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Abstract

In this work, results from two methods for the determination of the Ar(1s,) densities are
compared in an Ar—Nj discharge. These methods involve measurements of optical emission
spectroscopy (OES). The first method (band method) uses the bands belonging to the

N,(C — B) second positive system, while the second method (branching fraction method)
uses the line intensities corresponding to the Ar(2p, — 1s,) transitions. These techniques
were tested in the negative glow of dc discharge and the results show remarkable agreement.

(Some figures may appear in colour only in the online journal)

1. Introduction

Plasmas generated in Ar-N, mixtures are the subject of
considerable research due to the fact that they constitute the
atmosphere present in many applications such as material
treatment [1], film generation [2,3], sterilization, plasma
surgery, etc [4]. Optical emission spectroscopy (OES) is
a non-intrusive and relatively easy-to-use procedure, which
makes it widely applied to characterize Ar-N, plasmas for
different pressure ranges, as well as for different discharge
types and zones [5—-10].

The argon metastable and resonant levels (1s,, in Paschens
notation) play an important role in discharge physics and
chemistry [11]. Therefore, many direct measurement
techniques were developed, such as laser absorption
spectroscopy (LAS) [12-14], laser-induced fluorescence
(LIF) [15,16] and white-light absorption spectroscopy [17].
However, in these techniques, it is necessary to implement
relatively complex experimental setups and procedures.

OES methods using line intensity ratios based on extended
coronal models were implemented in [18-20]. However, these
methods rely on the accuracy of the rate coefficient and a
priori knowledge about the shape of the high-energy part of the
electron energy distribution function (EEDF). Then, this kind
of method is only applicable to specific discharge conditions.

Schulze et al [21] presented a robust method to determine
the densities of the Ar(1s,) levels, which uses the change of the
branching fraction of the Ar(2p, — 1s,) produced by photon
reabsorption. The accuracy of the method was confirmed with
the white-light absorption technique in [17] and with LAS
in[11].

0963-0252/14/015014+09$33.00

On the other hand, in the Ar—N, plasma, the high
excitation transfer to N, from Ar(ls,) atoms produces a
characteristic vibrational and rotational distribution in the
No(C) level [5,22,23]. 1In [24], a fit function of the
second positive system (SPS) bands N, (IT 3C - I13B) was
proposed, which allows us to separate the excitation transfer
contribution from that produced by collision with electrons.
Hence, the knowledge of the N,(C) density populated by
excitation transfer provides a way to measure the Ar(ls,)
densities from the SPS bands.

In this paper, the Ar(ls,) density measurement method
using the SPS band is compared with the branching fraction
method (proposed in [21]) in dc Np—Ar plasma. The
advantages of these two methods are that they have a low
number of theoretical assumptions (e.g. it is not necessary
to know the EEDF shape) and they involve a relatively simple
experimental setup; it is then possible to apply them to a wide
variety of discharge conditions.

2. Theory

2.1. N> band method

The Ar addition in a N, discharge produces a strong change
in the N, (C) rotational population due to the high excitation
transfer to N, from Ar(1s,) atoms [23, 25]. So, itis possible to
use this effect in order to calculate the Ar(1s,) densities from
the measurements of an SPS band.

© 2014 I0P Publishing Ltd  Printed in the UK
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The N, (C) kinetic model is [24, 26].

(i) The main excitation reactions of state N, (C, v’) are
e +No(X,v=0) > e +N,(C,v) (a)

N2 (X, v = 0) + Ar(Isy) — No(C, V) + Ar('Sp)  (b)
(a) The N,(C) level is primarily lost by radiative decay:

N, (C,v') = hv + Ny (B, v"). ()

The contribution of the pooling reaction, between two N, (A)
metastable molecules, to the N,(C) population is negligible
under our experimental conditions [24]. Then, this excitation
process is not considered in the N, (C) kinetic model.

In [24], a fit function of the SPS bands was designed to
separate the two population contributions to N, (C) (reactions
(a) and (b)). This fit function uses two different rotational
distributions, which take into account the characteristics of the
excitation processes (a) and (b).

The fit function of the SPS band intensities is

Icp(h, 8%, Ak, ng, T ng"™ T, a, X)
= IS5\, 80, A, 1S, T2)
+ 185 (0, 8, AL, nd" T, a, X) (D

where IG5 (X, 8A, AL, ng, T3)) represents the part of the SPS
bands populated by electron collision from the ground state,
and it is given by

KM)ns(W)Acg (v, vty
o8, At Ty — KOME@IACH, 01,

rot/ T

O(Tio0)
—Bxhed'(J' + 1)
« XY eI
i=P,R,Q Q=0,1,2 J’ rot
—4n@) [A+ A% =20\
xexp( (5}\) SQ(J) (2)

where K (1) is the spectral response, n¢ (v') the population
density of the upper level (N,(C, v')) excited by electrons, T,/
the lifetime of the v’ vibrational level, Q(7;,) the partition
function, §A the full-width at half-maximum of the rotational
line, AX a small shift in the wavelength which takes into
account the small calibration error of the spectrometer [27],
Acp (v, v")is the Einstein coefficient [28], By is the rotational
constant of the ground state, S}z (J') is the Honl-London factor
[29] and T}, the rotational temperature of the ground state.

The second term of expression (1) represents the band part
populated by excitation transfer from Ar(1s,) and it is given
by

185 (h, 80, Ad, n, Tage, &, X)
_ Kngm () Acg (v, )Ty
Q(TAr* s Ol)
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) SLUNX (')
3)

Table 1. Rate coefficients of the excitation transfer to
N,(C, v =0, 1) and of the total excitation transfer to N,(C) from
Ar(1s; 5) reported in [31] (107" cm?s™).

Levels KK;?ENZ Kaein, >y KR,
Ar(lss) 29+0.3 0.75£0.01 3.6+£04
Ar(ls;) 0.6=£0.07 028+0.05 14£0.2

where n’é‘r* (v') is the density in the N, (C) level populated by
excitation transfer from Ar(ls,), X (J') allows the alternation
between even and odd K’ rotational levels, and the rotational
distribution is given by o and Tx.+. Naturally, when o = 1, this
rotational distribution is the Maxwell-Boltzmann distribution
and T~ has the meaning of a rotational temperature.

Hence, n‘éf*(v’) is calculated from the SPS band fit with
expression (1). Then, n‘é‘*(v’) is a function of the Ar(ls,)
density (see reaction (b)), as follows:

5

A ,
net (V') = nyyx ZnAr(ls“.) Kar(is)—N, | Tvs (B
y=2

where n, (x) is the density of the N, (X) ground state, nar(is,)
the Ar(lsy) density and K/Z/r(lsv)—Nz is the rate coefficient
corresponding to process (b).

Assuming that the excitation transfer (process (b)) is
mainly produced from one of the Ar(1s,) states, equation (4)
can be rewritten as

A ,
net (V) = nnyx) Rar Kap N, To's (5)

where n A is the density of the Ar(1s,) state that is responsible
for the excitation transfer. Therefore, na« can be calculated
solving equation (5), as

Ar* o/
ne )
nAr* == %. (6)
N, () Ko, T
Two aspects are interesting to point out. The first is

that in equation (6), na~ is calculated without the use of
an Ar(ls,) kinetic model. The second is the assumption
that the excitation transfer is mainly produced from only
one of the Ar(lsy) states. The excitation transfer process
to No(C,v' = 0, 1) from Ar(1ss) is more efficient than the
excitation transfer from Ar(1s3) (see table 1). In addition, it
is expected that the Ar(1ss) population will be greater than
the Ar(ls3) population (the statistical weight ratio for these
levels is 5). On the other hand, the total rate coefficients of the
excitation transfer to N, (C) from resonant levels is reported
in [9]. The values are 1.6 x 10~''cm?®s~! for Ar(1s,) and
3.6 x 107" ecm3s~! for Ar(1s4). However, in the literature,
there are no reported values of the excitation transfer rate
coefficients to N, (C, v’ = 0, 1) (individual vibrational levels)
from the Ar(1s;) and Ar(1s4) levels. So, it is difficult to weigh
their contributions to these N, (C) vibrational levels. In [30],
a qualitative discussion about the channels of energy transfer
to No(C, v' = 0) was performed through the time-dependent
study of the SPS band intensity (with band head at 337.0 nm)
in the afterglow of the Ar—Nj discharge. The authors observed
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Figure 1. Experimental setup.

that the N, (C, v’ = 0) population is a result of energy transfer
mainly from the metastable states.

This analysis suggests that na,« calculated by the band
method would be related to the Ar(1ss) density. This issue
will be revisited in section 4.

2.2. Branching fraction method

In this section, the method to determine the Ar(1s,) densities
using the change in the Ar(2p, — 1s,) branching fractions
(due to the reabsorption process), developed in [21], will be
presented.

When the emission produced by the transition from an
upper level j to a lower level i is studied, it can happen that
the lower level density was high enough so that the radiation
reabsorption phenomena becomes preponderant. This will
produce that the number of photons that arrives to the detector
was less than expected, changing the branching fractions of
the j level [17].

In order to quantify this reduction on the measured
intensities, it is useful to work in the escape factor framework
[32,33]. So, the line intensity is

Iii=KMnjAjyji, @)

where n; is the upper level density, y;; is the escape factor and
K (M) is the spectral response, which becomes independent
of A after the intensity calibration. The exact evaluation of
the escape factor is tedious and depends on quantities that
are difficult to be evaluated, especially the spatial distribution
of the upper and lower states. However, the analysis can be
substantially simplified if a global approximation is used in the
escape factor. This supposes a uniform spatial distribution of
the density of the radiative and absorbent atoms. Mewe [33]
developed the following approximation:

o _2- exp(=107 k;;i (v = v;) 1) (8)
Yii L+ki(v=v;)1 ’

where/ is the characteristic scale length of the discharge and & ;;
is the absorption coefficient. Equation (8) can be understood
as all emitted photons escape when kj; [ takes small values

(thin target regime), while all photons are absorbed at large
values of kj; [. It is important to note that in the escape factor,
the assumption of a uniform distribution of the density of the
radiation and absorption atoms produces no significant errors,
since the possible deviations tend to compensate [17].

The kj; depends on the average lower level density 7; and
it is defined as

Mo [Tm g
3 ni == Ajj.
872 V 2KpT g

®

kji(v=vj;) =

Then, from equation (7) the intensity ratio between two
lines produced by the transition from the same upper level j
to the lower levels i and k is

_ vii(n)Aji
Vik(m)Ajk

Ij~>i

T (10)

Then, it is clear that the intensity ratio only depends on
the lower level densities n; and ny. Therefore, the lower level
densities could be determined using different line intensity
ratios. In order to decrease the calculation uncertainty, the
least-squares method with many ratios has to be implemented.
That is, to minimize the following expression:

Sy (- Ay
~ T4 Lix  vie(nis)Aji

an

3. Experiment

3.1. Experimental setup

The plasma reactor consists of a stainless steel chamber of
254 mm diameter and 360 mm height, with two side quartz
windows (all the reactor dimensions are published in [34]).
The discharge was generated between a central disc of 50 mm
radius, which works as cathode, and the walls of the chamber
(anode). The experimental setup is schematically shown in
figure 1.

The focusing system consists of a quartz lens (150 mm
focal length) and an optical fibre. The optical fibre is
constructed by a bundle of silica-silica fibres (the individual
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Table 2. Discharge current at different mixture gas concentrations.
Pressure was 2.5 Torr and discharge voltage 500 V.

[N2] (%) 100 88 75 63 50 38
Current (A) 032 036 038 039 040 041
[N2] (%) 25 10 7 5 0

Current (A) 041 041 041 043 0.56

fibre diameter is 0.1 mm) with slit termination in one end. The
lens is used to focus the plasma light in the circular entrance
of the fibre. A laser was used to align the focusing system in
order to collect the light of a selected area of the discharge.

A Jarrell-Ash monochromator with a Czerney—Turner
mounting with an entrance slit of 25 um and gratings of
1200 and 3600 linesmm~! was used. A linear arrangement
of 1024 photodiodes was used as a detector.  Using
the 1200linesmm~! grating, in the spectrum region of
A = 750 nm, the resolution is 0.06 nm pixel~! with a resulting
spectrum block of 60 nm measured at once. Relative intensity
calibration of the spectra was performed using the known
spectrum of a quartz tungsten halogen lamp.

The inflow was controlled by fine needle valves, which
were previously calibrated to determine the gas mixture
concentration.

In order to compare the two OES methods, the Ar(ls,)
densities were measured at different distances from the
cathode (z) and different gas mixture concentrations. In the
experiments, the pressure was kept at 2.50 Torr and the total
flow at 100 sccm. The plasma source was used in dc mode at
500V.

In the measurements at different distances from the
cathode, 6% N;—94% Ar was used as plasma atmosphere. The
discharge current was kept constant at 0.48 A.

On the other hand, the discharge current at different gas
mixture concentrations is reported in table 2. In this study the
spectra were measured focusing the plasma emission coming
from the region at z = 5 mm.

3.2. Gas temperature measure

The two methods to measure the Ar(1s,) densities have the gas
temperature as an input parameter. Since the NJ(B) level is
produced by electron collision from N,(X) ground state, the
rotational distribution of the first negative system (FNS) bands
corresponds to N, (X) rotational distribution [29]. Then, the
ground state rotational temperature (7,%,) can be calculated as
the rotational temperature of the /5, (0-0) FNS band.

The rotational and vibrational constants reported in

[28,35,36] were used in the fit function. Figure 2 shows
the spectrum and its fit in a N,—Ar discharge with a Nj
concentration of 50%. The gas temperatures at different
gas mixture concentrations and different distances from the
cathode are reported in tables 3 and 4, respectively.

In [27,37], a function with a two-temperature Boltzmann
rotational distribution was proposed to fit the FNS bands.
However, the function with only one temperature Boltzmann
rotational distribution produces a suitable fit on our FNS band
spectra. This can be understood due to the fact that the main

=)
20000 Measured S |
Fit —— >
_ +IJ3
> 15000 -
S
=
3 10000
[0)
IS
5000
o 1 1 1 1
387 388 389 390 391
A(nm)

Figure 2. Measured and fitted /5, (0-0) FNS band at 50 N,
concentration. Discharge conditions: 2.5 Torr, 500V, 0.40 A and
z =5mm.

Table 3. Gas temperature at different gas mixture concentrations.

[N2] (%) 100 88 75 63 50
TXXK) 730+£20 760 £20 780£20 780=+20 790+ 20

[N2] (%) 38 25 10 7 5
TX(K) 800=+£20 80020 800+20 810420 810+30

excitation process to the N3 (B) level is the electron collision.
A large number of high-energy electrons, which are able to
excite N, from the ground state to this level, is characteristic
of the negative glow in a DC discharge [38, 39].

3.3. Band method

The values of X (J'), @ and T were assessed fitting the spectrum
measured in a discharge with small amount of N, (~ 0.5%)
with expression (3), assuming that the process (b) is the only
excitation mechanism under this condition. The estimated
values are reported in table 5. The parameter uncertainties
were estimated as the standard deviation in the least-squares
method.

It is important to stress that the proposed rotational
distribution for the N, (C, v' = 0) is in good agreement with the
exhaustive measurements reported in [22]. This was discussed
in greater detail in [24].

Figure 3 shows an emission spectrum measured from a
50% N, discharge. In this wavelength region it can be observed
the Icp(0-2) and I-p(1-3) SPS bands with band head at
380.49 nm and 375.44 nm, respectively. The fit function (1)
and its parts (2) and (3) are presented in the same figure.

Figure 4 shows the variation of the population process
contributions as the N, concentration increases. It can be seen
that only when the N, concentration is greater than 75%, the
electron collision population process is dominant, while for
lower N, concentrations the main population process is the
excitation transfer from Ar(1s,). Moreover, the population of
this vibrational level at 7% N, concentration is more than three
times greater than in the N, discharge.

The normalized n .+ was calculated from expression (6)
using the N,(C) population density produced by excitation



Plasma Sources Sci. Technol. 23 (2014) 015014

L M Isola et al

Table 4. Gas temperature at different distances from the cathode.

z (mm) 2 3.5 5 7 9 11
TX(K) 890+30 86730 860+30 840+30 810+£30 790=+30
Table 5. Fit parameters. i i i i i
1 [ 3 7
X(J) o T(K) § v T
Ipc(0-2) 1.194+0.02 1.394+0.06 3140+ 60 08F} &> E
Ipc(1-3) 1.19+0.02 1.6+0.2 2520 +90
% 0.6+ 1
1400 — <
Measure ——— 0.4+ 1
1200 Fit ———
EXCitede_* 02+t i
= 1000 Excited Ar ——— Q\Q
A ~‘~‘~—~-~<>¥<N< ,
ES/ 800 0 L L L L —
= { 0 20 40 60 80
£ 600 ﬂ “ [N,] %
IS
- 400 + ! ,‘ g Figure 5. The normalized n .+ as a function of N, concentration
i m | M i ‘ I N ‘“ (5mm): calculated from n2” (v = 0) ¢ and from n2™ (v’ = 1)
200 ¥ ‘M &1‘ A‘! ;, M 10k 1‘ ,‘ W\ Discharge conditions: 2.5 Torr, 500 V and z = 5 mm.
i 'J ‘ /1 i T T T T
O / AR LY YU¥

372 373 374 375 376 377 378 379 380
A(nm)
Figure 3. Measured /-3(0-2) and I-3(1-3) bands and fits at 50 N,

concentration. Discharge conditions: 2.5 Torr, 500V, 0.40 A and
z = 5mm.

3.5
3 | nCe(V’zo) —
A J

S 25} nc"(v=0)
8
c 27
9
8 15¢f
>
08_- 1 L ———v— &

05¢}

O L

0 20 40 60 80 100

[N,] %

Figure 4. Population processes of N,(C, v’ = 0). Discharge
conditions: 2.5 Torr, 500V and z = 5 mm.

transfer ”c , and it is shown in figures 5 and 6. Note that due
to the relative calibration of the spectrum intensities, it is only
possible to analyse the relative behaviour of the 7+ density.

Figure 5 shows that na,+ decreases rapidly between 6%
and 23% of N,. For higher N, concentrations the decrease is
slower.

Figure 6 shows that n.+ increases from the cathode up
to z = 3.5mm, and then decreases as the distance from
cathode increases. The change in na.+ at different distances

. .
/ Vv
/

</ & -

o
o

-
o
o

z (mm)

Figure 6. The normalized n .+ at different distances from the
cathode: calculated from 2™ (v = 0) ¢ and from n2"™ (v' = 1) +.
Discharge conditions: 6% N,—94% Ar, 2.5 Torr, 500 V and 0.48 A.

observed in this figure is the expected behaviour in this kind
of discharge [40].

3.4. Branching fraction method

To measure the Ar(1s,) level densities, the emission produced
by the Ar(2p, — Is,) transition were used (see a spectrum
in figure 7). Thus, the method developed in section 2.2 was
implemented, using eight ratios: 2p, — 1ss : 2p, — Isp,
2p3 — lIsqg : 2p3 — 1sp, 2ps — 1s3 : 2ps — lsy,
2ps — lIsq4 : 2ps — 1sp, 2ps — 1s4 : 2pg — lss,
2p7 — 1sq4 : 2p7 — ls3, 2pg — 1ss : 2pg — ls4 and
2p10 —> 185 . 2P10 —> 184.

The scale length of the discharge was considered equal
to the cathode radius (/ = 50 mm), since the focusing system
collects the emission from its centre. The Ar(1s,) densities as
a function of the N, percentage are presented in figure 8.
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Figure 7. The Ar red line spectrum in an Ar discharge. Discharge conditions: 2.5 Torr, 500V, 0.56 A and z = 5 mm.
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Figure 8. The Ar(1s,) density determined by the Ar branching
fraction method. Discharge conditions: 2.5 Torr, 500 V and
z=5mm.

The Ar(ls,) densities decrease rapidly when a small
quantity of N, is added in the discharge. In Ar discharge, the
density of the Ar(1ss) metastable state is almost three times
greater than the other Ar(ls,) states. Note that this method
returns very small values at N, concentration greater than 20%.
This will be discussed in the following section.

The Ar(ls,) densities at different distances from the
cathode are shown in figure 9. The four Ar(l1s,) levels show
similar behaviour; their densities increase from the cathode
up to 3.5mm and then decrease. These behaviours are very
similar to that observed in figure 6.

4. Discussion

As it was noted in section 2.1, the metastable Ar(1ss) level
could be mainly responsible for the excitation transfer process.
So, in order to get a better understanding, it is interesting to
compare the density of the Ar(1ss) level calculated through the
Ar(2p, — 1s,)branching fraction method withn .+ calculated
by the SPS band method. These comparisons are presented in
figures 10 and 11.

It is worth noting that the measurement of the Ar(1ss)
density calculated by the branching fraction method at
z = 3.5 mm and 6% of N, concentration was used to normalize
the calculations of the SPS band method.

20 ‘ ‘

z (mm)

Figure 9. The Ar(1s,) density determined by Ar branching fraction
method at different distances from the cathode. Discharge
conditions: 6% N,-94% Ar, 2.5 Torr, 500 V and 0.48 A.

T T T T T

NAr(1sg) —¥—
nAr*(V’=0) _e_
Na(V'=1) —o—

(e
T

N

Figure 10. Ar(1ss) level population densities as a function of the
distance from the cathode, calculated from the SPS band and the
Ar(2p, — 1s,) branching fraction methods. Discharge conditions:
6% N,—94% Ar, 2.5 Torr, 500 V and 0.48 A.

The good agreement between nacs;) calculated by
two methods at different distances from the cathode is
remarkable (see figure 10). The uncertainties of nar(s;),
calculated from the branching fraction method, were assessed
considering the line intensity uncertainties, whereas, the band
method uncertainties were propagated from the nc*" standard
deviations recovered from the spectrum fit.
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Figure 11. Ar(1ss) level population densities as a function of the N,
percentage, calculated from the SPS band and the Ar(2p, — 1s,)
branching fraction methods. Discharge conditions: 2.5 Torr, 500 V
and z = 5Smm.

On the other hand, a good qualitative agreement between
both calculation methods can be observed, when the gas
mixture composition is changed (see figure 11). Both
techniques show a strong decrease in the Ar(1s,) densities up
to ~25% N, concentration. At higher N, concentrations, the
decrease is less pronounced. The uncertainties were calculated
in the same way as in figure 10. Nevertheless, in this case, it
is necessary to take into account the 7 4.+ uncertainty produced
by the ny,(x) uncertainty (see equation (6)). This fact yields
a large uncertainty at low concentrations of N, in the band
method.

The low sensitivity of the branching fraction method at
N, concentrations greater than 20% is produced by the low
contribution of the photon reabsorption process. Figure 12
shows the escape factors of three lines as the N, concentration
increases. The escape factor at N, concentration greater than
20% is near to 1. This means that each photon produced by
the Ar(2p, — lIs,) transitions escapes without reabsorption.
Therefore, the branching fraction method does not work at N,
concentrations greater than 20%.

The concordance between the two methods suggests that
the excitation transfer to N, (C, v = 0, 1) is mainly produced
from Ar(lss). This agrees with the observation reported in
work [30]. In figure 8, it can be observed that the Ar(1ss)
level has the largest population at N, concentrations lower
than 20%. This fact explains that the excitation transfer from
Ar(1ss) was the main process to excite the N(C, v’ = 0, 1)
levels. However, this reasoning may not be applied at N,
concentrations greater than 20%. As was noted, the branching
fraction method has low sensitivity to measure 7 ,(js,) under
these conditions. In addition, there is no report‘ on the
excitation transfer rate coefficients from the Ar(1s4) level to
the N, (C, v' = 0, 1) levels in order to weigh its contribution.
Then, under these conditions, it is not possible to neglect the
excitation transfer from the Ar(1s4) level to the No(C, v =
0, 1) levels. So, na.+ could reflect a mixture of the excitation
transfer contributions from Ar(1ss) and Ar(1s4).

The knowledge of the SPS band rotational distribution
produced by excitation transfer from the Ar(1s4) level would
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Figure 12. Escape factor of the three lines generated from the
Ar(2pg) state. Discharge conditions: 2.5 Torr, 500V and z = 5 mm.

lead to another way to separate the contribution of these levels.
This would allow us to improve the fit expression (1) and
to obtain both densities as a result. However, there is no
measurement of this rotational distribution in the literature.
Summarizing, the branching fraction method allows us
to calculate absolute densities for metastable and resonant
Ar(ls,) states. The band method is useful, because of
its greater sensitivity, especially for low Ar concentrations.
Moreover, the band method uses only one spectrum, so
it is useful when the discharge conditions change rapidly.
Conversely, the branching fraction method involves the
spectrum measurements in a long wavelength range.

5. Conclusions

Two OES methods to measure the Ar(ls,) densities were
developed. The first uses the N, SPS bands and the second
employs the Ar(2p, — 1s,) lines. These methods have the
advantages of the low number of theoretical assumptions and a
very simple experimental setup. This makes them very useful
for a wide variety of discharge conditions.

These methods were tested in an Ar—N, dc discharge,
when the gas mixture concentration was changed and at
different distances from the cathode. The agreement between
the two methods was remarkable.

The branching fraction method allows us to calculate
absolute densities of the metastable and resonant Ar(1s,)
states. Nevertheless, it involves the spectrum measurements
in a long wavelength range.

The band method has greater sensitivity at low Ar
concentrations, and the assessment is performed in one
spectrum. As a result this is useful to study rapid changes
under the plasma conditions.
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