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Abstract: This work presents a theoretical investigation on the production of active species in 
low-pressure Ar-O2 and Ar-O2-N2 microwave discharges. Special attention is given to the species 
relevant for plasma sterilization, such as Ar(4s) excited states, O(3P) and O(1D) atoms, NO(A) and 
NO(B) molecules. It is shown that, for the conditions of the present study, the active species are ef-
ficiently produced in the discharge and can be transported to a reaction chamber, as long as the 
early-afterglow time does not exceed ~10-4 s. 
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1. Introduction 

Ar-O2 plasmas are widely used in material processing and 
biomedical applications, e.g. the post-discharge of Ar-O2 
has been succesfully used as oxidizing media in deposition 
of oxide films [1], and the inactivation of bacterial spores 
have been achieved in the flowing afterglow of an Ar-O2 
microwave discharge [2]. In Ar post-discharges the main 
sterilizing agents are believed to be the VUV photons 
(105-107 nm) emitted by the Ar atoms in the resonant states, 
whereas in Ar-O2 mixture the VUV photons and O atoms. In 
the Ar-O2 system N2 molecules can be also present as 
impurities, which makes possible the formation of UV 
emitting excited NO molecules. The enhanced UV emission 
in the Ar-O2-N2 can increase the sterilization efficieny of the 
system. As a matter of fact, the inactivation effectiveness of 
the Ar-O2-N2 ternary mixture has been recently investigated 
in a low pressure ICP discharge by Kylián et al. [3].  

The aim of this work is to investigate the evolution of the 
densities of active species produced by flowing Ar-O2 and 
Ar-O2-N2 microwave discharges in the discharge region and 
in the early-afterglow, thus contributing to the 
understanding of the elementary processes occurring in 
these systems, in particular those responsible for plasma 
sterilization. 

 
2. System set-up 

The investigated system is similar to the one used in the 
sterilization experiments by the Montréal group [4]. Here 
the surface wave discharge is generated with 2450 MHz 
field frequency in a 10 mm diameter tube. The discharge 
and the reactor are linked through two tubes of different 
diameters, whereas the first tube, right after the discharge 
zone, has the same diameter as the discharge tube, the 
second tube is widened to 2.6 cm relatively to the dis-
charge tube and it enters in the post-discharge reactor in the 
middle of the west plane. The inlet and outlet are sym-

metrically positioned on the west and bottom walls, re-
spectively, so that only one half of the chamber needs to be 
considered for the simulation The discharge tube is made 
of fused silica, while the reactor is of aluminium.  

Herein we focus our attention on the discharge and early 
afterglow region. We assume that the radius of the tube 
where the early-afterglow develops has the same size as 
the discharge tube. The calculations are conducted for 
surface wave discharges generated in Ar-O2 and Ar-O2-N2 
mixtures at p=2 Torr, which is typical operation condition 
in the sterilization experiments [4,5].  

 
3. Model 

The discharge and early afterglow regions of the system 
are described with a kinetic model. The species densities in 
the discharge region are calculated by solving the 
homogeneous electron Boltzmann equation, coupled 
together with the rate balance equations of the different 
heavy-particles. The concentrations obtained for the 
steady-state discharge are used as initial values to the early 
afterglow taking place in the tube connecting the discharge 
to the main reactor, where the same system of equations is 
solved in time under zero electric field [6].  
As discussed in the previous section, in actual sterilization 
devices the active species subsequently enter a large 
volume reactor where the late-afterglow develops. The 
modelling of the complete system will be pursued in the 
near future, by following the evolution of the species 
densities in the post-discharge reactor with a 3-D 
hydrodynamic model [5].  
In the model of the Ar-O2 system the species taken into 
account are: Ar(1S0,3P2,3P1,3P0,1P1), O2(X3!g

-,v), 
O2(a1!g, b1!g

+), O(3P,1D), O3, Ar+, Ar2
+, O2

+, O+, O-; while 
in the Ar-N2-O2 system the N containing species are still 
added, i.e.: N2(X,v), N(4S,2D,2P), N2(A,B,B',C,a',a,w), 
NO2(X, A), NO(X, A, B), N2

+(X, B), N4
+ and NO+. The set 



of gas phase reactions describing the kinetics of species as 
considered in the post-discharge chamber and discharge 
region for the nitrogen and oxygen containing species has 
been presented in [6,7] and the references therein. A set of 
reactions for the Ar, Ar-N2 and Ar-O2 mixtures can be 
found in [8-10]. The surface reactions involving the N and 
O atoms have been discussed in details in [5]. 
 
4. Results 

From the applications point of view the important spe-
cies in the discharge and afterglow are the active atoms as: 
ground state N(4S) and O(3P) atoms, and excited O(1D); 
metastable atoms Ar(3P0, 3P2); UV/VUV emitting atoms 
and molecules such as Ar(1P1,3P1), NO(A), NO(B). 

 

 
Figure 1. The evolution of the metastable and resonant 
state Ar atoms density along the early afterglow (t=0 
means the end of the discharge) in Ar (thick line) and in 
Ar-O2 mixture with 0.2% and 1%O2 addition (thin line). 
 
As a first step the density of species created in pure Ar and 
Ar-O2 discharges have been calculated and further the 
evolution of their densities in the early-afterglow as a 
function of afterglow time (which is correlated to the 
length of the afterglow tube through the gas flow) have 
been followed.  

Figure 1 shows the time evolution of the Ar(4s) states in 
the early afterglow in case of Ar discharge and of an Ar-O2 
discharge with different oxygen addition. It is clearly seen 
that the metastable states Ar(3P0,3P2) are strongly quenched 
upon O2 addition in the mixture. This is a result of the very 
efficient destruction by reactions Ar(3P0,3P2)+O2" 
Ar(1S0)+O(3P)+O(3P,1D). For O2 percentages as low as 1%, 
these metastable states do not survive for afterglow times 
larger than 10-4 s. 

Figure 2. The evolution of O(3P) (thick lines) and O(1D) 
(thin lines) atoms density along the early afterglow in 
Ar-O2 mixture with different O2 addition. 
 
The evolution of oxygen O(3P) and O(1D) atoms is de-

picted in Figure 2. Ground-state O(3P) atoms (thick lines) 
remain approximately constant in the afterglow, whereas 
O(1D) is quenched much faster, mostly in collisions with 
Ar atoms, at the wall, with O2 (in a process forming O2(b)) 
and with O(3P). On the other hand, the density of oxygen 
atoms rises steeply upon oxygen addition into an argon 
discharge, as it would be expected. Notice that oxygen is 
strongly dissociated by electron impact and by the Ar 
metastables, the dissociation degree being in the range of 
25-50%. Similar results have also been obtained experi-
mentally by Mozeti" et al. [11] where the density of O(3P) 
ground state atoms have been determined both by NO 
titration and catalytic probe methods.  

In the next step we have investigated the evolution of the 
densities of Ar and oxygen containing species with the 
addition of N2 to the Ar-2%O2 mixture. Further, the crea-
tion of the nitrogen containing species such as the UV 
emitting excited NO(A) and NO(B) molecules have been 
followed. 

The concentration of O(3P) and O(1D) atoms is plotted  
in Figure 3 for Ar-O2-N2 mixtures containing 2%O2 and 
nitrogen admixture in the range of 0-2%, whereas Figure 4 
illustrates the evolution of N(4S), NO(A) and NO(B) for 
the same conditions. The small increase in the O(3P) con-
centration revealed by Figure 3 corresponds to the nearly 
total conversion of O(1D) into O(3P). In case of O(3P) it can 
also be observed that its density do not change monotoni-
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cally with the N2 addition, it decrease up to the 0.1%N2 
addition and then it increases again above the value ob-
tained in no nitrogen containing Ar-O2 mixture. In turn, 
Figure 4 shows that the populations of nitrogen-containing 
species rise monotonically with N2 addition. NO(A) is 
mainly formed by the reaction N2(A)+NO(X) 
"N2(X,v=0)+NO(A) and lost by radiative decay. On the 
other hand, NO(B) is formed by 3-body reassociation 
N+O+M"NO(B)+M, with M=Ar (predominantly), N2 
and O2. Similarly to the case of NO(A), its losses are es-
sentially a consequence of its radiative decay. 

 

 

Figure 3. The evolution of O(3P) and O(1D) atoms den-
sity along the early afterglow in Ar-O2-N2 mixture dif-
ferent N2% addition to Ar-2%O2. 
 
The present investigation confirms that the ternary 

mixture Ar-O2-N2 leads to an efficient production of active 
species in the limit of relatively low concentrations of O2 
and N2. The production of active species relevant for ster-
ilization processes requires a relatively short 
early-afterglow, preferably below 10-4 s. Different tube 
radii and wall material may contribute to optimize the 
process, mostly by increasing the characteristic times for 
the wall losses of oxygen atoms. 
 
 

 

 

Figure 4. The density of NO(A), N(4S) and NO(B) as a 
function of the early afterglow time in case of an 
Ar-O2-N2 discharge, when the O2 percentage is set to 2% 
and the N2 addition varies in the 0-2% range. 
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