the species Ar, Ar™, Ar?>T, Fe, Fet, Fe?", and electrons. The
definition of the iron mole fraction zr., the equation of state and the Saha equation for

stepwise ionization thus read
Nrpe + Npg+ + Npe2+

e — !
TR ]\/vFe"’_]\/V]F‘e#L +NFe2+ +NAr+NAr+ +NAF2+ ( )
P=kT'S N, + kTN, + P (8)
3
NeNz+1 _ ZZ+1 AZ e—(Iz‘f'Meco'i‘Mg-?-l_Mgo)/(kT) (9)
Nz Zz A§A§+1

where P, N,, P, u£° and pS° are the total pressure, the electron density, the Coulomb-
pressure, the non-ideal chemical potentials of the electrons, and the non-ideal chemical
potentials of atoms or ions, respectively. Indices z and z + 1 denote an atomic or ionic
species with charge number z and its ion of the next ionization step, respectively. In (9)

Eir - Ir
Z(T) =) gir [e‘EW’“T + e /R (—’kT — 1)} (10)

is the Planck-Larkin partition function of species r with ionization energy I,., internal
state energies 0 < E;, < I, and statistical weights g¢;,, and Ay = h(27rmkl’ﬂ“)71/2
with k = r or e is the thermal DeBroglie wavelength of species k with mass my. The
Planck-Larkin partition function arises from the quantum statistical theory presented
in [26]. Using the Debye-Hiickel screened potential with minimum contact distance A./8
leads to the non-ideal terms

128KT [q(q + 2)

pPCo— —log (1 11
AT 2041 1) og (1+¢q) (11)
ez.)? 1

o oz (12)

B 8mepgrp 1 + ¢



where e is the elementary charge, ¢ is the permittivity of free space, k =r or e,

. EOICT 1/2
"= ( A zzNo) (13)

is the Debye length and ¢ = A./(8rp). The non-ideal chemical potentials uS° lead to

an apparent reduction of the ionization energies. For the plasmas considered here the
above non-ideal corrections remain small. For pure argon and pure iron plasmas they
lead to a maximum increase of the electron density by 8 and 13 %, respectively.

2.1. Emission coefficients

For each atom or ion r the monochromatic species emission coefficient is given by
bb b ff
Exr = €>\,7‘ + €>\,7‘ + e)\,r (14)

where the right hand side terms represent bound-bound, free-bound and free-free
transitions corresponding to line radiation, radiation from the recombination continuum
and bremsstrahlung, respectively. For each of these processes a corresponding induced
emission process and an absorption process exists. The treatment of each emission
process is described below. The subscript A denotes that a spectral quantity is given
per wavelength unit.
The emission coefficient for line radiation of atomic or ionic species r is given by

& =3 T AN P (15)

ul
where Ay, Ay, Ny, and Py(\) are the wavelength of the transition from upper state u
to lower state [, the transition probability, the upper state density and the line profile
function, respectively. The index ul on Py(\) has been dropped. The width and shape
of the profile function depends on temperature and the plasma composition and has to
be calculated for each line separately. The line profile function used here is described
in section 2.2.
The emission due to the recombination of ions and electrons forming species r is
given by the emission coefficient [27]
2
= g e N oW P, (16)
Here, 0;, is the photoionization cross section of internal state . For excited states the
semiclassical photoionization cross section [27]

64m L En)® A3
Oir(N) = —=agas(z, + 1 — | — 17
o = St + 0" (50) s )
is used. Here, ao, ar, By and n}, = [Ey/(I, — E;,)]"/? are the Bohr radius, the fine
structure constant, the Rydberg energy and the effective main quantum number of state
i. For wavelengths above he/(I, — E;,) the photoionization cross section is zero.
For the ground states of argon, iron and their ions photoionization cross sections

are used which are more accurate than those given by (17). Following [28] theoretical



Table 1. Parameters of the photoionization cross sections for atomic and ionic ground
states as taken from [30] for argon and from [35] for the energy region for iron species,
a) 1.709+1 denotes 1.709 x 101.

Ey ol Ya P Yw Yo Y1
eV 10722 2

Ar 1.7094+1%  2.106+1  2.645+2 4.706+0 4.185—1 1.688+0 8.943—1
Art 249441 2.503+1 1.272+2 4.288+4+0 5.108—1 9.299-1 7.195-1
Ar?t 141741 3.580+1 3.776+1 5.7424+0 6.316—1 2.384+0 1.7944-0
Fe 1.407+2 1.083+4  4.4584-0 1.691+1 4.039—1 0.000+0 0.000—0
Fe™ 1.933+1 3.679+4  3.564+0 1.566+1 4.144-1 0.0004+0 0.000+4-0
Fe?t  2.670+1 6.3014+3  5.385+0 1.232+1 4.407—1 0.0004+0 0.000+40

photoionization cross sections from the Opacity Project (OP) [29] are employed for the
ground states of argon and its ions. Verner et al [30] smoothed these cross sections and
presented them in the form

o(E) = gy 1172072 {(x —1)%+ y&,} (1 + \/?) - (18)

using the abbreviations © = E/Ey — yo and y = (22 + 4?)Y/2. Here, 0o, Eo, Yo, Y1, Ya,
yw and P are fit parameters (Table 1), ¢ is the orbital quantum number of the photo
electron and E = hc/X is the photon energy. For neutral argon the photoionization
cross section given in [30] is in good agreement with the recommended experimental
values given by Marr and West [31].

For iron and its ions the photoionization cross sections given in [32,33] and [34]
are used. Following the approach of Verner et al [30] the autoionization resonances
contained in these cross sections are smoothed using a Gauss profile with a half width
at half maximum of 5 nm. For high photon energies where cross sections are not given in
the OP data, cross sections from Verner et al [35] are employed. These cross sections are
best fits to theoretical cross sections calculated using the Hartree-Dirac-Slater method
which provides photoionization cross sections with correct non-relativistic high energy
asymptotes. They are also given in the form (18). While the OP photoionization
cross sections for iron take account for ionization from both the 4s and the 3d subshell,
the high energy photoionization cross sections of Verner et al [35] treat each subshell
separately. The cross sections of the 3d subshell (¢ = 2) are chosen here because they
are approximately one order of magnitude higher than those of the 4s subshell.

The emission due to free-free transitions of electrons in the electric field of ions of
species 7 is treated by the emission coefficient [27]

167 e2 \? 22 m
fF _ r e —hc/(AkT)N N... 19
o 3v3 (47T€0) (Amec)? \ 27kT © e (19)
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The free-free radiation emitted in collisions of electrons with neutral species r is
described by [36, 37]

he > i E

it / ~E/(kT)

——N,N, \E dE 20
Ar = grae E:hC/AQ( B) TmokT KT* (20)

3 mec2

with

In these expressions FE is the kinetic energy of the electron, and Q™°™ the momentum
transfer cross section of the considered atom. In this work the momentum transfer
cross sections given in [38] is used for Ar. For Fe the polarization cross section
Q(E) = 4rAlae?/(4neoE)]Y? with A = 0.6037 [39] and the polarization volume
a = 8.4 x 1073 m? [40] is employed to approximate its momentum transfer cross section
for elastic collisions with electrons.

2.2. Line profile function

In typical welding plasmas spectral lines are subject to natural, resonance, van der
Waals, and Stark broadening. For typical temperatures van der Waals and Stark
broadening can be treated in the impact approximation so that these broadening
mechanisms lead to a Lorentz line profile with a half widths at half maximum (HWHM)

A)\ = A)\nat -+ A)\res —+ A)\vdW —+ A)\S (22)

where AMpat, Aes, Advaw, and A)g are the half widths of natural, resonance, van der
Waals and Stark broadening, respectively. Additionally, the spectral lines are broadened
by the Doppler effect showing a Gauss line profile with width

KT\
A)\Dpl = )\ul (2 In2 ) . (23)

m,c?
The total line profile is thus a Voigt profile. In this work it is treated by means of the
numerical approximation given by Whiting [41].
The natural width A\, of a line is given by the life times of its upper and lower
states. Considering only spontaneous emission the natural line width is given by [18]

/\2
A)\nat = 4—7:2 (Z Auu’ + Z All’) . (24)

u' <u <l
Here, ' < u designates states u’ that are connected to the upper state u by a dipole
transition and have an energy E,, smaller than F,. Analogously, I’ < [ designates states
" with By < Ej.

Resonance broadening occurs in collisions where radiator and perturber species are
identical and if a dipole transition exists between upper or lower level of the considered
line and the state of the perturber. The line width due to one such so called resonant
transition is [18]

)\2 5.48 JuR
Ales = W A PESA 2
27c 6472 JIR R (25)
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where gur, gir, Aur, Ar, and N, are the statistical weights, the transition probability
and the wavelength of the resonant transition and the perturber state density,
respectively. Considering the collisions of the radiator with different perturber states as
statistically independent, an extension of (25) to all possible perturber states reads

2
A, = A 548 N,
27TC 6472 Z
(Z | Gu’ A )\i/ Ey/kT 4 Z A qu/ o Buw /KT
u'>u u' <u

‘ [ gl’Al’lA El//kT + Z A l gl’All’ l,e El//kT) . (26)
>l <l

While this sum is often dominated by the resonant state with the lowest energy, this
state does not have to be the ground state of the radiator, e.g. for many lines of neutral
iron the lowest resonant state is an excited state within the ground term a®D.

The lines of neutral radiators are subject to van der Waals broadening due to
collisions with neutrals. The corresponding line width is [42]

Aoy — 2ty 24|Co0 — Cog| > )" a2l? ST 3/10N (27)
vdW I . 6,u 6,1 A P Ty p
Zp=
where «, is the polarization volume of perturber p, u, = m,m, /(m,~+m,) is the reduced
mass of the radiator perturber system and the interaction constant Cg; is given by [42]

ha'O (n;:r ) 2

2mme 2

Co;i =

)

[5(71;1")2 + 1- 3£i,r(£i,r + 1)] (28)

where ;. is the orbital quantum number of the radiating electron in state ¢.

Lines of neutral and charged species are subject to Stark broadening by electrons
and by ions leading to line widths AAg. and A\g;, respectively. For typical parameters
of atmospheric plasmas the impact approximation can be used for electron Stark
broadening while the quasi-static approximation has to be applied to the Stark
broadening by ions. Griem showed that in this case the total line profile for Stark
broadening can in good approximation be described by a Lorentz profile with the
effective width

Ads = Adge [1 + L75A(1 — €R)] (29)
where £ = 0.75 for neutral radiators and £ = 1.25 for charged radiators [43]. Here [44],
F2 )2 3/4
A= 20 _Zu —
(th Mg, O”') (30)

is the ion broadening parameter of the line,

Fy = 14 7 ° § 5. N3 (31)
2\ 15 € < I
JjFe



is the normal field strength,

2 h €0 2 R2/
) 10 9
= 37'(' ( mee ) " AE“/ (3 )

is the polarizability of state i, AE;y = |E; — Ey| is the energy separation of states ¢ and

7" and R,y is the coordinate operator matrix element between these states, as described
further below. The parameter
~1/3
T 47 1
R = _P — N -
Ty L =
zj>0
is the ratio of the mean ion-ion distance 7, and the Debye length rp. The approximation
(29) can be applied for 0.05 < A < 0.5 and R < 0.8. For A < 0.05 the total Stark

broadening width has to be calculated by
AXg = A)dge + Alg; (34)

where

A2 hag n*Q —ny;
A)\Sl = 9me 2, ( o+ 1 ) ZZ>OZp (35)
is the width of quadrupole ion broadening. For A > 0.5 a transition to linear Stark
broadening occurs [43]. In the approach used here the ion Stark broadening widths are
set to the maximum of A)g; and 1.75A(1 — ER)AXge. For R > 0.8 or A > 0.5 the total
Stark width (29) is evaluated at the corresponding boundary value.

The electron Stark broadening has to be treated differently for neutral atoms, singly
and multiply charged ions. Dimitrijevi¢ and Konjevié [21] give the following formulae
for the electron Stark broadening of lines of neutral atoms

/\ ha,o 8 EH
Alge = 8, No—% \/ ==
Ase = 5r 27Tc me V27T KT

Z R2 foy (i Ry) + Z Ry foy (g Ry (36)

with the definition 7y, = AEab /(3kT) and the effectlve Gaunt factor

_ 2.2 4
fulz) =e 1'33$1n(1+ 7)+ 0487x | = (37)

x 0.153 + 253~ 7.93 + 23
In (36) the scaling factor s, for species r is introduced. This factor is used to scale the
theoretical Stark widths of each neutral and ion species to measured Stark widths found
in the literature.
For singly charged positive ions Griem [20] gives the formula

)\2 hao 167 EH
Alge = 8, N.—* \ 55 7
Se = 9 2wec me 27 kT

3KT 3kT
Z Ruu’gse <2AEUU/) Z Rll/gse (QAEH/ )
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where g is an effective Gaunt factor plotted in [20].
Doubly and higher charged ions are treated according to Dimitrijevi¢ and Konjevié¢

)\2 hao 167 EH
Adge = 5, N,ut 240, [0 ZH
Se = e e me V27 kT
3kTn: ? 3kTn;,?
2 u,r 2 L,r
Z By | ano Gse <W> + Z Riir| ansz0 Gse <W>
w T 4 T
3kT
+ Riu’ n= gse (4)
ZAu/zgqul QAEW’
3kT
+ Riu/ n= gse (4)
EA/*? -1 QAEuu/

3kT
e (1)
o i 2AEy,

3kT
i 2/ ;2_1 g 9 » ( )

[22] using

where
Gse(x) = 0.7 — 1.1/2, + gse() (40)

is a modified effective Gaunt factor.

In order to use the above formulae, the coordinate matrix elements R, have to be
evaluated. For spectral lines with unknown transition probability, the coordinate matrix
elements can be calculated using expressions based on the Coulomb approximation [20].
As the analysis includes only spectral lines with known transition probability the
expression [43]

Ja
3hE? A, for B, > FE
2 H { b b (41)

ab = 5_ _3A 3 b
2ra} ALY, A, for B, < E,

is used.

2.3. Basic data and numerical procedure

Comparison of the NIST [45] and the Kurucz [46] compilation of spectral lines showed
that the first contains for all species except Fe' a higher number of energy levels while the
second contains for each species a higher number of lines. Consequently, the composition
calculations and the bound-free emission coefficients are based on the NIST data while
the line emission coefficients are based on the Kurucz data.

The calculated electron Stark widths and the net emission coefficients are based on
different subsets of lines from the Kurucz data base. In the calculation of the electron
Stark widths the sum over the lines connected to upper or lower level of the considered
line, e.g. (36), was restricted to lines with transition wavelength A,; below 10000 nm.
The total number of these lines is close to the number of lines used by Menart et
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Table 2. Resulting scaling factors s, for Stark widths, number of internal states
Ngtate and number of spectral lines Njiye extracted from [45] and [46], respectively, and

number of spectral lines NYM used in [10].

MM
Sr AST Nstate Nline N,

line

Ar 0.47 0.27 497 3552 3553
Art 165 090 417 6982 6959
Ar?t 1.0 113 1008 996
Fe 321 1.59 492 16739 15521
Fet 151 026 575 40180 41644
Fe2t 1.0 564 22409 22243

al [10] (table 2). The present net emission calculations include 5000 lines for each
species. These were those lines with the highest line integrated emission coefficient. For
comparison with earlier results the integral over wavelength in (3) was restricted to the
range given in the corresponding reference. The wavelength integral in (3) was treated
by Simpson integration using an inhomogeneous mesh. For each line a mesh was created
so that the line integrated emission coefficient was reproduced with an accuracy better
than 1 %. The meshes of all lines were superimposed on an additional homogeneous
mesh with a wavelength step of 1 nm. Further mesh points were introduced at the cutoff
wavelengths in the bound-free emission coefficients.

Following Lowke [3] G;(z) is evaluated by numerical integration of (4). Numerical
integration was performed for arguments between 10~2 and 500 with a relative error of
1 x 1075, Outside this interval G(z) is evaluated via its asymptotic expressions.

3. Results

3.1. Emission coefficients of pure argon and iron

Figures 2 and 1 show the composition of argon and iron plasmas at a pressure of 0.1 MPa,
respectively, and the wavelength integrated contributions to the emission coefficient of
bound-bound, bound-free, and free-free transitions for each radiating species. For all but
high temperatures the emission coefficient of iron is several orders of magnitude higher
than the emission coefficient of argon. This excess of iron radiation is caused by the
higher number of lines of Fe and their lower upper level energies leading to higher upper
state population densities. Note that the ionization energy of Fe (7.90 eV) is lower than
the energy of the first excited state of Ar (11.55 eV). For temperatures above 25000 K,
where ions dominate the composition, both emission coefficients are of the same order
of magnitude.

The figures show that the total emission coefficient of the plasma is dominated
by line radiation. The temperature dependence of the different contributions can
be understood considering the plasma composition. The temperature interval where
a specific species dominates the line radiation is accompanied by a corresponding
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temperature interval where this species has the highest density. The total emission
of each individual species is dominated by line radiation at low temperatures and by
bound-free radiation at high temperatures. This behaviour is caused by ionization
which decreases the radiator density and increases the density of the radiator ion
with increasing temperature. Note however that at the temperatures where the shift
from line to bound-free radiation occurs, e.g. 14000 K for Fe (figure 2), the total
emission is dominated by the emission of the ion of the next ionization step. For argon
corresponding temperatures are above 30000 K (figure 1).

Figure 3 shows a comparison of the emission coefficient of an argon plasma at
different pressures with values given by Menart et al [19] and measurements done by
Evans et al [47]. The wavelength integration covers here the interval from 200 to 3500 nm
corresponding to the sensitivity of the experiment [47]. Both numerical results are
identical to within 10 % and lie slightly above the experimental results. The optical
path in the measurements includes windows made of vycor. The transmissivity of this
material decreases rapidly for wavelengths below 280 nm. Menart et al [19] argue that
the difference between the experimental values and their calculation results may be
caused by an incomplete compensation of this reduced transmissivity.

3.2. Electron Stark width scaling factors

At atmospheric pressure van der Waals broadening is the strongest broadening
mechanims only at low temperatures. With increasing temperature first Doppler
broadening and then, with the onset of ionization, electron Stark broadening become
the dominant broadening mechanism. At a given temperature the line-to-line differences
of the electron Stark widths cover approximately two orders of magnitude. Thus the
temperatures, where Stark broadening becomes the dominant broadening mechanism,
depends on the considered line. While the emission coefficient is independent of the line
widths the net emission coefficient for non-zero radius R depends on the absolute line
widths and thus on the electron Stark width scaling factors s, introduced in (36), (38),
and (39).

The electron Stark width scaling factors s, for Ar, Ar™, Fe and Fe' used for the
net emission coefficients presented below are determined by comparison of measured
Stark widths with widths calculated here. The employed scaling factors are the mean
ratios s, = (Algeexp/AAge) Where the average is taken over all experimental line widths
available for species r. This procedure was applied by Menart et al to argon and copper
lines [19]. The experimental Stark widths must be specified together with independently
measured electron density N, and temperature 7. Appropriate values are taken from
the reviews given by Konjevié¢ et al [48] and Lesage [49] containing measurements for
64, 210, 12 and 14 lines for Ar, Ar", Fe and Fe™, respectively. The reviews summarize
results from dedicated experiments in a temperature range from 6000 to 43000 K. As
electron Stark widths for Ar?>* and Fe?* are not given, the corresponding scaling factors
are set to unity in this work.
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Figure 4 shows the individual ratios Algeexp/AMse for Fe and Fe™ lines given by
Konjevié¢ et al [48], the resulting electron Stark width scaling factors s,, and their
standard deviation As,. The provided Stark widths were measured on lines in the
visible spectral range lying in regions covering approximately 6 and 30 nm for Fe and
Fe't | respectively, except for three measurements given in [48] and the one measurement
given in [49] for lines of neutral iron with wavelengths below 426 nm. The Stark width
measurements for lines of Ar and Ar* cover wider ranges from 104 to 850 nm and from
250 to 720 nm, respectively. The resulting scaling factors have values between 0.48 for
Ar and 3.21 for Fe. They are summarized in table 2. In expressions (36), (38), and (39)
all transitions connected to upper or lower level of the considered line have a positive
contribution to the electron Stark width. Thus, values of s, above unity as those for
Art, Fe, and Fe' may be caused by a lack of lines in the underlying data. The scaling
factor for Ar is smaller than unity because the employed theory on average overestimates
the Stark width of Ar lines. The scaling factor sa, = 0.32 +0.14 determined by Menart
et al [19] does not differ significantly from the present value.

Figure 5 shows a comparison of the temperature dependency of the normalized
electron Stark width AAge./N. deduced from experiments and calculated here for the
neutral iron line at 538.337 nm. Additionally, an experimental fit of the electron Stark
width of this line Alge/N, = 1.324 x 10733 m*(7'/13000 K)57 determined by Zielinska
et al [1] is given. The widths calculated here are approximately a factor two below
the ’simple theoretical prediction’ given by Freudenstein [50]. Figure 5 indicates that
for this line both theoretical calculations underestimate the increase of Alg./N. with
temperature. A better agreement between theoretical and measured electron Stark
widths is obtained when the scaling factor sg, = 3.21 is applied.

3.8. Net emission coefficients

This section gives net emission coefficients for argon iron plasmas and comparisons with
literature values. The net emission coefficients presented here use the electron Stark
width scaling factors summarized in table 2. The wavelength integral in (3) covers the
range from 30 to 2500 nm unless noted otherwise.

Figure 6 shows the net emission coefficient of argon plasmas at a pressure of 0.1 MPa
for cylindrical geometry and values for spherical geometry given by Menart et al [10].
The net emission coefficient rapidly increases with increasing temperature and decreases
with growing plasma radius. The agreement of both net emission coefficients is better
than approximately 10 %.

Figure 7 shows net emission coefficients of iron plasmas at a pressure of 0.1 MPa for
cylindrical and for spherical geometry calculated here and values for spherical geometry
given by Menart et al [10]. It shows that the net emission coefficient for cylindrical
geometry is smaller than values for spherical geometry. This is caused by the higher
amount of irradiation and absorbed power at the arc axis when cylindrical geometry is
considered. The results for spherical geometry are in good agreement with those given by



14

Menart et al [10] for all but the highest radius of 1 m. The difference between literature
values and the present results in spherical geometry may be caused by deviations in
the number of considered lines, transition probabilities and Stark widths. The present
results for cylindrical geometry also show good agreement with the literature values for
radii below 1072 m. For larger radii they show a faster decrease with increasing radius.

Figure 8 shows the influence of the electron Stark widths scaling factors s, on
the net emissions cofficients of argon and iron plasmas at a pressure of 0.1 MPa in
cylindrical geometry. The figure displays contour lines of €e1/€net(s, = 1) — 1 where
€net(sr = 1) is the net emission coefficient calculated with s, = 1 for all species. It
shows that the scaling factors have no influence on €, at low temperatures where Stark
broadening is not the dominant broadening mechanism. For argon this region extends
to higher temperatures than for iron, because iron has a smaller ionization potential.
The influence of the electron Stark widths is small for small plasma radii because here
the plasma remains optically thin for the emission lines. There is an intermediate range
of radii where a scaling factor above unity leads to an increase of €, and a scaling
factor below unity to a decrease of €,,. In this intermediate range the net emission
coefficient is dominated by the emission near the line centres. Enlarged line widths lead
to reduced absorption coefficients near the line centres so that their contribution to €,
increases. In the line wings an increase of the line width leads to higher optical depths
and a decrease of their contribution to €,,. With increasing plasma radius the optical
depth near the line centre increases faster than in the line wings. Thus, when the line
centres have reached high optical depth the influence of s, is weakened first and reversed
in the limit of high plasma radius. The opposing behaviours of the absorption coefficient
in the line centres and the line wings and the restriction of the influence of s, to the
temperature region where species 7 has a high density lead to the formation of maxima
and minima in €,e;/€e(S, = 1) — 1. For the employed scaling factors these extrema are
—17 and 12 % for argon and 11 and 37 % for iron. In the typical parameter range of
GMAW processes (T = 5000-10000 K, R = 1-2 x 10 m) [1,2] the scaling factors s,
lead to an increase of €, of an iron plasma by between 3 and 22 %.

The standard deviations As, of the electron Stark width scaling factors give rise to
an uncertainty Ae,e of the net emission coefficient. The variation of this uncertainty
as a function of plasma temperature and radius has the same structure as the influence
of the scaling factors on €, shown in figure 8. The maximum absolute values of A€yt
in the intermediate range of radii are 12 and 14 % for argon, and 4 and 13 % for iron
plasmas. In the GMAW range of parameters the uncertainty for iron plasmas has values
between 0 and 8 %.

For the radius R = 1 m the net emission coefficients given by Menart et al [10]
decrease with increasing temperature for temperatures between approximately 6000 and
9000 K (figure 7). The present results in cylindrical and spherical geometry both
reproduce this behaviour. There is good agreement between the present results for
spherical geometry and the literature values for temperatures below 6000 K and above
13000 K, however at 9000 K the present results for spherical geometry are a factor of
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approximately 3.3 larger than the literature value. This descrepancy may be caused
by differences in the employed Stark widths and continuous emission coefficients. The
uncertainty Ae,e; of the net emission coefficient of iron has its highest values in the region
of the local minimum of e,;. It is 23 % at R = 1 m and T = 9000 K. Calculations
where the continuous emission coefficient of Fe is increased by a factor of two show a
decreases of the local minimum of €, by 30 %.

Figure 9 shows the influence of the geometry on the net emission coefficient of an
iron plasma at a pressure of 0.1 MPa. The figure displays contour lines of ¢} /¢! — 1

net net
] ;ph
where €, and €

ot et are the net emission coefficient for cylindrical and spherical geometry,

respectively. For both geometries the electron Stark widths scaling factors in table 2
have been used. As expected from the geometry functions, the net emission coefficients
are smaller for cylindrical geometry than for spherical geometry. For most temperatures
the ratio of the net emission coefficient decreases monotonically with increasing plasma
radius. The maximum reduction of 47 % induced by a change from spherical to
cylindrical geometry in the considered parameter range lies at 7' = 9500 K and R = 1 m.
In the region relevant for GMAW processes the net emission coefficient of iron plasmas
for cylindrical geometry is 30 to 37 % smaller than values for spherical geometry. For
argon plasmas the corresponding reduction is only between 5 and 9 %.

Figure 10 shows net emission coefficients of argon iron plasmas for different plasma
radii and iron fractions from zero to unity for cylindrical geometry and values for
spherical geometry given by Menart et al [10]. It shows that for low temperatures
the net emission of the plasma is determined by the radiation of iron as soon as small
amounts of iron are contained in the plasma. For temperatures below 10000 K this is
the case for iron fractions above 0.01 %. The differences between the values calculated
here and in the literature [10] seen in figure 7 reappear in figure 10. While the agreement
between both results is good at small plasma radii the values calculated here decrease
faster with plasma radius than those given by Menart et al [10].

Figure 11 shows the contributions to the net emission coefficient for cylindrical
geometry in the wavelength intervals 30-200 nm, 200-700 nm and 700-2500 nm
representing the ultraviolet (UV), the visible and the infrared spectral range (IR),
respectively. The net emission coefficients for R = 0 and 0.001 m are compared. The
main contribution to the net emission coefficient comes from the visible spectral range
for low temperatures and from the UV for high temperatures. The temperature where
the shift between the spectral ranges occurs depends on the plasma radius and the
iron mole fraction. At low temperatures the infrared contributes a higher fraction to
the net emission coefficient than the ultraviolet. Due to the small absorption in the IR
spectral range the percentage of the net emission coefficient originating from the infrared
increases with increasing plasma radius. For 9000 K this fraction increases from 3 to
22 % when for radius increases from 0.001 to 0.01 m.
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4. Conclusions

The net emission coefficient increases rapidly with increasing temperature and is
dominated by the line radiation of iron, as soon as small amounts of iron are contained
in the plasma. The net emission coefficient is dominated by radiation from the visible
spectral range at low temperatures and dominated by radiation from the ultraviolet
at high temperatures. The infrared radiation exceeds the ultraviolet only at low
temperatures and its fraction of net emission coefficient increases with increasing plasma
radius. The net emission coefficients for argon iron plasmas at atmospheric pressure
calculated here are in good agreement with values from earlier investigations [10], even
though the number of lines taken into account here is with 5000 lines per species
considerably smaller. The semi-empirical Stark broadening theory [48] was employed
to calculate the Stark widths of the spectral lines. Additionally, the widths of the
lines of Ar, Art, Fe and Fet were scaled to experimental electron Stark widths. For
temperatures and plasma radii typical of the iron containing core region of arcs occurring
in the gas metal arc welding process (T = 5000-10000 K, R = 1-2 x 1073 m) [1, 2]
this scaling procedure leads to an increase of the net emission coefficient by between 2
and 23 %. The net emission coefficients of argon iron plasmas for cylindrical geometry
presented in this work decrease faster with increasing radius R than earlier results where
spherical geometry is considered. In the GMAW range of radii and temperatures the
net emission coefficient of iron plasmas for cylindrical geometry is between 30 and 37 %
smaller than corresponding values calculated for spherical geometry.
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