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Abstract—Emission of low-frequency barrier discharge plasma in neon at a pressure of 1.4—1.7 Torr formed
by transitions between excited states of the Ne™ ion is studied in the wavelength range of 290—450 nm using
kinetic spectroscopy methods. The difference in the relative intensities of ion lines at different stages of the
plasma evolution is discussed: from direct excitation with ionization from the ground state of the atom by
electron impact in the active stage (discharge), followed by a transition to the recombination afterglow as the
electron temperature relaxes. The latter is due to the collisional-radiative recombination of doubly charged
Ne2* jons with electrons, creating at a density of the latter of [e] = 10! cm~3 the population flux of some Ne™*
levels comparable to excitation by electrons at the stage of the plasma creation. A significant number of ion
lines corresponding to transitions from states with the principal quantum number #» = 3 contain an interme-
diate stage, the explanation of which is based on the experimentally confirmed hypothesis that the long-lived
neon atoms in metastable states participate in their excitation. In contrast, the spectral lines of transitions

from excited states of the Ne** jon of 2s22p4(3P2)4f configurations do not have this stage.
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1. INTRODUCTION

This work is a continuation of the experimental
study [1, 2] of the emission spectrum of an extended
low-frequency dielectric barrier discharge (DBD) of
the cylindrical configuration in low-pressure neon.
The active stage of such a discharge formed by two
half-waves of the current with a duration of several
microseconds of different polarities [3] creates plasma
with a density of excited Ne*™ ions high enough for
spectroscopic observations at gas pressures of a units—
fractions of Torr [3, 4]. The formation of these ions
also continues in the plasma deionization stage
because of the collisional-radiative recombination of
doubly charged Ne?" ions with electrons [5, 6]. In
contrast to [1] devoted to the description of the atomic
spectrum, in this work, main attention is paid to the
analysis of the excitation processes of ion levels in such
plasma at different stages of its evolution.

The study of the spectra of atoms with low degrees
of ionization has traditionally been carried out using a
discharge with a hollow cathode made of various
materials and filled with an inert gas as a radiation
source. A detailed list of such studies, which have been
begun in the 1930s [7], is contained in [8, 9]. These
studies made the major contribution to the formation

of the NIST database [10] on transitions in the
Ne** ion.

In terms of the analysis of the excitation of ion (as
well as atomic) levels by electrons, the issue of the
competition between direct and stepwise excitation
processes is important. Sufficiently high densities of
ions (atoms) in long-lived metastable or resonance
states are necessary for the latter to be implemented.
Unlike the atomic spectra of all inert gases, the exci-
tation of which in gas—discharge plasma is to a signif-
icant extent caused by a stepwise process, which, in
particular, occurs at the initial stage of the decay of the
barrier discharge plasma [1], the interpretation of the
evolution of emission in the ion spectrum is more
complicated [2]. According to the data of experiments,
the results of which are sensitive to the presence of
long-lived excited ions (e.g., [11]—the study of the
electron yield during the interaction of ions with a
metal surface; [12]—ionization in crossed electron—
ion beams), Ne** ions have no states with radiation
times significantly exceeding T,,4 = 107> s. Note that in
the same experiments, metastable states of singly
charged ions of heavy inert gases were discovered.
These were the *D; 5, *F; 5, *F; 5, and ?F; , states [11].
Multiply charged neon ions also have metastable states
[13, 14]. The specificity of Ne™™* ions, apparently
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caused by the complex nature of the interaction of spin
and orbital moments of electrons, is manifested in a
significantly deeper, compared to the atomic spec-
trum, “dip” in the intensities of the majority of ion
lines J(?) in the initial stage of the plasma decay sepa-
rating the active stage from the afterglow associated
with the collisional-radiative recombination of doubly
charged ions with electrons. At the same time, as
shown in [2], a significant fraction of ion lines in this
intermediate stage J;,,(f) has a fairly bright glow, the
intensity of which is independent of the plasma elec-
tron temperature. The explanation for this phenome-
non in [2] is proposed to be sought in processes involv-
ing heavy plasma particles, which constituted one of
the tasks of this work.

The mechanism of collisional-radiative recombi-
nation (CRR) of doubly charged ions

Ne™ +e+e—%s 5 Net™ + ¢,

where o, is the rate constant of the process, is of par-
ticular interest for the following reasons. Firstly, as a
virtually unexplored source of the formation of excited
particles in plasma, dramatically compacting its radia-
tion spectrum especially in the near ultraviolet region
[2, 3], which can be used to compare the collisional-
radiative recombination rates of singly and doubly
charged ions by kinetic spectroscopy methods [5, 6].
Secondly, as a process that significantly increases the
plasma deionization rate, since its rate is many times
higher than the decay rate of plasma with singly
charged ions [6].

Finally, the interpretation of ionic luminescence in
the active stage requires recourse to at least two mech-
anisms: direct excitation by electrons from the ground
state of the neon atom and neon ion.

Thus, the aim of this work was to record the inten-
sities of ion lines J,(7), emitted at different stages of the
evolution of low-frequency barrier discharge plasma
by excited levels of the Ne** ion with different exci-
tation potentials and interpretation of the obtained
data based on the analysis of elementary processes in
the plasma.

2. EXPERIMENTAL

In this work, the intensities of the lines J(#) and
spectra emitted by a cylindrical dielectric barrier dis-
charge (Fig. 1) were recorded using the multichannel
photon counting method. The electrodes were strips
of aluminum foil 5 cm wide located on both sides of
the surface of the discharge tube along its entire length
so that the gaps between them, which are necessary to
prevent the electrical breakdown along the glass sur-
face, were =1.2 cm. The change in the electron density
of the plasma created by the circuit in Fig. 1 was
achieved by adjusting the duration of the transistor-
opening pulse 7, i.e., the energy Li?/2 (Listhe induc-
tance of the primary coil of the transformer, 7 is the
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current in this coil at the end of the pulse 7}). This
energy is transferred to the secondary coil at the end of
the pulse 7} in such a way that the current between the
electrodes is two half-waves of different polarities with
an amplitude of up to several hundred milliamperes
and a duration of 2—3 ps each with a zero average
value. The ratio of the numbers of turns N,/N, was also
selected depending on the gas pressure. Ring ferrite
cores with an external diameter of 7.5 cm and perme-
ability u=30 were used as a magnetic circuit. It is obvi-
ous that the maximum voltage on the electrodes in the
circuit under consideration is equal to the product
UaxVo/ Ny (U, is the maximum permissible voltage
on the transistor collector). In our experiments, we
usually used IGBT transistors with U,,,, = 600—1200 V
and transformers with a ratio NV,/N, = 10—20. These
parameters were sufficient to create plasma with an

electron density of [e] = 101°—5x10'' cm~ at a neon
pressure from fractions to tens of torr. With regard to
the average electron energy 7T, (we use the term “elec-
tron temperature” in this sense, bearing in mind the
possibility of a significant deviation of the electron
energy distribution from the Maxwellian one in the
active stage), for the purposes of this work we limit
ourselves to indicating the fact of the appearance of
doubly charged neon ions in the plasma in an amount
sufficient to form a recombination spectrum that sig-
nificantly exceeds the atomic spectrum in terms of
luminous flux in the near ultraviolet region. In addi-
tion, we note that in the model solutions discussed
below, the optimal (giving the best description of
the experiment) T, values were values approaching
100000 K). The discharge tube temperature did not
exceed room temperature, i.e., no noticeable non-
uniform heating of the gas occurred at energy inputs
characteristic of the conditions of this work (frac-
tions—units of watts depending on the discharge fre-
quency). The experiments have shown that the dis-
charge of the configuration discussed at pressures of
=] Torr creates an almost uniform plasma formation
both along the cylinder axis and along the radius. The
threadlike (streamer) character of the breakdown is
manifested at pressures higher than 15 Torr. The thick-
ness d of the discharge tube wall, i.e., the thickness of
the dielectric layer at each electrode, was d = 0.15 cm.
At the stage of plasma decay, electrons could be
“heated” by a pulsed (in this work, the pulse duration
was 1—2 us) electric field of a high-frequency genera-
tor (RF in Fig. 1) connected to an inductance coil
wound over the DBD electrodes. The time resolution
of the recording circuit (the width of the counter chan-

nel) could vary within 40 x 2* ns at k = 0—15 and the
number of channels was 2048. Spectra, depending on
the task, were recorded in the photon counter chan-
nels or with time resolution using an external pulse
(strobe) Az, > 1 us, synchronized with the pulse 7}, of
the discharge creation scheme (described in detail in
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Fig. 1. (a) Scheme of the combination of barrier and pulsed high-frequency (RF) discharges in a 4 cm diameter glass tube, D is
the 5-mm-diameter diaphragm, W are quartz windows; (b) arrangement of DBD electrodes on the surface of the discharge tube,

L=20cm.

[1-3]), or integral over time. The spectrum was
scanned by rotating the monochromator diffraction
grating with an angular velocity determined by the sig-
nal level and the choice of the number of channels N
in the spectrum. For example, at a plasma electron
density in the center of the discharge tube [e] =
10" cm—3, N, = 512 and spectral resolution of A\ =
0.05 nm the time of recording the time-integrated
fragment of the spectrum with a width of AA = 50 nm
in the near ultraviolet region filled with the brightest
ion lines, was =1000 s. The density [e] in the afterglow
was estimated by the relaxation rate of the population
of the resonance level Ne(2p33s(*P,)) after the pulsed
disturbance by the RF discharge (RF in Fig. 1) with a
duration of 1 us in the initial stage of the recombina-
tion afterglow behind the maximum of the atomic line
intensities. We estimate the accuracy of determining
the electron density using this procedure at a level of
30% [3]. This [e] value was used as the first approxi-
mation in processing the experimental data using the
afterglow model [2] and was refined as the model solu-
tions approached the measured intensities J(7) of the
spectral lines.

3. EXCITATION OF ION LINES
IN THE DISCHARGE AND AFTERGLOW

Figure 2 shows the time dependences of the inten-
sities J(7) of several Ne** ion lines, which most clearly
demonstrate the differences discussed below. The two
intensity maxima at the beginning of the time scale
correspond to the active stage of the discharge, which,
as shown schematically in Fig. 1 (see above), is defined
by two current half-waves differing slightly in duration
[3]. During this phase, the intensities of all lines—both
atomic and ionic—exhibit similar behavior, differing

only in the depth of the “dip” between the maxima,
which correlates with the excitation potentials of the
corresponding levels. Significant differences in the
evolution of the intensities emerge in the subsequent
phases.

3. 1. Excitation of Ion Lines in the Active Stage

The same asin [1, 2], we compare the intensities at
characteristic points in time. Note that we have found
no noticeable differences in the distribution of intensi-
ties over the spectrum at the maxima of the active
stage, so we use the results of the measurements within
the At interval as data related to the discharge. In [2],
we noted that the relative intensities of ion lines J;(A#)
correlate with the results of measurements [15] of the
cross sections of the direct excitation by electrons of
the beam discharge of the Ne** states from the ground
state of the neon atom. Here we confirm this obser-
vation with experimental data. Table 1 presents the
relations J, (A#) of the intensity of the brightest
(2000 according to NIST [10]) 332.37 nm ion line to

the intensities J,(At,). Taking into account the multi-

Table 1. Ratio of the intensity of the 3323.7 nm line in the
active stage (discharge) to the intensities of some of the
brightest ion lines

A;, M E,, eV JINIST Jra(A11) J“?l(Atl)’
[2] this work
333.48 30.885 400 8.2 6
335.50 30.927 400 10 8.5
336.06 30.958 400 25 16
337.82 31.520 1000 1.8 1.8
PLASMA PHYSICS REPORTS Vol. 51 No. 7 2025
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Fig. 2. Spectral line intensities in DBD plasma in neon. Pressure of 1.4 Torr, discharge frequency of 500 Hz, electron density at

the beginning of the afterglow [e] = 1.4 X 10! em™3 ; t = 0 is the beginning of the discharge. (a) Discharge and early afterglow,
(b) the same data in the recombination stage; (/—3) are ion 321.82, 356.58, and 421.97 nm lines, respectively; (4) is the atomic

576.4 nm line.

ple changes in the relative intensities of all ion lines
J;(¢) over time in the active stage (see Fig. 2a), the data
in Table 1 can be considered to be quite convincing.
The issue of the role of the excitation in the active
stage from the ground state 2P, , 5, of the Ne™ ion is
resolved by setting up a simple experiment: the obser-
vation of the dependence J,(¢) at essentially different
frequencies F of the discharge (Fig. 3). The difference
in the conditions for the discharge development is that
at F'= 50 Hz by the end of the afterglow #,,,, the elec-
tron density [e](fy,) (and, accordingly, the density of
Ne™ ions) drops by more than two orders of magni-
tude, whereas at 500 Hz it drops by about two times.
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Fig. 3. Ion 332.37 nm line in DBD plasma at frequencies
of 50 and 500 Hz. Conditions correspond to data in Fig. 2.
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Qualitatively, this difference in electron densities fol-
lows from the dependence J, () of the 576.44 nm
atomic line in the recombination stage of the afterglow
(Fig. 4). The indicated changes in the quantity
[e](fpax) calculated using the model [16], which takes
into account the electron density and temperature
dependence of the rate constant of the collisional-
radiative recombination of Ne* [17]. Figure 3 shows
that the change in frequency by an order of magnitude
leads to only a slight increase in the intensity of the
332.37 nm line, the same as other ion lines, i.e., it does
not significantly complement the mechanism of the
direct excitation with ionization. As the frequency fur-
ther increases to 1500 Hz (the maximum value in our
experiments), there was a slight change in the bright-
ness of the lines at the maxima (higher in the second
one) and its increase within one and a half times in the
recombination stage of the afterglow, which indicates
a slight increase in the densities of charged particles in
a discharge with nonzero initial conditions for the
electron density. At the same time, we observed no
noticeable changes in the relative intensities of the
lines Table 1, therefore, we consider the collision of
the “fast” electron with an atom in the ground state as
the main excitation mechanism in the discharge

Ne+e > Ne ™ +e+e. (1)

3.2. Excitation of Ion Lines in the Early Afterglow

Figure 2 shows that the character of the change in
the ion lines in the afterglow preceding the recombi-
nation one, firstly, differs dramatically from the J ()
of lines of the atomic spectrum, the brightness decline
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of which is due to the relaxation of the average electron
energy (7,) forming the flow of the stepwise excitation
from the metastable states of the neon atom of the
2p°3s configuration [1] after the second maximum
(Fig. 2a), and secondly, indicates the presence of three
groups of lines reflecting the manifestation of different
mechanisms of the population of ion levels at this
stage. In [2], the results of our experiment with pulsed
“heating” of electrons showed the absence of a
response of the intensities of the group of lines, which
in Fig. 2 is represented by the 321.82 nm line (we des-
ignate this group as J;(7)), to an increase in T, in the

interval of Ar,. We suggested that at this stage their
excitation is not associated with plasma electrons, but
occurs with the participation of only heavy particles.
The difference in the excitation energies E, of the
upper levels of this group of lines reaches almost 4 eV
but, in addition, the following difference takes place
between them: the lines with small E, (the brightest of
them in the sensitivity region of the measurement
scheme is 333.48 nm, Table 1) can be matched with
cascade “donors” that fill them with their transitions
[2] from levels with energies Ej, = 34.7 €V. In particular,
one of such donors of the 333.48 nm line is the
321.82 nm line. The latter, if they manage to find sim-
ilar donors (e.g., 439.2 nm (transition 4 f — 3d) for
the 321.2 nm line), then only those that do not possess
the discussed feature. The typical behavior of the
4f-level populations is presented in Fig. 2 by the
421.97 nm line. The set of ion lines studied and signifi-
cantly expanded in this work and experiments with
electron “heating” (some results are shown in Fig. 5)
confirms the hypothesis about the origin of the ion
line glow at the discussed intermediate stage that is not
related to electrons. The absence of the stepwise exci-
tation stage characteristic of atomic lines corresponds
to conclusions of [11, 12] about the absence of meta-
stable excited states of the neon ion with lifetimes
exceeding 10 us mentioned in the introduction. Thus,
it can be assumed that the total energy of heavy parti-
cles of the desired reaction, populating mainly the ion
levels of the 2s*2p*(3P)3d and 2s*2p*(*P)4s configura-
tions with energies of 34.5—35 eV, should be no less
than 35 €V, but, on the other hand, insufficient for the
excitation of 4f levels (Table 2), thereby ensuring the
threshold nature of the excitation. As an example of
such a reaction, we propose to consider a collision
involving the following particles:

Ne** (*P) + Ne,, > Ne* + Ne™, Q)
where Ne2"(*P) is the ion in the 3P, ground state
(the distance between sublevels in the energy scale is
about 0.1 eV), Ne,, is a neon atom in the metastable 3P,

state of the 2p°3s configuration. The total energy of
particles in the input channel (2) is (21.56 + 41.08) +
16.62 = 78.98 eV (21.56 and 41.08 are ionization ener-
gies of the neon atom and neon ion), on the left-hand
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Fig. 4. Intensity of the atomic line at 576.4 nm at a dis-
charge frequency of 50 Hz. The conditions correspond to
the data in Fig. 2.

side 21.56 + (21.56 + E;,), from where for the maxi-
mum excitation energy of the ion on the right-hand
side of Eq. (2) we obtain £, = 36 V. Note that fairly
high rate constants exceeding 10~ cm3/s correspond
to reactions similar to Eq. (2) involving atoms in the
input channel in the ground state [18]. It is obvious
that reactions involving a metastable atom should be
more effective because of the polarization character of
the interaction of particles at such a high polarizability
(186 at. units) as the Ne,, atom has [19]. The authors
of [20] consider a similar process in the helium plasma
as one of the main mechanisms of the destruction of
the He** ion; cross sections significantly exceeding
10~ ¢cm? correspond to similar reactions of the ion
transformation involving hydrogen atoms (deuterium)
interacting with Ne3* at thermal energies [21].

The analysis of a large number of relatively weak
lines performed in this work made it possible to detect

Table 2. Excitation energies of levels and transitions for ion
lines discussed in the text

A, nm Transition E,, eV . NIST
intensity
296.72 4s — 3p 38.2 300
321.82 3d — 3p 34.73 300
322.95 3d — 3p 37.8604 180
322.96 3d — 3p 37.8603 240
3323.7 3p —> 3s 31.51 2000
333.48 3p = 3s 30.88 400
356.85 3d — 3p 34.02 500
421.97 4f — 3d 37.55 300
4392.0 Af —3d | 37.56 400
PLASMA PHYSICS REPORTS Vol. 51 No. 7 2025
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Fig. 5. Reaction of the intensities of atomic and ionic lines in the afterglow to pulsed “heating” of electrons by the RF field. Neon

pressure of 1.7 Torr, electron density at the beginning of the afterglow [e] = 1.8 X 10" em™3: (1-3) line at 576.42 nm (4d — 3p),
(4, 5) line at 486.55 (6d — 3p); voltage Vg = 0 (1), 50 (2), 250 (4) and 280 V (3, 5) (a); ion line 356.58 (7, 2) and 333.48 nm
(3, 4, 5) atomic line at 576.42 nm; Vgg =0 (1), 50 (3), 280 V (2, 4, 5) (b). The arrow indicates the position of the RF pulse start

for (2, 4). The data are shifted vertically for ease of observation.

one more group of lines (we denote it as J,(¢)), the
brightest of which, at 356.85 nm, is presented in
Table 2, Figs. 2b and 5b. The emission of these lines in
the afterglow region under discussion decreases
noticeably faster than J;;(f) and can exceed the recom-
bination emission in intensity. The same as in the case
of the first group, the source of emission of the bright-
est of them are transitions from excited states with the
energies of 34—35 eV. However, there is a fundamental
difference: for the J,,(¢) lines, it is possible to find cas-
cade donors emitted by levels with energies noticeably
exceeding the E|,;, found above. As an example, we
indicated three such donors of the 356.85 nm line:
322.95, 322.96, and 296.72 nm in Table 2. Their
behavior under all conditions in the afterglow was
identical to that of the 356.85 nm line. Therefore, to
interpret J(?), it is necessary to supplement the reac-
tion (2) with a similar one, but with the energy of the
particles such that E,,;, = 38 eV.

Turning to reaction (2) to explain the results of the
experiment, it is logical to consider the participation of
two other states of the Ne?* ion of the 25?2p* configu-
ration, 'D, and 'S, in it, and for satisfying the condi-
tion E,,;, > 38 €V it is enough to turn to the state 'D,
whose energy exceeds *P; |, by 3.3 eV:

Ne**('D,) + Ne,, —» Ne" + Ne*™ (3)

In our experiment, there is no instrument for tracking
the ion densities in different states. We can only
assume that the energy difference of 3.3 eV against the
background of more than 60 eV required for the
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appearance of doubly charged ions in neon plasma is
small enough to be able to estimate the ratio of ion
densities from the statistical weights of the states
[Ne**('Dy)1/[Ne**CPy; )1 = 5/9.

Let us discuss in more detail the behavior of atomic
and ion lines in the afterglow with a pulsed RF field
according to the data in Figs. 5 and 6. By moving the
RF field pulse from the region of recombination glow
to the origin (Fig. 5) and repeatedly increasing its
amplitude, on all atomic lines (measurements were
carried out up to the lines of transitions 9d—3p) a dis-
tinct reaction could be observed—a sharp increase in
intensities to values characteristic of the region of the
stepwise excitation in the early afterglow. At the same
time, only a slightly increased decay rate of J; ,(f) and
similar to J,(#) shift of the maximum of recombination
luminescence due to expansion of the region with
increased electron temperature can be observed on
ionic ones. Note that this level of RF field amplitude
was sufficient to initiate a steady-state RF discharge.
Finally, the third group of ion lines J;; is lines without
the intermediate stage typical for J;; and J;,. This group
includes, in particular, all lines of 4f — 3d transi-
tions, whose response to the pulsed RF field at this
stage is also limited by the shift of the maximum in the
afterglow.

A “splash” of atomic line intensities similar to that
shown in Fig. 5a can be obtained directly in the region
of stepwise excitation, bringing the RF field pulse
closer to the second maximum J,(¥) in the discharge
(Fig. 5b). In this case, the expected approach of the
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Fig. 6. Afterglow of the lines of the first ((/, 2) 333.48 nm)
and third ((3) 439.2 nm) groups. The electron density at

the beginning of the afterglow [e] = 1.1X% 10" cm™3. The

dashed line is the estimated contribution to the intensity
J;1(?) of the process Eq. (2).

recombination luminescence maximum to the posi-
tion corresponding to curve / (Fig. 5a) is observed,
since the disturbance introduced by the RF field
becomes small compared to the average energy of the
electrons created by the discharge. The growth of the
intensities of the ion lines was not observed in this case
as well.

The results of a series of experiments with RF heat-
ing of electrons are shown in Figs. 6—9. The first of
them shows the suppression of the recombination
radiation in the afterglow stage on the ion lines of the
first and third groups. With the characteristic for col-
lisional-radiative recombination dependence of the

rate constant of the process o(7,) ~ Te_g/ ? it is enough
to superimpose a small RF field on the afterglow, the
level of which is easy to select, to suppress the glow of
the lines of the third group almost to a dark back-
ground. In this case, the intensity J;, respond to heat-
ing by a significantly smaller drop, dropping to the
level J (), which is determined by the desired process
involving heavy particles. A similar difference is
observed when comparing the intensities J,, and Jj.
By moving the time of heating of electrons, it is easy
to record in such an experiment the change of J.(7)
over a wide time interval, which simplifies the com-
parison J,(7) with the change in the afterglow of the
densities of the supposed participants in the collisions
Egs. (2) and (3).

Let us consider the kinetics of Ne?" ions in the
plasma decay stage. In our experiment, which does not
have a direct instrument for measuring the density of
doubly charged ions, information about [Ne?*](7) can
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Fig. 7. Recombination stage of afterglows of the line
(1) 576.4 nm, (2) Js576 4(9) with pulsed “heating” by RF
discharge; (3) model solution. Electron density at the

beginning of the afterglow [e] = 1.1x10" cm_3,

pressure of 1.4 Torr.

neon

be obtained on the basis of a model of processes in the
decaying neon plasma [ 16], describing the evolution of
densities of Ne?*, Ne*, Ne," ions, electrons [e] =
[Ne*] + [Ne,"] + 2[Ne?*] and temperature 7, taking
into account the most significant elementary pro-
cesses. The appeal to the afterglow model, capturing
also the recombination stage (Figs. 7 and 8), requires
substantiation of the applicability of using as a crite-
rion of adequacy of the model the coincidence of its
solutions with the experimental dependences J(f) of
the spectral lines used in the work. Such substantiation
should indicate the proportionality of the line intensi-
ties to the flows of the collisional-radiative recombi-
nation of the ions under consideration with plasma
electrons. With respect to singly charged ions,

Ne' +e+e—% sNe*+e 4)

the problem is solved relatively simply: at the electron
density of [e] = 10" cm~3 the purely collisional model
of process (4), within which his theory [22] was con-
structed, which relates the recombination rate to the
relaxation flux of the excited electron in the right-
hand side of Eq. (4) in collisions with plasma elec-
trons, is applicable only for highly excited (Rydberg)
states of atoms, whereas in the region of states with
small principal quantum numbers the recombination
flux is transferred by radiative transitions. As such, we
use one of the 4d — 3p transitions, which gives the

576.4 nm line, assuming that Jy; ,(f) ~ OLICT[NC+][6]2
and in the kinetics of 4d levels, collisional transitions
play a minor role compared to radiation. This choice
can be justified by referring to known estimates [23,
24], or by using the experimental results directly,
PLASMA PHYSICS REPORTS  Vol. 51
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comparing Js;6 4(f) with a series of line intensity mea-
surements J,(7), increasing the principal quantum
number #. The same as in [5], we were able to record
quantum fluxes in lines up to n =9 (the 439.5 nm line,
the bond energy €* of the excited electron of 0.16 V).
The measurements showed that Js;4 4(f) and J,(7) are
close up to n =7, and the behavior J, 39 5(f) was signifi-
cantly closer to the corresponding equilibrium of the
population of the 94 level with the continuum than to

J5764(t) ~ O [NE" T[]’

In relation to ion lines, similar [23, 24] criteria are
unknown to us, therefore the correspondence of
intensities to the recombination flow of doubly

charged ions J,(r) ~ oczcr[Nez+] [e]2 we attribute this to
the fact that in the recombination stage of the after-
glow, all observed lines, regardless of the binding
energy €* (the minimum €* value is more than 3 eV),
behaved identically.

The ion lines were simulated in two stages. The first
stage was to describe the recombination glow of the
576.4 nm line based on literature data on the main
processes that determine the plasma parameters and
the density of the particles under consideration. In this
case, the dependence of the collisional-radiative
recombination coefficient o, on these parameters
was set by the formula

e = 1.55x107°77 4 6.0x 1077, o]

Q)
+3.8x107°7,*[e],

proposed by the authors [17] to describe the recombi-
nation of atomic ions in a wide range of plasma elec-

PLASMA PHYSICS REPORTS Vol.51 No.7 2025

tron densities. The initial conditions for the system of
differential equations of the model [ 16] were the values
of the densities of charged and long-lived excited par-
ticles of the 2p33s configuration, giving a solution cor-
responding to their experimentally determined refer-
ence values: as mentioned above, the electron density
was estimated from the response of the population of
the 3P, level to the pulsed heating of electrons, the
population [*Py](?), [*P,]1(r) and [*P,](r) were mea-
sured by the absorption method in the entire afterglow.
The electron temperature at the end of the active stage
was selected in the first approximation from the con-
dition of the best description of Js;4(f) from the
beginning of the recombination stage. As an example,
Fig. 7 shows such a solution. Note the characteristic
increase in intensity due to the heating of the electrons
after their “cooling,” which occurred for all lines asso-
ciated with processes (1) and (4). This phenomenon,
caused by the suppression of collisional-radiative
recombination during the relaxation time of the elec-
tron temperature and significantly more pronounced
in the ion spectrum (Fig. 6), was used by us [6] to
determine the ratio of the recombination coefficients
Olyer/ Ol It 1S important that the result is quite obvious
simply from a comparison of the experimental data
and does not require recourse to the afterglow model,
thereby eliminating doubts about its adequacy.

As for the assignment of initial ion densities, for
pressures on the order of 1 Torr it is easy to justify the
relation [Ne, (7 = 0) = [Ne"](¢ = 0), since the rate
constants of processes involving them have been mea-
sured many times. With doubly charged Ne2* ions it is
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more complicated, because until recently their kinet-
ics in plasma remained outside the attention of
researchers. Generally speaking, the afterglow of both
ion and atomic lines depends on the density ratio
([Ne*"1/(INe*])(r = 0), since both of them, firstly,
carry away electrons due to Egs. (1) and (4), and Ne**
significantly faster [6], and, secondly, their densities
are related by the conversion process [18, 25]

Ne™* + Ne — Ne* + Ne™. (6)
By varying the ratio of ion densities during the simula-
tion of ion line intensities J,(f) we have repeatedly
observed changes in the model J,/(f) curves towards
Ji(f). However, in this multiparameter problem with
such a strong dependence of the solution on the elec-

tron temperature (according to [22] J,(¥) ~ Te_4'5)

and the uncertainty of some of them (the data [ 18, 25]
on the reaction rate constant (6) diverge by a factor of
three, the frequency of electron—ion collisions in the
equation for T,(7) is calculated approximately, etc.) it
was possible to obtain a similar result by a small
change within reasonable limits of other parameters.
Therefore, without having other grounds, the initial
density [Ne2*] was set such that the solution practi-
cally did not depend on it, which was carried out when
[Ne2*]/([Ne™])(r = 0) < 0.05. As one of the main
parameters of the problem, the ratio of the rate con-
stants of collisional-radiative recombination Egs. (4)
and (1), we used the value found by us in the above-
mentioned experiments [6] O/, = 21, which is
almost three times higher than the value predicted in
[22] oty /04, ~ Z3 (Z is the ion charge).

Some results of the simulation J,,(f) are presented
in Fig. 8. They show that within the model under
consideration it is possible to qualitatively interpret
the experimental data. In addition to the intensities,
Fig. 8 shows the solution for the ion density [Ne?"](?)
(the initial value in the model [Ne2*](# = 0) = 0.05 at

the density [Ne ] (z = 0) =1.3x10"' cm?). The densi-
ties of metastable atoms required for constructing the
excitation flux in the process Eq. (2) are shown in
Fig. 9. The measurements were carried out using the
relative absorption method with recording the dis-
charge radiation in neon at a pressure of 1 Torr in a
tube with a diameter of 1.5 cm located as shown in
Fig. 1b. The relative absorption measurements were
processed under the assumption of the same Doppler
character of the broadening of the spectral lines in
both tubes. To minimize errors associated with the
possible uncertainty of the character of broadening,
spectral lines with close integral absorption coeffi-
cients were selected: 614.7 nm for the state *P,, 607.4—
3P,, 626.6—3P,. In order not to introduce additional
uncertainty, although there is a small but noticeable
difference between the experimental and model curves
for the population of these states, and taking into
account their weak dependence on time after the ini-
tial decline, for comparing the product [Ne?*][*P,] (in
the process Eq. (2)) we propose to consider the model
solution of Fig. 8a, correlating it with the data of
Fig. 9. In our opinion, the result of such a comparison
justifies the assumption about process Eq. (2) as a
source of the population of a significant number of
excited levels of the neon ion. In this model, the accel-
eration of the decay of the intensities of the lines of the
PLASMA PHYSICS REPORTS  Vol. 51
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group J;; observed in the experiment with RF heating
of electrons can also be explained (data Eq. (2)
Fig. 8a): the effect is due to an increase in the ambipo-
lar diffusion rate of the Ne?* ion and expected acceler-
ation of decay [3P,](¢) [26].

It is more difficult to justify the participation of
Ne?"('D,) ions in reaction Eq. (3). At present, as far as
we know, there are no data on the kinetics of
Ne?*(!D,) ions in the plasma, with the exception of
their ambipolar diffusion [27] and conversion Eq. (6)
during collisions with atoms. Therefore, reaction
Eq. (3) remains a hypothesis not confirmed for now by
comparison with experimental data. One can only
assume that the accelerated decline in comparison
with the lines of the first group J,(?) in the afterglow

stage At is associated with the participation of excited
neon atoms 2p°3s(*P,, 3P,) in Eq. (3), the densities of
which (Fig. 9) vary significantly faster than [*P,], as
well as with the possible relaxation of the population of
Ne?*(!D,) to the ground state during collisions with
plasma particles.

The following should be added to the discussion of
the model’s compliance with the experimental condi-
tions. The model disregards the changes over time in
the radial distribution of the densities N(r) of charged
and excited particles, which is created by the barrier
discharge of the configuration under consideration
with a “dip” in the center of the tube, clearly expressed
at pressures of tens of torr [28] and persisting for a long
time during the plasma decay stage. However, at low
pressures, the initial distribution, close to the

PLASMA PHYSICS REPORTS  Vol. 51
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IT-shaped one, quickly (at P= 1 Torrin 20—30 pus [29])
comes to the Bessel distribution due to higher diffu-
sion modes. We checked the possible influence of the
change in N(r) on the course of the intensities J(7) by
comparing the radiation of the discussed DBD with a
longitudinal discharge in the same tube, replacing the
side electrodes with ring electrodes 1 cm wide at a dis-
tance of L =20 cm. Measurements performed with the
same parameters of the power supply circuit indicated
the following differences: the intensities of the ion
lines in the longitudinal discharge are approximately
twice as weak as in the transverse discharge, the active
stage has noticeably shortened (apparently due to a
decrease in the capacitance of the electrodes), a weak
longitudinal inhomogeneity of the plasma glow has
appeared, depending on the polarity of the electrodes,
the aforementioned small “dip” in the intensities of
the lines and the density [3P,] in the At, stage (Fig. 2)
is absent. We find no significant discrepancies
between the model solutions and the measurement
results; solutions in the model similar to those pre-
sented in Figs. 8 and 9 were obtained by simply select-
ing reduced initial densities of charged particles.

In conclusion of the discussion of the ion line
intensities of the barrier discharge plasma, we note one
unexpected, in our opinion, phenomenon, which is
obvious when referring to the spectra (Fig. 10) mea-
sured with time resolution in the stages of discharge
(At)) and recombination afterglow Rec. It is most
clearly manifested when comparing the intensities of
the brightest (according to NIST J = 2000) 332.37 nm
line (the upper level energy of 31.512 eV) with otherion
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lines discussed in the work, e.g., with the similar
333.48 nm line in spectrum (J = 400, 30.885 eV). In

the discharge stage J;3, 37 >> J33345 (Table 1), while its
recombination glow is much less intense (Fig. 10).
Some other bright lines behave similarly, e.g.,
337.82 (J=1000) and 330.97 (J/ = 300) emitted by the
level of 31.528 eV close to 31.512 eV. Moreover, all of
those discussed belong to the same electron configu-
ration 2s?2p*(3P)3p. Taking into account the fact that
the population of the level 31.512 ¢V is formed, the
same as 30.885 eV, by transitions from more than
20 excited levels of the ion, we find it difficult to
explain such a “dip” in the recombination flow to the
indicated levels. A similar effect is not observed in the
atomic spectrum (in Fig. 10 it is represented by a dou-
blet 336.98 and 336.99 nm, transition of 4p — 3s).

4. CONCLISIONS

In this work, kinetic spectroscopy methods are
used to study the time dependences of the ion line
intensities of low-frequency dielectric barrier dis-
charge plasma in low-pressure neon and their
response to pulsed “heating” of electrons by a high-
frequency discharge at different stages of the afterglow.
The comparison of the experimental results, supple-
mented by measurements by the absorption method of
populations of excited levels of the 2p°3s configuration
of the neon atom, with model solutions made it possi-
ble to explain the laws of the evolution of plasma radi-
ation in the ion spectrum. Transition from the stage of
plasma creation (discharge) with the population of all
excited levels of the Ne™™ ion from the ground state of
the atom to the recombination afterglow, unlike the
atomic spectrum, does not contain a stepwise exci-
tation stage. At this intermediate stage, ion radiation,
which does not respond to the high-frequency field, is
represented by three groups of lines depending on the
energy of the excited state. The first and second groups
are filled with lines with energies of the upper levels
less than 35 eV and about 38 eV, respectively (counted
from the ground state of the ion), with distinctly dif-
ferent characters of the decrease in intensity over time.
The threshold character of the excitation of these lines
is proposed to be attributed to the reaction

Ne™ + Ne' — Ne' + Ne™

Ne",; in long-lived states 2p°3s. The third group, which
has no distinct intermediate stage, is represented in the
work by transitions 4 f — 3d from 4flevels with ener-
gies =37.5 eV. At the recombination stage, all observed
lines had the same afterglow character, caused by the
collisional-radiative recombination of doubly charged
ions with electrons with a characteristic for this pro-
cess response of intensities to a small heating of elec-
trons by a pulsed RF field, corresponding to the tem-
perature dependence of the rate constant of the pro-

involving neon atoms

cess ~Te_4‘5. Suppression of recombination glow by

IVANOV

increasing the amplitude of the heating pulse made it
possible to discover a new source of population of
excited levels of neon ions in the plasma decay stage.
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