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Abstract: The conventional helium collisional-radiative (CR) model is updated by including 
atomic collision processes. An algorithm is developed to determine the electron density and 
temperature of atmospheric pressure helium plasma based on the revised CR model. It fits 
eight emission lines (31S, 33S, 31P, 33P, 31D, 33D, 41D, and 43D) in the visible-wavelength 
range by the electron density, electron temperature, ground state density, and the populations 
of two metastable levels (31S and 33S). Electron density and temperature diagnosed by the 
algorithm agree well with the results measured with probe method at low-pressure. Results 
of the algorithm are also in good agreements with results of the continuum spectrum analysis 
at atmospheric pressure.  
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1. Introduction
Optical emission spectroscopy (OES) is widely used for

diagnosing plasma parameters of various types of plasma. 
The continuum spectrum analysis based on atmospheric 
pressure argon CR model has been developed for 
determining the electron density and temperature of argon 
plasma [1-2]. OES diagnosis of low-pressure helium based 
on helium CR model has also been researched in many 
studies [3-5]. However, there is no effective method to 
determine the electron density and temperature of 
atmospheric pressure helium plasma. 

In this study, the development of an atmospheric-
pressure helium CR model is demonstrated. An algorithm 
for diagnosing the electron density and temperature as well 
as the number density of two metastable states by fitting 
the results of OES measurements has been developed based 
on the new model. 

2. Methodology
Firstly, we should make sure the CR model available at

atmospheric pressure. Atomic collision processes are 
included to the conventional helium CR model. Figure 1 
schematically shows the processes considered in the new 
model. 

𝐶!,# and 𝐹!,# are the rate coefficients of electron collision 
excitation and de-excitation, respectively. 𝐴!,#  is the 
Einstein’s A coefficient, while 𝑆! is the electron collision 
ionisation rate coefficient. 𝛼!  and 𝛽!  are the electron 
three-body and radiative recombination rate coefficients, 
respectively. 𝐾!,# and 𝐿!,# are the rate coefficients of atom 
collision excitation and de-excitation, respectively. 𝑉! and 
𝑊!  are the atomic collision ionisation and atomic three-
body recombination rate coefficients, respectively. 𝑝 and 𝑞 
represent the ground state 1$S (𝑝	or	𝑞 = 1) or any excited 
state (𝑝	or	𝑞 = 2, 3, 4, … , 65) that are different from each 
other. The temporal development of the number density of 
level p at atmospheric pressure can be described as 
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Except the ground state and two metastable states, the time 
derivative on the left-hand-side of eq. (1) can be neglected: 

d𝑁!
d𝑡 = 0	(𝑝 ≥ 4). (2) 

Then, the rate equation of these levels can be written as 
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Fig. 1. Population and depopulation processes in the atmospheric 
pressure helium CR model. The solid and dashed lines represent 
collisional and radiative processes, respectively. 
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with 
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and 
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It should be noted that to simplify the expression, 𝐶!,#, 𝐹!,# 
and 𝐾!,#, 𝐿!,# are written as single rate coefficients. 𝐹!,# is 
replaced by 𝐶!,#, and 𝐿!,# is replaced by 𝐾!,# when 𝑝 > 𝑞. 
Since all rate coefficients can be calculated after 
temperature is known [6-11], the populations of all levels 
𝑝 (𝑝 ≥ 4) can be solved if 𝑁( , 𝑇( , 𝑇7 , 𝑁$ , 𝑁+ , and 𝑁/  is 
input. 

To determine electron density and temperature based on 
number density of eight levels (33P, 43D, 41D, 31P, 33D, 
31D, 33S, and 31S), an algorithm was developed to 
inversely solve the model. Genetic algorithm [12] is 
applied to optimize the object function in the algorithm: 
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where 𝑁!
(:;  and 𝑁!<=>  are the number density of level 𝑝 

measured in experiment and counterpart calculated by the 
algorithm. 𝑁!?@=>> equals to the smaller between 𝑁!

(:; and 
𝑁!<=>. 
3. Results and Discussion 

Electron density and temperature of microwave induced 
low-pressure helium plasma determined by the algorithm 

were compared with those obtained by the probe method. 
The structure of the discharge system is shown in Fig. 2. 
 The results measured in different measurement position 𝑧 
at 1 Torr are shown in Fig. 3. The electron density 
determined by the two methods is of the same order of 
magnitude, and the measured electron temperature is 
similar. Thus, it can be assumed that the results of the 
algorithm at low pressure, 𝑃	 = 	1	Torr  agree well with 
those of the probe method. 

The algorithm is also used for diagnosing the non-
equilibrium atmospheric-pressure helium plasma as shown 
in Fig. 4. 

 
Fig. 2. Layout of the low-pressure microwave helium discharge system. 
The measurement position z is the distance from the centre of the wave 
guide to the position where the plasma is measured. 

 
Fig. 3. Comparison of results between OES diagnosis and probe 
method. (a) Determined electron density, (b) Determined electron 
temperature. 
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Fig. 4. Schematic overview of the atmospheric-pressure non-
equilibrium discharge plasma generator. 

 

Gas in Gas out

High voltage 
power supply

Optical fiber 
inlet tube

Electrode

Discharge tube



The comparison between the results of the algorithm and 
the continuum spectrum analysis is shown in Fig. 5. Figure 
5 (a) shows that an electron temperature of 1.7 eV, the 
theoretical emissivity was best agreed with the 
experimental data. The theoretical value was slightly lower 
than the emissivity measured in the experiment from 400 
to 550 nm and exceeded the experimental data from 700 to 
800 nm. Figure 5 (b) indicates that the blue line (𝑇( =
1.4	eV) has a relatively better fit with the experimental data 
in the range of 400 – 470 nm. In general, the electron 
density and temperature obtained by the algorithm in this 
study were 3.2 × 10$E	cmF/  and 1.42 eV, respectively. 
Those obtained by the continuum spectrum analysis were  
2.6 × 10$E	cmF/  and 1.7 eV, respectively. It can be 
considered that the results of the algorithm agree well with 
the results of the continuum spectrum analysis in 
atmospheric pressure non-equilibrium helium plasma 
experiment. 
 

4. Conclusion 
In this study, the valid pressure of the conventional CR 

model was extended to atmospheric pressure by including 
atomic collision processes. The developed algorithm is 
able to diagnose the electron density and temperature by 
inputting number density of eight states (33P, 43D, 41D, 31P, 
33D, 31D, 33S, and 31S) that can be measured in the visible 
wavelength range using the OES method. The results in the 
low-pressure and atmospheric pressure experiment showed 
the electron density and temperature determined by the 
algorithm were reasonable. 
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Fig. 5.  Fitting of the emission spectrum of the atmospheric-pressure 
plasma in the visible range by the normalized emissivity with Eq. (31). 
(a) Normalized emissivity in the range of 300-800 nm. (b) Normalized 
emissivity in the range of 380-550 nm. 
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