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b Department of Physics, University of Cordoba, Campus de Rabanales, Córdoba 14071, Spain   
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A B S T R A C T   

In this work, we present a new method allowing the determination of both the gas temperature and the air 
fraction in non-thermal atmospheric helium plasmas. This new UV-Atomic Emission Spectroscopy technique 
based on the measurement of the collisional broadening of the He I 667.82 nm and He I 728.13 nm emission lines 
is a particularly sensible method under low gas temperature conditions; hence it is particularly suitable for the 
diagnosis of cold helium atmospheric plasmas of biomedical use. To quantify the unknown amount of air 
entering these plasma jets is key to understanding the chemistry in them and the basis of their clinical and 
biological action, as it determines the amount of reactive oxygen and nitrogen they generate. The method has 
been applied to diagnose microwave helium plasmas generated inside three different reactors, thus in envi
ronments with different air contents.   

1. Introduction 

In recent years, there has been a great interest in exploring the use of 
non-thermal plasmas in fields such as medicine, agriculture, or food 
[1–3]. This has led to the development of very diverse and numerous 
sources of cold atmospheric plasma (CAP), with temperatures some
times even below 40 ◦C, which are currently enabling previously un
imaginable plasma applications. These include wound healing, 
treatment of cancerous lesions, plant diseases, treatment of seeds (for 
disinfestation, disinfection, or modification of their surface properties to 
improve germination and crop yield), food treatment for better con
servation or avoid foodborne outbreaks, to mention just a few. 

In the field of medicine, there has been a growing interest in the 
study of the direct application of plasmas on the human body [2,4–8]. It 
has been already a while since a new path in electrosurgery came up 
with the development of plasma-based devices. Thereby, nowadays, 
argon plasma coagulation (APC) and coblation are well-established 
electrosurgical methods relying on plasma technology [9–13]. In the 
same way, the PlasmaJet® device is also currently used in surgical 
practice to cut or coagulate tissues in a well-defined and localized 
manner [14]. In all these cutting and coagulation electrosurgical ap
plications, the plasma action is primarily conducted by heating. 
Nevertheless, in the last fifteen years, attention has shifted towards the 

use of CAPs open to the air with temperatures below 40 ◦C [1,4], in order 
to explore other mechanisms of the action of plasma on cells and tissues 
that could be seized and exploited for therapeutic uses. 

Plasma sources used in the development of therapeutic-type CAPs 
are of a very diverse type [4,6]. For each particular design, the experi
mental conditions of the discharge are optimized in order to generate the 
appropriate cocktail of reactive chemical species that, in their interac
tion with cells, tissues, or organs, give rise to certain desired therapeutic 
effects. Most CAPs use argon, helium, or air as the discharge support gas. 
In addition, they are usually open to the atmosphere, so they typically 
contain air to a greater or lesser extent, even when they have been 
generated in noble gases. They also have small amounts of water as a 
result of moisture in the air or the environment around them (tissues 
contain water). In fact, the presence of air and/or humidity in the 
plasma has been shown to be essential as it leads to the formation of ROS 
and RNS (reactive species containing oxygen and nitrogen, respec
tively), which play a key role in the therapeutic action of CAPs [15,16]. 
Thus, the characterization of these CAPs, including the identification 
and quantification of the active species generated in them, as well as the 
determination of their gas temperature are crucial issues that need to be 
addressed in order to understand the mechanisms triggered by their 
application to the human body. Of special relevance is the control of the 
gas temperature (Tg), which must always be kept below 40 ◦C to ensure 
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its action is not thermal. Knowing reliable gas temperature values is also 
important when it comes to model these cold plasma sources. Indeed, in 
recent years an important effort is also being made in the modeling of 
CAPs and their interaction with the human body in order to be able to 
understand their mechanisms of action [17–20]. 

The Rayleigh scattering method, determining the gas temperature 
through neutral density measurement, has been successfully used for the 
diagnosis of argon plasma jets [21]. Nevertheless, it is a non-adequate 
method for the diagnosis of helium jets open to the air because of the 
small Rayleigh cross-section of helium. Furthermore, this laser-based 
diagnostic is rather complex as it requires equipment relatively expen
sive which is not always available in the laboratory and needs to be 
applied with care in atmospheric plasma jets [21]. 

In general, UV-Optical Emission Spectroscopy (UV-OES) offers useful 
and easy-to-implement techniques for plasma diagnosis. The electron 
density and temperature, the excited species density, and the gas tem
perature of the plasma can be measured by UV-OES techniques. 
Regarding the measurement of gas temperature, methods based on the 
detection and analysis of rotational bands of diatomic species are highly 
standardized, both by tradition and because it is an easy-to-use tech
nique, even by researchers whose field of research it is not close to 
emission spectroscopy. Indeed, the spectrometers necessary for the 
detection of these bands do not require high performance and are 
therefore cheap. In addition, available diatomic species band simulation 
programs such as LIFBASE, Specair, or MassiveOES (some of them for 
free) facilitate the determination of the rotational temperature from the 
measured spectra. Nevertheless, in non-equilibrium plasmas, rotational 
spectra not fitting a Boltzmann distribution are often found. Also, the 
equilibrium between rotational and translational degrees of freedom of 
the molecules in the plasma is not always achieved [22]. Therefore, the 
values of rotational temperature derived from these spectra should be 
interpreted carefully. As Bruggeman et al. show through detailed anal
ysis, although the use of rotational bands for the determination of the 
gas temperature is quite widespread, it is not always justified [22]. 

In a previously published article, we presented a method to measure 
Tg in argon CAPs from two argon atomic lines, which enabled simulta
neous determination of the amount of air present in the plasma as an 
impurity [23]. Now in this work, we propose a new tool to diagnose Tg in 
helium CAPs from the collisional broadening of certain helium atomic 
(He I) lines. Compared to argon plasmas, helium plasmas at atmospheric 
pressure have lower electron densities, higher electron temperatures, 
and more energetic metastable species. This leads to different chemistry 
in them and a different (chemical, clinical) action, which needs to be 
evaluated. 

In contrast to methods based on the analysis of rotational spectra of 
diatomic species, gas temperature measurement ones relying on the 
analysis of line broadenings do not require the assumption of Boltzmann 
equilibrium in the plasma (which is not always met for all species). On 
the other hand, given that the use of CAPs via endoscopy inside the 
human body (where the environment is not air) is on the horizon, 
methods based on atomic lines take on special relevance [24]. The 
method proposed here has the additional advantage of allowing the 
simultaneous determination of the air concentration in the discharge, 
which is generally determined by other more complex chemical analysis 
techniques. 

In the development of this new method, a careful analysis of the 
distinct mechanisms of broadening of different He I emission lines was 
necessary to know which of these lines are suitable for the determination 
of Tg and lead to reliable values of this plasma parameter. As it will be 
shown, this technique requires the use of higher resolution spectrome
ters than those needed for diatomic band analysis. However, small, high- 
sensitivity, high-resolution spectrometers have recently been commer
cialized at relatively low prices, enabling its use by non-specialists in the 
field of plasma spectroscopy (whose interest mainly focuses on the 
plasma application–clinical action). In this sense, this work aims to offer 
a clear guide to measure the gas temperature in helium CAPs that can be 

useful for all types of users. For this reason, and although some details of 
the method can be found elsewhere in previous works, we will review 
them here in a summarized way. 

Finally, this technique was used to measure the air fraction and Tg of 
helium microwave-induced plasmas generated in different environ
ments, and results were compared with rotational temperatures ob
tained from the simulation of the rovibrational band of some N2 excited 
species present in the plasma. 

2. Method 

It is well known that the shape of the profiles and the broadening of 
the atomic lines emitted by a plasma are partly determined by certain 
properties of the plasma, such as the density and electronic temperature, 
the temperature of the gas, or its composition [25]. Based on this, and 
making a suitable choice, it is possible to measure these plasma prop
erties from the detection of particular atomic lines [23,26–28]. Thus, for 
example, the Stark broadening of the Hβ (Balmer series hydrogen atomic 
line) is a commonly used method to measure the electron density of 
plasmas [29]. 

The different mechanisms causing the broadening of the detected 
lines are described in detail in the references [23, 26, 30, 31], so now we 
will just review them briefly. Note here that the emitted lines cannot be 
registered as they actually are since they are altered by the detection 
system itself (spectrometer, detectors, …), which introduces the so- 
called instrumental broadening, mainly determined by the resolution of 
the spectrometer. The natural broadening of the lines is typically in the 
order of 0.00001 nm, much lower than the resolution of the available 
optical devices (at least, three orders of magnitude lower), so it can be 
neglected. The rest of the broadenings atomic lines experience are due to 
physical phenomena in the plasma itself, which for non-magnetized 
plasmas are: i) the Doppler effect due to the movement of the emitting 
atoms, and ii) and the collisions of the emitting atoms with surrounding 
particles (charged or not). Thereby, they are referred to as Doppler 
broadening and collisional broadening, respectively. Both instrumental 
and Doppler broadenings give rise to Gaussian-shaped profiles, while 
collisional broadenings lead to Lorentzian-shaped ones. As a result, the 
detected line can fit reasonably well to a Voigt profile with an FWHM 
ΔλV, and from it, the FWHM corresponding to both the Gaussian (ΔλG) 
and Lorentzian (ΔλL) contributions can be obtained. 

Let's focus on the analysis of collisional broadening, that is, the 
Lorentzian part of the profile. As already mentioned, this broadening 
results from the interaction of the emitting atom with particles of 
different nature, encompassing the so-called Stark, van der Waals, and 
resonance broadenings. The presence of charged particles around the 
emitting atom causes the Stark broadening of the emitted line. In non- 
thermal plasmas, where electrons are very fast compared to ions, elec
trons are primarily responsible for this broadening. In the case of helium 
atoms, this broadening gives rise to a Lorentzian profile whose FWHM 
ΔλS is determined by both electron temperature (Te) and electron density 
(ne) in the plasma: 

ΔλS ≈ ωe(Te)
ne

1016 (nm) (1)  

where ωe is the Stark parameter of the emission line (which has been 
calculated by Griem [25] and Konjevic [32,33]), and ne is measured in 
cm− 3. 

On the other hand, the van der Waals broadening comes from the 
interaction with neutral perturbers around the emitter, more specif
ically, from the dipole interaction of an excited atom with the induced 
dipole in a ground state atom or molecule. It originates Lorentzian- 
shaped line profiles with a FWHM ΔλW which is determined by the 
temperature of the emitters Tg (equals to the gas temperature of the 
plasma). It also depends on some line parameters (namely, the wave
length λ and the difference of squares of coordinate vectors of the upper 
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polarizability of perturbers interacting with the excited radiator α, the 
pressure P, and the atom-perturber reduced mass μ [30,34], all gathered 
in the so-called CW constant: 

ΔλW =
CW

T0.7
g

(nm) (2)  

CW =
8.18⋅10− 19λ2( α

〈
R2〉 )2/5

P

kBμ3/10 (3)  

where λ is given in nm, α in cm3, μ in u, and 
〈
R2

〉
in a0 units. A detailed 

deduction of this expression can be found in reference [35]. 
For a non-pure helium plasma in which different types of disturbers 

might exist, Eq. (2) can be rewritten in terms of the molar fractions of the 
distinct perturbers (χpertuber,i) as follows 

ΔλW =
∑

χperturber i

C
perturber i

W

T0.7
g

(nm)

∑

i

χperturber i = 1
(4) 

As CAPs usually contain some air because they are open to the at
mosphere, for the sake of clarity, we will only consider χHe and χair. 

On the other hand, the resonance broadening also comes from the 
interaction of the emitter with neutral perturbers around it, in this case, 
ground-state atoms of the same element. It only affects lines from 
transitions whose upper or lower level have an electric dipole transition 
to the ground state (through a resonance line). A Lorentzian-shaped line 
profile results from resonance mechanism, with a FWHM ΔλR dependent 
on Tg as follows: 

ΔλR = χHe

CR

Tg

(nm) (5)  

where χHe is the molar fraction of helium and CR constant is given by 
[30,34]: 

CR ≈ 8.6× 10-27
(

gi

gk

)1/2

λ2λrfr

P

kB

(6) 

In Eq. (6) λ is the wavelength of the observed line in nm; fr and λr are 
the oscillator strength and wavelength in nm of the line; gk and gi are the 
statistical weights of its upper and lower levels, kB the Boltzmann con
stant, and P is the pressure. The reader can find a detailed description on 
the way this equation is obtained in references [36, 37]. Note that Eq. (5) 
considers the possible presence of impurities in the helium plasma as it 
includes the molar fraction of helium. 

In general, the collisional broadening of emission lines is determined 
by both Stark and van der Waals broadenings and might also have a 
resonance contribution. The idea now is to choose He I lines for which 
the van der Waals and resonance contributions are relatively large (with 
high CW and CR values) and for which, at the same time, the Stark 
broadening can be neglected in the range of temperatures and electron 
densities in which the CAPs operate. In this case, the ΔλL of the line will 
be only dependent on gas temperature and composition and given by: 

ΔλL = ΔλColiss = χHe

C
He

W

T0.7
g

+ χair

C
air

W

T0.7
g

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
ΔλW
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CR

Tg
⏟̅̅⏞⏞̅̅ ⏟

ΔλR

=
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C

He

W

T0.7
g

+ χair

C
air

W

T0.7
g

+ (1 − χair)
CR

Tg

(7) 

Because the fraction of air is unknown, the use of a pair of lines will 
provide an appropriate method to measure Tg and χair. The largest 
resonance broadenings affect lines with longest wavelengths, and at the 
same time, whose levels are connected to the ground state through 

resonance lines of great oscillator strength [34]. Among all resonance 
lines of atomic helium system, He I 58.43 nm has the highest oscillator 
strength [38]. Using the NIST Atomic Database [38], He I lines with 
levels connected to the ground state through He I 58.43 nm can be easily 
found, being He I 667.82 nm, He I 728.13 nm, and He I 886.37 nm those 
with the longest wavelength. Because He I 886.37 nm is a very weak line 
(usually difficult to detect), we have chosen the first two lines. In this 
way, using expressions in reference [34], with reduced masses μHe–He = 2 
and μHe–air ≈ 3.51, helium polarizability αHe = 2.05 × 10− 25 cm3 [39], 
air polarizability αair ≈ 1.68 × 10− 24 cm3 (calculated from O2, N2, and Ar 
polarizabilities [40]), and data from NIST Atomic Database we get the 
following expressions: 

ΔλHe I 667.82 nm
L = (1 − χair)

1.79
T0.7

g

+ χair

3.51
T0.7

g

+ (1 − χair)
26.24
Tg

(nm)

ΔλHe I 728.13 nm
L = (1 − χair)

2.49
T0.7

g

+ χair

4.87
T0.7

g

+ (1 − χair)
31.20
Tg

(nm)

(8) 

Fig. 1a-b illustrate the dependence of ΔλL on Tg and χair for He I 
667.82 nm and He I 728.13 nm lines derived from (8), for a typical value 
of electron density ne = 5 ⋅ 1013 cm− 3. It is worth noting the fact that ΔλL 
becomes progressively more sensitive to Tg variations as the gas tem
perature decreases, being the precision of this method particularly high 
between 300 and 400 K, which makes this approach especially suitable 
for the measurement of Tg in CAPs. 

On the other hand, Fig. 2 (a)-(d) show the contribution of the Stark 
broadening to the ΔλL of He I 667.82 nm and He I 728.13 nm lines. Two 
very different gas compositions (0 and 80% of air) have been analyzed. 
From these results, it can be concluded that no matter the composition of 
the gas is for electron densities below 1⋅1014 cm− 3, the contribution of 
the Stark effect to ΔλL can be neglected for the two chosen helium lines 
(which is even truer for Tg under 1000 K). The method would be then 
suitable for helium containing plasmas, provided that this electron 
density condition fulfills. 

3. Measuring the gas temperature and the air fraction of helium 
atmospheric pressure plasmas with different environments 

3.1. Experimental setup 

Fig. 3 shows the experimental setup used for plasma generation. A 
surfatron device coupled the energy coming from a microwave (2.45 
GHz) power supply to helium gas (gas flow rate ranging from 200 to 
1500 sccm) within a quartz tube of 6–8 mm of inner and outer diameter, 
respectively, using relatively low microwave power (105 W). To get this, 
the usual electromagnetic field configuration created by the surfatron 
was altered by introducing in the discharge tube a small rectangular 
shaped Si (1,0,0) wafer (4 mm × 20 mm × 300 μm), in the way is shown 
in Fig. 4. Let's remark that sustenance of helium microwave-induced 
plasmas at atmospheric pressure in dielectric tubes is rather complex 
as it needs the injection of very high powers leading to gas temperatures 
high enough to cause tube melting, and usually requires complicated 
and expensive cooling systems [41]. The novel configuration proposed 
in this work circumvents this inconvenience. 

Three different tubes were used (labelled as designs #1, #2, and #3, 
respectively) in order to modify the composition of the gas around the 
plasma (see Fig. 5). In design #1, the tube was fully open to the air at its 
end; in design #2, the tube has a narrower front end and an additional 
lateral opening. Finally, in design #3 the tube only has the lateral 
opening as schematized in Fig. 5. In the first case (design #1), flow rates 
explored ranged from 200 to 1500 sccm. On the other hand, in designs 
#2 and #3, the range of gas flow rate studied only varied from 200 and 
600 sccm to avoid overpressure inside the tube, which could affect the 
collisional broadening of the lines. 

Fig. 3 also includes a scheme of the optical detection assembly and 
data acquisition system to process OES measurements. A Czerny-Turner 

M.C. García et al.                                                                                                                                                                                                                               



Spectrochimica Acta Part B: Atomic Spectroscopy 193 (2022) 106437

4

0 1000 2000 3000 4000 5000
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

ne = 5·1013 cm-3

(a)
��

L (
nm

)

 0% air
 40% air
 80% air

He I 667.82 nm

Tg (K)
0 1000 2000 3000 4000 5000

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

ne = 5·1013 cm-3

(b)

��
L (

nm
)

 0% air
 40% air
 80% air

He I 727.13 nm

Tg (K)

Fig. 1. Dependence of ΔλL on Tg and χair for (a) He I 667.82 nm and (b) He I 728.13 nm lines for a typical electron density ne = 5 ⋅ 1013 cm− 3.  
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type spectrometer of 1 m focal length (Jobin-Yvon THR1000), equipped 
with a 1200 grooves/mm holographic grating and an R636 Hamamatsu 
photomultiplier (PMT) as a detector, was used for the analysis of the 
plasma emission. The PMT was powered by a HV power supply (set at 
1300 V) and the analogic signal from it was transformed into a digital 
one through an A/D converter (see Fig. 3). The recording of lines was 
performed using Jovin-Yvon software (Syner JY) with an integration 
time of 0.5 s. The emission was transversely collected from the most 
intense region of the plasma near the small silicon piece and focused 

onto an optical fiber using an achromatic lens. 
We selected slits 37 μm width (which allowed the detection of 

relatively intense emission lines) for which the instrumental broadening 
corresponding to the wavelengths 667.82 and 728.13 nm took the 
values 0.0296 nm and 0.0292 nm, respectively [34]. Under these 
experimental conditions, the instrumental broadening of He I 667.82 
and He I 728.13 nm lines mainly determined the Gaussian part of their 
respective profiles, as the Doppler broadening of these lines for 300 K <
Tg < 1000 K ranges from 0.004 to 0.008 nm. 

The line H I 486.13 nm (Hβ) was also recorded in order to measure 
plasma electron density following the procedure described in [29,42]. 
As already explained, knowledge of this plasma parameter enabled 
quantifying the Stark broadening of the lines and demonstrating that it 
was negligible under the experimental conditions of this helium atmo
spheric non-thermal plasma. 

A commercial code (Peak-Fitting module, Microcal Origin©) was 
used to fit the atomic lines to a Voigt profile. In this way, both the area 
under the peak (scaling with the intensity of the line) and the ΔλV of the 
profile were obtained for each atomic line measured. 

A self-absorption test was performed for the atomic lines detected, 
following the procedure described in reference [43]. Thus, profiles 
recorded with and without a mirror were compared. The line width did 
not change, which allowed concluding that none of the lines used in this 
work experienced self-absorption. 

Finally, N2 (C-B) rovibrational band (2nd positive system) at the 
region 370–381 nm was measured. MassiveOES code developed by 
Vorác et al. [44] was used for the determination of the gas temperature 
through the rotational temperature. In this way, Tg values obtained from 
both procedures could be compared. 

In all cases, each spectrum was recorded six times and errors were 
determined from dispersion. 

3.2. Results and discussion 

Fig. 6 shows a typical UV-OES spectrum measured for this helium 
microwave-sustained plasma. It mainly consisted of excited nitrogen- 
containing species evidencing the presence the air in the discharge. 
Accordingly, atomic oxygen emission at 777 nm was also intense. 

Table 1 shows the values of FWHM ΔλL measured for He I 667.82 and 
He I 728.13 nm lines in the different experimental conditions explored 
for the design #1 tube. The procedure followed to obtain them is that 
indicated by Rodero et al. in reference [34]. First, the lines were 
adjusted to a Voigt profile to find ΔλV

exp (see Fig. 7). Then, from it and the 
Gaussian FWHM ΔλG (encompassing instrumental and Doppler 

Fig. 3. Experimental setup.  

Fig. 4. Details of the MW helium plasma.  

Fig. 5. Different tube designs used in this work.  
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Fig. 6. Typical UV-OES spectrum measured for the helium microwave- 
sustained plasma. 
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broadenings), the Lorentzian part ΔλL was derived. Table 1 also includes 
the values of Tg and proportion of air resulting from these broadenings 
using expressions (8). In the same way, Tables 2 and 3 gather results 
corresponding to the plasmas generated in design #2 and #3 tubes, 
respectively. 

Fig. 8 (a)-(d) gather the results obtained for the three different 
configurations investigated, including the gas temperature, the fraction 
of air, the intensity of the He I 667.82 nm line (measured from its area), 
and the electron density. The values of ne were measured from the 
analysis of the collisional broadening of the Hβ line following the pro
cedure described in the references [26, 29, 42]. It is worth noting first, 
that values of ne ranged from 2.3 to 6.0 × 1013 cm− 3. From them, and 
using Expression (1) with the Stark parameters for He I 667.82 and He I 
728.13 nm lines given by Griem in [25] (0.0698 and 0.0806 nm, 
respectively, for Te = 20,000 K), it was found that the Stark broadening 
of these lines was in the order of 0.0003 nm, in the range of experimental 
conditions explored in this work. Thus, it was once more verified that 

the contribution of this broadening to the Lorentzian part of the profile 
of both lines (so, to the total collisional broadening) was indeed negli
gible, and the Tg determination method proposed in this work applied. 

For the three configurations analyzed, progressively higher helium 
flow rates led to a decrease in the fraction of air. In design #1, the gas 
sustaining the discharge at FHe = 1500 sccm was mostly pure helium. In 
design #2 tube, the fraction of air detected was somewhat lower than in 
design #1 for FHe = 200, 400, and 600 sccm, which can be attributed to 
the fact that in this tube there was less air intake from the outside. For 
design #3, the fraction of air measured for FHe = 200 sccm was lower 
than in the two previous cases, and from FHe = 400 sccm this fraction 
was negligible, which indicates that this helium flow was capable of 
removing the majority of the air from the tube. Accordingly, for the 
three configurations, the intensity of the He I 667.82 nm line increased 
as the helium flow rate did, as a result of both the greater amount of 
helium and the progressively higher electron density leading to a better 
excitation. Finally, helium lines were more intense in designs #2 and #3 
because of a greater accumulation of helium around the discharge for 
this tube configuration. 

Tables 1–3 also gather the rotational temperature measured from 
simulations of N2 (C-B) band at the region 370–381 nm using Massi
veOES. As shown, the values of Tg and Trot differ notably, especially in 

Table 1 
Experimental results for the helium plasma generated in design #1-tube.  

FHe 

(sccm) 
He I ΔλV (nm) ΔλL (nm) ΔλG 

(nm) 
Tg 

(K) 
% 
Air 

Trot 

(K) 

200 

667.82 
nm 

0.0656 
± 0.0006 

0.0517 
± 0.0007 

0.0301 
555 
± 10 

65 
± 3 926 728.13 

nm 
0.0796 
± 0.0005 

0.0684 
± 0.0010 0.0298 

400 

667.82 
nm 

0.0652 
± 0.0006 

0.0512 
± 0.0007 

0.0302 
615 
± 11 

50 
± 3 

990 
728.13 
nm 

0.0782 
± 0.0005 

0.0667 
± 0.0006 

0.0299 

600 

667.82 
nm 

0.0639 
± 0.0004 

0.0496 
± 0.0005 

0.0302 
673 
± 8 

40 
± 2 1010 728.13 

nm 
0.0760 
± 0.0004 

0.0642 
± 0.0004 0.0300 

900 

667.82 
nm 

0.0635 
± 0.0003 

0.0490 
± 0.0004 

0.0303 
733 
± 7 

25 
± 2 

980 
728.13 
nm 

0.0747 
± 0.0006 

0.0626 
± 0.0006 

0.0300 

1200 

667.82 
nm 

0.0639 
± 0.0003 

0.0496 
± 0.0004 0.0303 755 

± 6 
15 
± 2 920 728.13 

nm 
0.0750 
± 0.0002 

0.0629 
± 0.0003 0.0300 

1500 

667.82 
nm 

0.0632 
± 0.0002 

0.0486 
± 0.0003 

0.0304 
810 
± 4 

3 
± 2 

975 
728.13 

nm 
0.0732 

± 0.0003 
0.0612 

± 0.0002 
0.0301  

667.6 667.8 668.0 668.2 728.0 728.2 728.4 728.6

0

10

20

30

40

50

Continuum

� (nm)

He I 728.13 nm

He I 667.82 nm

I (
a.

u.
)

 experimental profile
 Voigt fit

Fig. 7. Typical fitting of atomic lines to a Voigt profile (Design #2, FHe =

400 sccm). 

Table 2 
Experimental results for the helium plasma generated in design #2.  

FHe 

(sccm) 
He I ΔλV (nm) ΔλL (nm) ΔλG 

(nm) 
Tg 

(K) 
% 
Air 

Trot 

(K) 

200 

667.82 
nm 

0.0637 
±

0.0002 

0.0493 
±

0.0003 
0.0301 

618 
± 5 

57 
± 1 

1245 
± 50 

728.13 
nm 

0.0765 
±

0.0002 

0.0645 
±

0.0002 
0.0299 

400 

667.82 
nm 

0.0631 
±

0.0005 

0.0486 
±

0.0006 
0.0302 

683 
± 10 

42 
± 3 

1127 
± 65 

728.13 
nm 

0.0750 
±

0.0006 

0.0630 
±

0.0004 
0.0300 

600 

667.82 
nm 

0.0629 
±

0.0005 

0.0483 
±

0.0006 
0.0303 

715 
± 9 

34 
± 3 

1248 
± 70 728.13 

nm 

0.0743 
±

0.0003 

0.0622 
±

0.0004 
0.0300  

Table 3 
Experimental results for the helium plasma generated in design #3.  

FHe 

(sccm) 
He I ΔλV (nm) ΔλL (nm) ΔλG 

(nm) 
Tg 

(K) 
% 
Air 

Trot 

(K) 

200 

667.82 
nm 

0.0637 
±

0.0004 

0.0494 
±

0.0005 
0.0302 

625 
± 8 

55 
± 2 

1200 
± 40 

728.13 
nm 

0.0764 
±

0.0004 

0.0647 
±

0.0005 
0.0299 

400 

667.82 
nm 

0.0634 
±

0.0002 

0.0489 
±

0.0003 
0.0304 

815 
± 5 

2 
± 2 

1180 
± 65 

728.13 
nm 

0.0737 
±

0.0004 

0.0614 
±

0.0004 
0.0301 

600 

667.82 
nm 

0.0626 
±

0.0005 

0.0478 
±

0.0005 
0.0304 

835 
± 11 

1 
± 1 

1160 
± 45 728.13 

nm 

0.0726 
±

0.0002 

0.0601 
±

0.0002 
0.0302  

M.C. García et al.                                                                                                                                                                                                                               



Spectrochimica Acta Part B: Atomic Spectroscopy 193 (2022) 106437

7

the cases with larger amounts of air. The unsuitability of Trot values for 
gas temperature determination has been often reported. In non- 
equilibrium plasmas, some rotational states of certain diatomic species 
could not be in Boltzmann equilibrium. Neither is always achieved an 
equilibrium between rotational and translational degrees of freedom of 
the molecules. Bruggeman et al. [22] have performed a detailed and 
comprehensive analysis about the conditions under which the gas tem
peratures can be obtained from the spectra of some diatomic species. 
They claim that, in atmospheric pressure plasmas, the high collisionality 
is not a guarantee to achieve thermalized rotational distributions and 
recommend a careful analysis case by case (including an estimation of 
the effective lifetime of the excited state and its comparison with the 
rotational thermalization time) before assuming the rotational temper
ature can be considered equal to Tg. Here, we are not going to analyze 
the reasons of the disagreements we have confirmed as this falls out of 
the scope of the paper. 

4. Final remarks 

The measurement of the collisional broadening of the He I 667.82 nm 
and 728.13 nm lines allows the simultaneous determination of the gas 
temperature and the air fraction in non-thermal atmospheric helium 
plasmas, in general. Particularly noteworthy is the fact that this method, 
unlike rotational band analysis methods, is no-based on thermodynamic 
equilibrium assumptions. Moreover, this is a particularly accurate 

method under low gas temperature conditions (<1000K); hence it is 
especially suitable for the diagnosis of CAPs. For helium plasmas with 
electron densities below 1014 cm− 3, the contribution of the Stark 
broadening of these lines to the total collisional broadening can be 
neglected, which eases the determination of Tg (electron density in most 
helium CAPs is in the order of 1012–1013 cm− 3 [21,45–47]). 

In applying this new method, it is necessary to know the resolution of 
the optical device at 667.82 nm and 728.13 nm, which determines the 
instrumental broadening of both helium lines. The smaller the instru
mental broadening, the more accurate the method will be. However, 
since CAPs operate at low power, the intensity of these helium lines is 
often low, which requires wider spectrometer slits and results in a 
greater instrumental broadening. Nowadays, small, high-sensitivity, 
high-resolution spectrometers are already on the market at relatively 
low prices, making this technique affordable and more precise [48]. 
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