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Introduction 

 
Kinetic processes in nitrogen post-discharges have been 

a subject of many studies because nitrogen and nitrogen based 
plasmas are used in a huge number of applications like hard 
films deposition1 or plasma sterilization2. Besides the use of 
an active discharge nowadays the post-discharge is one of the 
most favorite research directions because it can be applied for 
the treatment of various temperature sensitive materials3. 

The neutral nitrogen molecule can form many electronic 
states. Due to its symmetry, all vibrational levels of the 
ground state and also the first eight levels of the first elec-
tronically excited state are metastables. Besides them, there 
are some other strongly metastable highly excited states. All 
these states conserve the excitation energy for a long time. 
The excitation energy transfer during collisions among these 
species as well as atomic recombination processes lead to the 
formation of some radiative states and the visible light emis-
sion can be observed up to one second after switching off an 
active discharge depending on the experimental conditions, 
mainly on pressure. Kinetic modeling of pure nitrogen was 
given for example in Guerra’s work4. It is interesting that 
oxygen concentration has strong influence on kinetic proc-
esses. This study extends our recent experiments by the 
changes in nitrogen post-discharge kinetics caused by oxygen 
impurity. Paper compares the influences of reactor wall mate-
rial and its temperature on the post-discharge kinetics with 
respect to the three body recombination of nitrogen ground 
state atoms. This process populates mainly the N2(B 3Πg) 
state5 at its vibrational levels 10–12 but all the kinetics is 
much more complex and thus some other observations are 
also briefly described in this paper. 

 
 

Experimental set up 
 
The DC flowing post-discharge was used for the experi-

mental study. The schematic drawing of the experimental set 
up is given in Fig. 1. The active discharge was created in Py-
rex or Quartz discharge tube with a 120 mm electrode dis-
tance at current of 200 mA and pressure of 1000 Pa. Hollow 
molybdenum electrodes were placed in the side arms of the 
main discharge tube to minimize their sputtering and also to 
suppress the light emitted in the electrode regions. Nitrogen 
was of 99.999 % purity and it was further cleaned by Oxy-
clear and LN2 traps. No oxygen or carbon traces were detect-
able in the pure nitrogen discharge and post-discharge 

(concentrations under 1 ppm or 0.01 ppm, resp.6). The reactor 
system was pumped continuously by a rotary oil pump sepa-
rated from the discharge tube by another LN2 trap.  

The oxygen traces were added into the main pure nitro-
gen flow just before the active discharge using the low range 
mass flow controller (MFC). To reach concentrations less 
than 1000 ppm synthetic air was prepared continuously using 
another set of MFCs. Also in this case, nitrogen of 99.999 % 
purity was used and the purity of oxygen was the same. Thus 
concentrations of other impurities, containing mainly carbon, 
were kept low enough to have no disturbing effect on the 
studied processes.  

The post-discharge optical emission spectra were meas-
ured by Jobin Yvon monochromator TRIAX 550 with the 
1200 grooves per mm grating coupled with CCD detector. 
The emitted light was lead to the entrance slit of the mono-
chromator by the multimode quartz optical fiber movable 
along the discharge tube. The optical fiber holder (length of 
6 cm with optical fiber mounted at its center) had to be filled 
by liquid nitrogen. Thus the reactor wall temperature was kept 
at 300 K or 77 K around (± 3 cm) the optical spectra observa-
tion point. Temperature of decaying plasma at 77 K wall tem-
perature was calculated at about 100 K (ref.7) using the simu-
lated nitrogen 1st positive (N2 (B 3Πg) → (A 3Σu

+)) 2−0 band 
spectrum. Nitrogen 1st (N2 (B 3Πg) → (A 3Σu

+)) and 2nd 

(N2 (C 3Πu) → (B 3Πg)) positive and nitrogen 1st negative 
(N2

+ (B 2Σu
+) → (X 2Σg

+)) systems were recorded in all spec-
tra. The bands of NOβ system (NO (B 2Π) → NO (A 2Σ+)) 
dominantly originating from vibrational level 0 were ob-
served, too. The bands of NOγ system dominantly originating 
also from vibrational level 0 were observed only in the Quartz 
tube. No other molecular emissions were observed. The rela-
tive vibrational populations at the selected nitrogen levels 
were calculated using all measurable emission band intensi-
ties. The transition probabilities and wavelengths of the tran-
sitions were taken from Gilmore’s tables8. 

 
 

Results and discussion 
 
The examples of measured spectra are shown in the 

Figs. 1 and 2 in Pyrex and Quartz discharge tube at the decay 
time of 42 ms and for two wall temperatures mentioned 

Fig. 1. Scheme of the experimental set up. 1 – catalyzer BASF R-3-
11; 2 – mass flow controller; 3 – Pyrex discharge tube (900 mm long, 
inner diameter 13 mm); 4 – capacitance gauge; 5 – quartz optical 
fiber; 6 – monochromator Jobin Yvon Triax 550; 7 – CCD; 8 – PC; 9 
– outlet of synthetic air 
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above. The shown bands are dominantly populated by the 
three body recombination of nitrogen ground state atoms. It 
can be seen that at the given decay time there is no great dif-
ference between observation in Pyrex and Quartz but there is 
a strong effect of the wall temperature. At the lower wall tem-
perature, the 12−7 band is much more intensive than at ambi-
ent wall temperature and its maximal intensity is even higher 
than the intensity of 11−6 band. The same effect was observed 
more times before9 and it reflects the recombination mecha-
nism that was reported in Partridge’s work5 and that is briefly 
described below.  

The post-discharge in Pyrex tube is shown in Fig. 4. The 
relatively strong light is emitted at all oxygen concentrations. 
In pure nitrogen a pink afterglow effect (a part of the post-
discharge where the pink light emission is dominant) is well 
visible and this effect is quenched by oxygen traces as it is 
shown in Fig. 4 and as it was reported in details recently10. 
The pink afterglow effect in pure nitrogen is also well observ-

able in Quartz discharge tube but the light emission outside 
this region is significantly lower in comparison to the post-
discharge in Pyrex. The light emission in Quartz significantly 
increases with the increase of oxygen concentration and at 
oxygen concentrations higher than 1000 ppm the post-
discharge in Quartz looks visually as post-discharge in Pyrex. 

This visual observation is described more exactly in 
Figs. 5 and 6 where the relative populations of N2(B 3Πg ) 
state at levels 10−12 are shown and compared at different 
conditions. It can be seen from these figures that the popula-
tions at all these three levels are significantly lower in pure 
nitrogen in Quartz discharge tube than in Pyrex one at all post 
discharge times. Oxygen added into the discharge in low con-
centration up to about 500 ppm enhances all the populations 
and the difference given by the wall material is nearly negligi-
ble at higher oxygen concentrations. This well corresponds to 
the direct visual observation, as it was shown before. It should 
be also pointed out that the oxygen increase over 500 ppm has 
nearly no effect on the populations at given vibrational levels. 

There are two main processes populating vibrational 
levels of N2(B 3Πg) state. Besides the ground state atoms re-
combination, the pooling of lower energy metastables can 
play a significant role in the population of the studied levels. 
To verify the significance of pooling contribution to the popu-
lations the ratio of band head intensities of 11−7 band and 2−0 
band from the nitrogen first positive system 
(N2 (B 3Πg) → (A 3Σu

+)) was calculated. We can suppose that 
the N2 (B 3Πg v = 2) level is populated mainly by the pooling 
and the contribution of recombination can be neglected at this 
level. Thus the I11−7/I2−0 ratio can reflect the effectiveness of 
the recombination process. 

Fig. 2. Example of nitrogen recombination spectrum in Pyrex 
tube at decay time of 42 ms and wall temperatures of 77 K and 
300 K. Concentration of oxygen traces was 1 871 ppm 

Fig. 3. Example of nitrogen recombination spectrum in Quartz 
tube at decay time of 42 ms and wall temperatures of 77 K and 
300 K. Concentration of oxygen traces was 1 871 ppm. 

Fig. 4. Post-discharge in pure nitrogen (top) and in nitrogen con-
taining 1 870 ppm of oxygen (bottom) in Pyrex discharge tube at 
the ambient wall temperature  
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The experimental results are shown in Figs. 7−10 during 
the post-discharge in dependencies on wall material and wall 
temperature at selected oxygen concentrations. The nearly 
linear increase of the ratio can be seen during the post dis-
charge at decay times later than 10 ms. This time corresponds 

to the maximum emission of pink afterglow effect (see Fig. 4 
and details in references10).    

The figures also demonstrate the increase of intensity 
ratio with the increase of oxygen concentration. This effect is 
observable in all cases but it is more visible in Quartz tube, 

Fig. 5. Dependencies of N2(B 3Πg, v = 10–12) relative populations 
on oxygen concentration at selected decay times and at wall tem-
perature of 77 K  

Fig. 6. Dependencies of N2(B 3Πg, v = 10–12) relative populations 
on oxygen concentration at selected decay times and at wall tem-
perature of 300 K 
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especially at the ambient wall temperature. 
It is known that the recombination is the main process at 

the later decay times (during so called Lewis-Rayleigh after-
glow11) and thus the pooling efficiency is decreasing and the 
I11−7/I2−0 ratio increases. To describe the oxygen influence in 
more detail, the I11−7/I2−0 ratio is shown in Figs. 11 and 12 as a 
function of oxygen concentration at two selected decay times 
at all reactor wall conditions. It can be seen the ratio of inten-
sities increases with the increase of oxygen concentration at 
all wall conditions at shorter decay time (Fig. 11). The situa-
tion at later decay time is not such simple. There is no clear 
dependence in the Pyrex. The ratio of intensities strongly 
increases in the Quartz at the ambient wall temperature but its 
dependence on oxygen concentration at wall temperature of 
77 K shows different behavior but generally it is also increas-
ing. 

The last experimental results that must be mentioned 
before the kinetic description of the observed processes are 

the following. The pink afterglow effect is strongly quenched 
by oxygen and it disappears at oxygen concentrations over 
about 1000 ppm10. The NOβ and NOγ emission is directly 
proportional to the oxygen concentration and it is nearly di-
rectly proportional to the decay time at given oxygen concen-
tration. Based on these all experimental results the following 
kinetic description can be proposed. 

 
 

Kinetic processes 
 
Atomic recombination in nitrogen is known for a long 

time11. A detailed theory of the three body recombination of 
two nitrogen ground state atoms was presented in Partridge’s 
work5. The mechanism of the recombination can be described 
by the following system of reactions 

N(4S0) + N(4S0) → N2(A'  5Σ+
g )          (1)  

Fig. 7. Band head intensities ratio of 11-7 and 2-0 bands of nitro-
gen 1st positive system during the post-discharge in Pyrex tube at 
wall temperature of 77 K 

Fig. 8. Band head intensities ratio of 11-7 and 2-0 bands of nitro-
gen 1st positive system during the post-discharge in Pyrex tube at 
wall temperature of 300 K 

Fig. 9. Band head intensities ratio of 11-7 and 2-0 bands of nitro-
gen 1st positive system during the post-discharge in Quartz tube at 
wall temperature of 77 K 

Fig. 10. Band head intensities ratio of 11-7 and 2-0 bands of nitro-
gen 1st positive system during the post-discharge in Quartz tube at 
wall temperature of 300 K 



Chem. Listy 102, s1388−s1393 (2008)                                                   II Central European Symposium on Plasma Chemistry 2008  

s1392 

N2(A' 5Σ+
g ) + M → N2(B 3Πg , v = 10–12) + M        (2) 

where M is the third body, mainly any nitrogen mole-
cule. The first of these reactions represented the equilibrium 
between concentrations of nitrogen atoms and weakly bonded 
molecules. Usually it is presented in complex with the second 
reaction. Thus this recombination has a three body form. The 
rate coefficient of this process is 8.3⋅10−34exp(500/T) cm6 s−1 
as it was reported in ref.12. As it has a negative temperature 
dependence, the recombination increases with decreasing 
temperature as it was presented in the Results.  

Other process that contributes to N2(B 3Πg) population is 
the pooling of lower metastables N2(X 1Σ+

g, v) and N2(A 3Σ+
u).   

N2(X 1Σ+
g, v) + N2(A 3Σ+

u) → N2(B 3Πg ) + N2          (3) 

2 N2(X 1Σ+
g, v ≥19) → N2(B 3Πg ) + N2           (4) 

The N2 (A 3Σu
+) state is again created by the pooling of 

ground state molecules (the process similar to the reaction 4). 
Vibrationally excited ground state molecules are created dur-
ing the post-discharge period mainly by a well known v-v 
process4. As the N2(A 3Σ+

u) state concentration at the end of 
an active discharge is low13, the main energy source in the 
afterglow besides the atoms is vibrationally excited nitrogen 
ground state molecules. 

The same molecules that are precursors for the N2(B 3Πg) 
state creation are also the precursors for molecular ion crea-
tion. This process is known as a step-wise ionization14. The 
highly excited neutral metastable molecules (excited both 
electronically and vibrationally) can have energy sufficient for 
the ionization during their mutual collisions. After molecular 
ion creation, the excitation to the radiative N2

+
 (B 2Σu

+) state is 
done by the collisionally induced energy transfer from the 
vibrationally excited neutral ground state molecules, namely 
N2 (X 1Σg

+, v ≥ 12)6,10. This mechanism is responsible for the 
pink afterglow creation. 

If some other species are added the reaction scheme 
become more complicated and it is significantly different. 
Small addition of oxygen traces lead to form NO. The oxygen 
influence can be described by the following main reactions 

N2 (X 1Σg
+, v ≥ 13) + O → NO (X 2Π) + N (4S0)        (5)   

N2 (A 3Σu
+) + O → NO (X 2Π) + N (2D0)         (6) 

N (4S0) + O + N2 → NO (B 2Π, v = 0) + N2        (7) 
NO (X 2Π) + N (4S0) → N2 (X 1Σg

+, v ≅ 3) + O        (8) 
N2 (A 3Σu

+) + NO (X 2Π) →  
N2 (X 1Σg

+, v = 0) + NO (A 2Σ+)          (9) 
N2 (X 1Σg

+, v ≥ 23) + NO (X 2Π) →  
N2 (X 1Σg

+) + NO (A 2Σ+)         (10) 
The reactions 5 and 10 have a strong influence on the v-v 

process in nitrogen ground state. Highly excited molecular 
states are thus formed with a lower probability and the pool-
ing creation of electronically excited states is strongly de-
creased. Moreover, the concentration of N2 (A 3Σu

+) state is 
quenched by atomic oxygen as it is described by the reactions 
6 and 9. On the other hand, these processes increase the popu-
lations at lower vibrationally excited ground state levels and 
thus the pooling processes involving only these levels are 
more efficient. Reactions 7 and 8 describe the NO species 
formation and backward dissociation. The reactions 6 and 7 
lead also to the increase of atomic nitrogen concentration. 
This description itself is not sufficient for the experimental 
results explanation. Thus the nitrogen molecular ion must be 
included in the model. 

The formation of nitrogen molecular ion is strongly 
dependent on the oxygen concentration. Its formation by the 
step-wise ionization process is strongly decreased because the 
reactions 5 and 6 strongly decrease the production of high 
energetic metastables. Thus the ion formation efficiency is 
significantly lower and there are no enough ionic species that 
could be populated by energy transfer from the vibrationally 
excited nitrogen ground state. That reaction has a high rate 
coefficient and at low temperature, it has a strongly resonant 
character6,10. Thus if the molecular ion is created, the strong 
depopulation of N2 (X 1Σg

+, v ≥ 12) vibrational levels is ob-
served.  

When oxygen is added, the process of the step-wise 
ionization creating molecular ion is blocked and thus higher 
ground state vibrational levels can be significantly populated. 

Fig. 11. Band head intensities ratio of 11-7 and 2-0 bands of nitro-
gen 1st positive system as a function of oxygen concentration at 
decay time of 10 ms 

Fig. 12. Band head intensities ratio of 11-7 and 2-0 bands of nitro-
gen 1st positive system as a function of oxygen concentration at 
decay time of 42 ms 
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Besides the higher electronic states creation by pooling of 
these states, the dissociation can be observed, too. It means 
the concentration of nitrogen ground state atoms can be in-
creased in the afterglow if the oxygen traces are added. Simi-
lar effect was recently directly observed in Vašina’s work15. 
This process has a reflection in the increase of populations at 
N2 (B 3Πg, v = 10–12) levels as it was observed. The same 
process is also reflected in the observed dependences of NO 
emission bands. 

High vibrationally excited ground state nitrogen mole-
cules (over v = 22) play a minor role in the direct formation of 
electronically excited states. Thus the reaction (10) has only 
the slight effect, mainly on the population of N2 (B 3Πg) levels 
laying above the predissociation limit.  

 
 

Conclusions 
 
The recombination of nitrogen ground state atoms was 

observed through the emission of nitrogen first positive sys-
tem spectral bands in pure nitrogen containing the traces of 
oxygen. The observations were carried out in Pyrex and 
Quartz discharge tubes at wall temperatures of 300 and 77 K. 
The significant increase of the bands originating at level 
N2 (B 3Πg, v = 12) was observed at decreased wall tempera-
ture. The oxygen traces increased the light emission during 
the post-discharge period; this effect was significantly 
stronger in Quartz tube. Simultaneously, the nitrogen pink after-
glow effect was strongly quenched by oxygen. The detail study 
showed that low oxygen concentration up to 500 ppm signifi-
cantly increased the populations at N2 (B 3Πg, v = 10–12) levels 
and this effect was higher in the Quartz tube. The kinetic 
model showed that oxygen traces were responsible for the NO 
creation that consequently decreased the populations of highly 
excited nitrogen molecular metastables. Thus the step-wise 
ionization was quenched and finally this influence resulted in 
the increase of atomic nitrogen concentration in the afterglow. 
To verify this model experimentally the NO titration during 
the post-discharge in nitrogen-oxygen mixtures will be carried 
out. 
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