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Quasi-Neutrality and Local 
Thermodynamical Equilibrium in 
Atmospheric Pressure Arc 
Discharges 
The atmospheric pressure Tungsten Inert Gas (TIG) arc plasma in argon is studied 
combining results from emission spectroscopy temperature maps with composition data 
and transport parameters available from literature. Two arc currents are considered and 
maps are obtained for the Debye number, the number of particle in the Debye sphere, 
which shows values of the order of 10 or less in the core region of these arcs. This low 
number puts into serious question the plasma quasi-neutrality. It is striking that this 
circumstance occurs where Local Thermodynamical Equilibrium (LTE) is usually assumed 
in these discharges. It is shown that TIG arcs violate the quasi-neutrality requirements 
and, as such, these discharges are called ‘plasma’ quite improperly. Differently from 
previously published works, the starting point of the discussion is the experimental two-
dimensional temperature maps. 
Keywords: welding, arc physics, plasma spectroscopy, LTE, Langmuir probes 
 
 
 
 
 
 
 
 

Introduction 
1The atmospheric pressure arc plasma in argon has been studied 

by several authors with respect to important questions, as the 
attainment of Local Thermodynamical equilibrium (LTE) in part or 
the entirety of the arc column both experimentally and by numerical 
methods (Haddad and Farmer, 1984 and 1986; Cram et al., 1988; 
Haidar, 1997; and Benilov, 1999). 

However, in authors opinion, very little attention has been paid 
to the shielding of the Coulomb potential and the possible quasi-
neutrality violation in atmospheric pressure plasmas, with the 
exception of a couple of papers appeared in the 70’s (Günther et al., 
1976 and 1983), where it was pointed out that in these plasmas, the 
low Debye Number (the number of particles within a Debye sphere, 
sometimes called ‘plasma parameter’ – Eliezer, 2002, p.35) leads to 
the incomplete screening of charges. In this paper, this idea is 
developed starting from experimental results in argon TIG arcs at 
currents of 100 and 200 A, investigated by optical emission 
spectroscopy (OES). Combining results of OES temperatures (and 
the consequently derived transport parameters) with the composition 
data available from the literature (Olsen, 1959), the Debye length 
and the corresponding Debye Number, and the degree of ionization 
are obtained. This information is used to show that quasi-neutrality 
is violated within these electrical discharges, revealing their current 
denomination of ‘plasmas’ as inappropriate. 

Nomenclature 

Amr = the transition probability, s-1  
c = light speed, c = 2.9979⋅108 m/s 
Em = energetic level, eV  
gm = statistical weight, dimensionless 
h = Planck constant, h = 6.626⋅10-34 J.s 
I(x) = spectral intensity profile, counts per second (cps) 
kB = Boltzmann constant, kB = 1.380658 x 10-23 J.K-1 

nm = particle density, m-3 

                                                           
Paper accepted March, 2009. Technical Editor: Anselmo E. Diniz 

r = radial coordinate, m 
R = maximum arc radius, m 
T = temperature, K 
V = voltage, V 
x = longitudinal coordinate, m 
Zm = partition function density, dimensionless 

 

Greek Symbols 

ε(r) = radial normalised emission coefficient, dimensionless 
ε0 = vacuum magnetic permeability 
λmr = wavelength, m 

 

Subscripts 

m relative to upper energetic level 
n relative to lower energetic level 
e relative to electron particle 
i relative to ion particle 

Quasi-Neutrality and LTE Assumptions 

The main feature an electrical discharge needs to be named 
‘plasma’ is the quasi-neutrality. Neutrality in the presence of free 
charges implies equilibrium if the differences of electrostatic energy 
at different points are much less than the thermal energies. For 
electrons: 

 
e∆V << kTe (1) 
 
 

(where e is the electron charge, ∆V is the potential gradient, k is the 
Boltzmann’s constant and Te is the electron temperature) or, using 
Poisson’s equation and using the definition of the Debye length (cf  
Eq. (5) below), the condition for quasi-neutrality reads 

 

i i ie en Z n n− <<∑   (2) 
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where Zi is the charge numbers of each ionic specie, ne is the 
electron density and ni the ion density.  

An ionized gas is called plasma when the screening distance of 
the electric field generated by an insulated charge is small with 
respect to the ‘characteristic length’ of the system (~size of the 
plasma container). The screening distance, the Debye length λD is 
the maximum distance over which concentrations of electrons and 
ions differ sensibly, causing a local violation of electrical neutrality. 
It may be derived starting from Poisson’s equation for electron and 
ions,  

 

( )2
0/ εe iV e n n∇ = −  (3) 

 
(where ε0 is the vacuum magnetic permeability) with ion and 
electron densities given by the Boltzmann factors: 
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where ni0 and ne0 are the ion density and electron density 
respectively at the ground state. 

After substitution of Eq. (4), Eq. (3) is usually linearized by 
assuming ,/ 1i eeV kT << , yielding the generalized Debye length (λD) 
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where Ti is the ion temperature. 
When an appreciable temperature difference exists between ions 

and electrons, T in Eq. (5) is taken as the lower of the two 
(generally, the ion temperature Ti << Te), whereas when Ti = Te, as 
in LTE plasmas, a factor 2 appears in the denominator of Eq. (5). 
Also, in this case, ne = ni = n. Taking these factors into account, a 
familiar form is obtained 

 

0
D 2

ε
λ

2

kT

ne
=  (6) 

 
The solution of Poisson’s equation (away from the diverging 

origin r = 0) is the “screened potential”, given by 
 

0

 /λD( )
4π ε

re
V r e

r

−
=  (7) 

whose expression justifies the alternative definition of the Debye 
length as the distance at which the potential reduces to 1/e of its 
value at the origin. The definition of quasi-neutrality, and thus the 
definition of the discharge as a plasma, makes sense only if  

3
D D

4
π λ 1

3 en n= >>   (8) 

(where nD is the particle density inside the Debye sphere) or, for the 
average inter-particle distance l: 

 
-1/ 3 1/ 2

D D=  (4π / 3) λ 2λen << ≈l  (9) 

 
More rigorously, nD includes also the ions thus the expression 

3
D e i D

4
π( )λ

3
n n n= +  is reached, of which ionic term was neglected 

above due to the ‘cold’ plasma hypothesis, Ti~0. These conditions 

determine the minimum concentration of charged particles that 
make the plasma. Using argon equilibrium data at atmospheric 
pressure (Olsen, 1959), ne

–1/3 ≈λD in the system under investigation 
(Fig. 1a). More importantly, using formula (6) one obtains nD from 1 
to 10 (Fig. 1b). This is a common case for atmospheric plasmas as 
pointed out by Goldbach et al. (1978) who noted that at 
temperatures about 1 eV the number of particles within a sphere of 
radius λD is of the order of few units. The condition for an ionized 
gas to be called ‘plasma’ seems no longer satisfied (Chen, 1984). In 
author’s knowledge, this issue has been ignored in the literature on 
atmospheric pressure plasmas and arcs in particular. 
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Figure 1. (a) Electron Debye length (Eq. (6)) and mean inter-particle 
distance as a function of temperature in argon at p=1 bar. (b) Left axis, 
continuous curve, number of particles per Debye sphere, nD, as a function 
of electron temperature Te. Right axis, ionization fraction as a function of 
electron temperature Te. All quantities computed for LTE argon discharge 
at atmospheric pressure (ξξξξ is the ionization degree). 

 
The distance from a point charge at which the vacuum 

electrostatic energy equals the kinetic energy kT, the Landau length 
lL (Golant, 1983) 
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and lL ~ 8.4⋅10-10 m at T ≈ 20,000 K. To prevent recombination of 
ions and electrons caused by the strong electrostatic potential at 
short distances, or, differently stated, to allow for the existence of 
charge separation, the mean plasma inter-particle distance must 
exceed this length, n-1/3 >lL, which is always verified for the argon 
plasma at atmospheric pressure.  

Since the range of the electrostatic interactions in the plasma is 
the Debye length, the inequality n-1/3 > λD means low 
recombination, but also absence of “cooperative” interactions 
between particles, e.g. the absence of the plasma state: therefore 

-1/ 3
D λn ≤  is required to have “cooperation”. The two inequalities, 

n-1/3 > lL and n-1/3 < λD merge into 
 
1/ 3

L Dn λ−< <l    (11) 

 
as shown below, for the atmospheric arc, n-1/3 > lL is satisfied, while 
n-1/3 ≈ λD only. 

The definition of the Debye length is based on the assumption 
that the potential energy is much less than the particles kinetic 
energy, eV << kT, necessary to expand the exponential in Eq. (4) to 
the first order. However, as seen below, fields sometimes in excess 
of 1 kV/m are found in arcs, which have to be compared with the 
kinetic energy of the electrons, of the order of the eV.  

Therefore, the mentioned assumption and the consequent 
definition of Eq. (5) do not seem to be correct and the atmospheric 
pressure TIG arc is called a “plasma” in an improper sense, as the 
number of particles in the Debye sphere nD is of the order of few 
units. In other words, the number of charged particles surrounding a 
single charge (an ion for example) is not enough to shield its 
potential and the potential energy of the charged particles is no 
longer negligible with respect to their kinetic energy (Goldbach et 
al., 1978).  

In the following sections these observation are developed with 
respect to the TIG arc using temperatures values obtained from OES 
at I=100 and 200 A. In section 2, the experimental set up is 
described, whereas, in section 3, results of temperature dependent 
parameters are shown. Section 4 discusses those results, and section 
5 presents some conclusions. 

Experimental Approach 

The experimental apparatus consist of an atmospheric pressure 
torch (described extensively in Fanara, 2003; Vilarinho and Scotti, 
2004; and Fanara, 2005) run in open air (Fig.2). 

An arc series-regulated power supply (350 A, 110 V) provides a 
uniform and stable output of arc currents (output ripple less than 0.1 
A). The arc is struck by contacting the cathode tip and the anode and 
thereafter lifting the tip up to the desired electrode spacing, kept 
constant at 5 mm in this work to adhere to the TIG arc length 
conditions prevailing in the literature. The same applies to the 
choice of the shielding argon flow rate (10 slm = 2.97 x 10-4 kg s-1) 
and to the specified tip geometry (60° included angle). The arc setup 
includes linear stages which permit the precision positioning of the 
arc with respect to the optical detection system. The optical 
arrangement is shown in Fig. 3 and consists of a Czerny-Turner 
monochromator (1 m focal length, 1200 g/mm, 0.1 Å spatial 
resolution) equipped with a CCD detector. 

 

 

Figure 2. Picture of the experimental set up. 
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Figure 3. The arc light path in the optical system. 

 
 
The method employed for the temperature determination was 

initially proposed by Fowler and Milne (Fowler and Milne, 1923a 
and 1923b) and employed among the others by Olsen (1959) and 
Thornton (1993a and 1993b). For plasmas in LTE and at constant 
pressure, Equation 12 passes through a maximum at a temperature 
called the normal temperature. 

 

( )

4πλ ( )

mE

k Tm
mr mr mr m

mr m

N Thc
I k A g e

Z T

−
=  (12) 

 
where Imr is the experimental spectral intensities, kmr is a constant that 
represents radiation losses between the arc and monochromator, h is 
the Planck’s constant, c is the light speed, Amr is the spontaneous 
transition probability, gm is the statistical weight, Nm is the particle 
density, Em is the excitation energy, k is the Boltzmann’s constant, T is 
the temperature, λmr is the wavelength, Zm is the partition function. The 
indexes m and r represent the transitional states from where the photon 
is emitted. 

Provided the axial temperature of the arc exceeds the normal 
temperature (which is assumed to hold), an off-axis maximum in the 
radial emission coefficients is observed. The temperature at the 
maximum of the emission coefficients is used to calibrate 
experimental radial intensity distributions. The schematic of the 
procedure is presented in Fig. 4.  
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Figure 4. Schematics of the Fowler-Milne method (Vilarinho and Scotti, 2004). 
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The first step of the Fowler-Milne method is to choose a non 
self-adsorbed line (Bober and Tankin, 1969), collect the spectra and 
determine the peak or integral intensity for each point through a 
horizontal plane (Fig. 4a-c). An Abel Inversion, Fig. 4d, permits to 
compare the normalized emission coefficient profile to the profile 
obtained by Eq. (12) (Fig. 4e). Once the maximum of the 
experimental inverted curve is found, the emission coefficient 
values towards the centre of the arc (in Fig. 4d, R < 1.5 mm) are 
compared with the right side after the maximum of the Fowler-
Milne curve, i.e., higher temperatures (depending on the line being 
used). Conversely, the maximum of the experimental emission 
coefficients past the maximum (in Fig. 4d, R > 1.5 mm) should be 
compared to the left side of the Fowler-Milne curve. As the 
maximum intensity does not occur in the arc centre, this method is 
also called off-axis maximum method. 

The Fowler-Milne method has the advantage of eliminating the 
use of transition probabilities and avoids apparatus calibration. 
However, the partition functions and number densities of the species 
must be calculated, although the ratio Nm(T)/Zm(T) is almost 
independent of the temperature, so that only a small uncertainty in T 
results (Murphy, 1994). As noticed by several authors (Olsen, 1959; 
and Thornton, 1993b) the method is limited to the lower measurable 
temperatures of 9,000-10,000 K for argon using Ar I lines. This is 
due to the abrupt decay of the normalized intensity above 10,000 K 
(Fig. 4). For this reason, the lowest isotherm prevailing in literature 
is between 9,000 and 10,000 K. 

Results 

Figure 5 reports the temperatures obtained for the case of (a) 
I = 100 A and (b) 200 A. In the latter case, the determination 
obtained by using the two lines in Tab. 1 gives a perception 
about the line dependency of the temperature (and thus an 
indirect measure of its uncertainty). 

The curves were built using a least square fit on 50 x 25 points 
matrices: 50 radial points for each of the 25 z planes to yield 1250 
experimental points per arc. With the exception of a single previous 
experiment (Thornton, 1993b), this is a high an almost 
unprecedented number of points. As the arc length is 5 mm and the 
radial measurements extended up to 5 mm from the axis, the size of 
each two-dimensional “cell”, which determines the spatial 
resolution, is thus δr = 100 µm by δz = 200 µm. The three-
dimensional cell centered on each experimental point has a volume 
of the order of 2⋅(100 µm)3 = 2⋅10-12 m-3, and considering a typical 
electron density of 1023 m-3 (at I = 200 A) it contains ~1011 particles. 

Differences between errors in the two lines used are less than 
0.01 %. An average of 2.0 % uncertainty on the temperature was 
evaluated in this work with the maximum error of 2.93 % found at 
22,000 K. 

These temperature maps shown here for illustration, should be 
used with some caution because of some underlying hypotheses 
made for the final two-dimensional least square fit step (which 
depends on the stiffness used for the distribution). Maps reported in 
earlier works (Olsen, 1959, for instance) seems to be drawn by 
hand. For this reason, in any subsequent quantitative analysis we use 
non-conditioned data (e.g. without this last fitting step procedure) 
for the temperatures and the derived parameter, all used as radial 
distributions of ‘raw’ data. 

 
 

 
(a) 

 

 
(b) 

 
Figure 5. Electron temperature from OES (a) 100A (b) 200A. For the latter, 
the isotherms obtained from the two emission lines λλλλ = 696.54 nm and λλλλ = 
706.72 nm are compared. 

 
 

Table 1. Spectral lines used here (after Fuhr, 2000). 

Type 
Wavelength 

[nm] 
Amr 

[108⋅s-1] 
Em – Er 

[eV] – [eV] 
gm – gr 

Ar I 696.5430 6.39⋅10-02 11.54835 – 13.32786 5 – 3 
Ar I 706.7217 3.80⋅10-02 11.54835 – 13.30223 5 – 5 

 
 

The knowledge of the electron temperature and the use of 
equilibrium data (Olsen, 1959) permits the reconstruction of several 
parameters like electron density, electrical and thermal conductivity 
(for instance by using Murphy’s data – Murphy, 1997 and 2000) and 
others. Here, we concentrate on the Debye number; using Eq. (8), it 
is possible to construct the two-dimensional maps which show that 
the inner region of the TIG arc, supposedly the closest to Local 
Thermodynamical Equilibrium (LTE), has the least populated 
Debye sphere (Fig. 6). 
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Figure 6. Debye number for pure argon arc at (a) I = 100 A and (b) I = 200 

A. 
 
 
It is worth looking at this result in more detail. Figure 8 reports 

the radial distribution of the Debye number at different heights from 
the anode for the two cases I = 100 A and I = 200 A. Figure 8 
reports the axial distribution of the same quantity in the two cases. 

The following observations are possible: 
i The axial nD is lower for the lower arc current, I  = 100 

(Fig. 8); 
ii nD shows a local maximum close to the axis, whereas a 

minimum occurs beyond 1 mm from the axis cf. Fig. 7a and 
b;  

iii At I = 100 A, the maximum occurs at the highest z 
coordinate, thus closer to the cathode as shown in Fig. 8a; at 
I = 200 A, the axial values are more scattered; 

iv Considering that the inner region of the arc is usually 
assumed in LTE, it is striking that here nD ~7 (at 100 A) and 
nD ~4 (at 200 A). A further rise occurs at higher radial 
distances but still nD ~10; 

v The inner region extending for 3 to 4 mm at these arc 
currents is considered to be comparable with the current 
carrying region. So the question is whether the current 
carrying region may be considered and quasi-neutral ‘bulk’ 
plasma in LTE as it is usually assumed in literature (Allum 
1983; Haidar, 1997; and Sansonnes et al., 2000). 
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Figure 7. Radial distribution of the Debye number at different heights z 
from the anode (a) 100 A (b) 200 A. 

 
 

Discussion 

It is possible to quantify the departure from quasi-neutrality by 
computing the ratio 

 

δn/ne   .  (ni-ne)/ne = [ε0/(nee)]∇2V (13) 
 
obtained from the one-dimensional Poisson’s equation, provided 
information on the potential E or the electric field is available. The 
axial component of the latter can be evaluated by using Ohm’s law 
integrated on the arc cross-section; for the total measured arc 
current I: 

 

0

2π σ( )
R

I E r r dr= ∫  (14) 

 
inverted for the (axial) field: 
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0

/ 2π σ[ ( )]
R

E I r T r dr= ∫  (15) 

 
where the electrical conductivity σ(T) is obtained for every position 
r as a function of temperature by using Murphy’s data for argon in 
LTE (Murphy, 2000). The upper limit for integration, R is the radius 
of the minimum isotherm allowing LTE (T ≥ 9,000 K); or the 
minimum isotherm from the spectroscopic data available for the 
maximum possible number of points. Those isotherms are indicated 
in Fig. 9 and the choice of the radius, not always straightforward, 
has been made to keep the uncertainty within the error on the 
temperature (maximum evaluated as 300 K). The result is plotted in 
Fig. 9a and 9b for the two cases I = 100 A and I = 200 A. 
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Figure 8 Axial distribution of the Debye number at different heights z from 
the anode (a) 100 A (b) 200 A. 

 
 
These values are reasonably close to electric fields reported in 

literature (Allum, 1983). The corresponding axial δn is computed 
from (13) using the derivative dE/dz but taking account of the 
charge unbalance sign, as it is shown in Figs. 10a and 10b. It is 
interesting to observe that the violation of the quasi-neutrality, 
comparable in the two cases, is accompanied by a change of charge 
sign at about 1.5 mm from the anode, corresponding to the 
minimum in the electric field. This feature resembles the result 
presented in (Sansonnes et al., 2000) where a change of polarity in 
the potential is predicted, for I = 200 A, from positive to negative, 
however at a distance z ~ 2.8 mm from the anode. 
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Figure 9. Axial electric field at different heights z from the anode (a) 100 A 
(b) 200 A. The two isotherm used for the computation are indicated. 

 
 
The order of this result, δn~ 107 m-3, is the value of the 

difference evaluated within one “experimental cell”, containing on 
average ~1011 particles. It means that the resulting electric field is 
determined by a charge unbalance of 107 particles over a total of 
1011 particles, i.e. on average, 1 over 104 charges are ‘unbalanced’. 
These unbalanced charges generate the field E, seen as a spatial 
average over the cell. Stated differently, in between two 
experimental points along the axis, spaced 200 µm, there are 
~104/2=5,000 Debye spheres, each containing only 2 (100 A) or 3 
(200 A) charges; each of these spheres constitute an ensemble of 
Debye spheres contributing to the average field ‘seen’ in between 
the two experimental points. The micro-fields over region smaller 
than these may be considerably higher (leading to higher potentials 
and higher ∆V) but are not accessible experimentally.  

Conclusions 

Optical emission Spectroscopy employing the Fowler-Milne 
method has been used to determine temperature maps of two typical 
high current arcs. It has been shown that the appearance of the 2D 
temperature maps depends on the choice of the parameters in the 
fitting procedure. Non-conditioned data were therefore used to 
derive any other parameter for these discharges. The computation of 
the Debye number, the number of charges within a sphere of radius 
equal to the Debye length, is suspiciously low if one wants to 
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preserve the electrical (quasi-) neutrality required for a discharge to 
be called a plasma. In particular, the hottest regions of these arcs, 
which are supposed to be the closest to LTE are the ones which 
show the lowest value of nD. The shielding of the potential in these 
regions is therefore incomplete. This opens to question the 
simultaneous attainability of LTE and quasi-neutrality. 

 

0 1 2 3 4 5

-3x107

-2x107

-1x107

0

1x107

2x107

3x107

n
e
-n

i

n e-
n i

z (mm)

Ar, 10 slm
I=100 A

 
(a) 

0 1 2 3 4 5

-3x107

-2x107

-1x107

0

1x107

2x107

3x107

n
e
-n

i

Ar, 10 slm
I=200 A

z (mm)

n e-
n i

 
(b) 

 

Figure 10. Axial distribution of the ratio (Eq. (13)) at different heights z 
from the anode (a) 100 A (b) 200 A. 
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