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Low pressure DBD in He—Ne mixture. Spectroscopy of the Afterglow
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The paper considers the possibility of using a low-pressure dielectric barrier discharge (DBD) as a plasma
source for the active medium of a He—Ne-laser. The results of a spectroscopic study of the decay stage of a
DBD plasma of a cylindrical configuration with a pronounced inverse population of the upper level of the 2p’5s
configuration, which makes the line of 632.8 nm one of the brightest in the visible region of the spectrum, are
presented. Based on the analysis of data on the populations of the excited levels of the neon atom and the
metastable levels of helium 2'Sy and 23Sy, it is shown that in the early stage of the DBD afterglow at helium
pressures of a fraction of a Torr, the distribution of populations over the 2p°5s and 2p°4d levels of the neon atom,
which is characteristic of the excitation transfer mechanism, is realized. In the late afterglow with the departure of
helium atoms He2'Sy, emission in the visible region of the spectrum is formed mainly by transitions from levels of
the 2p°3p, configuration, the population of which is associated with He(2*S;) atoms. At this stage, the population
of the 2p°5s and 2p°4d states by electron-ion recombination processes is ineffective and does not lead to the
formation of population inversion. As an optimal solution in terms of the 632.8 nm line brightness in the afterglow,
it is proposed to use a discharge with electrodes along the outer surface of a cylindrical discharge tube, initiated at
frequencies that exclude the recombination stage of the afterglow.
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Introduction

Dielectric barrier discharge has been used actively in
recent decades in a wide range of technological applica-
tions [1,2] (including experimental optics problems of opti-
mization of quantum generators [2] and radiation sources
based on excimer molecules [2,3]). The cited reviews
present successful cases of application of DBD under
pressures ranging from several tens of Torr to atmospheric
pressure and at frequencies ranging from several tens of
kilohertz to tens of megahertz. In the present study, we
turned to the spectroscopic examination of barrier discharge
plasma in a He—Ne mixture with the purpose of identifying
the conditions of formation of an inverse population of
excited states of a neon atom in its afterglow.

Hundreds of experimental and theoretical studies focused
on the processes occurring in He—Ne plasma as an
active medium of the historically first gas laser [4,5] have
already been published (some of them were mentioned in
reviews [6,7]). This research provided a detailed insight
into the mechanisms shaping the optical properties of
this plasma. However, recent studies indicate that the
potential of He—Ne plasma as a source of new optical
phenomena is far from being exhausted. For example, it
was demonstrated in [8,9] that the afterglow of a discharge
in a He—Ne mixture is formed under certain conditions
as a result of recombination of heteronuclear HeNe™ ions
ans electrons. The effect of concentration of emission of
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the 2p°4p shell of a neon atom, which is represented by
a set of 30 spectral lines of comparable intensity in pure
neon plasma, into a single line at 352.0nm emitted from
the upper 3p; level (in the Paschen notation) at higher
helium pressures was described in [10]. This phenomenon
was discovered in studies of the evolution of the afterglow
spectrum of a barrier discharge with a low neon content
(several mTorr) under a total pressure of 0.1—20 Torr of the
mixture. A large set of experimental data on the spectral
composition and the temporal characteristics of afterglow of
an extended barrier discharge of a cylindrical configuration
with electrodes on the outer surface of a glass tube was
obtained to interpret the observed effect (a finalized model
will be presented in subsequent studies). The results of
analysis of afterglow spectra added new information to the
data already available for infrared transmissions [4]: inverse
population of the upper level of the 2ps < 3s; transition
emitting the 632.8 nm line is observed in a wide range of
variation of pressure, composition of the He—Ne mixture,
and density of plasma electrons and at different afterglow
stages. This information, its interpretation, and a discussion
into the possibility of constructing a He—Ne laser based on
the barrier discharge are the subject matter of the present

paper.
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Figure 1. (a) Discharge tube (the inner diameter is 3.9 cm,

L=22cm. D is an aperture 5Smm in diameter, W are quartz
windows, and A—A are electrodes on vertical extensions. (b) Po-
sitioning of electrodes B—B on the side surface of the tube.

Experiment

We used two versions of periodic barrier discharge with
the same supply circuit shown in Fig. 1. This simple
circuit (see details in [11,12]) utilizes the ability of a flyback
transformer to store energy in the active phase (when the
transistor is on and an electrode voltage of 12(N,/N;) V
is insufficient to generate discharge current) and transfer
it to the secondary circuit on termination of the pulse t.
In the considered experiment, the ratio of numbers of
turns is Np/N; = 10, and the maximum collector—emitter
transistor voltage is 600 V. The circuit with these parameters
provided an opportunity to examine barrier discharges of
each configuration with electrode voltages up to 6000V
under helium pressures ranging from a fraction of a Torr
to several tens of Torr. The current of such discharges [11]
has the form of two half-waves of different polarities
with a duration of 2—3us and a zero mean value. The
emission of a discharge was observed along its axis using a
monochromator with a linear dispersion of 0.6 nm/mm. The
radial radiation’ distribution was studied by scanning the
tube image along the entrance slit of the monochromator
with aperture D removed (Fig. 1). Light fluxes were
detected using the method of multichannel photon count
with a temporal resolution down to 40 ns.

The experimental data discussed below, which character-
ize the processes in decaying plasma of the He—Ne mixture,
correspond to a helium pressure of 0.7 and 6.8 Torr and
a neon pressure lower than SmTorr. The discharge glow,
which characterizes the spatial parameters of a discharge, is
represented by the spectral line of atomic neon at 585.2 nm
emitted by pure neon plasma under a pressure of 0.9 Torr.

The densities of helium atoms in metastable states
2'Sy) and 23S, were calculated based on the results of
measurement of absorption of emission from an auxil-
iary source (hollow-cathode microdischarge in helium at
the wavelengths of 501.57nm (2!'S « 3'P) and 388.9 nm
(23S « 33P, respectively) in the near-axis tube region. In
calculations, the profiles of emission and absorption lines

were assumed to be Doppler ones with the complex struc-
ture of the 3889 nm line taken into account. The method
of absorption measurement of densities of metastable atoms
was similar to the one detailed in [13].

The relative populations of excited levels of a neon atom
in the afterglow were determined based on the plasma
emission spectra in the wavelength range of 350—750 nm
measured using the photon count method.

Electrons were ,heated” by a pulsed high-frequency field
to analyze the nature of formation of excited neon and
helium atoms at the stage of plasma decay. The procedure
of such an experiment was detailed in [12].

Results and discussion

The spatial distributions of densities of emitting atoms
along and across the discharge tube (A—A and B—B, Fig. 1)
form in significantly different ways, but this difference has
no effect on the fundamental result: population inversion
is observed in the afterglow of both discharges. However,
in our view, the transverse discharge has an advantage in
that its initiation requires a significantly lower electrode
voltage, which also depends only weakly on length L of the
discharge tube, thus allowing for a wide range of L variation
with no complicating modifications to the supply circuit.
The results presented below corresponded to plasma with
electrodes on the side surface of the discharge tube. Its
emission at a wavelength of 585.2 nm (transition 1S, «— 2p;
in a neon atom) at the discharge and early afterglow stage is
shown in Fig. 2. Two ,,humps® are formed by the discharge
current half-waves mentioned above. Each half-wave pro-
duces a plasma formation with its glow maximized near the
electrode that acts as a cathode in a given half-wave. Specifi-
cally, curve I in Fig. 3 (cathode is on the right) characterizes
the radial distribution of intensity of the 585.2nm line in
the first half-wave from Fig. 2, while curve 2 corresponds to
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Figure 2. Intensity of the 585.2nm line of a neon atom in a
discharge in pure neon in the early afterglow under a pressure of
0.9 Torr.
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Figure 3. Radial distribution of plasma glow at a wavelength
of 5852 nm in the first () and the second (2) half-waves of the
discharge current.

the second half-wave. Measurements were performed with
gating of the photomultiplier signal within the time intervals
indicated in Fig. 2. Thus, an almost I1-shaped glow distri-
bution over the tube radius is typical of the early afterglow
(curve 3 in Fig. 4, which corresponds to the third gating
interval in Fig. 2). Owing to higher diffusion modes, this
distribution transforms quickly into a glow that is close to
the one typical of a steady-state low-pressure gas discharge.

Under higher pressures, the glow in a barrier discharge of
this configuration is ,,pushed” to the tube walls in a much
more marked fashion and remains this way over a protracted
period of time at the decay stage [11]. Note that the glow
in Fig. 2 is typical of the mechanism of excitation by an
electron impact. In the considered conditions, of which the
smallness of density of neon atoms is a crucial one, a glow
similar to the one in Fig. 2 is demonstrated only by the lines
of a helium atom and neon lines with an excitation potential
exceeding considerably the energy of state He*(2!Sy) (this
excludes the excitation transfer mechanism). The intensities
of all the other spectral lines in the 350—750nm range
in the early afterglow follow the variation of population
[He™ (2So)](t).

Figure 5 shows a fragment of the DBD afterglow
spectrum for the He—Ne mixture under pressures of 0.7
and 0.003 Torr, respectively. Measurements were performed
in the photon count mode at 1024 points over the spectrum
with the PMT signal gated by 80 us pulses delayed by 20 us
relative to t =0 (Fig. 2). The 632.8nm line (transition
2ps < 3s;) and the lines of transitions from the 2p, level
(609.6 and 594.5nm) are indicated in the upper part of
Fig. 5. It is evident that the 632.8 nm line of the He—Ne
laser is one of the brightest ones in decaying plasma. The
presentation of data in logarithmic scale allows one to
estimate the degree of spectral purity of He—Ne plasma
emission by examining the H, line of atomic hydrogen.
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As is known [5], 2p°5s levels in an active medium
based on DC plasma are populated via a thoroughly studied
process of excitation transfer in collisions

He(2'S)) + Ne — He + Ne*(3s;), (1)

According to the results of experiments [14-18],
the room-temperature cross section of this pro-
cess for 3s; is 2-10719—4.10716cm? (rate constant
Kne =~ 4 - 107" cm3/s). It turns out that this mechanism
of production of excited neon atoms is also dominant at
the initial DBD afterglow stage. This is confirmed by the
data in Fig. 6, where the equivalence between temporal
variations of the [He(2!'Sy)] density and intensities of lines
of transitions from levels of the 2p°5s (632.8 nm), 2p°4d
(576.4nm), 2p°4p (352.0nm), and 2p°3p configurations
is demonstrated. A change in the excitation mechanism
is typical of lines originating from levels of the 2p33p
(5852nm in Fig. 6) configuration positioned below the
He(2%S;) metastable level on a scale of excitation energies:
process (1) in the early afterglow gives way to a similar
process involving a He(23S;) helium atom that remains
in the afterglow for a much longer period of time. Re-
combination radiation is hard to notice in these conditions
against the background of the excitation transfer mechanism.
Its contribution to the afterglow may be estimated by
examining the late stage of the 632.8 nm intensity (Fig. 6).

In the considered conditions with a low neon density
(several mTorr), the He(2'S) state is destroyed in the
afterglow primarily via collisions

He(2!'S)) + e — He(2’S)) + e + En. (2)

The rate constant of process (2) is known
(ke~4-10"7cm?s [19]) and depends only weakly
on the mean energy of electrons [20] that varies in the
early afterglow. This allows one estimate fairly accurately
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Figure 4. Radial distribution of plasma radiation at a wavelength
of 585.2nm in the afterglow: 3 — gating interval 3 (Fig. 2), 4 —
gating interval with a duration of 20 us, delayed by 20 us relative
tot =0 (Fig. 2).
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Figure 5. A fragment of the DBD afterglow spectrum at Py, = 0.7 Torr, Pxe = 0.003 Torr.
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Figure 6. Intensities of spectral lines and densities of metastable
helium atoms [He*(2'S))] and [He*(2’S;)] in the afterglow.
Pue = 0.7 Torr, Pxe = 0.003 Torr. The values of [He™(2!'Sy)] and
[He*(2°S))] densities at the end of the discharge are 5 - 10'° and
8- 10" ecm ™3, respectively.
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the density of electrons of a decaying plasma of the
He—Ne mixture based on the results of spectroscopic
measurements of the [He*(2!S)](t) value. The data
in Figs. 2—6 correspond to an electron density at the
beginning of the afterglow of ~ 6 - 10!° cm 3.

In accordance with the selection rules, nine spectral lines
originating from the 3s; level of a neon atom connect it
to all levels of the 2p>3p configuration (except for 2py).
Table 1 lists the relative populations of 3s, and 2p; levels
calculated based on line intensities in the afterglow with

based on intensities J;i (in numbers of photoelectrons) of the
brightest lines of a neon atom in the afterglow under a helium
and neon pressure of 0.7 and 0.003 Torr, respectively. J is the total
angular momentum of the upper states of transitions

i, nm Ay, 108571 Ji | S(i) | [Ni]/[Nss,] | J
632.8 (352—2ps) 34 16000 (078 |1 1
5852 (2pi—1s2) 61 8550 [ 0.92 | 0.025 0
6599 (2p2—1s2) 232 75231069 |0.1 1
5882 (2pr—1ss) 115 6590 | 0.91 | 0.08 1
607.4 (2ps—1s4) 60 8054 | 0.83 | 0.027 0
609.6 (2ps—1s4) 18.1 | 16300|0.87 |0.17 2
612.8 (2ps—1s4) 0.67 304 (0.83 |0.09 1
630.5 (2ps—1s4) 416 | 2040(0.78 |0.1 2
6383 (2p;—1s4) 32 8714 0.76 | 0.1 1
650.6 (2ps—1s4) 30 10760 | 0.71 | 0.08 2
7245 (2pio—1s4) 10 3600 | 04 |0.15 1

account for spectral sensitivity S(1) of the experimental
setup:

[Ni] = J(4i)/(S(4i ) Aik)-

Sensitivity S(1) of the optical circuit for radiation detection
was measured with an LS-1-CAL continuous-spectrum
source, which is used to calibrate the absolute spectral
sensitivity in the 300—1050nm range. Transition proba-
bilities were taken from the NIST Database tables [21]. A
well-pronounced inversion of population of the 3s, level
relative to all 2p; levels is evident in Table 1. The degree
of this inversion is minimized in the case of 2ps (the
lower level of the 632.8 nm line). With such populations,
light amplification (with the total angular momenta of states

Optics and Spectroscopy, 2022, Vol. 130, No. 7
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Figure 7. A fragment of the afterglow spectrum at the 615.0nm
line (transition 3p « 4d).

Table 2. Relative populations of levels 2p°5s determined
based on the intensities of lines (specified in parentheses) in
the afterglow and the probabilities of transmissions taken from
the NIST Database [21]

Levels 2p°5s This study [21]

3s, (632.8) 1 1

3s3 (606.5) 0.004 0.005
3s4 (621.4) 0.12 0.11

3ss (618.3) 0.12 0.10

taken into account) is possible at all lines of the 2p; « 3s;
transitions.

To determine the [2p;] populations, we chose the lines
of transitions to the least populated (and, consequently, the
least susceptible to absorption) resonance 1S, and 1S4 levels
of a neon atom. However, it follows from the [2p;]/[3S:]
ratios determined for two lines at 659.9 and 588.2 nm (the
latter line ends at the lower metastable 1Ss level) that the
absorption of radiation in this experiment does not lead to
any significant errors.

Since the intensities were measured in a discrete set
of points distributed over the spectrum, the values of
J(;) were determined by approximating the corresponding
spectrum section by a Gaussian function and calculating the
intensity at the maximum of the curve. An example of this
procedure is presented in Fig. 7.

It should be noted that the relative populations of levels
2p°5s of a neon atom in the afterglow in this experiment
turned out to be virtually identical to the ones determined in
radically different conditions [22] of purely optical excitation
of He(2'Sy) atoms in a He—Ne mixture under a pressure
of 09 and less than 0.07 Torr for He and Ne. This
follows from the data in Table 2, which also indicate that
fundamentally non-equilibrium population distributions are
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Figure 8. DBD afterglow under a helium pressure of 6.8 Torr and
a neon pressure of 0.003 Torr. The density of electrons at the onset
of afterglow [€] ~ 4.5-10'cm™. The intensity of the 518.8 nm
line is enhanced four-fold.

established in both cases. The latter fact suggests that
helium plays a negligible role in the collisional ,mixing"*
of excited states of a neon atom in both experiments.
Similar measurements performed under pressures of
6.8Torr and 3mTorr of mixture components and at
[e] ~4.5-10'cm™3 revealed that the degree of population
inversion decreases at a higher helium pressure and vanishes
completely following the transition to the stage of recombi-
nation population of levels. This is demonstrated in Fig. 8§,
where the afterglow evolution is presented. The densities of
helium and neon atoms in these conditions are sufficient to
form molecular ions HeNe™ and Nej in triple collisions:

Ne® + He + He — HeNe™ + He, (3a)

HeNe™ + Ne — Nej + He, (3b)

which recombine with electrons
HeNe™ + e — Ne* + He, (4a)

Ne; + e — Ne* + Ne (4b)

to populate efficiently all states of a neon atom with energies
lower than the one of the ground vibrational level v = 0 of
a HeNe™ ion [8,9,23].

Since energy E(v = 0) ~ 21 eV [23,24], the entire set of
excited states of a Ne atom considered in this study (from
2p°6s (or from 2p°4p for a Nej ion [25]) and further down
the excitation energy scale) emerges directly in reactions (4)
or due to cascade transitions in plasma. At the same
time, levels 2p°6s are already unavailable for excitation
transfer process (1). This is indicated by the afterglow
at the 518.8nm line of transition 2p°3p « 2p°6s (Fig. 8)
that is free from the influence of metastable helium atoms
He(2'Sy). It can be seen from Fig. 8 that the contribution
of recombination radiation relative to excitation transfer (1)
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may vary widely even in the case of levels of the same
2p°4d configuration: the ratio of intensities of the 590.2 nm
(the upper level energy is 20.804eV) and 576.4nm lines
(20.705eV) increases by almost two orders of magnitude
when the population mechanism changes in the afterglow.
This is representative of the resonance nature of process (1)
(the excitation energy of state He(2'Sy) is 20.62eV), while
electron—ion recombination evidently has a different nature.

In our view, the above data suggest that it is reasonable to
discuss the use of cylindrical DBD in generation of plasma
of an active medium of a He—Ne laser. In the present
study, we limited ourselves to analyzing the emission of
plasma with electron density [€] < 10!! cm~3. However, it
was found experimentally that it is easy to raise [e] (and,
consequently, the densities of metastable helium atoms) by
an order of magnitude using the discharge supply circuit
from Fig. 1 even in a tube with a radius of 1.9 cm, which is
far from being the optimum one for laser applications. This
supply circuit provides two simple ways to do that: one may
either increase pulse duration tp at the transistor gate and
thus raise the energy transferred to the secondary winding
or, as was demonstrated in our experiment, increase the
discharge frequency by shortening the afterglow stage. The
following two obvious advantages of the discharge circuit in
Fig. 1 should be noted: its electrodeless nature, which makes
the operational life of a discharge tube almost infinite, and
the simplicity of the electrical circuit, which contains only
two semiconductor elements.

The specific features of kinetics of helium atoms in
metastable states He(2!'Sy) and He(23S;), which are present
in the afterglow in appreciable densities within different
time intervals (Figs. 6, 8), allow one to predict the capacity
for generation of both the complete set of laser lines and
the 1.15 um line associated with long-lived He(23S,) atoms
only. The latter line was not observed in our experiments,
but we do not see the reasons why population inversion
should be lacking in the afterglow in the 4s—3p level
system.

Concluding the discussion of He—Ne plasma properties,
we note, as an addition to the phenomenon [10] mentioned
in the introductory section, another aspect that is quite
intriguing for an object that has been studied so extensively
and for so long. The substance of the matter (see details
in [26]) is related to the well-known [27] feature of the
process of dissociative recombination of molecular helium
ions Hej

He; + e — He* + He (3)

that proceeds in decaying plasma and involves vibrationally
excited molecular ions Hej (v) with v > 3 only. The most
populated lower ion states are thus excluded from (5),
making the contribution of the ion to plasma decay
insignificant, and the belief established since the publication
of [28], which holds that the rates of vibrational relaxation of
molecular ions in intrinsic gas are high, predetermines the
impossibility of experimental observation of plasma emis-
sion related to (5) against the background of collisional-

radiative recombination of He™ ions:
He" +e+e— He" +e (6)

The dependence of the rate of this process on the electron
temperature (it is proportional to T, *° in the case of
purely collisional kinetics of an excited electron) is much
stronger [29,30,32] than the corresponding dependence
for the rate of dissociative recombination (from Ty %3 to
To 1 [31]). This difference provides an opportunity to
make a qualitative distinction between the recombination
mechanisms of production of excited atoms by observing the
response of emission of decaying plasma to pulsed ,heating”
of electrons. Some of the results of such an experiment
with a pulsed high-frequency field are presented in Fig. 9.
The fundamental difference between the 503.8nm (the
energy of the upper 5d level is 21.015 ¢V, and the binding
energy of an excited electron is 0.55¢V) and 585.2 nm (the
energy of the upper 3p level is 18.96 ¢V) lines in terms of
temporal behavior and the response to electron ,heating” is
evident. The population of the considered 5d level, which
is beyond the reach of processes (1) and (4), is attributable
to the collisional-radiative recombination of Ne™ ions with
a strong dependence of the rate on Te that is typical of
this process. At the same time, the population of 3p
levels is related (with the sole exception of the earliest
afterglow) to processes (4). When it comes to one of the
brightest helium lines at 587.6 nm (the energy of the upper
3d level is 23.07 ¢V, and the binding energy of an excited
electron is 1.52¢eV), its intensity in the collisional-radiative
recombination model should respond to Te variations in the
same way as the 503.8 nm line of a neon atom does, since
the rates of the process in helium and neon are the same
and are proportional to T;"#3 [31] at an electron density
close to 10" ecm™3. The latter assertion is inconsistent
with the experimentally observed features of behavior of
the 587.6 nm line. It is evident that more accurate data on

100000 1-585.2nm 3

2-587.6nm ]
3-503.8nm |
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Figure 9. Intensities of spectral lines of helium (587.6 nm) and
neon in the afterglow. Pye = 0.7 Torr, Pnxe = 0.003 Torr, and the
electron density at the onset of afterglow is [€] ~ 9 - 10" cm™>.
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the mechanisms of electron—ion recombination as sources
of excited atoms in helium plasma are needed to interpret
these features.

Conclusions

Helium-—neon plasma of an extended low-pressure barrier
discharge was examined by kinetic spectroscopy in the
wavelength range of 350—750 nm to identify the conditions
of formation of inverse population of excited levels of a
neon atom in decaying plasma. The temporal characteristics
and spectra of plasma emission in the discharge and the
afterglow under a helium pressure of 0.7 and 6.7 Torr and
a neon pressure of 3mTorr at an electron density lower
than 10'! cm~3 were examined. Populations [He(2!Sy)](t)
and [He(23S))](t) of metastable states of a helium atom
were determined based on the variations of light absorption
at transitions to these states, and the equivalence between
temporal variations of population [He(2!S)](t) and the
intensities of spectral lines of transitions 3p < 5s, 3p < 4d,
3s <+ 4p, and 3s < 3p at the early afterglow stage at
t < 150 us was demonstrated. A well-pronounced popula-
tion inversion of the upper level of the 2p°5s configuration
(3s; in the Paschen notation) relative to all levels of the
2p’3p configuration is observed at this stage. Att > 150 us,
plasma emission is formed primarily by the 3s < 3p transi-
tion lines, the intensities of which vary with time in the same
way as [He(23S;)](t). When the helium pressure increases,
the afterglow spectrum is enriched with emission produced
due to the dissociative recombination of HeNet and Nej
ions with plasma electrons; however, this mechanism does
not yield population inversion. The feasibility of application
of a cylindrical DBD with electrodes positioned along the
side surface of a discharge tube as a plasma source for
an active medium of a He—Ne laser was discussed with
reference to experimental data.
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