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Abstract 

In this work we propose a new method allowing gas temperature determination in argon 

non-thermal plasma jets, based on the measurement of the collisional broadening of 

different argon atomic lines corresponding to transitions into both resonance levels s2 and 

s4 of the 3p54s configuration. The method was developed for fourteen lines: Ar I 978.45, 

935.42, 922.45, 852.14, 840.82, 826.45, 750.39 (corresponding to transitions falling to 

level s2) and 965.77, 842.46, 810.37, 800.62, 751.46, 738.40, 727.29 nm (corresponding to 

transitions falling to level s4). A carefully study of the relative importance of all 

broadening mechanisms to the whole profile for these lines, under a broad range of 

experimental conditions, revealed that for electron densities and gas temperature lower 

than 1015 cm-3 and 2000 K, the Stark and Doppler broadenings can be neglected in the 

method, but the van der Waals contribution should not be ever discarded for gas 

temperature determination. The gas temperature of a microwave non-thermal plasma jet 

was determined using nine of these lines. Results were consistent with each other, and with 

those obtained from the rotational temperature derived from OH ro-vibrational band. Also, 
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the influence of the air entrance on the collisional broadening of the lines has been studied 

and the way the method should be modified to include this effect is indicated. 

 

Keywords: Plasma spectroscopy, non-thermal plasmas, gas temperature, collisional 

broadening, atomic emission spectroscopy. 
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1. Introduction. 

In the two last decades, the development of cold plasma sources operating in the open 

atmosphere has noteworthy grown. Besides of simplicity of handing conferred by the 

atmospheric pressure condition, their low power consumption and their capacity to induce 

physical and chemical processes at relatively low gas temperatures are properties making 

them very attractive from an applied point of view. It is well known that the reactivity of 

these plasmas comes from their high energy electrons, while the ions and neutral species 

retain a gas temperature (or heavy particles temperature) Tg relatively cold.  

In technological applications, such as those related to plasma surface treatments (thin 

film deposition, sterilization, surface functionalization…) or plasma treatment of liquids, a 

reliable determination of the gas temperature in the plasma could be crucial. But, to control 

this plasma characteristic parameter becomes particularly relevant when applying cold 

plasma technology directly on living human (and animal) cells, tissues and organs. In the 

last few years, a large variety of cold atmospheric plasma (CAP) sources for therapeutic 

uses in the medicine area [1-5] have been designed. 

Optical Emission Spectroscopy (OES) techniques based on the analysis of molecular 

emission spectra are commonly used for gas temperature determination of plasmas 

sustained at atmospheric pressure. The rotational temperature derived from them is 

considered as a good estimation of the kinetic temperature of the plasma heavy particles 

due to the strong coupling between translational and rotational energy states under these 

high pressure conditions [6-13]. Nevertheless, the use of molecular emission spectroscopy 

is not always easy for gas temperature measurement in plasmas [14-17]. Overlapping of 

bands, rotational population distribution of levels having a non-Boltzmann nature, wake 

emission of rotational bands, among others, can make difficult to obtain reliable values of 
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gas temperature. Also, some of these techniques have been shown to be poor sensitive for 

gas temperature determination in CAP conditions, near the room temperature [18]. 

Alternative OES methods for gas temperature determination in cold plasmas are then 

needed, and those based on the analysis of atomic lines profiles could be a good option. In 

this way, the van der Waals broadening of some argon atomic lines (broadening related to 

the plasma gas temperature, as we will show later) have been used for this purpose [19-22]. 

This technique is based on detection of argon atomic lines (Ar I 425.94, 522.13, 549.61 

and 603.21 nm) not having resonance broadening (also related to Tg), but requires the use 

of additional techniques for simultaneous electron density determination, as these lines 

have a non negligible Stark broadening for electron densities above 1014 cm-3 which needs 

to be determined. Yubero et al. in [23] have proposed a way to circumvent this dependence 

on electron density considering pairs of these lines. 

Recently Pipa et al. [18] have proposed a new method for gas temperature 

determination from the resonance broadening of some argon emission lines (Ar I 750.39, 

826.45, 840.82, 852.14, 922.45 and 978.45 nm), corresponding to transitions into the 

resonance level s2 (Paschen notations) of the 3p54s configuration. This method sustains on 

three premises: (i) these lines have a strong resonance broadening related to the gas 

temperature; (ii) they have a negligible Stark broadening for electron densities under 1015 

cm-3 (so, additional measurements of electron densities are not needed); and (iii) according 

to the authors’s claim (supported on some references they cited), these lines have a van der 

Waals broadening that can be also neglected. 

In the present work, we propose a new method allowing gas temperature 

determination in argon non-thermal plasma jets with Tg < 2000 K (so also in cold plasma 

jets), based on the measurement of the collisional broadening of different argon atomic 

lines, all of them corresponding to transitions into both resonance levels s2 and s4 of the 
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3p54s configuration. We developed this method for fourteen different lines (so actually, we 

present fourteen different tools): Ar I 978.45, 935.42, 922.45, 852.14, 840.82, 826.45, 

750.39 (corresponding to transitions falling to level s2) and 965.77, 842.46, 810.37, 800.62, 

751.46, 738.40, 727.29 nm (corresponding to transitions falling to level s4). As a previous 

step, we have studied the relative importance of the different mechanisms causing the 

broadening of each of these lines emitted by the plasma, i.e. the relative contribution of the 

different broadening mechanisms to the whole line profile. Particularly, the relative 

importance of resonance and van der Waals broadenings have been determined in order to 

elucidate whether or not the van der Waals contribution could be neglected under some 

specific experimental conditions of electron density and gas temperature. We will 

demonstrate that this contribution should not be discarded under any Tg condition. 

Furthermore, when using these lines, the van der Waals contribution to the whole 

broadening could be especially critical in the determination of the gas temperature of CAPs 

(with Tg under 350 K). 

The new methods we propose in this work have been applied to gas temperature 

determination of an argon microwave jet open to the air. The values of the temperatures 

obtained using them, have been compared to the rotational temperatures derived from the 

OH ro-vibrational bands for validation. 

Cold argon plasma jets for both technological and medical uses are very common, as 

operation in a noble gas atmosphere yields the advantage of accurate control of 

(biologically or not) active species generation by admixture of oxygen or nitrogen as well 

as water vapor. Anyway, also similar methods using different atomic lines (helium, 

oxygen,…)  could be also developed for plasmas operating in other gases. 

 

2. Line broadening mechanisms 
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In plasmas generated at atmospheric pressure with no presence of magnetic fields, atoms 

emission is generally broadened due to different effects. The combination of Doppler and 

pressure broadenings (encompassing Stark, van der Waals and resonance broadenings), 

gives rise to an emitted line profile, that eventually can experiment additional broadening 

mechanisms (instrumental and self-absorption broadenings) during the detection process 

by the optical system. As a result, the line profile detected can be reasonably well fitted to 

a Voigt function in many cases. 

Next, we will briefly describe these broadening mechanisms in order to review the 

plasma or optical system characteristic parameters determining each of them. 

 

2.1 Collisional broadenings 

Emitting atoms suffer frequent collisions with other atoms and ions in the plasma, which 

produces distortion of their energy levels. This is a mechanism leading to the so called 

collisional or pressure broadening of the emission lines. Depending on the nature of 

disturbing particles, there are different types of collisional broadenings: van der Waals, 

resonance and Stark broadenings. 

The van der Waals (VDW) broadening is due to dipole moment induced by neutral 

atom perturbers in the instantaneous oscillating electric field of the excited emitter atom 

and generates line profiles with a Lorentzian shape with a FWHM WW that, according to 

the Lindholm-Foley theory [24], is given (in nm) by 

 

( ) ( )2/5 3/1012 2 28.18·10 /W gW R T N  −=                          (1) 

where  

2 2 2
U L

R R R= −                                                (2) 

http://www.sciencedirect.com/science/article/pii/S0584854715000828
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is the difference of the squares of coordinate vectors (in a0 units) of the upper and lower 

level of the transition, λ the wavelength of the observed line in nm, α is the polarizability of 

perturbers interacting with the excited radiator in cm3, Tg is the temperature of the emitters 

(coincident with the gas temperature) in K,  is the atom-perturber reduced mass in a.m.u., 

and N is the density of perturbers in cm-3.  

In the Coulomb approximation, 
2

i
R  for a specific line can be calculated from: 

 

2 *2 *21
5 1 3 ( 1)

2i i i i iR n n l l = + − +                               (3) 

 

being  the effective quantum number, which can be obtained from the hydrogen 

approximation as 

                 *2 H
i

P i

E
n

E E
= −                                                            (4) 

 

where EP is the ionization level of the radiating atom, EH is the Rydberg constant and Ei is 

the excitation energy of the upper or lower level of the transition corresponding to the line. 

Considering the ideal gas equation N = P/KBTg, the expression for the FWHM due to 

van der Waals broadening can be written as, 

 

     
0.7

( ) (nm)W
W g

g

C
W T

T
=                                                  (5) 

 

with CW being determined by the type of gas in the discharge and the nature of the atom 

emitters:  
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( )2/5
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−
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         (nm·K7/10 )                         (6) 

 

For an argon plasma at atmospheric pressure, when considering the van der Waals 

broadening of argon atomic lines ( = 19.97 and  = 16.54·10-25 cm3), CW can be written as 

 

( )2/5
7 2 2 7/107.5·10 (nm· )WC R K−=                                    (7) 

 

In short, the van der Waals broadening is also characteristic for every atomic line 

emitted and it is related to the gas temperature in the plasma. 

The resonance broadening of spectral lines is due to dipole-dipole interactions of the 

emitter with ground-state atoms of the same element. This broadening mechanism 

originates a Lorentzian shaped profile with a FWHM WR given (in Å) by [25-26]: 

 

1/ 2

30 28.6 10 i
R r r

k

g
W f N

g
 −                                            (8) 

 

where λ is the wavelength of the observed line (in Å); fr and λr are the oscillator strength 

and wavelength (in Å) of the line; gk and gi are the statistical weights of its upper and lower 

levels and N  is density of perturber atoms (ground state atoms in cm-3). 

Considering N  P/KBTg, the expression for the FWHM can be written as 

 

( ) (nm)R
R g

g

C
W T

T
=                                                    (9) 
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being the value of CR characteristic for every spectral line. 

Resonance broadening is then related to the gas temperature and leads to a 

Lorentzian shaped profile [27]. Let us remark again that this broadening is not affecting 

every single spectral line in the spectrum, but only those corresponding to transitions with 

upper and lower levels having electric dipole transitions to the ground state. 

The Stark broadening results from Coulomb interactions between the emitter atom 

and surrounding charged particles, perturbing the electric field it experiences. Both ions 

and electrons induce Stark broadening, but in non-thermal plasmas, electrons are 

responsible for the major part of it because of their higher relative velocities. The Stark 

broadening depends on both electron density and temperature (ne, Te). 

For non-hydrogenic atoms (such as argon ones), the line broadening due to the Stark 

effect of electrons in impact approximations results in a Lorentzian shaped profile [27] 

with a FWHM WS having a dependence on the electron density that can be expressed as: 

 

16
( , ) ( )

10
e

S e e e e

n
W T n w T                            (10) 

 

where ne is given in cm-3 and we(Te) is Stark parameter for a density of 1016 cm-3, which has 

been calculated by several authors for different atomic lines in plasmas under different 

conditions [28-31].  

The total collisional broadening result from the convolution of these three 

mechanisms, giving rise to a Lorentzian profile with a FWHM WL (or WC) given by:   

 

( , , ) ( , , ) ( ) ( ) ( , )
L g e e C g e e W g R g S e e

W T n T W T n T W T W T W n T= = + +                 (11) 
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As already mentioned, in this work, we propose several (fourteen) new tools based 

on the measurement of the collisional broadening of fourteen argon atomic lines 

corresponding to all transitions into the resonance levels s2 and s4 of the 3p54s 

configuration (see Table I).  

The contribution of each specific mechanism to the total collisional broadening has 

been studied in order to evaluate the most important effects, and whether or not any of 

them could be neglected. In order to determine these contributions, constants CW and CR in 

Eqs. (5) and (9) have been calculated for each one of the fourteen lines (see Table II). We 

have used data from NIST atomic data base [32] to calculate 2
R in eq. (7), for every line. 

Also, data from NIST for the resonant lines Ar I 104.82 nm (fr = 0.25, gi = 1, gi = 3) and Ar 

I 106.67 nm (fr = 0.0609, gi = 1, gi = 3), were used to evaluate CR from Eq. (9), for lines 

corresponding to transitions to s2 and s4 level, respectively.  

The Stark parameters we of these lines corresponding to an electron temperature of 

10,000 K are also collected in Table II for most of lines (although for some of them, no 

data have been found). The dependence of these parameters on Te is weak, so conclusions 

about the contribution of these broadenings also apply to temperatures of similar order. 

Lines chosen in this work are affected by a relatively high resonance broadening. 

The oscillator strength fr for argon resonance radiation from the s4 level is about four times 

lower than that from the s2 level, so, according to Eq. 9, the resonance broadening of lines 

corresponding to transitions p → s4 is expected to be significantly lower. So, we will 

consider two groups of lines: (i) to the first one belong the lines corresponding to 

transitions s4 – p; for these lines resonance and van der Waals broadening are in the same 

order of magnitude; (ii) in the second one are lines corresponding to transitions s2 – p, for 

which the resonance broadening is notably higher. In our reasoning below, line Ar I 750.39 
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nm has been used as representative of the first group, and line Ar I 842.46 nm as 

representative of the second one.  

Figures 1 (a) and (b) show the contribution of each collisional mechanism to the total 

collisional broadening FWHM WC, as a function of Tg in the case of resonance and van der 

Waals broadenings, and as a function of ne in the case of the Stark broadening for a typical 

value of electron temperature Te = 10,000 K.  

We can observe that, in both cases, for electron densities below 1015 cm-3 the Stark 

broadening is much lower than other two mechanisms (resonance and van der Waals), over 

the whole range of low gas temperatures below 2000 K. Similar behaviors have been found 

for the rest of lines studied here. 

This fact can be also observed from the representation of the dependence of WC on 

the gas temperature, for different values of electron densities (see Figs. 2(a) and (b) for 

lines Ar I 750.39 nm and Ar I 842.46 nm, respectively). 

Then, these dependences are almost unaffected when considering the Stark 

broadening contribution for electron densities below 1015 cm-3. As a consequence, we can 

neglect the Stark contribution to the total collisional broadening, and WC could be 

considered as only dependent on Tg: 

 

0.7
( ) ( ) ( ) W R

C g W g R g

g g

C C
W T W T W T

T T
 + = +

                                
 (12) 

 

According to this expression, the gas temperature can be obtained from the value of 

WC experimentally measured. 

Pipa et al. in reference [18] considered also negligible the van der Waals contribution 

to the whole collisional broadening, when they were using lines of high resonance 

broadening corresponding to transitions s2 – p for gas temperature determination. In the 
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present work, we will demonstrate that under all experimental conditions, the van der 

Waals contribution does affect the collisional broadening of all these Ar I lines falling to 

the resonance levels of the 3p54s configuration, so that this contribution must be always 

considered. Figures 3(a) and (b) show this fact by comparing WC values obtained with and 

without taking into account the van der Waals contribution for lines Ar I 750.39 nm and 

ArI 842.46 nm, respectively. 

 

2.2 Doppler broadening 

Lines emitted by the plasma are also influenced by the so-called Doppler broadening due 

to the motion of emitter atoms with respect to the detector, with a continuous velocity 

distribution depending on their temperature. This contribution a Gaussian-shaped line 

profile with a full-width at half-maximum, FWHM, WD given (in nm) by 

 

7( ) 7.16·10 /D g gW T T M
−=                                               (13) 

 

where Tg  and M are the temperature (in K) and mass of the radiating atom (in a.m.u.). This 

broadening is then specific for every atomic line and is related to the gas temperature of the 

plasma. 

The joint contribution of collisional and Doppler broadenings gives rise to a Voigt 

profile resulting from the convolution of a Lorentzian with and a Gaussian profile. The 

FWHM of this Voigt profile WV can be approximated by the following expression: 

 

2
2

2 2
L L

V G

W W
W W

  + +         (14) 
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In this way, as WL = WC and WG = WD, Eq. (14) can be written as: 

 

2
2

2 2
C C

V D

W W
W W

  + +         
                 (15) 

 

On the other hand, Figs. 4(a) and (b) compare the FWHM of the total Voigt profile 

considering and not considering the Doppler contribution, for lines Ar I 750.39 nm and ArI 

842.46 nm, respectively.  

As it can be observed, the Doppler contribution is only important for high values of 

Tg (Tg > 2000 K), being negligible for lower values. In the case of lines corresponding to 

transitions s2 – p (represented by the line Ar I 750.39 nm), this fact is even truer because 

the Doppler contribution is relatively smaller. Similar behaviors have been found for the 

rest of lines analyzed here in this work. 

So, we can conclude that in cold plasmas, both Stark and Doppler contributions to 

the whole broadening for these argon lines can be neglected, and consider their emissions 

are Lorentzian shaped with a FWHM equal to WC given by Eq. (12). 

 

2.3 Instrumental broadening 

Lines emitted by the plasma experiment an additional broadening when detected with the 

optical system. If a spectrometer is used for detection of light emitted by plasma, this 

instrumental broadening is determined by its dispersion and the slits widths. When 

entrance and exit slits of equal width are used, the instrumental function of spectrometer 

has a triangular shape that is well approximated by a Gaussian profile with a FWHM WI 

given by 

 ( )
I S

W D l=                                    (16) 
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where ls is the slit width and D()the dispersion of spectrometer, which depends on 

wavelength. 

In a Czerny-Turner type spectrometer, this dispersion is given by: 

 

  

2

( ) cos 1
2 22 cos 2 cos

2 2

d
D sen

F
d d

     
     = − +      

                   (17) 

 

where F is the focal length of the spectrometer, d is the separation between grooves of the 

diffraction grating and  is an characteristic angle that depends on the separation between 

mirrors and between them and the grating. 

In this approximation, the resulting profile of non self-absorbed lines detected can be 

assumed as a Voigt function, convolution of instrumental function (Gaussian) with the 

collisional profile (Lorentzian). The FWHM of this Voigt shaped profile is given by an 

expression similar to Eq. (14): 

 

  
2

2

2 2
C C

V I

W W
W W

 = + +        (18) 

 

as WL = WC and WG = WI. 

 

2.4 Other broadening mechanisms 

The light emitted by the plasma could also suffer from some self-absorption as it 

propagates within it. This effect that affects in varying extent the different spectral lines, 
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and is strongly dependent on plasma experimental conditions (size, species densities), 

could result in an additional broadening of the detected line. This broadening is difficult to 

quantify and that is the reason why atomic lines unaffected by self-absorption need to be 

considered when using them for plasma diagnosis from the study of their profiles. 

Finally, the finite lifetime of the excited levels give rise to the natural broadening, 

which is typically very small ( 0.00001nm) and can be neglected in the case of 

atmospheric pressure plasma spectroscopy. 

 

3. Gas temperature determination method 

In this work we propose several methods (corresponding to fourteen spectral lines) for gas 

temperature determination based on the use of the relationship between the FWHM of their 

collisional broadening and Tg, given by Eq. (12). For each specific case, this broadening 

can be obtained from the experimentally measured profile of the (no self-absorbed) Ar I 

line, which can be approximated by Voigt shaped profile with a FWHM given by Eq. (18). 

From this equation, the collisional broadening can be derived and expressed as 

 

2
I

C V

V

W
W W

W
= −         (19) 

 

By measuring WV and knowing the value of the instrumental broadening as a 

function of the wavelength from Eq. (16), WC can be derived. Finally, the gas temperature 

can be determined using Eq. (12) and constants in Table II.  

Figures 5(a) and (b) represent the relationship Tg (WC) for lines Ar I 750.39 nm and 

Ar I 842.46 nm.  Similar dependences Tg (WC) for the rest of lines checked in this work 

were found (see Fig. 6).  
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The error in Tg determination of this method is given by the accuracy of the WC 

measurement. Figs. 5(a) and (b) also show the error in gas temperature derived from the 

method for a typical experimental error WC  0.001nm,. The highest errors in Tg 

correspond to the zone of high values of gas temperature, reducing this error at lower Tg 

values. So, the method is especially useful in the determination of the gas temperature of 

cold plasmas (with Tg < 350 K). 

From Eq. (12) we cannot get a mathematical dependence Tg(WC). In order to obtain 

such an analytical dependence allowing a straightforward determination of the gas 

temperature from WC, curves in Fig. 6 have been fitted to an exponential function 

 

0 1 2
1 2

( ) exp expC C
g C

W W
T W A A A

t t

   = + − + −          (20) 

 

These fitting give a very good approximation (r2 > 0.999) in the gas temperature range 

between 275 and 5000 K (see Figs. 5(a) and (b)). 

The analytical functions derived from these fits, for the fourteen argon lines 

considered, are shown in Table III. 

 

4. Measuring the gas temperature of a microwave sustained plasma at atmospheric 

pressure. 

We have finally applied the method using nine of Ar I lines of Table I, to the determination 

of the gas temperature in different regions of a microwave induced plasma sustained at 

atmospheric pressure. We have compared these values with those obtained from 

simulations of OH (A-X) ro-vibrational band, in order to validation.  
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4.1 Experimental set-up 

Figure 7 shows a schematic of the discharge apparatus and OES system. A surfatron 

device [33] was used to couple the energy coming from a microwave (2.45 GHz) generator 

(with a maximum stationary power of 200 W in continuous-wave mode) to the support gas 

(argon with a purity ≥ 99.995 %) within a quartz reactor tube of 1.5 and 4 mm of inner and 

outer diameter, respectively, opened to the air as shown in Fig. 7. Surfatron was originally 

designed to generate cylindrical plasma columns inside straight dielectric tubes, sustained 

by an azimuthally symmetric TM00 surface wave mode. Nevertheless, in our experiments a 

T-shaped tube with a closed end (see Fig. 7) was employed in order to allow the plasma 

column go down through the vertical part of the tube. This configuration is very useful 

when the plasma is used for treatment of liquid samples.  

In this work, the microwave power was set at 150 W and the argon flow rate was 

adjusted to700 sccm with the help of a calibrated mass flow controller. By means of a 

system of movable stubs, impedance matching was performed until the best energy 

coupling was achieved, making the power reflected back to the generator (Pr) negligible (< 

5%). 

Figure 7 also depicts schematically the experimental setup used to acquire OES 

measurements. Light emission from the plasma was analyzed by using a 1 m focal length 

Czerny-Turner type spectrometer, equipped with a 1200 grooves/mm holographic grating 

and a photomultiplier (spectral output interval of 300-900 mm) as a detector. The light 

emitted at four different axial positions of the vertical part of the plasma column (y  =  6, 

16, 26, 30 mm, considering y = 0 the center of horizontal tube) was side-on collected and 

focussed at 1:1 onto an optical fiber using an achromatic lens. 

In this work, we did not use the fourteen lines for gas tempertaure determination but 

only nine of them. Lines Ar I 751.46 nm and 727.29 nm, overlapped to Ar I 751.04 nm and 
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727.06 nm, respectively, were not used (actually, they led to underestimated values of Tg 

that we are not going to show). Lines Ar I 978.45 nm, 965.77 nm and 935.42 nm could not 

be detected in our experiments. 

OH ro-vibrational band (3060 Å system, A-X) was also recorded. Aditionally, the 

hydrogen Balmer series line Hβ (at 486.13 nm) was measured in order to evaluate the order 

of magnitude for the electron density of this plasma [34]. The values of electron density 

obtained ranged between 1.2 and 3.7 1014 cm-3, being lower 1015 cm-3. So, on the basis of 

already explained considerations, the Stark mechanism broadening could be neglected. 

Both, H and OH species resulted from the dissociation water were present as impurity in 

the feed gas. 

The instrumental function of the spectrometer for the wavelengths corresponding to 

the different measured lines was calcuted by using Eq. (17) with F = 1 m, d = 0.8 m and  
= 0.235. The values of FWHM of instrumental funtion for these wavelengths are shown in 

Table IV for a slit widht of 77 µm. 

In order to validate these theoretical values of WI, the instrumental function of the 

spectrometer was experimentally determined for  = 632.8 nm by using the line Ne I 

emitted by a helium-neon laser in this wavelength. In this way, an instrumental broadening 

WI  = 0.062 nm was measured when using slit widths of 77 µm. The theoretical value 

obtained from Eq. (17) was WI = 0.0619 nm, that confirmed the goodness of the theoretical 

determination of WI from it. 

Finally, measurements of the light absorption have shown that the plasma studied can 

be considered as optically thin in the direction of observation chosen (transversally) for the 

Ar I lines detected. 
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4.2 Results 

4.2.1 Gas temperatures from argon lines 

Emission spectra from four positions of the plasma column y = 6, 16, 26 and 30 nm were 

taken. Figure 8 shows a typical full spectrum recorded from light emitted by the plasma in 

the wavelength range from 300 to 900 nm. 

For every line, the spectrum was recorded several times in order to evaluate the 

reproducibility of the method and the experimental error in FWHM determination. For 

each line, dispersion in FWHM measurements was less than 0.001 nm. 

Figure 9 shows the averaged values of WV measured for the nine resonance lines 

detected, for these four y positions. 

Using Eq. (19) and the values of WI in Table IV, we can estimate the collisional 

broadening WC for all studied lines emitted, at every axial position (see Fig. 10). 

The highest values of collisional broadening were obtained for the lines 

corresponding to transitions into the resonance level s2. Particularly high was WC for Ar I 

922.45 nm, although it should be noted that this line felt out of the range of efficiency of 

the photomultiplier used in the experiments, and it was poorly detected in our experiments, 

having a signal-to-noise ratio notably smaller than for the rest of lines. Lines corresponding 

to transitions to level s4 had a total WC three times lower.  

Finally, using the theoretical functions gathered in Table III, the values of gas 

temperature, at the different plasma positions, were calculated. Fig. 11 shows the values of 

Tg measured from different Ar I lines. Values measured at positions y = 6 and y = 16 mm, 

with different lines were consistent with each other, being similar within the error bar of 

the measurements. 

However, at positions y = 26 and y = 30 mm, the values of gas temperature measured 

were slightly higher when using lines corresponding to transitions to 2s levels. This fact 
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was even more remarkable at the position y = 30 mm, closer to the end of the tube, and 

could be explained as a consequence of the entry of air into the plasma and the effect it has 

on WW and WR. Indeed, both of them depend on the composition of the gas feeding the 

discharge.  

Theoretical determinations of CW in Table II were made considering argon atoms as 

perturbers responsible for the van der Waals broadening of Ar I lines. In this way, reduced 

mass Ar-Ar and argon polarizability (Ar-Ar = 19.97 and Ar = 16.54·10-25 cm3) were 

considered. The presence of a portion of air in the plasma would modify the values of the 

van der Waals constant for the different lines, which mainly affect to determination of Tg 

from lines corresponding to transitions to 2s levels, whose van der Waals contribution has 

a relative higher relevance. Also, CR values would change, as they were originally 

calculated considering a proportion of a 100 % of argon perturber atoms in eq. (8).  

In order to confirm this hypothesis, we have assumed some proportions of air in the 

plasma (20 and 40 % at positions y = 26 and y = 30 mm, respectively) for an estimate of 

the new Tgas. As a previous step, we had recalculated the theoretical dependence of WW
corr 

and WR
corr on Tgas assuming these air concentration proportions. For this purpose, we first 

determined the values of CW’ constants obtained considering air as perturber, so, using 

reduced mass Ar-Air and air polarizability (Ar-Air  16.81and Air  2.10·10-23 cm3) (see 

Table V). The new expression for the van der Waals broadening considering the air entry 

correction is given by 

                                                (21)
 

 

being Ar and Air the molar fraction of argon and air in the discharge. For details the reader 

is referred to Yubero et al. [20]. 
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A new expression for WR
corr has been obtained from equation (8), considering the 

density of perturber atoms as equal to N  Ar
  P/KBTg,, being Ar

  the molar fraction of 

argon [9]. In this way: 

( ) (nm)R
R g Ar

g

C
W T

T
=                                                 (22) 

being CR the coefficient given in Table II. 

Figures 12(a) and (b) show the dependence of WC(Tgas) curve on the air 

concentration, for lines Ar I 750.39 m, and Ar I 842.46 nm, respectively. For the rest of 

lines, similar behaviors were found. For lines corresponding to s2 – p transitions, whose 

resonance broadenings are relatively high, the influence of the air on WC was less 

important (see Fig. 12(a)). Conversely, broadenings of lines corresponding to s4 – p 

transitions are appreciably more affected. 

Figure 13 shows the axial profile of Tg obtained considering these proportions of air. 

The agreement among the values of gas temperatures obtained with collisional broadening 

of the different lines is in this way improved for the two final positions, supporting our 

hypothesis. 

 

3.2.2 Gas temperatures from OH(A-X) rotational band 

OH (A-X) ro-vibrational band was also used for gas temperature determination, in order to 

validate the new methods we have presented. LIFBASE code developed by Luque and 

Crosley [35] was used for simulation of OH bands. At each axial position, LIFBASE was 

used to generate simulated spectra over a broad temperature range at coarse temperature 

increments of 20 K using a resolution of 0.065 nm. For each incremented temperature the 

residual is calculated as a value defined to be the sum of the differences between 

experimental and predicted intensity peak values across the entire spectral range. The 
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smallest residual of the full temperature range provided the rotational temperature 

according this code.  

Figure 14 shows the values Tg,OH derived from this band, and those obtained from Ar 

I 750.39 nm and Ar I 842.46 nm lines. Axial gas temperature profiles obtained from them 

were quite similar, within the experimental accuracy range of measurements. A very good 

agreement was also found when using the rest of Ar I lines considered here.  

 
4. Final remarks. 

In this paper we propose several (fourteen) new spectroscopic tools for determination of 

the gas temperature in non-thermal plasmas, based on the measurement of the collisional 

broadening of different (argon) atomic lines exhibiting a resonance broadening. 

Particularly, we used (fourteen) lines corresponding to transitions into both resonance 

levels s2 and s4 of the 3p54s configuration of the Ar I system. 

The method applies to argon plasmas with gas temperatures under 2000 K, and 

electron densities lower than 1015 cm-3, because under these experimental conditions it has 

been shown that for these lines, the contributions of Doppler and Stark broadenings to the 

whole line profile are negligible when compared to resonance and van der Waals 

broadenings ones.  

Also in this work, we have studied carefully the relative importance of all broadening 

mechanisms to the whole profile for these lines, under a broad range of experimental 

conditions (electron density and gas temperature). It has been shown that the van der 

Waals contribution should not be discarded for gas temperature determination, under any 

Tg condition. 

Analytical expressions have been proposed for a straightforward determination of the 

gas temperature from the experimental collisional broadenings of these lines. 
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Similar methods using different atomic lines (helium, oxygen,…) could be also 

developed for plasmas operating in other gases. 

 Moreover, these new methods can be considered as good alternatives to those based 

on the measurement of rotational temperatures, as in the application of them, no 

assumptions on the degree of thermodynamic equilibrium existing in the plasma are 

needed. 

Finally, the new methods we propose in this work (actually, nine of them) have been 

applied to gas temperature determination of an argon microwave jet open to the air. Values 

of the temperatures obtained using them, were consistent with each other. They were also 

compared to the rotational temperatures derived from the OH ro-vibrational bands, and a 

very good agreement was found. Results have also shown that the air entrance into this 

type of plasmas could affect gas temperature determination using these methods (in the 

experimental case presented here, this effect was observed at the end part of the plasma). 

We have indicated the way the method should be changed in order to take into account this 

air influence.  
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FIGURE CAPTIONS 

Fig.1. Contribution of each collisional mechanism to WC, as a function of Tg in the case 

of resonance and van der Waals broadenings, and as a function of ne in the case of the 

Stark broadening (Te = 10,000 K). 

Fig. 2. Dependence of WC on Tg for different values of electron densities ((a) for line Ar 

I 750.39 nm; (b) for line Ar I 842.46 nm). 

Fig. 3. WC values obtained with and without considering the van der Waals contribution 

((a) for line Ar I 750.39 nm and (b) for line Ar I 842.46 nm). 

Fig. 4. WV values obtained considering and not considering the Doppler contribution 

((a) for line Ar I 750.39 nm and (b) for line ArI 842.46 nm). 

Fig. 5. Tg (WC) curves (a) for line Ar I 750.39 nm and (b) for line Ar I 842 nm. 

Fig. 6. Tg (WC) curves for all  Ar I lines considered in this work. 

Fig. 7. Experimental set-up. 

Fig. 8. Characteristic OES spectrum emitted by the discharge. 

Fig. 9. Averaged values of WV measured for the nine resonance lines detected, for 

different y positions in the plasma. 

Fig. 10. Collisional broadening measured from WV for the Ar I lines studied, for 

different y positions in the plasma. 

Fig. 11. Values of Tg measured from different Ar I lines. 

Fig. 12. Dependence of WC (Tgas) curve on the air concentration, for lines (a) Ar I 

750.39 m, and (b) Ar I 842.46 nm. 

Fig. 13. Values of Tg obtained considering 20 % and 40 % of air at y = 26 mm and y = 

30 mm, respectively. 



Fig. 14. Values Tg,OH derived from OH (A-X) ro-vibrational band, and those obtained 

from Ar I 750.39 nm and Ar I 842.46 nm lines. 



 

 

 

 

Fig. 1. Contribution of each collisional mechanism to WC, as a function of Tg in the case 

of resonance and van der Waals broadenings, and as a function of ne in the case of the 

Stark broadening (Te = 10,000 K). 

 

0 1000 2000 3000 4000 5000

 

 

 

 

 van der Waals

 Resonance

 Stark

1E-4

1E-3

0.01

0.1

1

10
14

10
15

10
16

10
17

(a)

Ar I 750.39 nm

n
e
 (cm

-3
)

T
g
 (K)

W
C
 (

n
m

)

 

 

 

0 1000 2000 3000 4000 5000

(b)

Ar I 842.46 nm

 van der Waals

 Resonance

 Stark

 

 

 

 

1E-4

1E-3

0.01

0.1

10
14

10
15

10
16

10
17

n
e
 (cm

-3
)

T
g
 (K)

W
C
 (

n
m

)

 

 

 



 

 

 

Fig. 2. Dependence of WC on Tg for different values of electron densities ((a) for line Ar 

I 750.39 nm; (b) for line Ar I 842.46 nm). 
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Fig. 3. WC values obtained with and without van der Waals contribution ((a) for line Ar 

I 750.39 nm and (b) for line Ar I 842.46 nm). 

 

0 1000 2000 3000 4000 5000

0.01

0.1

(a)

Ar I 750.39 nm  

 

W
C
 (

n
m

) 

T
g
 (K)

 With van der Waals

 Without van der Waals

0 1000 2000 3000 4000 5000

0.01

0.1

(b)

Ar I 842.46 nm

 

 

W
C
 (

n
m

)

T
g
 (K)

 With van der Waals

 Without van der Waals



 

 

 

Fig. 4. WV values obtained considering and not considering the Doppler contribution 

((a) for line Ar I 750.39 nm and (b) for line ArI 842.46 nm). 
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Fig. 5. Tg (WC) curves (a) for line Ar I 750.39 nm and (b) for line Ar I 842 nm. 
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Fig. 6. Tg (WC) curves for all Ar I lines considered in this work. 
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Fig. 7. Experimental set-up. 

 



 

 

Fig. 8. Characteristic OES spectrum emitted by the discharge. 
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Fig. 9. Averaged values of WV measured for the nine resonance lines detected, for 

different y positions in the plasma. 
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Fig. 10. Collisional broadening measured from WV for the Ar I lines studied, for 

different y positions in the plasma. 
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Fig. 11. Values of Tg measured from different Ar I lines. 
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Fig. 12. Dependence of WC (Tgas) curve on the air concentration, for lines (a) Ar I 

750.39 m, and (b) Ar I 842.46 nm. 

 



 

 

 

 

 

Fig. 13. Values of Tg obtained considering 20 % and 40 % of air at y = 26 mm and y = 

30 mm, respectively. 
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Fig. 14. Values Tg,OH derived from OH (A-X) ro-vibrational band, and those obtained 

from Ar I 750.39 nm and Ar I 842.46 nm lines. 
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Table I. Some characteristics parameters of the argon atomic lines corresponding to 

transitions into the resonance levels s2 and s4 of the 3p54s configuration of argon atomic 

system, used in this work [32]. 

 

Ar I lines f El  - Eu (cm3) gl  - gu 

s2 - p 

978.45 nm 3.52e-02 95 399.8276 - 105 617.2700 3  -  5 

935.42 nm 1.39e-02 95 399.8276 - 106 087.2598 3  -  3 

922.45 nm 1.07e-01 95 399.8276 - 106 237.5518 3  -  5 

852.14 nm 1.51e-01 95 399.8276 - 107 131.7086 3  -  3 

840.82 nm 3.94e-01 95 399.8276 - 107 289.7001 3  -  5 

826.45 nm 1.57e-01 95 399.8276 - 107 496.4166 3  -  3 

750.39 nm 1.25e-01 95 399.8276 - 108 722.6194 3  -  1 

s4- p 

965.77 nm 7.60e-02 93 750.5978   - 104 102.0990 3  -  3 

842.46 nm 3.81e-01 93 750.5978   -  105 617.2700 3  -  5 

810. 37 nm 2.5e-01 93 750.5978   -  106 087.2598 3  -  3 

800.62 nm 7.85e-02 93 750.5978  -  106 237.5518 3  -  5 

  751.46 nm* 1.14e-01 93 750.5978  -  107 054.2720 3  -  1 

738.40 nm 1.15e-01 93 750.5978   -  107 289.7001 3  -  5 

  727.29 nm* 1.45e-02 93 750.5978   -  107 496.4166 3  -  3 

 

 



Table II. Constants for van der Waals and resonance broadenings and Stark parameters 

(ne=1016 cm-3, Te=10,000 K) for the different Ar I lines used. 

 

 

Ar I lines CW CR we (nm) 

s2 - p 

978.45 nm 2.417 91.431 - 

935.42 nm 2.318 83.566 - 

922.45 nm 2.289 81.265 0.0145   [30] 

852.14 nm 2.126 69.349 0.0102   [30] 

840.82 nm 2.100 67.519 0.0111   [31] 

826.45 nm 2.067 65.231 0.0092   [30] 

750.39 nm 1.893 53.776 0.0085   [30] 

s4 - p 

965.77 nm 2.136 22.080 - 

842.46 nm 1.891 16.802 0.0084   [31] 

810. 37 nm 1.825 15.546 0.011   [31] 

800.62 nm 1.805 15.174 0.0087   [30] 

   751.46 nmsol 1.706 13.367 0.0074   [30] 

738.40 nm 1.680 12.907 0.0071   [30] 

   727.29 nmsol 1.657 12.522 0.0096   [30] 

 



TABLE III. Analytical functions from curves in Fig. 6 allowing a straightforward 

determination of the gas temperature from WC. 

Line Analytical function 

s2 – p 

Ar I 978.45 
3

( ) 0.296 13.68 exp 3.073 exp ( 10 )
0.0143 0.0758

C C

g C

W W
T W K= + − + − ×

   
   
   

 

Ar I 935.42 
3

( ) 0.296 13.75 exp 3.080 exp ( 10 )
0.0132 0.0698

C C

g C

W W
T W K= + − + − ×

   
   
   

 

Ar I 922.45 
3

( ) 0.296 13.77 exp 3.082 exp ( 10 )
0.0129 0.0680

C C

g C

W W
T W K= + − + − ×

   
   
   

 

ArI 852.14 
3

( ) 0.295 13.92 exp 3.095 exp ( 10 )
0.0113 0.0588

C C

g C

W W
T W K= + − + − ×

   
   
   

 

ArI 840.82 
3

( ) 0.295 13.94 exp 3.098 exp ( 10 )
0.0109 0.0574

C C

g C

W W
T W K= + − + − ×

   
   
   

 

ArI 826.45 
3

( ) 0.295 13.97 exp 3.101exp ( 10 )
0.0106 0.0556

C C

g C

W W
T W K= + − + − ×

   
   
   

 

ArI 750.39 
3

( ) 0.294 14.16 exp 3.118 exp ( 10 )
0.0089 0.0468

C C

g C

W W
T W K= + − + − ×

   
   
   

 

s4 – p 

ArI 965.77 
3

( ) 0.283 16.63 exp 3.366 exp ( 10 )
0.0052 0.0254

C C

g C

W W
T W K= + − + − ×

   
   
   

 

ArI 842.46 
3

( ) 0.281 17.08 exp 3.414 exp ( 10 )
0.0042 0.0205

C C

g C

W W
T W K= + − + − ×

   
   
   

 

ArI 810.37 
3

( ) 0.280 17.21exp 3.429 exp ( 10 )
0.0040 0.0193

C C

g C

W W
T W K= + − + − ×

   
   
   

 

ArI 800.62 
3

( ) 0.280 17.25 exp 3.433 exp ( 10 )
0.0039 0.0190

C C

g C

W W
T W K= + − + − ×

   
   
   

 

ArI 751.46 
3

( ) 0.279 17.53 exp 3.464 exp ( 10 )
0.0035 0.0171

C C

g C

W W
T W K= + − + − ×

   
   
   

 



ArI 738.40 
3

( ) 0.279 17.53 exp 3.464 exp ( 10 )
0.0035 0.0168

C C

g C

W W
T W K= + − + − ×

   
   
   

 

ArI 727.29 
3

( ) 0.279 17.60 exp 3.473 exp ( 10 )
0.0034 0.0164

C C

g C

W W
T W K= + − + − ×

   
   
   

 

 



TABLE IV. Values of FWHM of instrumental funtion for wavelengths corresponding 

to Ar I used in this work (slit widht of 77 µm). 

 

 

 

 

Ar I lines WI (nm) 

922.45 nm 0.05725 

852.14 nm 0.05870 

842.46 nm 0.05884 

840.82 nm 0.05888 

826.45 nm 0.05913 

810. 37 nm 0.05941 

800.62 nm 0.05958 

750.39 nm 0.06036 

738.40 nm 0.06054 



 

 

Table V. Constants for van der Waals broadening for the different Ar I lines used, 

considering air as perturber. 

 

Ar I lines CW’ 

s2 - p 

978.45 nm 7.034 

935.42 nm 6.745 

922.45 nm 6.660 

852.14 nm 6.186 

840.82 nm 6.110 

826.45 nm 6.014 

750.39 nm 5.508 

s4 - p 

965.77 nm 6.216 

842.46 nm 5.502 

810. 37 nm 5.312 

800.62 nm 5.254 

   751.46 nm
sol

 4.964 

738.40 nm 4.888 

   727.29 nm
sol

 4.823 



 

 

 

 

 

 

 

 

 

 

 

 



HIGHLIGHTS 

 

• A new method to measure the gas temperature in non-thermal plasmas from the 

collisional broadening of some argon atomic lines is presented. 

• These lines correspond to transitions into both resonance levels s2 and s4 of the 3p54s 

configuration of the Ar I system. 

• For these lines, the van der Waals contribution should not be ever discarded in gas 

temperature determination. 

• Analytic expressions allowing straightforward determination of the gas temperature 

from the collisional broadening are given. 

• Results are in good agreement with those obtained using other diagnostic methods. 

• No assumptions on the degree of equilibrium existing in the plasma are needed. 

 


