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Abstract 

The aim of the work was to find the optimal way to set up an experiment for spectroscopic 

study of the dissociative recombination of molecular ions with electrons in low electron density 

plasma at low gas pressure. In such an experiment, the influence of inelastic atom- atom 

collisions on the distribution of the DR flux over the excited atomic levels can be excluded. The 

first results of an experiment on combining a low-frequency barrier discharge (DBD) in neon 

at a pressure of less than 1 Torr with a pulsed radio-frequency (RF) induction discharge are 

presented. To create the plasma, we used DBD in a cylindrical glass tube with an inner diameter 

of 3.9 cm, which forms the spatial distribution of electron density with a minimum on the axis 

of the tube. The evolution of such a spatial distribution due to ambipolar diffusion in the initial 

stage of plasma decay provides an influx of charged particles to the center of the discharge tube, 

which increases the afterglow duration and helps to overcome the difficulties of detecting weak 

plasma radiation. The specific features of the DBD also appeared in the ionic composition of 

the plasma, which contained, in addition to Ne+ and Ne2
+, the Ne++ ions, whose recombination 

with electrons significantly enriched the afterglow spectrum in the short-wavelength region. An 

RF discharge was used for pulsed heating of electrons in the afterglow. It is shown that, in 

accordance with the ionic composition, the radiation of a decaying plasma is presented by three 

groups of spectral lines with characteristic time behavior and the electron temperature 
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dependence. The advantages of the proposed approach for studying the mechanism of 

dissociative recombination are discussed. 

 

1. Introduction 

Dissociative recombination (DR) of molecular ions with electrons is one of the most important 

processes in low-temperature plasma. The study of this process, begun in [1], is actively 

ongoing at the present time [2,3]. DR forms plasma parameters, on the one hand, as the fastest 

deionization mechanism (the DR cross section for many ions exceeds 10-13 cm2 for thermal 

particles), and on the other hand, as an intense source of population of excited atomic states 

      kin
junstable Ej

j
  R  RR  e  R **

22  
                    (1) 

Molecular ion in a particular vibrational state captures an electron to form an unstable excited 

molecule which dissociates, producing two atoms, one  in an excited state  j*R , moving apart 

with kinetic energy depending on the states of particles in input and output channels of the 

reaction. For many applications, including the construction of recombination lasers [4], the data 

on the partial recombination coefficients αj are of primary importance. They characterize the 

distribution of the total recombination flux  

 

F∑ =R2
+[e] ∑ αj                                                                                                         (2) 

 

over the excited states of the atom. The recombination rate constants (coefficients) α = ∑ αj at 

room electron temperature change from 1.7 * 10-7 for Ne2
+ to 2 * 10-6 cm3/s in the case of Xe2

+ 

[5-8] and are characterized by a temperature dependence close to Te
-0.5 . Molecular ions in the 

plasma of noble gases are formed in three processes, two of which occur with the participation 

of a neutral atom  

  R2R R R R  


      (3)                      

 e 2R R *R                                                  (4) 

The characteristic values of the conversion coefficient in three-particle collisions are β ≈ 10–31 

cm6/s [9-12]. As for the associative ionization process (4), which was first studied in mass 

spectrometric experiments [13], its role in the balance of the number of charged particles is 

significant only at fairly high pressures, when the probability of collisions (4) (cross section σ 

≈ 10-15 cm2 [9, 14]) is comparable with the probability 1/τrad of radiative decay of R* atoms.  
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Taking for estimation τrad ≈ 10-7s, we find that these probabilities are of the same order of 

magnitude at an atomic density [R] ≈ 1018 cm– 3. Thus, at pressures of tens of Torr, due to 

processes (3.4), the ionic composition of the plasma is such that [R2
+] >> [R+]. A different 

situation occurs at low pressures, which are of interest in terms of the objectives of this work, 

when processes (3,4) are replaced by ionizing collisions between metastables  R*
M  [15]  

   RR1

 e  R2
*R *R

2
MM

e





 

 







   (5) 

As an estimate of the rate constant δ, a value of 10–9 cm3 / s can be taken [16], and the ratio δ2 

/ δ1≈0.1 [17]. A rough estimate of the relative density of molecular ions in the afterglow plasma 

under these conditions can be obtained by considering the quasistationary balance of their 

densities 

   [RM]2*δ*0.1 ≈ [R2
+]* α[e]      (6) 

([e] is the electron density) 

Considering that in a plasma of noble gases created by pulsed DC or microwave discharges, the 

densities of metastable atoms and electrons are of the same order of magnitude ([RM] ≈ [e]1)), 

from (6) we obtain 

   [R2
+]/[e] ≈ δ*0.1/ α ≈ 10-3       (7) 

From this estimate, it is clear that the solution of the problem of studying the DR in a 

spectroscopic experiment is significantly complicated with a decrease of gas pressure. 

     Literature data on excited atoms appearing due to DR were obtained by several groups of 

researchers in three types of experiments: 

a) Interferometric study of the spectral lines profiles in the afterglow plasma [19-21]. In 

experiments [19, 20], a distinct Doppler broadening of  a number of Ne and Ar lines was 

detected.  The effect is due to the  “fast” atoms with Ej
kin/2 energies appearing in the afterglow 

as a result of DR. The authors of [21] succeeded in detecting the Doppler line broadening in a 

stationary discharge against the background of stepwise population of excited levels of Ne atom 

by electrons. 

b)  Optical emission spectroscopy (OES) of the afterglow of DC or microwave discharges 

[9,10-12,22-25] 

---------------------------------------------------------------------------------------------------------------

1)An exception is helium plasma, in which the density of metastable He(23S1) atoms can be  

an order of magnitude higher than [e] [18]. 
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c) Time-of-flight spectroscopy of final product states of dissociative recombination based 

on determination of the kinetic energies of atoms released in the process [26, 27]. 

In these studies, as well as in similar studies of the decaying plasma of heavy noble gases (we 

refer the reader to the review [28] for details), it was found that DR populates excited levels of 

np5 (n + 1)p, np5 (n + 1)d and np5(n + 2)p configurations (n is the principal quantum number 

of an unexcited electron). According to [26, 27], np5 (n + 1)s and the ground state should be 

added to this set, however, we will not discuss these states in this paper, since their analysis is 

beyond the scope of the spectroscopic experiment. 

A common drawback of most of the works cited above is the lack of analysis of the 

following two factors. First, the determination of the partial recombination coefficients αj from 

spectroscopic observations should be based on the results of an experiment performed at a low 

gas pressure to excludes the “mixing” of excited states in atomic collisions 

Rk
*  +R   Rj* + R                      (8) 

According to [25], in the case of neon, the gas pressure should not exceed several tenths of a 

Torr, while experiments [19-24] were performed at much higher pressures. For heavy noble 

gases, this estimate will be even more critical due to the more compact arrangement of the 

excited levels. In this regard, works using time-of-flight spectroscopy compares favorably with 

others: the gas pressure in the experiments [26,27] did not exceed 20 mTorr, which excluded 

the influence of processes (8). It is interesting that in [27] the authors did not find neon atoms 

in three excited states of the Ne 2p53p configuration, although all spectral lines belonging to the 

allowed 3p   3s transitions are registered  in sited above spectroscopic experiments. This 

once again indicates the need for revision of the available data. Note that there is still no 

information on the role of DR in population of the np5 (n + 2)s levels. Second, in determining 

αj, cascade transitions should be taken into account 

        Rk
*   Rj

*  + hνkj            

As far as we know, the only attempt to take into account cascade transitions in solving the 

problem under consideration was undertaken in [24]. The authors took concidered the 3d--> 3p 

transitions in calculating the α3p values for the Ne2
+ ion. However, the role of transitions from 

4p levels remains unclear, the lower of which are also populated by DR of Ne2
+ ions [25]. In 

addition, the experiment [24] was performed at a pressure of 10 Torr, but the effect of the 

pressure on populations has not been studied. It follows from the foregoing that, despite more 

than a seventy-year history of the study of DR and the availability of a huge amount of data on 

the recombination of 2,3,4, .. 12 - atomic molecular ions [29], important spectroscopic 
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information  about the simplest  2- atomic molecular ions of noble gases is so incomplete that 

it does not allow to predict with certainty the optical properties of the recombining plasma. 

       The main difficulty in determining the values of αj is the necessity of setting up an 

experiment both at low pressure and at low electron density. At pressures less than 1 Torr, the 

main mechanisms of molecular ion formation (3.4) are so inhibited that atomic ions turn out to 

be the main ions in the plasma. Their recombination with electrons  

   R+ + e + e  
cr


R* +e                   (9) 

(αсr – coefficient of collisional-radiative recombination) 

creates a flux of formation of excited atoms competing with DR (1). Under these conditions, 

plasma decay is mainly associated with the ambipolar diffusion of charged particles [19,24].  

 The practice of the experiment shows [19] that, with a decrease in pressure to values less than 

1 Torr, the detection of radiation caused by DR is associated with solving the problem of 

measuring extremely weak light fluxes with a time resolution. For example, obtaining data on 

the population of neon  4p levels [25] at a neon pressure of 0.6 Torr required measurements of 

the emissions of the 4p   3s transition in the afterglow using the multichannel photon 

counting technique during 105-106  periods of a pulsed discharge at a frequency of less than 100 

Hz. In this paper, we propose an experimental set-up that allows one to significantly advance 

into the low-pressure region when studying electron-ion recombination processes and, thus, to 

approach the solution of the problem of partial DR coefficients.    

 

2. Experiment 

 

To solve this problem, we turned to the barrier discharge in a cylindrical glass tube [30] as a 

way to create a low-pressure plasma. The geometry of the discharge is shown in figure 1. In 

this discharge, the amplitude of the current density corresponded to typical values of the glow 

DBD discharge [31, 32] with the average value equal to zero. The discharge current consists of 

two half-waves of positive and negative polarity with a duration of 2-3 μs. Each of them creates 

a plasma mainly near the cathode, so that as a result the plasma turned out to be diffuse, 

completely covering inner surfaces of the discharge tube adjacent to both electrodes. As 

electrodes (EL, figure 1b), we used strips of aluminum foil with a length of L = 20 and a width 

of 5 cm placed on the side surfaces of  the tube with an inner diameter of 3.9 cm and a wall 

thickness of 2 mm. The gaps between the electrodes about 1 cm wide prevented electrical 

breakdown on the glass surface. The primary winding of the flyback transformer (T in figure 

1) is driven by a transistor IRG4PC50UD from a 12 V DC supply. With the ratio of the number 
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of turns in the transformer N2/N1= 20, this circuit could generate a voltage at the electrodes of 

up to 12 kV, which was enough to form a DBD at a neon pressure up to several hundred Torr 

 

Figure 1. (a) Schematic of the set-up used in the experiments. W – quartz windows, D – 

diaphragm 5 mm in diameter. (b) The location of the DBD electrodes on the external side 

surface of the tube. 

 

in a tube of the used size. At gas pressures less than 1 Torr, plasma decay, as noted above, is 

due to the ambipolar diffusion of charged particles to the boundary of the plasma. In a barrier 

discharge, the electric field strength and, correspondingly, the ionization rate and plasma 

electron density are maximal near the electrodes [33-34]. Therefore, the diffusion motion of 

charged particles is fundamentally different from diffusion in a plasma produced by DC or 

microwave discharges in cited above experiments. In the initial phase of the afterglow of such 

a DBD, the flow of charged particles is directed towards the center of the tube, which, 

obviously, increases the duration of the afterglow of the plasma in the axial regions, during 

which its radiation contains information about the recombination processes. Note that it is 

important to increase the afterglow time, and not the electron density on the axis. The latter is 

easily achieved simply by increasing the voltage at the electrodes, but this increases the 

collisional-radiative recombination flux (9) and does not contribute to the solution of the 

problem. Figure 2b shows a numerical solution of the diffusion equation for particles in a 

cylindrical tube with initial and boundary conditions for the afterglow of DBD (figure 2a) 

approximately describing the experiment. A comparison of the solutions for [e](r) 

corresponding to the Bessel function J0(r/R) and created by the DBD, provided that their 

Optical axis

D

<
To Monochromator

<

<L

(a) (b)

W W

+12 V

RF

Tp Tr

TN1

N2

EL
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maximum values on the axis are the same, shows the effectiveness of the DBD in afterglow 

spectroscopy. In reality, the effect may be slightly smaller, because in the near-wall plasma  

 

        

 Bessel

 DBD

0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6
0,1

0,15

0,2

0,25

0,3

[e
] 

[a
.u

.]

t/tB

(b)

 

 

Figure 2. a -  the initial distribution of electron density (in arb. Units) over the radius. b- 

solutions for the Bessel and created by the DBD electron density distributions on the tube axis. 

tB is the diffusion time for J0(r/R).   

 

layers recombination losses may play some role, however, we can assume that they are small, 

because in the case of low pressures under consideration, the ions are mainly atomic, and the 

collisional-radiative recombination rate (9) is low. The role of this process will be discussed 

below. 

 As shown in figure 1, а coil of inductive discharge operating at a frequency of about 30 

MHz was wound over the DBD electrodes. The generator  (RF in figure 1) turned on in a pulsed 

mode with a definite time delay with respect to DBD and “heated” the electrons in the afterglow. 

The heating level was set by the power of the pulse. As is known [35, 36], the electric field of 

an induction discharge contains two components, E and H, which can participate in the 

acceleration of plasma electrons. Obviously, in the experiment under discussion, in the presence 

of conducting electrodes along the entire region occupied by the plasma, the heating of electrons 

is due only to the eddy (H) field. We also used a pulsed and stationary RF discharge to create a 

plasma with the aim of comparing the spectra and afterglow of the RF discharge and the DBD. 

 The heating of the decaying plasma electrons by a high-frequency field as a tool for 

studying elementary processes has a long history. It was first demonstrated by the authors of 

[37, 38] and with its help, data on the recombination rate of helium plasma [39] were obtained 

in a wide range of electron temperature. An alternative method of pulsed heating of afterglow 

0,00 0,25 0,50 0,75 1,00
0,00

0,25

0,50
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1,00
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electrons by a longitudinal electric field of a non-self-sustained discharge was used by us [25, 

40, 41] to analyze various elementary processes. It should be noted, however, that at low 

pressures its use is very problematic. The fact is that the potential fall in the positive column of 

this discharge can be much smaller than the cathode fall, which, moreover, is not constant in 

the afterglow. To overcome this problem, we combined the DBD with a pulsed RF discharge. 

Such a combination has an undeniable advantage both in terms of the simplicity of creating a 

plasma and the convenience of controlling the level of electron heating in the afterglow by 

changing the power of the RF generator. 

 

3. Results and discussion 

a) The afterglow of RF discharge and the DBD  

Figure 3 shows the afterglow of pulsed RF and barrier discharges. The neon pressure is 0.55 

Torr, the electron density at the beginning of the afterglow is [e] ≈ 3 * 1010 cm-3, and the 

duration of the RF discharge pulse is 10 μs. The measurements were carried out by the method 

of multichannel photon counting. The conditions are chosen so that the maximum intensities of 

the 585.2 nm line (transition 2p11s2 in Paschen notation) in the afterglow of both discharges 

are the same. One can see a significant difference in the evolution of the afterglow of these 

discharges. At a qualitative level, this difference clearly correlates with the numerical solution 

of the diffusion equation (figure 2b). These data, in our opinion, show the feasibility of using 

DBD as a way to create a low-pressure plasma for studying elementary processes at the stage 

of its decay. 

 

 

 

 

 

 

 

 

                     

 

 

 

Figure 3. Afterglow of RF discharge and the DBD.  PNe=0.55 Torr. t=0 corresponds to the 

beginning of discharges. 
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b) Estimation of the electron density in the afterglow. 

At this stage of the work, we did not set the task of measuring the temperature and density of 

the DBD electrons. It seemed important to us to show the advantages of the proposed approach 

for studying the processes of electron-ion recombination. Therefore, we only give an estimate 

of the electron density that we obtained in the framework of the OES, supplementing it with 

resonance absorption spectroscopy. The essence of the method is to observe the response of the 

populations of 3P1 and 3P2 levels (s4 and s5
 in Paschen notation) of the 2p53s configuration to 

the heating of electrons in the afterglow and to use the known rate constant k21(Te) of electron-

induced 3P2  3P1  transitions to estimate the electron density [40] 

3.0)
e

T/03.0)(
e

 /T)
e

(T
21

exp(
2121

k c  ,                                                  (10) 

scm /3710)15.077.2(
21

C  , Δ21=0.052 eV - energy gap between 3P2 and 3P1 

levels. We do not describe this procedure in detail, since it repeats what was done in [40], and 

the only difference is that in this work, an RF discharge is used to heat electrons. The evolution 

of densities [3P1] and [3P2] in the afterglow at the maximal in this work DBD power is shown 

in figure 4. The data were obtained from optical absorption measurements using the 621.7 nm, 

640.2 nm (transitions 2p7   1s5 and 2p9   1s5) and 607.4 nm (2p3 1s4) lines. A discharge 

tube with a diameter of 1.5 cm filled with neon at a pressure of 2 Torr and located across the 

optical axis was used as a supplementary source. Details of the calculation of atomic densities 

in a similar experiment are described in [25]. The level of electron heating in the pulse was 

chosen so that the rise of the population [3P1] (t) was close to saturation. As follows from the 

dependence k21(Te) (10), this takes place at Te ≈ 0.1 eV. At Te ≥ 0.1 eV, the constant k21 depends 

only slightly on temperature, so that the uncertainty of Te did not introduce a large error into 

the estimation of the electron density. We obtained information on the value of [e] by 

comparing the experimental curves of [3P1] (t) with model calculations describing the kinetics 

of [3P1] based on a system of differential equations with known rate constants of collisional 

processes [40]. Diffusion of 3P1 atoms is too slow a process to affect the course of [3P1] (t) 

within the time interval of figure 4. The only significant uncertainty in the model parameters is 

the decay of 3P1  due to the emission of a resonant quantum. As is known [42], the problem of 

the propagation of resonant radiation is a multi-parameter problem requiring accurate 

knowledge of the spatial distribution of the population [3P1] (r). At present, we do not have a 

solution to such a problem. Therefore, the effective lifetime of escape of "imprisoned" 

resonance radiation τres was treated together with the electron density as adjustable parameter 

in the model to be determined through comparison with the experimental observations. The  
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Figure 4. Densities of metastable and resonance atoms in the afterglow with pulsed electron 

heating and model curves for electron concentrations (2 – 8)*1010 cm-3.  t=0   corresponds to 

the beginning of the DBD. 

 

 

 

degree of conformity of the model and experiment can be estimated from the data presented in 

figure 4. The best fit is achieved at [e] ≈ 4 * 1010 cm-3. As τres, a value of 250 μs was found and 

used in all model calculations. Given the spatial distribution uncertainty [[3P1] (r), it is difficult 

to assess the extent to which this result matches the predictions of Holstein's [42] theory. We 

only note that, in order of magnitude, the value of τres is in reasonable agreement with the 

experimental results presented in [43]. 

 For our experiments, the model gives [e] ≤ 4 * 1010 cm-3 in the center of the discharge tube. 

We estimate the accuracy of determining the electron density using this procedure at 30%. Note 

that the level of electron heating in the experiments under discussion did not go beyond the 

limits of the typical for recombination afterglow decreasing dependence of the spectral line 

brightness on Te (see below). 

c) Spectra of RF discharge and the DBD 

The difference in the mechanisms of DBD plasma formation from RF and DC low-pressure 

discharges is reflected in the spectral characteristics of radiation of both the active stage and the 

afterglow. In all previous studies of the afterglow of weakly ionized plasma, the authors 
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observed the emission of exclusively neutral excited atoms. In our version of the DBD, it was 

possible to observe the emission of excited ions (Ne +) * associated with the recombination of 

doubly charged ions 

Ne++ + e + e -- > (Ne+)* +e                                                                  (11) 

This feature of the DBD is especially pronounced in the short-wavelength region of the 

spectrum. Figure 5 shows a very noticeable enrichment of the plasma emission spectrum in the 

case of DDB.  The discharges parameters were the same as when registering their afterglow 

(figure 3). The afterglow of the ion emissions, as will be seen, differs markedly from that of the 

neon atom. The brightest ion lines and the their upper levels of the (Ne +) * ion are listed in 

correspondence with NIST database in Table 1.  

 

 

 Table1. The brightest ion lines in the DBD spectrum at a neon pressure of 0.55 Torr. 

d) Active stage and early afterglow of the DBD 

Figure 6 illustrates the temporal evolution of spectral intensities Ji (t) of the axial part of the 

tube during the discharge and early afterglow. The presence of two intensity maxima reflects 

the sequence of ionization and excitation of atoms by two voltage half-waves of different 

polarity on DBD electrodes. The large difference in the rates of change of intensities in the 

active stage and after its completion indicates a difference in the mechanisms of excitation of 

atomic levels. At neon pressure PNe< 1 Torr, the relaxation time of the electron temperature due 

to elastic collisions with atoms is several hundred microseconds, so the data in figure 6 relate 

to the initial stage of relaxation of Te(t). The change in the decay rate with time is obviously 

        Line, nm  Upper level Config.,Term, J  Upper level Energy, eV 

321.4 2s22p4(3P)3d            4F         5/2  34.8144203 

333.5 2s22p4(3P)3p           4D°        7/2  30.8855315 

334.5 2s22p4(1D)3p           2P°        3/2  34.2539618 

335.5 2s22p4(3P)3p           4D°        5/2 30.9273575 

337.8 2s22p4(3P)3p           2P°         1/2 31.5282104 

339.2 2s22p4(3P)3p           2P°         3/2  31.5124421 

356.8 2s22p4(1D)3p           2F°         7/2  34.0223899  

357.5  2s22p4(1D)3p          2F°         5/2 34.0168697 

369.4  2s22p4(3P)3p          4P°         5/2 30.5239687 

370.9 2s22p4(3P)3p           4P°         1/2  30.5742155 

371.3 2s22p4(3P)3p            2D°         5/2 31.1214161 

Page 11 of 21 AUTHOR SUBMITTED MANUSCRIPT - PSST-103652

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



12 
 

 

due to the difference in the dependences of the excitation rates and the spectral intensities on 

the electron temperature Ji (Te) ~ exp (- Ɛj / kTe). In the case of a direct process, the excitation 

energies of the 4d and 3p levels of the neon atom differ by ≈ 10% and amount to Ɛi ≈20 eV. For 

stepwise excitation from metastable and resonant states of the 2p53s configuration, the energies 

Ɛ4d (≈ 4 eV) and Ɛ3p (≈ 2 eV) differ by a factor of two, and this difference is reflected in the 

decay rates of the intensities of the considered lines after the active stage. Ion emissions, of 

course, react more strongly to changes in electron temperature. 

e) Late afterglow. 

 

Figure 7 shows the complete picture of the afterglow at some of the transitions studied. The 

energy levels of excited Ne* atoms and the studied spectral lines are shown in figure 8. The 

time behavior Ji (t) of the intensities of atomic lines is fully consistent with the studies cited 

above in the sense that there is a clear correlation between their dependencies on time and the 

location of the upper level of the line with respect to the ground vibrational level v = 0 of the 

molecular ion. The DR is associated with the population of only those atomic levels that are 

located lower than the ground vibrational level of the molecular ion. The authors of [45, 46]  

explain this by the high relaxation rates of populations of vibrational levels of molecular ions 

in collisions with atoms and electrons. According to [22.23], a significant fraction of the Ne2
+ 

recombination flux goes to the 2p1 level, emitting a line of 585.2 nm. The same time behavior, 

as seen from figure 6, also show emissions from the lower 4p levels, including 347.2 nm [25]. 

The 4d levels are situated more than 0.4 eV above Ne2
+ (v = 0) and, at electron temperatures 

Te≈ 300 K, are inaccessible for the DR of Ne2
+ ions. Their population in the afterglow is due to 

the collisional-radiative recombination (9). According to [47] and later calculations [48], for an 

electron density [e] ≥3 * 1010 cm-3, the dependence αсr(Te) is close to ~ Te
-4.5, and its value at 

Te = 300 K αсr ≈10- 9 cm3/s. This applies equally to process (11). Therefore, we can expect that 

not only the time course, but also the response of the line intensities associated with processes 

(9) and (11) to a change in the electron temperature in the afterglow will differ from the behavior 

of the emissions of  3p and 4p levels. This is shown by the data in figure 6, from which, in 

particular, it is seen that the response to the heating of electrons of the populations [Ne4d*]  and 

[(Ne +) *], i.e. products of collisional-radiative recombination of Ne+ and Ne++ ions are the 

same. All the other (Ne +)* emissions exhibited the same time behavior as shown in figure 7.  
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Figure 5. The DBD time-integrated spectrum at a frequency of 80 Hz (a) and RF (b) 

discharges. The strongest (Ne +)* lines are marked in red. PNe = 0.55 Torr. 
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Figure 6. Evolution of the DBD plasma emission at 4d 3p (576.4 nm), 3p 3s (724.5 nm) 

transitions of the neon atom and the intensity of the unresolved in this experiment lines 333.5 

+ 333.6 nm of the (Ne+)*. The channel width is 0.16 μs. PNe= 0.65 Torr. t=1.28 μs   corresponds 

to the beginning of the DBD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Spectral intensities in the afterglow. Pressure PNe = 0.65 Torr. [e] (t = 0) ≈ 4 * 1010 

cm3. 4 - the intensity of unresolved in this experiment  lines 334.4, 334.5, and 334.6 nm of 

(Ne+)*. t= 0 correspond to the beginning of the DBD. 
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 Figure 9 shows the 692.9 nm spectral line intensity (transition 2p6   1s2 

in Paschen notaition) in the afterglow with electron heating by pulses of various duration and 

power. With an increase of the RF power, the transition from the recombination branch of the 

temperature dependence of intensities to stepwise excitation by electron impact is easily carried 

out. It can be seen that after prolonged electron heating, the brightness of the afterglow 

decreases by more than an order of magnitude. This is due to an increase of the ambipolar 

diffusion rate with increasing Te (as is known, the coefficient of ambipolar diffusion Da is 

proportional to Te).s of spectral 
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Figure 8. A diagram of the neon atom excited levels and the energies of atomic and molecular 

ions. The position of the vibrational level v = 0 of the molecular ion is indicated in accordance 

with the results of [44]. 

 

The difference in the temporal behavior of the intensities J3p,4p(t) and J4d(t), which is clearly 

observed in the experiment, is understandable on a qualitative level and data on elementary 

processes available in the literature are quite sufficient to explain it. The kinetics of the Ne++ 

ions is another matter. In accordance with the theory of collisional-radiative recombination, the 

rates of processes (9) and (11) are of the same order of magnitude, i.e., the decay of the Ne++ 

ions is not associated with recombination losses. This means that the observed much faster 

decay of the density [Ne++] in comparison with other ions in the afterglow is due to their 

interaction with surrounding particles. We do not have such data at present. More detailed time 

at 

1

10

100

1000

10000

N
u

m
b

e
r 

o
f 

C
o

u
n

ts

1

2

300 400 500 600 700 800 900 1000
1

10

100

1000

10000

t(ms)

 

Figure 9. 692.9 nm spectral line intensity in the afterglow. Pressure PNe = 0.65 Torr. The pulse 

duration of the RF is 10 μs (1) and 80 μs (2), the RF coil (figure 1) voltage is 30 V (1) and 85 

V (2).  t=0   corresponds to the beginning of the DBD. 

 

 

information on the kinetics of Ne++ ions in plasma we hope to obtain in our following 

experiments. As regards the main objective of the work, we believe that the presented 

experimental material clearly demonstrates the advisability of using the DBD-RF discharge 

combination to study processes in a decaying low-pressure plasma. In the DBD, as is known, 

the electrical energy coupled into a plasma is mainly transferred to electrons, while the neutral 
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gas remains at ambient temperatures. In our experiments, another important property of the 

DBD was revealed: at low gas pressure, the energy of the electrons of the barrier discharge is 

sufficient to create doubly ionized atoms in the plasma. 

 

4. Conclusions 

 

We present the results of an experiment on testing a new instrument for studying processes in 

a decaying plasma — a low-frequency DBD of a cylindrical configuration combined with a 

pulsed inductive RF discharge. Neon pressure is less than 1 Torr, electron density [e] ≤ 0.4 * 

1010 cm-3. The methods of optical emission spectroscopy were used to study the afterglow of 

the DBD with pulsed heating of electrons by an RF field. The difference in the temporal 

behavior of the spectral line intensities together with their reaction to temperature disturbances 

was used to identify the recombination mechanisms of population of neon excited levels in the 

plasma with atomic and molecular ions. The advantages of the proposed experimental setup for 

solving the problem of the role of the dissociative recombination of molecular ions in the 

formation of the optical characteristics of the plasma are discussed. It has been shown for the 

first time that the low pressure neon plasma produced by DBD contains Ne++ ions, the 

recombination of which with electrons noticeably enriches the afterglow spectrum. 
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