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Strong deviations from Maxwellian equilibrium of the electron energy distribution function 

(EEDF) are very often encountered in (relatively) high pressure, non-equilibrium plasmas. The 

shape of the EEDF will strong affect all electron induced excitation processes and consequently 

excited species net effluxes. In this contribution, we will present an experimental investigation of 

the EEDF of an intermediate pressure (argon) microwave plasma by a combination of experimental 

and modelling techniques.  

 

1. Introduction 

Non-thermal plasmas are widely used as sources 

of charged species and radicals for various 

applications such as organic and inorganic film 

synthesis and plasma medicine.   

In equilibrium situation, the excited species 

densities can be directly expressed from their 

Boltzmann and Saha balances. These balances can 

be already disturbed by the efflux of species outside 

of the plasma region. A typical case is an ionizing 

plasma where the electron-ion pairs are lost 

dominantly by diffusion and not via three-body 

recombination processes [1].  

In atomic plasmas, excited species are mostly 

created by electron impact processes while they are 

lost by radiation. These transport effluxes will 

conversely strongly modify the atomic states 

distribution function (ASDF) of a given species.  

This is illustrated in figure 1 where the experimental 

ASDF of an ionizing argon plasma is shown. 

 
Figure 1: Experimental atomic state distribution function 

(ASDF) of a low pressure microwave argon plasma. The 

Saha jump is shown schematically. 

 

Deviations from Maxwellian equilibrium usually 

occur when Coulomb collisions are not sufficient 

enough to balance inelastic collisions with neutrals 

or excited states species. The EEDF then takes a 

shape which is constituted of a bulk mean energy on 

one side and of a high energy, depleted, tail. We will 

not consider here the case when the tail of the EEDF 

is overpopulated compared to Maxwellian 

equilibrium due to, for instance, super elastic 

collisional heating [2] or electron acceleration in the 

plasma sheath.  

 

In this contribution, optical and laser diagnostic 

methods will be used in combination with a 

collisional radiative model (CRM) and a Boltzmann 

solver to determine an effective Maxwellian 

temperature. The methods will be applied for the 

determination of the EEDF of a low pressure argon 

plasma. Although the methods are primarily based 

on an argon plasma at low degree of ionization, the 

reasoning for the experimental investigation of the 

EEDF would be similar in the case of other gases. 

We will present the case of a pure argon microwave 

plasma and discuss the possible extension to 

molecular gases. 

 

2. Maxwell deviations of the EEDF 

 

In the case of an argon plasma, the first electrons 

that can lead to excitation (and subsequent) 

ionization of ground state atoms are electrons with 

energies in the range of 11 eV or above. These 

electrons represent typically less that 0.1 % of the 

total electron population. At high pressures, they are 

lost very frequently and their population is partially 

recovered by Coulomb collisions. In steady state, 

this leads to a non-Maxwellian EEDF with a 

depleted tail (see figure 2 for a schematic).  
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To characterize a plasma, it is usually very handy 

to define some sort of electron temperature which 

can be used conversely to compute reaction rate 

coefficients. This effective Maxwellian electron 

temperature can be defined as the electron 

temperature needed to sustain the losses of electron-

ion pairs by diffusion and volume losses. Its 

definition comes then directly from the electron 

particle balance 
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Tk  as the effective ionization 

rate coefficient obtained from a collisional radiative 

model (CRM). rec is a generic term which includes 

all the losses of electron-ion pairs by volume 

recombination. The CRM allows to calculate the 

total ionization rate while using a Maxwellian EEDF 

and input parameters such as the gas and electron 

density [3]. 

  
Figure 2: Schematic of the shape of the EEDF as a 

function of the inverse of the ionization degree for a fixed 

effective ionization from ground state.  

 
Figure 3: Different EEDF shapes for an argon microwave 

plasma at 20 mbar for different electron densities (i.e. 

ionization degree) and a constant total ionization rate 

coefficient of 1.9×10
−19

m
3
s
−1 

computed with BOLSIG+. 

 

From the shape of equation (1), one can see that 

the total ionization rate of the plasma will depend 

mostly on transport terms such as ambipolar 

diffusion or volume recombination processes such 

as dissociative recombination of molecular ions (for 

more details see for instance ref. [4]). 

 

 
Figure 4: Comparison of the electron temperature 

obtained by TS and optical emission spectroscopy 

(absolute line intensity measurements) after correction for 

Maxwell deviations using a Boltzmann solver 

(BOLSIG+). The data presented here is for an argon 

microwave plasma column at 20 mbar and compared with 

the prediction of the electron particle balance (ePB). 

 

In this contribution we will show how to obtain 

the shape of the EEDF while comparing the mean 

electron energy obtained by Thomson scattering and 

the effective Maxwellian temperature measured by a 

CRM and absolute line intensity measurements (for 

more information about the techniques we refer to 

[5]). By computing the losses on the right hand side 

of the equation (1) which actually do not depend on 

the EEDF we can obtain as well the ionization rate 

needed to keep the ionization flux constant. This 

reaction rate can then be used into a Boltzmann 

solver like BOLSGIG+ [6] to compute the EEDF. 

Computing the losses of electron-ion pairs in 

equation (1) or using optical emission spectrometry 

to obtain Te (left hand side of equation 1) using a 

CRM are then complementary methods which 

permits to validate iteratively different numerical 

and experimental methods. In figure 3, one can see 

that for lower ionization degrees the tail of the 

EEDF becomes increasingly depleted as expected 

due to the decrease of Coulomb collisions.  

The comparison between an effective tail 

temperature obtained via the absolute line intensity 

measurements corrected with the CRM and the 

mean electron energy obtained via Thomson 

scattering measurements and the output of 

BOLSIG+ shows a very good agreement both in 

qualitative and quantitative trends as shown in 

figure 4. One can see that the mean electron energy 
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obtained with BOLSIG+ fits with the Thomson 

scattering results while the Maxwellian electron 

temperature obtained from the optical spectrometry 

measurements fits with the electron temperature 

calculated from the electron particle balance (ePB in 

the figure). 

 

 

3. A path towards molecular gases 

 

The results presented here were only for the 

simple case of an intermediate pressure argon 

plasma. In this contribution, we will finally discuss 

whether this method can be extended for any gas 

mixtures in the limit that the EEDF shape itself is 

not sensitive to transport effects (usually only at 

very low pressure). Based on the discussion before, 

one can see that the main parameters that need to be 

known are only the main losses of electron-ion 

pairs, or, the knowledge of the ionization rate 

coefficient )(
e

M

ion
Tk  as a function of internal 

parameters such as the electron density (i.e. corona 

balance limit) and gas density [5]. It is however 

necessary to know which are the main ionic species. 

The second step will consist of adding the most 

important inelastic terms as input of BOLSIG+ to 

represent the losses of the upper part of the EEDF. 

In the case that the production and destruction 

mechanism paths for electron-ion pairs becomes too 

complex, one can use absolute line emission 

measurements and calculate from that the effective 

electron temperature. This will only work if proper 

terms are included to take into account the transfers 

of excited species between the atomic/molecular 

systems as well. A typical example is the case of an 

argon-nitrogen mixture where a strong quenching of 

the Ar 4s states by ground state molecular nitrogen 

occurs. 
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