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Estimate of the rate of collisional-radiative recombination of doubly
charged Ne™* ions from the results of a spectroscopic experiment
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An experiment was set up to study the afterglow of an extended barrier discharge in low-pressure neon containing
Ne™, Ne?", and Ne*™ ions by kinetic spectroscopy. Observation conditions: neon pressure ~ 0.8—1.7 Torr, electron
density in the afterglow stage [€] ~ 10" ecm ™. In order to compare the rates of collisional-radiative recombination
of Ne™ and Ne*™ ions, the effect of pulsed ,,heating” of decaying plasma electrons by a weak high-frequency field
on the intensities of atomic and ion lines was observed. The presented data show that in such a plasma, short-term
suppression of recombination processes by electron heating leads to an increase in the brightness of spectral lines
in the atomic and ion afterglow spectra, and the reaction of the lines of the latter turns out to be much stronger.
Based on simple estimates, it is shown that this effect is due to the difference in the recombination rates of the
Ne* and Ne'™ ions, and this difference turns out to be beyond the scope of theoretical concepts.
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Introduction

This work is a continuation of the study of collisional
radiative recombination (CRR) of doubly charged neon ions,
first discovered in the afterglow of a barrier discharge in
the work [1]. In [2,3], on the basis of a comparison of
spectroscopic observations of the atomic and ionic spectral
lines emission with model calculations, a conclusion on a
much more radical difference in the rates of CRR processes
was made

Ne™ +e+e 2% Ne* +e, (1)
Ne™ +e+e 2% Ne* +e, (2)

where «air and ayr — recombination coefficients than
predicted by theory [4] and calculations [5]. This ap-
proach — a comparison of experimental data with numerical
calculations that take into account the main processes
in plasma is a standard procedure for finding the rate
constants of the processes under study. However, it has
an obvious and difficult to overcome drawback in the case
when the model contains a large number of elementary
processes, the rate constants of which are known (measured
or calculated) with low accuracy — their variation within
the specified errors can lead to a scatter in the value
of the desired constant, exceeding the standard deviation
of the experimental data used. Taking into account the
fundamental nature of the processes under consideration
and their role in the formation of the properties of low-
temperature plasma, in this work we present the results of
a spectroscopic experiment that allows us to compare the
constants ajcr and aper without resorting to the mentioned
procedure.

The opportunity of obtaining information on the rates
of recombination processes from spectroscopic observation
data in a decaying plasma is generally speaking not obvious.
To implement it, it is required the intensities of the
spectral lines to be proportional to the recombination fluxes
that determine the loss of the corresponding ions. For
processes (1), (2) this relationship is as the following:

Ja(t) ~ aicr[€]*[Ne™] = —d[Ne™]/dt, (3)

Ji(t) ~ aacr [€]2[Ne* ] = —d[Ne*/dt, (4)

Let us briefly recall how the CRR process is reviewed in
theoretical models. ! Historically, the first of them —
the Thomson model [6] — predicts the dependence of
the probability of electron capture by an ion in a triple
collision (1) on plasma parameters. This probability depends
on the electron temperature as Te~*3, and in this approach,
the capture of an electron by an ion in a triple collision
represents a single recombination event. In the subsequent
models [4,5,7,9] electron-ion recombination is reviewed
as a complex kinetic process involving both direct (in
the direction of the arrow in reactions (1), (2)), and
reverse (ionization) transitions with the need to analyze
the distribution of excited atoms over bond energy, taking
into account their devastation due to emission transitions.
In the limiting case of purely collisional kinetics of highly
excited atoms (for them this limit is realized primarily due
to a decrease in the probability of radiative transitions with

I The CRR mechanism has been reviewed in a large number of studies;
here we mention only the main (in our opinion) of them, the results of
which are directly related to the conclusions of this work. An exhaustive
list of studies is contained in [7,8].
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increasing principal quantum number [10]), the authors [4]
review CRR as diffusion the excited electron ,down” to
the ground state of the atom due to interaction with free
electrons of the plasma, while the highly excited states of the
atom with the bond energy ¢* < T are in equilibrium with
the continuum. The authors [4] found as the recombination
coefficient

az, = C*Z[e]AT, 43, (5)

where C — constant, Z — ion charge, A = In/(Z> + 1) —
Coulomb logarithm for bound states, emphasizing that the
result is valid for Z > 1, and for small Z the application
of (5) is justified only in view of the weak (logarithmic)
dependence A(Z). Note that when applied to our problem
of comparing the recombination rates of ions with charges
Z =2 and Z = 1, the dependence of A on Z turns out to be
very noticeable: A(2)/A(1) = 2.3. Taking into account the
uncertainty in the value of A(Z) in formula (5) [8], we will
assume that the dependence of the recombination coefficient
on Z corresponds to Z3. Let us note that a formula similar
to (5) for the recombination coefficient of singly charged
ions was derived in a number of works, a detailed analysis
of which is contained in [8].

It is obvious that the intensity of radiation from excited
atoms that are in a state close to equilibrium is not described
by relations (3), (4). This means that in order to solve
the problem posed, the experiment must be carried out
under conditions where, on the one hand, the departure
of ions in the decaying stage is carried out according
to the CRR mechanism (i.e, the electron densities are
sufficiently high), on the other hand, for spectroscopic
observations, it is required to select levels with a sufficiently
high bond energy, the depletion of which occurs primarily
due to radiation, which carries the recombination flux. The
corresponding criteria are formulated in several works (for
example, [7,11]). The assessments based on them show that
the lines selected in this work satisfy these criteria. Thus, in
the atomic spectrum, the main measurements were carried
out on the 576.44 nm line, the upper level 4d of which has
the bond energy &* =0.86¢V, in the ionic spectrum —
on the lines 33348 nm (E* =30.88, &* > 10eV) and
439.20nm (level 4f, £* > 3.5) with electron density [e]
~ 10" ¢cm~* and electron temperature in the afterglow, as
assessed based on the model [2] beyond the recombination
maximum (see below) less than 500 K. The implementation
of this condition is confirmed directly by experimental
observations, which are discussed below. With regard to
the relationship between the CRR rate under the conditions
discussed and in the collisional limit, the answer is easy to
find using the recombination coefficient approximation [9]:

a=1.55-10"10.7793 1+ 60.107°

X T2 (o7 +38-107 - T7* - [e].  (6)
Here T. — in kelvins, [e] — in cm ~3, recombination
coefficient « is related to aicr as a@ = ai¢r[e] and has the
dimension cm®s~!. The proposed approximation allows
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Figure 1. (a) Diagram of superposition of barrier discharge

and pulsed radio-frequency discharge (RF Pulse), D — diaphragm
5mm in diameter; W — are quartz windows. (b) Positioning of
DBD electrodes on the external side surface of a discharge tube.
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Figure 2. Afterglow spectra in the early and late stages.
Circles — gate interval At;, triangles — At,. Neon pressure
Pne = 1.7 Torr.

to trace the change in the recombination coefficient of
singly charged ions in a wide range of plasma parameters.
Calculations using (6) show that for T, < 500K and
[e]> 5-10' the third term is more than twice the sum of
the first two.

1. Experimental procedure and results

As a plasma source, we used a low-frequency
(80—300Hz) dielectric barrier discharge (DBD) in neon
in a cylindrical glass tube 25 cm long and an internal
diameter of 3.8cm (Fig. 1), filled with neon at pressures
of about 1Torr. For a detailed description of the discharge,
see [1]. Plasma in such a discharge is created by applying
a high-voltage pulse to the electrodes, forming two half-
waves of current of opposite polarity, each lasting several
microseconds. As the pressure decreases to the indicated
values, the spectrum of its radiation becomes enriched with
ionic lines [1-3], as shown in Fig. 2 in the near ultraviolet
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region, where the effect is most pronounced. It can be
seen that the ion spectrum disappears with time in the early
afterglow. This observation complements the comparison of
the spectra of DBD and a radio frequency discharge that
does not excite ion lines [1-3]. In a pulsed mode with
an amplitude-controlled radio frequency field strength, we
used an RF discharge for short-term ,heating™ of electrons
at the stage of plasma decay. The electron concentration
in the DBD afterglow was assessed from the response
of the atomic density Ne(3s(*P;)) to pulsed heating of
electrons [1] and in the afterglow stage used for processing
the experimental data it was close to 10'! cm™3.

The data in Fig. 2 were obtained by gating the pho-
tomultiplier tube signal (light fluxes were recorded using
the photon counting method) at the time intervals shown
in Fig. 3. Spectrum corresponding to the At; interval —
typical afterglow spectrum of a direct current discharge
or RF discharge, repeatedly observed in experiments and
formed by competing processes CRR (1) (line 576.4nm
transition 4d — 3p, Fig. 3) and CRR together with disso-
ciative recombination (DR) of molecular ions Nej (lines
585.25nm, 3p — 3s and 344.77 nm, 4p — 3s, Fig. 3). Here
it is appropriate to recall the general property characteristic
of the DR mechanism of inert gas ions (with the exception
of helium), which consists in the presence of a limit on
the excitation energy that determines the levels available for
population due to DR: these are the levels located in energy
at resonance or below the main vibrational level of the
molecular ion. In the case of neon, this boundary separates
10 levels of the 2p°4p configuration so that only the lower
six are associated with the recombination of molecular
ions [12]. In a decaying plasma with electron ,heating” this
boundary shifts to the region of highly excited states [13].

The flux of quanta in the 576.44 nm line, as can be seen
from the data in Fig. 3, not only decreases faster with time in
the afterglow compared to the 585.25 nm line, but also has
a significantly deeper dip at the beginning of the afterglow,
reflecting a radically stronger dependence of the rate of
collisional-radiative recombination on electron temperature
compared to DR.

The rapid decay of ion lines (Fig. 3) is due to two reasons.
Firstly, a significantly higher recombination rate of doubly
charged ions (2), and, secondly, the escape of ions due to
the process of charge transfer during collisions with atoms:

Ne®* 4+ Ne — Ne™ + Ne™. (7)

Regarding the rate constant of this process, the lit-
erature contains contradictory data: the [14] suggests
kne = 9 - 10714 cm3/s, while according to the data [15] Kye
varies within the range (1.9—2.7) - 10~ 4 cm?®/s depending
on the state of the ion Net™.

In order to confirm the implementation of the above-
mentioned criterion of proportionality of the intensities of
spectral lines to recombination fluxes, we recorded the
emission of levels with different bond energies of the
excited electron. We found no differences in the afterglow
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Figure 3. DBD persistence on atomic lines 58525 (1),
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Figure 4. The ratio of the intensities of the lines 439.35

(9d — 3p) and 576.44nm (4d — 3p).

of atomic lines for levels with principal quantum num-
bers n =4 (576.44nm), n =35 (503.77 nm, ¢* = 0.55eV),
n=6 (line 464.54nm, ¢* =0.28¢V), n="7 (457.51 nm,
e* =0.275eV), and only the fluxes of quanta from the 8d
and 9d levels changed noticeably differently in the afterglow.
This difference is demonstrated in Fig. 4. With regard to the
ion spectrum, it is enough to note the identical behavior
of the 333.48 and 439.20 nm lines with a difference in the
bond energy of their upper levels of more than 6eV.
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2. Determination of relative
recombination rates

The key point of the proposed algorithm is as follows.
Based on the strong dependence of the coefficients aj¢r (Te)
and aycr (Te) on the electron temperature, we will try
to predict the response of the intensities of atomic and
ion lines to pulsed heating of electrons in the afterglow.
Obviously, for some time we will exclude the recombination
mechanism from the kinetics of the ion densities Ne* and
Net*. For example, by increasing the temperature by
only twice, we reduce the rates of processes (1) and (2)
by more than 20times. Meanwhile, the accompanying
mechanism of ambipolar diffusion, the rate of which is
proportional to the electron temperature, practically does
not add diffusion losses, which for a neon pressure of
1.7Torr in the experiment discussed below follows from
simple estimates of the rate of the process based on known
data [14,16] on mobility ions Ne™ and Net™. In this case,
we can expect that the ion densities [Neg;] and [Neg| in
the plasma after heating by a radio frequency (RF) field, and
therefore the intensity JRF, should be higher than without
heating (here the index RF denotes the presence of a pulsed
radio frequency plasma heating). Moreover, these changes
will be proportional exclusively to the rate constants @j¢r
and aycr in plasma without heating, since the rates of all
other processes involving these plasma particles have not
changed. We verified these assumptions by calculations
as part of the model [2], which allows to describe quite
well the evolution of the intensities of the lines of the
atomic spectrum in the afterglow. The modeling results
are shown in Fig. 5. Electron heating was simulated by
adding a heat source of duration 1us to the equation for
Te(t). Tts power was selected in such a way that the
Ja(t) stroke was close to that observed in the experiment
on the 576.44 nm line. The dependence of the coefficient
CRR (1) on temperature and electron density was given
by formula (6). It can be seen that the model solution
corresponds to expectations and, in particular, confirms the
opportunity, in a first approximation, of neglecting the role
of ambipolar diffusion in the kinetics of ions Ne™. This is
indicated by the proximity of solutions at times t > t,
beyond the maximum J,(t) after electron heating in the full
model (curve 2) and with the suppression of temperature
growth in the term of the equation for density [Ne™], which
describes the dependence of the diffusion constant on T,
(curve 3). Finally, simulating the elimination of collisional
radiative recombination in the model during the increase
in Te by simply ,turning “ off the corresponding term in
the equation for [Ne'] for this time (curve 4) is in good
agreement with the heating effect at t > t,,.

The results of the experiment are presented in Fig. 6,
the data of which demonstrate the effect in the atomic and
ion spectra. The electrons were heated by a weak radio
frequency field with pulses of duration 1lus. It can be
seen that, as one would expect, the response of the ion
line to heating turns out to be somewhat stronger than the
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Figure 5. Simulating the intensity of an atomic line in the

afterglow: t = 0 corresponds to the beginning of the afterglow,
Pne = 1.7 Torr, [e] (t = 0) ~ 1.3-10" em ™3, (1, 4) without elec-
tron heating, (2, 3) with electron heating, (3) with suppression of
ambipolar diffusion during heating, (4) with suppression of CRR
ions during heating Ne™.
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Figure 6. Afterglow without heating plasma electrons (7, 3)
and with pulsed heating of plasma electrons (2,4), (/,2) line
57644nm, (3,4) ionic line 333.48 nm. Dashed line —
approximation by exponential dependence.

576.44 nm line emitted by the 4d level of the neon atom, as
follows from (6): at an electron density [e] ~ 10'! cm™2 the
dependence ¢ (Te), although not much differs from Te_“'5 .

We will assess the ayer /ajer ratio based on experimental
data as part of the following assumptions.

a) The intensities of spectral lines in the stage of plasma
decay are proportional to the recombination fluxes, i.e.
equalities (3), (4) are satisfied.

b) For ion densities it is fair

[Ne™ "] < [Ne*]. (8)

Optics and Spectroscopy, 2023, Vol. 131, No. 11
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Figure 7. Ratios of recombination coefficients according to

formula (11).

c¢) The density of molecular ions is also low:
[Nej] < [Ne™]. 9)

Then [Ne™] ~[e].

For satisfiability (8), the experiment under discussion was
performed at a noticeably higher pressure Pne = 1.7 Torr
(to the detriment to the brightness of ion lines) than in [1—
3]. This minimizes the influence of conversion (7) on the
course of the intensities of the J,(t) lines in the experiment
with electron heating, and, importantly, reduces the role
of ambipolar diffusion in the kinetics of ions during the
heating time. Inequality (9) follows from assessments of the
rates of known [8] processes of destruction and formation
of molecular ions, the main of which is conversion in triple
collisions:

Ne™ + Ne + Ne ~<+ Nej + Ne,

ke ~ 510732 cmSs™!, is ineffective at such low pressures.

Let us compare the intensities of the atomic and ion lines
in the afterglow with and without heating of electrons at
the moment of time (shown by a vertical arrow) when
the relaxation of the intensity of the 576.44nm line to a
new quasi-steady-state value has completed. Due to the
exclusion of recombination for a time At (approximately
100 us, Fig. 6), the ion density [Ne't] in the afterglow with
electron heating will be higher by the amount

A[Ne't] ~ Ale] = aier[e]?At.
Then
B2 /Ja = ([e] + Ale])’/[e]’ = 1+ 3A[e]/[e],
RT3, — 1 = ager [e]?AL*3, (10)

as Ale]/[e] < 1, which follows from the insignificant effect
of electron heating on the quasi-steady-state intensity Ja at
t> tm.
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To calculate the ratio JRF/J;, we take into account that
the change in density [Net*] at t > t; in a plasma without
electron heating has a character close to exponential,
ie. occurs at a practically unchanged electron density
(Fig. 6). Then the number of ions in this plasma and,
consequently, the intensity J; compared to the afterglow
with recombination turned off will differ by the coefficient
exp{ —acr [e]?At}:

Ji ~ IR exp{ —aaer [e]?At.

Therefore,
In(IRF/3i) ~ aacrre]*At,

whence, taking into account (10) we have
aer /e = IN(IFT/3)3/ (/) = 1), (11)

We tested this algorithm on the brightest ion lines in the
afterglow, 439.20 and 333.48 nm. The course of the latter,
together with the 576.44 nm line, is shown in Fig. 6. The
response of the intensity of the 439.20 nm line to electron
heating was identical to the reaction of the 333.48 nm
line. Data processing based on (11) with averaging of
intensities over three time channels of a photon counter
(measurements of intensities in Fig. 6 were carried out with
a resolution of 1.28 us, in the graph they are presented as
the result of averaging over three channels) for the ratio
of coefficients gave the result presented in Fig. 7. It can
be seen that the ratio of the recombination coefficients
does not depend much on the choice of the moment of
time for comparing the intensity ratio, provided that by this
time (vertical arrow in Fig. 6) the system forgets about
the perturbation introduced by pulsed heating. Averaging
the data in Fig. 7 within the specified time period, we
find azer/aicr =21 £4. A similar procedure using the
439.20nm ion line gives a similar ratio of recombination
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Figure 8. Experimental data and model solutions for ionic lines.
The values of the ratio of recombination coefficients are 8 (/) and
18 (2).
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Figure 9. Experimental data (2) and model solutions for the
values of the ratio of recombination coefficients 18 (/) and 8 (3).
Conditions are the same as in Fig. 8. The curves I and 3 are
shifted relative to 2 for ease of reading.

coefficients, but with a larger error due to the noticeably
lower intensity of the line.

The obtained result indicates an even greater difference
in the recombination rates of singly and doubly charged
ions than was found in [3] based on a comparison of the
dependence Ji(t) with the model solution corresponding
to aaer /aier ~ Z* in formula (5). Let us recall that to
simulate the behavior of ion lines [3] we used model
parameters (i.e., a set of process rate constants taken into
account in the system of differential equations), which
provide the best description of the evolution of J4(t) atomic
lines in a decaying plasma, and with these parameters,
in particular, the ratio aacr /a1 Was selected for the best
description Ji(t). As follows from the data presented
in [3], it was not possible to construct an equally adequate
description of the evolution of the intensities of ion lines. In
this regard, the question arises, which data best reflects the
actual ratio of the sought constants. In terms of assessing the
uniqueness of the conclusions obtained based on modeling,
we give the following example (Fig. 8,9). Figure 8 shows
the opportunity of constructing model solutions correspond-
ing to experimental data for the ion line in both cases:
Qaer /a1cr = 8 and aaer/aier = 18, For ager /aier = 18,
the simulation of Ji(t) uses plasma parameters that give
an almost ideal description of Ja(t) (Fig. 9), increasing
the initial electron density [e](t =0) by 1.7 times, but
maintaining the characteristic cooling time of electrons due
to electron-ion collisions and selecting constant k¢ of the
ion conversion process Ne™t within the values proposed
in [14,15]. This replacement, in our opinion, does not
go beyond reason, since the frequency of electron-ion
collisions, as is known, is calculated using approximate
formulas, and the electron density is determined in our
experiment with an error of ~30% [1]. So the main
argument in favor of choosing @ /@icr = 18 based on

simulation is the consistency of the solution for Ja(t)
with experiment, which, as Fig. 9 shows, is lost in the
opposite case. In this regard, we consider the result of
this work, firstly, as confirmation of the adequacy of the
afterglow model [2,3], and, secondly, as a demonstration of
the possibility of estimating the rate of collisional-radiative
recombination of doubly charged ions directly on the basis
of experimental data using fairly obvious assumptions. It
is important that this approach eliminates the uncertainty in
the available data on the conversion rate of Nett — 2Ne*
ions in collisions with neon atoms.

Conclusion

In this work, a direct estimation of the ratio of the
coefficients of collisional-radiative recombination of ions
Ne** and Net with electrons was obtained based on the
results of spectroscopic observations of the evolution of
the intensities of atomic and ion lines in the afterglow of
a low-pressure dielectric barrier discharge. As an initial
premise, we used the obvious opportunity of suppressing
the processes of collisional-radiative recombination of both
ions by ,heating “ electrons for a short time in the plasma
decay stage, followed by an analysis of the differences in
the reactions of the spectral lines of the atomic and ion
spectra. The obtained result significantly exceeds both the
predictions of the collisional model of the process and the
results of numerical calculations based on the analysis of the
solution of the system of equations for the populations of
excited levels of the atom and ion in the quasi-steady-state
approximation.
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