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The atmospheric pressure Tungsten Inert Gas (TI@) pdasma in argon is studied
combining results from emission spectroscopy teaiper maps with composition data
and transport parameters available from literatufievo arc currents are considered and
maps are obtained for the Debye number, the nurbgrarticle in the Debye sphere,
which shows values of the order of 10 or less edbre region of these arcs. This low
number puts into serious question the plasma ogoestrality. It is striking that this
circumstance occurs where Local Thermodynamicallbgum (LTE) is usually assumed
in these discharges. It is shown that TIG arcsatm®lthe quasi-neutrality requirements
and, as such, these discharges are called ‘plasquéate improperly. Differently from
previously published works, the starting point leé discussion is the experimental two-
dimensional temperature maps.

Keywords: welding, arc physics, plasma spectroscopy, LTaadmuir probes

|.M.Richardson@tudelft.nl

Delft University of Technology
Dept. Energy Studies

2628 AL Delft, The Netherlands

Introduction

The atmospheric pressure arc plasma in argon teas dtedied
by several authors with respect to important qoesti as the
attainment of Local Thermodynamical equilibrium @)Tin part or
the entirety of the arc column both experimentatyg by numerical
methods (Haddad and Farmer, 1984 and 1986; Craah,€t988;
Haidar, 1997; and Benilov, 1999).

However, in authors opinion, very little attentibas been paid
to the shielding of the Coulomb potential and thsgible quasi-
neutrality violation in atmospheric pressure plasmaith the
exception of a couple of papers appeared in the (@Glnther et al.,
1976 and 1983), where it was pointed out that @s¢hplasmas, the
low Debye Number (the number of particles withiDebye sphere,
sometimes called ‘plasma parameter’ — Eliezer, 2p025) leads to
the incomplete screening of charges. In this patfs, idea is
developed starting from experimental results inoardIG arcs at
currents of 100 and 200 A, investigated by optieahission
spectroscopy (OES). Combining results of OES teatpegs (and
the consequently derived transport parameters) thiétcomposition
data available from the literature (Olsen, 1958 Debye length
and the corresponding Debye Number, and the dedriemization
are obtained. This information is used to show thatsi-neutrality
is violated within these electrical discharges.eading their current
denomination of ‘plasmas’ as inappropriate.

Nomenclature

Anr = the transition probability, $

¢ = light speed, c = 2.99790° m/s

E. = energetic level, eV

On = statistical weight, dimensionless

h = Planck constant, h = 6.6280%* J.s

I(x) = spectral intensity profile, counts per sedofeps)
ks = Boltzmann constantgk 1.380658 x 18°J.K*
nn, = particle density, m

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

224/ Vol. XXXI, No. 3, July-September 2009

r = radial coordinate, m

R maximum arc radius, m
T temperature, K

V  =voltage, V
X

Z

= longitudinal coordinate, m
m = partition function density, dimensionless

Greek Symbols
g(r) =radial normalised emission coefficient, dimensissl
& =vacuum magnetic permeability

Amr =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 L TE Assumptions

The main feature an electrical discharge needsetadmed
‘plasma’ is the quasi-neutrality. Neutrality in tipeesence of free
charges implies equilibrium if the differences tdatrostatic energy
at different points are much less than the theremargies. For
electrons:

eAV << kT, (1)

(wheree is the electron chargelV is the potential gradienk,is the
Boltzmann's constant ant. is the electron temperature) or, using
Poisson’s equation and using the definition of Erebye length ¢f
Eq. (5) below), the condition for quasi-neutraliéads

n-> zZn|<<n )
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where Z; is the charge numbers of each ionic spenigjs the
electron density and the ion density.

An ionized gas is called plasma when the screedisigince of
the electric field generated by an insulated chasgemall with
respect to the ‘characteristic length’ of the systé-size of the
plasma container). The screening distance, the ®&mygthAp is
the maximum distance over which concentrationsleéteons and
ions differ sensibly, causing a local violationedéctrical neutrality.
It may be derived starting from Poisson’s equafmmelectron and
ions,

0%V =e(n-n)le, ®3)

(where & is the vacuum magnetic permeability) with ion and

electron densities given by the Boltzmann factors:

_ev
- KT,
=Ne€
ev
= Te
=n, €

4

n

e

where np and nyy are the
respectively at the ground state.
After substitution of Eq. (4), Eq. (3) is usuallydarized by

assumingeV/ KT, <<1, yielding the generalized Debye lenga)

- KT T,
Ve (e T+ 0, T)

whereT, is the ion temperature.

When an appreciable temperature difference exitigden ions
and electrons,T in Eq. (5) is taken as the lower of the two
(generally, the ion temperatufle << Tg), whereas whefl; = T, as
in LTE plasmas, a factor 2 appears in the denominaft Eq. (5).

A ®)

Also, in this casen, = ni = n. Taking these factors into account, a

familiar form is obtained

goKT
2né

D

©)

The solution of Poisson’s equation (away from tledjing
originr = 0) is the “screened potential”, given by

e -r \p

A g r

whose expression justifies the alternative defnitof the Debye
length as the distance at which the potential reglto 1¢ of its
value at the origin. The definition of quasi-nelitya and thus the
definition of the discharge as a plasma, makesesenly if

V(r)= @)

®

(wheren is the particle density inside the Debye sphergjoo the
average inter-particle distan¢e

Ny =i31nnexﬁ, >>1

(=n"® << (4n13)"*r, = 2, ©))

More rigorously,np includes also the ions thus the expressio

Ny :g“(rk +n)Ad is reached, of which ionic term was neglected

above due to the ‘cold’ plasma hypothedis;0. These conditions
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determine the minimum concentration of charged igag that
make the plasma. Using argon equilibrium data atoapheric
pressure (Olsen, 1959 “3=Ap in the system under investigation
(Fig. 1a). More importantly, using formula (6) onlgtainsny from 1
to 10 (Fig. 1b). This is a common case for atmodptm@asmas as
pointed out by Goldbach et al. (1978) who notedt tlad
temperatures aboutdV the number of particles within a sphere of
radiusAp is of the order of few units. The condition for immized
gas to be called ‘plasma’ seems no longer satig@dnbn, 1984). In
author’'s knowledge, this issue has been ignoretieriterature on
atmospheric pressure plasmas and arcs in particular
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Figure 1. (a) Electron Debye length (Eg. (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, np, 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 (€ is the ionization degree).

The distance from a point charge at which the vatuu
electrostatic energy equals the kinetic end@ythe Landau length
/. (Golant, 1983)

e2

(p=—=
4ne KT

n
(10)
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and/, ~ 8.410%° m at T = 20,000K. To prevent recombination of
ions and electrons caused by the strong electiogtatential at
short distances, or, differently stated, to allaw the existence of
charge separation, the mean plasma inter-partidearte must

exceed this lengthy® >¢,, which is always verified for the argon

plasma at atmospheric pressure.

Since the range of the electrostatic interactionthe plasma is
the Debye length, the inequalitn™® > Ap means low
recombination, but also absence of “cooperativeteractions
between particles, e.g. the absence of the plasata: gsherefore

n** <, is required to have “cooperation”. The two inedies,
n3> ¢ andn® < \p merge into

<< A (11)
as shown below, for the atmospheric ard® > /, is satisfied, while
1/3...
Ap only.
The definition of the Debye length is based ondesumption
that the potential energy is much less than theigkes kinetic

energy,eV << kT, necessary to expand the exponential in Eq. (4) to

the first order. However, as seen below, fields etimes in excess
of 1 kV/m are found in arcs, which have to be coragawith the
kinetic energy of the electrons, of the order efdN.

Therefore,
definition of Eq. (5) do not seem to be correct #mel atmospheric
pressure TIG arc is called a “plasma” in an improgense, as the
number of particles in the Debye sphergis of the order of few
units. In other words, the number of charged plagisurrounding a
single charge (an ion for example) is not enoughshdeld its
potential and the potential energy of the chargedigles is no
longer negligible with respect to their kinetic ege (Goldbach et
al., 1978).

In the following sections these observation areetigped with
respect to the TIG arc using temperatures valutsrad from OES
at 1I=100 and 200 A. In section 2, the experimersad up is
described, whereas, in section 3, results of teatper dependent
parameters are shown. Section 4 discusses thadesyesd section
5 presents some conclusions.

Experimental Approach

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

An arc series-regulated power supply (350 A, 11(hkdvides a
uniform and stable output of arc currents (outfple less than 0.1
A). The arc is struck by contacting the cathodeatig the anode and
thereafter lifting the tip up to the desired elede spacing, kept
constant at 5 mm in this work to adhere to the B®@ length
conditions prevailing in the literature. The sanmplees to the
choice of the shielding argon flow rate (4n= 2.97 x 1¢* kg s
and to the specified tip geometry (60° includedl@ndhe arc setup
includes linear stages which permit the precisiositpning of the
arc with respect to the optical detection systerhe Toptical
arrangement is shown in Fig. 3 and consists of arGzTurner
monochromator (1 m focal length, 1200 g/mm, 0.1 gatil
resolution) equipped with a CCD detector.
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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 deternoinatvas
initially proposed by Fowler and Milne (Fowler aiilne, 1923a
and 1923b) and employed among the others by OE@B9j and
Thornton (1993a and 1993b). For plasmas in LTE andonstant
pressure, Equation 12 passes through a maximumeahgerature
called thenormaltemperature.

Ny (D) 5
Z,(T)

Imr mr4 }\, A\nrgm

12)
wherel,, is the experimental spectral intensities,is a constant that
represents radiation losses between the arc andaim@matorh is
the Planck’s constant; is the light speedA,, is the spontaneous
transition probability,g,, is the statistical weight),, is the particle
density,E,,, is the excitation energl,is the Boltzmann'’s constarit,is
the temperaturel,, is the wavelengtt¥,, is the partition function. The
indexesm andr represent the transitional states from where lttoéqm
is emitted.

Provided the axial temperature of the arc excebdsnbrmal
temperature (which is assumed to hold), an off-exdgimum in the
radial emission coefficients is observed. The temmpee at the
maximum of the emission coefficients is used toibcate
experimental radial intensity distributions. Thehewmatic 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 oke a non
self-adsorbed line (Bober and Tankin, 1969), colilee spectra and
determine the peak or integral intensity for eacnpthrough a
horizontal plane (Fig. 4a-c). An Abel InversiongFéd, permits to
compare the normalized emission coefficient profidethe profile
obtained by Eq. (12) (Fig. 4e). Once the maximum tio¢
experimental inverted curve is found, the emissmoefficient
values towards the centre of the arc (in Fig. Rd 1.5 mm) are
compared with the right side after the maximum loé Fowler-
Milne curve, i.e., higher temperatures (dependinghe line being
used). Conversely, the maximum of the experimeetaission
coefficients past the maximum (in Fig. 4/> 1.5 mm) should be
compared to the left side of the Fowler-Milne curvss the
maximum intensity does not occur in the arc certtris, method is
also called off-axis maximum method.

The Fowler-Milne method has the advantage of elatiny the
use of transition probabilities and avoids apparatalibration.
However, the partition functions and number deesitif the species
must be calculated, although the rati(T)/Z.(T) is almost
independent of the temperature, so that only alamakrtainty inT
results (Murphy, 1994). As noticed by several atgl{®Isen, 1959;
and Thornton, 1993b) the method is limited to thedr measurable
temperatures of 9,000-10,000 K for argon using Anés. This is
due to the abrupt decay of the normalized interadityve 10,000 K
(Fig. 4). For this reason, the lowest isotherm piléwg in literature
is between 9,000 and 10,000 K.

Results

Figure 5 reports the temperatures obtained forcdse of (a)
I =100 A and (b) 200 A. In the latter case, théedmination
obtained by using the two lines in Tab. 1 giveseacpption
about the line dependency of the temperature (dnd tan
indirect measure of its uncertainty).

The curves were built using a least square fit @rx 25 points
matrices: 50 radial points for each of the 25 metato yield 1250
experimental points per arc. With the exceptiom sfngle previous
experiment (Thornton, 1993b), this is a high an c&m
unprecedented number of points. As the arc lergfhimm and the
radial measurements extended up to 5 mm from ttse tive size of
each two-dimensional “cell”’, which determines theatsal
resolution, is thusdr = 100 um by 6z = 200 um. The three-
dimensional cell centered on each experimentaltgas a volume
of the order of 100 um)® = 210 m?, and considering a typical
electron density of Zm (at | = 200 A) it contains ~I8particles.

Differences between errors in the two lines usedless than
0.01 %. An average of 2.0 % uncertainty on the exaipire was
evaluated in this work with the maximum error 092 % found at
22,000 K.

These temperature maps shown here for illustrasbould be
used with some caution because of some underlyypptheses
made for the final two-dimensional least squaresfiép (which
depends on the stiffness used for the distributib@ps reported in
earlier works (Olsen, 1959, for instance) seembeodrawn by
hand. For this reason, in any subsequent quanétatialysis we use
non-conditioned data (e.g. without this last fitintep procedure)
for the temperatures and the derived parameternjsaltl as radial
distributions of ‘raw’ data.
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Figure 5. Electron temperature from OES (a) 100A (b) 200A. For the latter,
the isotherms obtained from the two emission lines A = 696.54 nm and A =
706.72 nm are compared.

Table 1. Spectral lines used here (after Fuhr, 2000).
Wavelength Anr En—-E _
TP inm) | [10PsY [eV]-[ev] |99
Arl | 696.5430 | 6.39107%| 11.54835 — 13.32786 5 — 3
Arl | 706.7217 | 3.80107%| 11.54835 — 13.30228 5 -5

The knowledge of the electron temperature and tbe af
equilibrium data (Olsen, 1959) permits the recargiton of several
parameters like electron density, electrical aredrttal conductivity
(for instance by using Murphy’s data — Murphy, 12®id 2000) and
others. Here, we concentrate on the Debye numberg lEq. (8), it
is possible to construct the two-dimensional mapiivshow that
the inner region of the TIG arc, supposedly thesedd to Local
Thermodynamical Equilibrium (LTE), has the leastpplated
Debye sphere (Fig. 6).
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Figure 6. Debye number for pure argon arc at (a) | =100 A and (b) | = 200
A.
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Figure 7. Radial distribution of the Debye number at different heights z

It is worth looking at this result in more detdfigure 8 reports (- " ~- (2) 100 A (b) 200 A.

the radial distribution of the Debye number atetiéint heights from
the anode for the two cases | = 100 A and | = 200Fiyure 8
reports the axial distribution of the same quarititthe two cases.
The following observations are possible: . .
i The axialny is lower for the lower arc current, | = 100 Discussion
(Fig. 8); _ _ It is possible to quantify the departure from qusesitrality by
np shows a local maximum close to the axis, whereas @mputing the ratio
minimum occurs beyond 1 mm from the agisFig. 7a and
b;
i At | 100 A, the maximum occurs at the highest
coordinate, thus closer to the cathode as showdiginda; at
| =200 A, the axial values are more scattered;
Considering that the inner region of the arcuisually
assumed in LTE, it is striking that herg ~7 (at 100 A) and
np ~4 (at 200 A). A further rise occurs at higheriahd
distances but stithy ~10;
The inner region extending for 3 to 4 mm at these
currents is considered to be comparable with threent
carrying region. So the question is whether therenur
carrying region may be considered and quasi-neldtak’
plasma in LTE as it is usually assumed in litet(&llum
1983; Haidar, 1997; and Sansonnes et al., 2000).

dn/ne . (Oni-ng)/ne = [eg/(Ne€)] 07V (13)
obtained from the one-dimensional Poisson’s equnatiwovided
information on the potentid or the electric field is available. The
axial component of the latter can be evaluateddigguiOhm’s law
integrated on the arc cross-section; for the totelasured arc
currentl:

R
| = 2nEJ' ro(r)dr (14)
0

inverted for the (axial) field:
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E=1I /2nj ro[T (r)]dr (15)

where the electrical conductivity(T) is obtained for every position
r as a function of temperature by using Murphy’sadat argon in
LTE (Murphy, 2000). The upper limit for integratidR is the radius
of the minimum isotherm allowing LTET(= 9,000 K); or the
minimum isotherm from the spectroscopic data abégldor the
maximum possible number of points. Those isothearesindicated
in Fig. 9 and the choice of the radius, not alwalyaightforward,
has been made to keep the uncertainty within ther esn the
temperature (maximum evaluated as B)0The result is plotted in
Fig. 9a and 9b for the two cases | = 0and | = 200A.
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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 electricsfisdgorted in
literature (Allum, 1983). The corresponding axda is computed
from (13) using the derivativelE/dz but taking account of the
charge unbalance sign, as it is shown in Figs. dfxa 10b. It is
interesting to observe that the violation of theagjtneutrality,
comparable in the two cases, is accompanied byagehof charge
sign at about 1.5 mm from the anode, correspondingthe
minimum in the electric field. This feature reseswlthe result
presented in (Sansonnes et al., 2000) where a ehafngplarity in
the potential is predicted, for | = 200 A, from fine to negative,
however at a distance z ~ 2ZrBnfrom 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 resultpn~ 10 m? is the value of the
difference evaluated within one “experimental getldbntaining on
average ~18 particles. It means that the resulting electradfiis
determined by a charge unbalance of particles over a total of
10" particles, i.e. on average, 1 over* iharges are ‘unbalanced’.
These unbalanced charges generate the Egldeen as a spatial
average over the cell. Stated differently, in bemvetwo
experimental points along the axis, spaced 200, there are
~10%2=5,000 Debye spheres, each containing only 2 @06r 3
(200 A) charges; each of these spheres constitute amblesof
Debye spheres contributing to the average fielérisén between
the two experimental points. The micro-fields ovegion smaller
than these may be considerably higher (leadinggbehn potentials
and higheAV) but are not accessible experimentally.

Conclusions

Optical emission Spectroscopy employing the Fowldne
method has been used to determine temperature ahaps typical
high current arcs. It has been shown that the appea of the 2D
temperature maps depends on the choice of the pteesmin the
fitting procedure. Non-conditioned data were therefused to
derive any other parameter for these discharges.cdmputation of
the Debye number, the number of charges withinhergpof radius
equal to the Debye length, is suspiciously low ifeowants to
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preserve the electrical (quasi-) neutrality recgiifer a discharge to
be called a plasma. In particular, the hottestorgjiof these arcs,
which are supposed to be the closest to LTE areottes which
show the lowest value of nD. The shielding of tl¢eptial in these
regions is therefore incomplete. This opens to tpmesthe
simultaneous attainability of LTE and quasi-nelityal
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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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