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The parameters and transport properties of a wall stabilized argon arc (40-200 A) at 
atmospheric pressure with diameters of 5 and 8 mm are studied by spectroscopy and inter-
ferometry. The plasma is assumed to be partial local thermal equilibrium and this assumption is 
verified with the aid of a collisional-radiative model. The departures from Saha-equilibrium of 
the argon neutral ground state are found to be associated with particle diffusion and the escape 
of recombination radiation. The measurement of the total excitation rate, from the ground level, 
including direct ionization, of neutral argon is in reasonable agreement with the literature value. 

1. General Introduction 

The study of the p lasma state has always been 
accompanied by the evaluat ion of the validity 
criteria for the descript ion of the p lasma state by an 
equi l ibr ium model . Because of t ransport and partial 
radiat ion escape, laboratory plasmas are not in 
complete t h e r m o d y n a m i c equi l ibr ium and for many 
applicat ions the local thermal equi l ib r ium (LTE) 
model is used to de te rmine plasma parameters . The 
study of the next model in the equi l ibr ium 
hierarchy, the part ial local thermal equi l ibr ium 
(PLTE) also has gained impor tance [1 - 4 , 22], 

Besides for equi l ib r ium studies, the high current 
a tmospher ic pressure arc has also received interest 
for its appl icat ions as p lasma spraying, cutting, light 
sources etc. More recent renewed interest in thermal 
plasmas for high t empera tu re chemistry has been 
reported [5, 6]. 

Another line of s tudy is their appl icat ion as 
absolute intensity s tandard [7] both with hydrogen 
[8] and argon as arc gas especially for the ultra 
violet spectral region [9 -12 ] , For all appl icat ions a 
good descript ion of the plasma paramete rs is very 
important . The validity of the LTE model versus 
that of the PLTE model becomes of special interest, 
as the arc plasma is usually close to. but not already 
in LTE. In the past, several criteria for the validity 
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of LTE have been obtained f r o m models which 
account for the effects of d i f fus ion , excitation, 
ionization and recombinat ion [2, 13, 14]. 

With typical values for an argon arc plasma at 
one a tmosphere , with an electron tempera ture of 
1 eV, these criteria result in a critical electron 
density ranging f rom 6 - 1 0 2 2 i r T 3 [13] up to 
1025 m - 3 [2], 

These numbers demonstra te tha t the theoretically 
determined criteria for LTE are strongly dependent 
on the point of depar tu re in the reasoning. It is 
obvious that the value of the electron tempera ture is 
very important for the occurrence of LTE. This 
requires a detailed fur ther evaluat ion with emphasis 
on acquiring addi t ional exper imenta l data on the 
deviation f rom LTE. The exper imental study of 
LTE must be based on an accurate de terminat ion of 
electron t empera tu re and electron density. In 
general, measured electron tempera tu res and den-
sities at certain gas pressures have to be compared 
with values which follow f rom calculations of the 
plasma composi t ion assuming LTE at that pressure 
[15-18] , 

We have followed this approach , assuming that 
the argon plasma studied has a l ready reached a 
PLTE state in which the popula t ions of all the 
energy states of the neutral spec t rum, with excep-
tion of the ground state, are in the rmal equi l ibr ium 
with the free electrons. This assumpt ion will be 
motivated in Section 2. where we describe a theoret-
ical model for the deviation f rom equi l ibr ium of the 
excited states of the plasma for the argon neutral 
spectrum. 
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The electron t empera tu re follows f rom the deter-
mina t ion of the source funct ion of suitable lines, i.e. 
the rat io of the emission- and the absorpt ion coeffi-
cients of these lines [ 1 9 - 2 1 ] and will be discussed in 
Subsections 3 . 1 . - 3.4. 

The electron density follows f rom the measured 
popula t ion densities and the Saha relat ion; as a 
check, also an in te r fe rometr ic method has been 
appl ied, cf. Subsect ion 3.5. Section 4 describes 
briefly the exper imenta l se t -up; results of the 
measurements are found in Sect. 5, and Sect. 6 
contains the conclusions of the present work. 

2. Equilibrium Considerations for the Argon 
Neutral System 

2.1. Introduction 

An elabora te s tudy of the overpopula t ion of 
several excited levels of he l ium, neon, argon and 
krypton systems has been publ ished by Uhlenbusch 
et al. [18], and in this context hel ium has received 
by far the greatest a t tent ion. This is not so surpris-
ing as one of the m a j o r causes of overpopula t ion of 
the ground level, inward d i f fus ion , is very pro-

portant factor when a more precise de te rmina t ion of 
the electron t empera tu re f rom line intensity 
measurements is a imed at. 

In this section we use a s impl i f ied collisional-
radiative model of the argon neutral system. Arl, to 
determine popula t ion densit ies of the excited levels. 
Our aim is not to present an exhaust ive descript ion 
of all the contr ibut ing processes, but ra ther to 
illustrate the inf luence of the more impor tan t pro-
cesses on the dis t r ibut ion of the popula t ion den-
sities. 

2.2. The Collisional-Radiative Model and the Validity 
ofPLTE 

We consider the particle balance equa t ion in state 
q. For labeling of the excited levels we 'use the con-
vention N>r>q>p> 1. The symbol N identif ies 
the m a x i m u m level which needs to be considered, 
r, q and p are the levels to be s u m m e d up, as is 
sketched in Figure 2.1. In Table 2.1 the used 
symbols are explained. 

The net source term of the mass balance for the 
popula t ion density of level q 

+ div (nq • wq) = ' ^^ 
dn 

~dt 

can be written as 

icr 
(2.1) 

'dn, 

\ dt 

, r<7-i n 

= "e Z (np kpq - nq kqp) - Z K kqr - nr krq) - nq kq+ -I- ne ri\ 
CR L/>=1 n = q+1 

exc.-deexc. from below exc.-deexc. electron 3-part. recom-
from above ion bination 

q-\ N 

+ nent nqAqpAqp+ Z nrArqrq. 
p=1 r=q +1 

rad. rec. spont. emission cascade rad. 

(2.2) 

nounced in hel ium. In argon it is usually assumed 
be fo rehand that the devia t ion f rom equi l ibr ium of 
the higher excited levels is negligible [17, 20, 21]. 
T h e ground level is generally overpopula ted with 
respect to the excited levels, at least for ionizing 
plasmas. So we deal with the PLTE condit ion. For 
lower values of the t empera tu re even the excited 
states are not necessarily in equi l ibr ium with the 
ground state of the next ionizat ion stage [22], 

For a general app roach the assumpt ion of PLTE 
seems to be jus t i f ied. However , the non-equi l ibr ium 
popula t ion of the excited levels becomes an im-

Table 2.1. Symbols used in (2.2). 

np population density of state p (m - 3 ) 
«f ion ground level density (m - 3 ) 
kpq electron excitation rate p q (m3 s - 1 ) 
kq+ electron ionization rate from level q (m3 s_ 1) 
k[Q three particle recombination rate coefficient (m6 s_1) 
kty radiative recombination rate coefficient (m3 s - 1 ) 
Aty escape factor for recombination radiation 
Aqp transition probability for transitions state q to state p 
Aqp escape factor for line radiation of line q -*• p 
wq drift velocity of particles in state q. 
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• 
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• r 

• q 
p 

4 ground level 

Fig. 2.1. Schematic representation of the distribution of 
excited levels in the energy spectrum with the notation 
used in this subsection. 

Using the principle of detai led balancing, (2.2) 
can be reduced to a s impler expression, which is 
especially valuable for si tuations close to (P)LTE. 
We introduce here the reduced density bq of level q 
def ined as the rat io of the actual density nq and the 
Saha-densi ty n q S a h a given by (2.4a) , and the related 
relative deviat ion öbq through 

'Vsaha 
and Öbq- bq- 1. (2.3) 

Using the Saha and Boltzmann expressions, which 
are only funct ions of the electron tempera ture . (2.2) 
can be expressed in terms of the density nq Saha and 
relative deviat ion öbq as 

— = «e j Z (Sb, ~ öbq) kqi - kq+ Öbq 
' V S a h a \ 0 t Icr U l 

q- 1 
+ Sq+ ki2l Apq - X {1 + dbq\ Aqp Aqp 

Here 

g\ statistical weight of the ion ground level 
gq statistical weight of the excited level q 
Eq the energy of q 
E01 = 15.759 eV. the Arl ionizat ion energy 
AE = (2.95 • 10"11 eV m + 3 /2 K 1 / 2 ) f n j f e , the reduc-

tion of the ionization energy [23], 

From (2.4) the non-equ i l ib r ium popula t ion of 
the different excited levels can be calculated. This 
set of coupled equat ions is solved for a l imited 
number of levels, since we only want to illustrate the 
applicabil i ty of PLTE. In this s impl i f ied model of 
the argon levels, shown in Fig. 2.2, we consider all 
the sublevels of one group, e.g. 4s, as one effective 
level and consequently use the • effective level 
scheme described. This is jus t i f ied because of the 
strong coupling existing between these sublevels 
[24, 25], 

Applicat ion of the numerical values for the effec-
tive energies, statistical weights and other relevant 
quantit ies, gives the possibility to der ive expressions 
for dbi , Öbi and öb3 , assuming that öb4 = 0. 

Since the collisional processes are faster than the 
radiative processes, nearly all excitation f rom the 
ground level by electron collisions will Finally lead 
to ionization. In this concept the d is turbance of the 
populat ion dis t r ibut ion of excited levels as a con-
sequence of line radia t ion and radia t ive recombina-
tion to excited levels will be restored immedia te ly 
by electron excitation, leading again to ionization. 
The d i f fus ion of the excited a toms can be neglected 
and the results for db2 and db-$ as funct ions of the 
overpopulat ion factor of the ground state db], are 

+ X (1 +öbr)BrqArqArq, (2.4) 
r=q+ 1 

where Sq+ and Brq are the Saha respectively the 
Boltzmann expressions def ined as 

and 

sq+m = nen~t 2 f f f \2nmekTe }15 

Saha dq 

(2.4a) 

(2.4b) 

g 10 
3 

•15-76 eV 

J— q-A ; E.-14.09 eV 

q - 3 ; E 3 - 1 3 . 1 7 e V 

-q-2;E -11.65 eV 

s (9=12) p(g=36l d(9=60) 
—q-1;Ej-0 eV 

Fig. 2.2. Simplified diagram of the considered Arl excited 
levels showing the relation with our four level model. 
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for an argon plasma with a temperature of 1 eV (see 
for more details [25]), 

ö b 1 ( r 2 db\ + 

öb3» 10 öb\ — 

19 ™ -3 10 m 

5- 10 m 19 ™-3 
(2.5) 

From these equations it appears that non-
equilibrium of the levels q = 2 (4s group) and q = 3 
(4p group) is mainly caused by the competit ion 
between overpopulation due to collisional (de)-
excitation and underpopulat ion due to radiative 
losses. In anticipation the discussion in Sect. 5, we 
can already state that for the parameter range of 
interest (5 • 1022 < ne< 2 • 1023m~3), Öb2 will remain 
positive, which means that level q - 2 will be 
slightly overpopulated. This overpopulation is very 
small, a few parts in a thousand, and is of negligible 
influence on our measurements. The level q = 3 is 
slightly underpopulated, mainly due to the strong 
radiative decay to the slightly overpopulated level 
q = 2. 

We conclude that PLTE is indeed justified 
provided that Öb\ remains sufficiently small. A 
second conclusion is that in the lowest temperature 
region a slight underestimation of the temperature 
will result from our measurements if we neglect the 
non-equilibrium of the levels q = 2 and q = 3. 

2.3. Non-Equilibrium of the Ground State Level 

For ground state atoms, the diffusion can not be 
neglected. For a stationary argon plasma in the four 
level description, f rom (2.4) db\ can. be written as 
[24, 25] 

öb, = |s1+ k+\42j + B2] A2\ A2\ + B4] A41 A41 

div(«] • H',) 

" l . S a h a 
/ neKx. (2.6) 

Here 

U2) 

1(2) 

Saha expression for the ground state, see 
(2.4a). 
radiative recombination rate coefficient, 
see Table 2.1, 
escape factor for recombination radiation, 
see Table 2.1, 
diffusion velocity of the particles in the 
state q = 1, see (2.1), 

/ 7 i , s a h a the Saha density, see (2.4a), 
A2i , A4\ line escape factors, 
A2j , A4\ effective transition probabilities for the 

levels 2 1 and 4 —* 1, 
B2 \ , B4\ the Boltzmann factors, see (2.4b). 

N 

= Z ku + k1+. 
/=2 

Rosado [24] concluded that for the plasma param-
eters of interest, the radiative recombination term is 
the dominant radiative contribution in (2.6). The 
escape factor for recombination radiation appears 
to be in the range 0 .1 -0 .7 [26], whereas the escape 
factors of the resonant lines are of the order of 
10 - 3 — 10 -2 . The ratios of the resonant radiation of 
the 2 - 1 and 4 - 1 transition of the four level model 
to the recombination radiation are about 20% and 
5%, respectively. Nevertheless, we have taken these 
transitions into account in the model of öb} . 

For the conditions of interest, the calculation of 
the reabsorption of recombination radiation by the 
ground state as a function of the radius imposes a 
serious problem. In the spectral range above 200 nm 
hardly any absorption appears, but below 200 nm 
and specially in the wavelengths below the free-
bound edge (78 nm), the radiation is strongly ab-
sorbed, because the mean free path for photo-
ionization is smaller than the radius of the arc [26]. 
Thus the reabsorption of the recombination radi-
ation is appreciable but not large enough to allow 
fully for a local description by the introduction of a 
locally defined escape factor. 

To cope with this problem we used a calculation 
of Hermann [26], who analysed an argon arc of 
5 mm diameter at atmospheric pressure. Under the 
assumption of LTE and neglecting the effect of 
continuum radiation with wavelengths above the 
free-bound edge, he obtained radially resolved 
values of the net radiative recombination and con-
sequently of the radial dependency of the escape 
factor. Hermann's result of the escape factor of the 
recombination radiation are represented in Fig. 2.3. 
In Fig. 2.3a the escape factor is given as a function 
of the temperature for the arc axis; Fig. 2.3b gives 
the reduced value as a function of the radius. 

In this description the reabsorption is described 
by a locally defined escape factor which is positive 
at the centre of the arc and negative in the periphery 
of the arc, cf. Figure 2.3. The physical meaning of a 
negative escape factor of the recombination radi-
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Fig. 2.3. The escape factor for recombination radiation, (a) 
as a function of the electron temperature for the axis 
r = 0 mm, (b) reduced radial dependence of /lj2/ for a 5 mm 
diameter arc at atmospheric pressure [26], 

at ion is that the photoionizat ion in the periphery, 
because of radia t ion generated more inward in 
hotter plasma regions, is larger than the local 
radia t ive recombinat ion due to the decrease in the 
electron density. This local description has the 
drawback that the value of A+\ is dependent on 
posit ion. We will see that the d i f fus ion effects 
domina t e anyway in the per iphery of the plasma, so 
the errors introduced by this procedure are small. 
At the center of the plasma, the influence of the 
d i f fus ion becomes smaller for larger values of the 
current as the radial profi les flatten and radiative 
recombinat ion increases because of the increase of 
the electron density. 

3. Principles of Measurements 

3.1. Introduction 

This section describes the used plasma diagnostic 
methods. Te is de te rmined f rom the ratio of the 
popula t ion densities of two excited levels of the 
neutra l -a tom spectrum of argon, Arl. F rom relative 
intensity measurements of the absorpt ion the density 
of the lower state is known. Together with the 

quasi-neutral i ty condit ion, ne can be determined 
with the Saha equat ion. This is treated in Sub-
section 3.2. In Subsects. 3.3 and 3.4 the calculation 
and the accuracy of these measurements will be 
discussed. In Subsect. 3.5 the independent measure-
ment of the electron density by means of feed-back 
interferometry is described. 

3.2. Determination ofTe and ne by the Source 
Function Method 

The cascade arc plasma can be considered as a 
rotat ionally symmetr ic and axially homogeneous 
rad ia tor of radius R and length /. The construction 
of the cascade arc allows end-on observations, 
e l iminat ing the need for Abel inversion of the 
measured profiles. Integrating of the radiat ive trans-
fer equat ion over the length / of the plasma column 
gives the intensity / ; (/•, I) at a certain wavelength a. 

U n d e r the verif ied assumpt ion of PLTE com-
bined with the black body radia t ion and Kirch-
h o f f s law, one can derive that 

S;.(r) = 
1 — exp [— x{/., r) I] 

with 
^ g; _ 2 h e 2 1 

; _ *(A) ~ z 5 exp[ /?c /z kFe]~ 1 ( 

where the a tomic constants /?, c and k have their 
usual meaning, and where ^ ( r ) = E^j(r) -I- £xtC(r) in 
W / m 4 s r and *(/.) = * / ( / ) + xc(/.) in m " 1 are the 
emission and absorpt ion coefficients, each consist-
ing of line / and con t inuum c contr ibutions. The 
rat io e/x is generally known as the source function 
5 , [19]. 

For the de te rmina t ion of Fe with (3.1), besides 
the absolute measurement of the intensity / ; , 
knowledge of the optical depth is necessary. The 
value of the optical depth can be calculated f rom 
the absorpt ion, which is measured by imaging the 
arc in itself wi th a concave mir ror behind the arc 
plasma. Measurements of Fe in this way eliminates 
the need for a transit ion probabi l i ty in the calcula-
tions. On the o ther hand, only sufficiently absorbed 
lines come into considerat ion for this method [24, 
25]. In our measurements , the source function is 
de termined in a wavelength interval that includes a 
specific spectral line of the argon spectrum and its 
adjacent cont inuum. 
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Fig. 3.1. Scan of the profiles of , I- 2 and the reference signal for the 8 mm argon, / = 80 A, /. = 696.5 nm. The scanning 
in this figure is from right to left (696.0 nm —• 697.1 nm). 

Figure 3.1 shows a typical scan of the measured 
emission prof i le 7; j and the absorpt ion prof i le / ; 2 . 

Addit ionally we measured a reference signal of a 
low pressure, low current argon arc d ischarge which 
is unshif ted in wavelength since the electron and 
neutral densities are low. So, these signals can be 
used as an independent wavelength references for 
the lines f rom the a tmospher ic arc and also as the 
appara tus profi le of the monochroma to r . 

Some remarks on the shape of the measured 
profiles / ; j and I , 2 denoted by I f j and /™2 a re : 

1. The line profi le of *(/ .) is composed of the 
combined effect of Stark and Dopp le r b roaden ing 
in the plasma [2, 27], T h e Dopp le r cont r ibut ion 
(Gaussian shape) to the total prof i le width is small 
compared with the contr ibut ion due to the Stark 
effect (Lorentzian shape) , but will not be neglected. 
At / = 700 nm and F e = 1 eV the Dopp le r width is 
about 8 - 1 0 _ 3 n m and the Stark width about 
50- 1 0 _ 3 n m . The line prof i le of x(/.) is a Voigt 
profi le with a small value of the rat io of Gauss i an 
vs. Lorentzian widths. 

2. Because the line absorp t ion is larger at the line 
center than in the line-wings, the line prof i les of / ; i 

and 1) 2 are di f ferent f r o m that of x(X). 
This is expressed by the factor 1 - exp [— x (/.) /]. 
3. Broadening effects arising f rom the convolut ion 

with the appara tus prof i le of the m o n o c h r o m a t o r 
are taken into account. The appa ra tu s width is 
about 20- 1 0 _ 3 n m and becomes an impor tan t con-
tr ibut ion to the profi les measured at low values of 
the arc current. 

Measurement of the l ine-profiles of / ; i and 1, 2 
allows to de termine also o ther plasma parameters 
besides S; (and thus Fe), e.g. the electron density nt. 
This He-value follows f rom the combina t ion of the 
integrated value of x(/.), which yields the lower 
excited state density nx and the Saha equat ion. In 
this case the relevant transition probabili ty is needed. 
The Saha-equat ion contains ne, the ion density 
rti and the measured value F e . With the quasi-
neutrali ty condit ion ne = nj, ne can be calculated. 
Fu r the rmore the density of the ground state a toms 
ft, is de termined f rom Dalton 's law 

P
 = (2ne + n\) kTe, 

where p is the pressure. 
Because we also want to de te rmine , we need 

the Saha value of the neutral density «i,saha- This 
value follows directly f rom (2.4a) with the experi-
mental values of Fe and n t . 

3.3. Calculation Procedure for the Plasma Parameters 

We have used a numerical p rocedure in which 
values of the relevant p lasma parameters were 
calculated iteratively f rom a compar ison of the 
theoretically predicted intensity dis t r ibut ions I> \ , 
and 1, 2 with the measured intensity dis tr ibut ions 
f f A and 7^2- To generate the theoretical distr ibu-
tions / ; i and 1, 2 the numercial procedure , one 
should take into account: 

1. The Lorentzian component of the profi le x\ (/.) 
due to the Stark effect caused by the electron 
density. 
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2. The Gauss ian component of x\ (/.) due to the 
Dopp le r effect. 

3. The inf luence of the cont inuum xc(Ä) I with the 
C-factor for the f ree-f ree emission taken f rom [31, 
32]. 

The line profi le of >q(/.)/ is thus a Voigt function 
which can be calculated f rom the real part of the 
complex error funct ion [33], using the fast a lgori thm 
developed by Gautschi [34], With x( / . ) l and the 
value of 7~e, I/A and i are constructed. 

The influence of the appara tus profi le is account-
ed for by convolut ion of the theoretical intensities 
profi les with the measured appara tus profile A (/.). 

The fit to the measured profi les was per formed 
with a least-squares minimiza t ion procedure [28] in 
which the Marqua rd t a lgor i thm was used [29]. In 
this procedure the constructed intensity distr ibu-
tions I u = 7; j • A (a) and = /;.i2 • A (/,) are com-
pared with the measured distr ibutions and 
If t2 for each wavelength value. 

3.4. The Accuracy of the Plasma Parameters 

The accuracy of the absolute calibration of the 
measured intensity, done with a calibrated tungsten 
r ibbon l amp (Philips T 2 3 4 type W2kGV22i) in-
fluences the various parameters . The emissivity for 
a strip t empera tu re of 2600 K can be found f rom 
the tables given by de Vos [30]. The relative 
accuracy of the cal ibrat ion is about 3%. It is obvious 
that an error in the cal ibrat ion factor leads to 
errors in 

1. the source funct ion and consequently also in the 
tempera ture , 

2. the electron density, which is on its turn coupled 
via the Saha equat ion with the tempera ture and 
the excited level density. 

ad 1: The relative error in the source funct ion is 
equal to the relative error in the calibration factor. 
F rom (3.1) it can be derived that with a relative 
error in the cal ibrat ion of about 3%, the error in the 
t empera tu re is about 2%. 

ad 2: The error in the de terminat ion of the elec-
tron density is de te rmined by two effects: 

a) The error in the excited state density ri\ which 
is calculated f rom the optical depth , which value is 
affected by the inaccuracy of the relative measure-
ment of the emission and absorpt ion, the influence 
of the t ransmit tance of the windows of the arc and 
the reflectance of the mir ror BM, see Figure 4.1. 

Addit ional ly also the uncertaint ies in the arc length/ 
and the t ransi t ion probabi l i ty AnX in the optical 
depth lead to an es t imat ion of abou t 5%. 

b) The error in the electron tempera ture , which 
influences the de te rmina t ion of the electron density 
through the Saha-equa t ion . For the relative error in 
the electron density we obtain 

A ne 
(3.2) 

where y = (E0] - AE - Eq)/k % 4.78 • 104 K for a 
4 p - 4 s transit ion. 

The error in the electron density over the tem-
perature range 10000 up to 15000 K is about 10%. 

Addit ional ly it can be remarked that the func-
tional re la t ionship between A n e / n e and A T e / T e is 
such that the var ia t ion in the values of Ane/ne as a 
function of Te has practically the same slope as the 
Te-ne-relation. This impor tan t conclusion we will 
discuss in Section 5. 

3.5. Interferometric Determination 
of the Electron Density 

For the de t e rmina t ion of n u m b e r densities, inter-
ferometr ic m e t h o d s have the advantage of being 
independent of any assumpt ion of (P)LTE and are 
based on the de te rmina t ion of changes in the index 
of refract ion of a p lasma. We used an in ter ferometer 
of coupled-cavi ty type as first described by Ashby 
and Jephcott [35], and have been probing the same 
plasma volume as with the spectroscopic set-up [36], 

D u e to the high density of the neutrals their 
contr ibut ions to the index of ref ract ion cannot be 
ignored. So, a two wavelength in terferometer , viz. a 
He-Ne laser, with wavelengths of 632.8 nm and 
3390 nm is used. T o obta in values of the electron 
density in the s ta t ionary state f rom the variation in 
the refract ive index, the arc is short-circuited. In the 
afterglow usually the electron density decay is faster 
than the increase of the neutrals, and the variation 
in the electron density can be de te rmined with more 
precision than the var ia t ion of the neutrals. 

4. Experimental Set-Up 

The spectroscopic set-up consist of a telecentric 
optical system with a spatial resolution of 0.4 m m 
and an acceptance angle of about 1 mrad which 
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RADIAL 

ELECTROMETER 

Fig. 4.1. Diagram of the spectroscopic set-up and data acquisition system. LI, L2, L3 and L4: lenses, D1 and D2: 
pinholes of 0.4mm diameter, CHI , CH2 and CH3: computer controlled choppers, RM: movable mirror, BM and M: 
mirrors, PRM: 50% transoport mirror, LPD: low pressure argon discharge, F: filter, PM: photomultiplier type 
EMI9698QB/S20. 

images the p lasma on the slit of a Jarrell-Ash 1 mtr 
double m o n o c h r o m a t o r of the Czerny-Turner type, 
see Figure 4.1. T h e optical system allows also for 
the inclusion of the addi t ional proFile measurement 
acquired f r o m the low pressure argon discharge as 
discussed in Section 3.2. Radia l scanning of the 
plasma is possible by moving the arc construction 
planparallel to the optical axis of the optical detect-
ing system. Scanning of the complete spectral line 
and its ad jacen t con t inuum with the monochroma-
tor is controlled by a D E C P D P 11/03 computer . 
The data are sent for storage to a D E C P D P 11/23, 
and fur ther processing of the data can be per formed 
with a Burroughs B7700 computer . 

With coupled-cavi ty type interferometer the elec-
tron and neutral densit ies are detected by short-
circuiting the arc, and the data are stored in LeCroy 

2256 waveform digitizers which are coupled with 
the P D P 11/03 computer . 

The p lasma is p roduced in a cascade-arc of the 
"Maecker" - type with arc channel d iamete r of 5 or 
8 mm. The influence of the arc ends on the inter-
ferometry results is s tudied with two di f ferent arc 
lengths, viz. 58 and 84 m m for both arc diameters . 
In [24, 25] the exper imental set-up is described in 
more detail. 

5. Experimental Results and Discussion 

5.1. Survey 

In 5.2 the results of the t empera tu re and density 
measurements are given and compared with the 
corresponding LTE values. In 5.3 the measured 
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overpopula t ion of the ground level and the predict-
ed one with aid of the four level model will be 
discussed. In 5.4 values for the total rate coefficient 
are derived f rom the results. In 5.5. the results for 
the electron density obta ined with the source func-
tion method are compared with the results obta ined 
with the in terferometr ic method . 

5.2. Electron Temperature and Density 

The radially resolved F e and the ne were measured 
in arcs of two di f ferent d iameters and of two 
dif ferent lengths at a tmospher ic pressure in the 
range of 4 0 - 2 0 0 Amps. Using the procedure de-
scribed in 3.2, the absorpt ion and emission profi les 
of 5 lines of the 4 p - 4 s group of the argon neutral 
spectrum were measured , viz. the 696.5, 727.3, 
750.4, 763.5 and 794.8 nm spectral lines [37]. With 
the verified assumpt ion of PLTE, Fe is de te rmined 
f rom this set of parameters , and these values 
coincide within abou t 2%, which is within the 
experimental error. 

We conclude that fur ther investigations of Fe can 
be carried out using the results of measurements for 
one transitions for which the 696.5 nm line was 
chosen. Radia l t empera tu re profi les are given in 
Fig. 5.1 for d i f ferent values of the arc-current. 

F rom the total line intensity, values of ne can be 
calculated using the PLTE model with A = 6.7 

10 6s~1 [37] for the transit ion probabi l i ty of the 
696.5 nm line, see Figure 5.5. In this way for each 
measurement we obta in pairs of values of the Fe 

and n e , shown in Fig. 5.2 for 5 and 8 m m d iamete r 
argon arcs at a tmospher ic pressure. Also drawn in 
the figure is the F e - « e - r e l a t i o n s h i p , that results 
f rom LTE calculations, viz. Dal ton 's law together 

o 

OJ 

0 0 2 0 4 0 6 0 8 10 
p = r / R 

Fig. 5.1. Radial dependence of Te for 5 values of the arc 
current. 

Fig. 5.2. The relation between 7~e and nt in an atmospheric 
argon arc plasma. PLTE: Values of Te and n t determined 
experimentally under the assumption of partial local 
thermal equilibrium. LTE: Values of Fe and ne from LTE 
calculations of the plasma composition. The results 
are of measurements with 5 mm and 8 mm diameter arcs 
and a result obtained in a 4 mm diameter arc of the Uni-
versity of Kiel (BRD). 

n e 

(m~3) 

Fig. 5.3. Variation of Ane/ne along the measured Te-ne-
relation for an uncertainty in Te equal to 2%. 

with quasi-neutral i ty and the Saha-equa t ion with 
the experimental electron t empera tu re at a pressure 
of 1.035 bar. 

At higher values of the current the measured 
curve approaches the LTE curve, at lower values the 
discrepancy becomes larger, as expected [22], In 
Fig. 5.2 it is seen that the relat ionship between the 
electron t empera tu re and density appears to be 
rather independent of the radial posit ion in the arc. 
Also shown in Fig. 5.2 is a value obta ined f r o m a 
measurement on a 4 m m d iamete r a tmospher ic 
pressure argon arc. per formed at the Universi ty of 
Kiel [38], 

The data analysis was done with the numerical 
methods described in 3.3. We show the result of the 
discussion in 3.4 regarding the coupled var ia t ion of 
the electron density and tempera ture , in F igure 5.3. 

18r 

J < ' > i i i i i i I 
0 02 0 4 06 08 1 

p » r / R 

T (10 3 K) e 
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Fig. 5.4. The density of the neutral ground level as a 
function of the electron temperature, n, e ' measured 
relationship, assumption of PLTE. «I,LTE: LTE calculation. 
" i Saha• values from the Saha equation with experimental 
values of nt and Te. 

As is evident, the variations in the electron density 
and tempera ture are such that the errorbars are 
nearly parallel to the r e - /7 e - re la t ion . This means 
that small errors introduced in the de terminat ion of 
the electron density f rom the source funct ion 
method will hardly influence our comparisons 
between the experimental ly de termined Te-ne-
relat ion and the LTE relation. 

As described in 3.2, with the aid of Dal ton 's law 
and together with the experimental values of the 
t empera tu re and electron density, the actual p lasma 
neutral density, «i.eXp c a n he calculated f rom fti,exP = 

exp — 2n e e x p . This is given in Figure 5.5 b. 
T h e experimental values for exp can be com-

pared with two formal parameters , see Figure 5.4. 
a ) ^i,Saha> which would be the ground state 

density if the ground level would be in equi l ibr ium 
with the measured electron tempera ture and density. 

b) FTI,LTEwhich would be the ground state 
density if the system was in LTE with t empera tu re 
Te at 1 a tmosphere . Note that the corresponding 
fte.LTE differs f rom the actual value n e e x p , cf. 
F igure 5.2. 

There are two reasons to choose ftl.Saha t h e 

equi l ibr ium quant i ty to compare with ftiiexp and to 
calculate f rom the ratio fti,exp/fti,saha the deviat ions 
f r o m equi l ibr ium, as expressed in the overpopula-
tion factor db\, see (2.3). 

The first and also formal reason is that this 
quant i ty appears in the expressions of the appl ied 
collisional radiat ive model and in the relative devi-
at ion f rom equi l ibr ium, see Section 2. A second 
reason however is that at low tempera tures the 

Fig. 5.5. Radial dependence of (a) the electron density 
"e.exp a n d (b) the neutral density «i,exp. Parameter is the 
arc current in argon by 1 bar for the 5 mm arc. 

deviat ion of « I , E X P and « I ,LTE becomes small by the 
more reason that cont r ibut ion of the electron density 
diminishes in Dal ton 's law. So the confluence of 
ftI_EXP and ft] LTE at low tempera tures would give a 
false suggestion of an approach to equi l ibr ium, 
whereas in fact the deviat ion becomes larger for the 
low tempera tu re region. This can be clearly seen in 
Figure 5.4. 

5.3. Measured Overpopulation Factor 
versus Model Value 

In this subsect ion the measured overpopula t ion 
factor of the argon neutral ground level will be com-
pared with the calculated overpopula t ion factor 
derived f rom the four level model as described by 
(2.6). To this end we discuss first in some more 
detail the d i f fus ion and the radiat ive effects that 
contr ibute to the value of 5b\ derived f rom the 
model. 

The contr ibut ion of the d i f fus ion term div(/?, , H',) 
to dbi in (2.6) will be expressed in terms of nt and 
Te by using the relat ions 

Da V • m h'i = - V • ne H'e = V •——— grad (/?e +/>i), (5.1) 
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where »re is the electron d i f fus ion velocity, pe, px are 
the partial pressures of resp. electrons and ions and 
DA is the ambipo la r d i f fus ion coefficient , given in 
[39] as 

? k T p [m2 s - 1 ] . (5.2) Dt 
8(w, + /?,) ßS'i1} w 

Here m t is the heavy particle mass and 11 is a 
first approximat ion to the ion-a tom collision 
integral, which can be calculated [39] f rom 

ß j V ) = 2.84- 10"17 r?]36 [m 3 s _ 1 ] , (5.3) 

where TI X is the ion tempera ture . 
As shown by Gurevich et al. [40] and Nick et al. 

[22] the assumption that the ion t empera tu re equals 
the electron tempera ture is jus t i f ied for our inves-
tigated plasma conditions. With (5.3) we get 
for (5.2) 

2.76 • 1018 

Z)A % 2 r e ° 6 4 . (5.4) 
rix + ne 

With the measured radial profiles of F e , ne and the 
calculated radial density profi le of exp it is pos-
sible to estimate the influence of the d i f fus ion term 
on the value of öb\. The experimental values have 
been fitted with a least squares approx imat ion to a 
b i -quadra t ic profi le, viz. 

A - ( e ) / x (0 ) 1 + 6, q2 + b 2 g 4 

with q = r/R and x the plasma parameter . 
These profiles are then d i f ferent ia ted to yield 

values of the d i f fus ion term in (2.6). In Fig. 5.6 this 
d i f fus ion term is given as a funct ion of the radius 
for the current range of 4 0 - 2 0 0 A, viz. 

<5/?,mod( d i f ) = 
div («] w,) 

N E K ? 
(5.5) 

"l.Saha 

The rate coefficient is taken f rom a numerical 
collisional radiat ive model which includes 49 levels 
of the argon neutral system [41], 

We will discuss now the total radia t ive effects 
which contr ibute to the deviat ion f rom equi l ibr ium. 
This total radiative contr ibut ion can be writ ten as, 
see (2.6). 

^ , m o d (rad) (5.6) 

= {S , + *i2//l<.2| + B2\ A2] A2] + #41 A4] A4] }/NE K\H 

and is given in Fig. 5.7 as a funct ion of the radius 
for three values of the current. 

Fig. 5.6. The radial dependency of the diffusive term 
of (2.6). 

Fig. 5.7. The radial dependency of the recombination radi-
ation and the resonant radiation terms of (2.6). 

Here S 1 + and B2], are calculated f rom (2.4) 
with the measured Fe and n t . The recombinat ion 
rate coeff icient is taken f rom Katsonis [42] as 

kSi % 0.995 • 1 0 - , 9 f - ° 1 7 m V 

with Fe in eV. If we take into account the advance 
of series limit [43] as 

A E O P T = 1 . 0 7 F e — 0 . 6 2 e V 
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the value 1.55 • IGT19 m 3 s - 1 as the recombinat ion 
rate coefficient can be calculated over the con-
sidered tempera ture range. The escape factor for 
recombinat ion radiat ion is taken from the descrip-
tion of Hermann [26] as has been discussed in 
Section 2.3, cf. Figure 2.3. 

Concerning the line escape factors A2\ and A4l, 
these are calculated f rom an extension of the treat-
ment of Klein [44], In this calculation it is assumed 
that the absorption and emission profiles can be 
described with Voigt profiles. The Lorentzian and 
Gauss ian halfwidths are known f rom the experi-
mental data. The escape factor can be der ived from 
the optical depth, which is a function of these half-
widths [24], Note that the treatment of the reso-
nance radiat ion is less elaborate than tha t of the 
recombinat ion radiat ion. Here the t rea tment is 
purely local and no allowance is m a d e for the 
possibility of a negative escape factor to describe a 

net absorpt ion at the per iphery of the plasma. As is 
discussed in 2.3, the resonant radiat ion of the 
transit ions 2 - 1 and 4 - 1 . i s about 20% respectively 
5% and is of minor influence. 

We will now compare the measured and the 
model overpopula t ion factor. The radial depen-
dence of the measured overpopula t ion factor is 
shown in Fig. 5.8 for the current range 4 0 - 2 0 0 A 
and can be calculated as, see (2.3), 

S b f x p = A ? ' e X P - 1 W i t h ft | e x p = 2 ft e , e x p -
ftl.Saha k 1 e .exp 

Here p is a pressure of 1.035 • 1 0 5 N m - 2 and ft^saha 
is the Saha ground level density, calculated with the 
experimental Te and n e . In Fig. 5.9 this quanti ty is 
plotted as a funct ion of Te for the central part of the 
arc. The broken line is the best fit through the 
experimental points. For comparison, two values 
obta ined by Bober at al. [45] have also been inserted 

p - R / r p - r / R 

Fig. 5.8a-e. The radial dependency of the measured overpopulation factor, öbfxp of the argon neutral ground level 
compared to the <S6]mod, the overpopulation factor derived from the four level model for the current range of 40-200 A. 
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Fig. 5.9. The temperature dependency of öb\xv and ^j1100. 

in Figure 5.9. The agreement with our exper iments 
is good. The error bars in Fig. 5.8 are based on the 
experimental ly obta ined accuracy in Fe of 2% and in 
/?e of 10%. These variat ions are not independent as 
has been discussed in Section 3.4. 

In the Figs. 5.8 and 5.9 also the values of the over-
popula t ion factor <5/?imod which follow f rom the four 
level model are shown. The error bars of the model 
values are based on the same variat ions of F e and ne 

as applied to the experimental points. 
Based on the experimental overpopula t ion factor 

of the argon neutral ground level and the predicted 
overpopula t ion factor derived f rom the four level 
model the following conclusions can be d rawn: 

1. The radial profiles of the experimental over-
popula t ion factor, cf. Fig. 5.8 are ra ther flat for 
0 < r / R < 0.5. In the per iphery of the arc a signifi-
cant increase of öbfx p occurs towards the wall, 
especially for the lowest current. Fhese larger devi-
ations f rom the LTE model can be expected due to 
the increasing effect of the d i f fus ion caused by the 
steep density gradients which occur near the wall, 
cf. Figure 5.6. 

2. For the current range of 4 0 - 6 0 A the d i f fus ion 
gives the main contr ibutions to db™od though the 
total radiat ive contr ibut ion can not be ignored. This 
main di f fus ion influence can be expected f rom the 
gradients of the measured Fe and n e . The radiat ive 
contr ibut ion increases with increasing currents, in 
part icular near the arc axis. In the current range of 
1 4 0 - 2 0 0 A at the center of the arc the d i f fus ion 
contr ibutes less than the total radiat ion, compare 
Figs. 5.6 and 5.7. 

3. The recombinat ion radiat ion is the ma jo r 
radiative contr ibution to the overpopula t ion. 

4. Over the whole current range and nearly over 
all radial positions, the value of dfr]mod is roughly a 

factor of two less than the experimental value of the 
deviat ion from equi l ibr ium, öbfxp. We want to 
point out here tha t the model underest imates the 
recombinat ion radia t ion even though we take 
a l ready the enlarged recombinat ion rate. This is due 
to the mere reason that in Hermann 's calculation of 
the escape factor of the recombinat ion radiat ion 
[26] the LTE model is used. And as one can 
conclude f rom the experiments the plasma of the 
cascade arc deviates f rom LTE. 

5. In the current range of 140-200 A the diffusive 
part of df0*3 becomes larger than the radiative part 
for radii larger than half the arc radius. This is due 
to the rather s teep density gradients near the wall. 

6. In 2.2 we have discussed the overpopulat ion 
factors for the levels q = 2 and q= 3. With the 
measured overpopula t ion öbx it can be derived that 
öb2 and öb] are negligible in comparison with öbx 

and this yields a just if icat ion for the PLTE propo-
sition. 

Uhlenbusch et al. [17. 46] and Nick [47] report-
ed about the inf luence of diffusion and non-equil ib-
r ium populat ions in noble gas plasmas. The general 
conclusions on the dominance of d i f fus ion are 
similar. However, the results for the per iphery of the 
p lasma differ : ou r measurements per formed up to a 
reduced radius of 0.8 result in positive overpopula-
tion factors, whereas the results of Uhlenbusch and 
Nick at a reduced radius of 0.9 point to under-
popula ted ground states. Fur thermore , the relation 
in our measurements between Fe and ne appears to 
be rather independent of the radius in the arc. 
Uhlenbusch and Nick concluded that for reduced 
radii larger than 0.5 this independence is not 
present. 

T h e difference between our results and the results 
of U h l e n b u s c h s as well as Nick's side-on measure-
ments obtained at the plasma may be related to 
the difference in diagnostic method and arc con-
struction. Our measurements , per formed end-on. 
allow for very thin interspacing rings whereas Nick's 
s ide-on measurements require a larger interspacing, 
this may lead to a smaller influence of the di f fus ion 
effects which in our 40 A plasma de termine the 
observed overpopula t ion factor. 

With the aid of the energy balance for 40 A end-
on measurements , per formed on a 4 m m diameter 
arc. Nick calculated a difference of about 200 K 
between the gas tempera ture and Fe at plasma 
condi t ions of 12.000 K and nt = 7 • 1 0 " t rT 3 [22], He 

5.9. The temperature dependency of öbf*p 
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also concluded f rom his measurements that for ne less 
than 6 - 102' m - 3 non-equi l ibr ium effects have their 
influences on the 4 p level of neutral argon. This is 
in full agreement with our calculat ions of the over-
populat ion factors öb2 and Sb3 derived f rom the 
four level model in which the 4 p levels are included, 
cf. Chapter 2. 

In spite of the difference in the per iphery of the 
arc, the general conclusions abou t the overpopula-
tions still agree well with those of both authors , 
especially quanti tat ively for the central core of the 
3 different arcs. 

5.4. The Total Excitation and Direct Ionization Rate 
Coefficient for the Argon Neutral Ground Level 

From the measured radial values of the relative 
overpopulat ion factor (56,exp for the argon neutral 
ground level, ne calculated by means of the Saha-
equation using the measured Tt and the density 
"l.Sahai together with the calculated d i f fus ion flux 
and the radia t ion terms, the total excitat ion and 
direct ionization rate coefficients can be de te rmined 
with (2.6) as 

js^ k+\A(+ \ + B2] A2\ A2\ 

div (/?,, h'i) 1 
+ *4! ^41 ^41 ~ / "e.exp dbfX p . (5.7) 

1. Saha J 

Results for A^fxp are shown in Figure 5.10. In this 
derivation the PLTE relation between the electron 
temperature and electron density has been used, as 
well as the values from Hermann ' s calculat ions [26], 
Also given in this figure is the theoretical relat ion of 
K\h following van der Sijde [41]. 

In the higher t empera ture range the exper imenta l 
points are about a factor 2 below the theoretical 
values. This is in agreement with the suggestion that 
for the higher t empera ture region the four level 
model underest imates the recombina t ion radiat ion. 
In the t empera tu re range which exists in the 40 A 
arc and where the d i f fus ion indeed is the main 
contribution the agreement is better. Al though the 
accuracy in the de terminat ion of A^fxp can be 
improved, e.g. by more deta i led knowledge of the 
escape factor for recombinat ion radiat ion, we have 
demonstrated here that K\ can be de te rmined f rom 
a relatively s imple experiment . 

5.5. Results from the Interferometry 

With the interferometr ic set-up described in 4.3, 
values of ne were obtained as a funct ion of the arc 
current. The accuracy of this de te rmina t ion is better 
than that of the spectroscopic results and amounts 
to about 3%. The dominant factor in the accuracy in 
these measurements is the uncertainty in the arc 
length. Only when measurements with d i f ferent 
values of the arc length are pe r fo rmed , the accuracy 
can be improved [48], Our results are based on 
measurements with two dif ferent arc lengths, viz. 58 
and 84 m m for both arc diameters of 5 and 8 mm. 

Figure 5.11 shows these interferometr ic results as 
a function of the arc current for arc d iameters of 5 
and 8 mm. Also shown in these figures are the 
measurements by Nick [38] and our results f rom the 
spectroscopic methods. As can be seen the agree-
ment is qui te good. Helbig [49] compared the results 
of interferometr ic measurements of three labora-
tories (Kiel, Toulouse and Eindhoven) , which are 
per formed with identical or comparab le arc sources, 
with various wavelengths and various types of inter-
ferometers , viz. a two wavelength Michelson laser 
interferometer and a two wavelength coupled-cavity 
laser interferometer . He concluded that no sys-
tematic errors were involved with our used coupled-
cavity in terferometer experiment. 

We would like to note here that, since the 
accuracy in the interferometr ic results of ne is 
better, these results can be used in combina t ion 

8 10 12 14 16 

Te(10 3 K) 

Fig. 5.10. Measured total excitation and direct ionization 
cross-section for the argon neutral ground state as a 
function of Te. Also shown is the theoretical relation of ATjhe 

and Te[41], 
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Fig.5.IIa. b. Comparison of values of ne determined by 
the two wavelength He-Ne interferometry and by the 
spectroscopic methods used in this work and Nick [38] for 
a 5 and a 8 mm diameter arc. 

with Fig. 5.2 to obtain a precise tempera ture deter-
minat ion. As has been stated before in 5.2, the 
F e - ^ - r e l a t i o n s h i p is ra ther insensitive to small 
errors in the measurement procedure of the source 
function method. So, because this in terdependence 
at the relevant pressure is known (Fig. 5.3), the use 
of ne in this f igure can yield accurate values of F e . 
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