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A method for investigating the dissociative recombination of heteronuclear molecular ions and
electrons in a noble-gas mixture plasma is suggested and applied. A helium—neon mixture

plasma is used to demonstrate the potentials of the method, which is based on spectroscopic studies
of the relaxation processes that develop under pulsed perturbation of the decaying plasma
initiated by an electric field. The value and temperature dependence of the rate constant for the
recombination of HeNe™ ions are obtained: a=(1.0+0.2)X10 (T,/300 K)~134=0-11 cy3/s,

The conditions are established in which this process plays the dominant role in excited-atom
formation in the decaying plasma. Also, some of the outgoing process channels are

identified. © 1994 American Institute of Physics.

1. INTRODUCTION

The dissociative recombination of molecular ions and
electrons is the most effective mechanism of volume charge
neutralization in weakly ionized plasmas under moderate
(tens and hundreds torrs) and high pressures. The cross sec-
tion of an electron being captured by a molecular ion at
thermal energies of the particles reaches a value of approxi-
mately 107! cm?, with the result that the process plays a
key role in the kinetics of the charged plasma particles and
the molecular ions. Recent years have seen an upsurge of
interest in studies of the recombination of molecular ions of
inert gases, whose ionized mixtures B+R have found appli-
cation as the active media of recombination (plasma)
lasers. A characteristic feature of these media is the low
relative density of the easily ionizable process gas,
[R}[B]=~10"2-10"3, with the pressure of the buffer gas B at
one atmosphere or higher. Because of the ion—molecular re-
actions proceeding in the plasma in these conditions there is
intensive production of heteronuclear ions BR, which to-
gether with homonuclear molecular ions R; determine the
balance of charged particles and form the recombination flux
needed for populating the excited states of atoms. In contrast
to dissociative recombination of homogeneous ions,

Rj +e—R*+R, 1

which has been extensively studied both experimentally and
theoretically (see, e.g. the review articles by Massey,*
Eletskif and B. M. Smirnov,’ and Ivanov®), the similar pro-
cess involving heteronuclear ions,

BR*+e—R*+B, )

has practically never been studied. The dissociative recom-
bination (1) is considered in kinetic models of active media
of noble-gas lasers as a major mechanism by which laser
levels are populated.” In a number of papers (see, e.g., Ref.
8) the inverted population of the upper laser levels is related
to the dissociative recombination of heterogeneous ions.
Such models, however, are of a clearly hypothetical nature,
since there is no data on the recombination rate of (2) or the
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process channels. At the same time heterogeneous noble-gas
ions are known to have binding energies (0.023 to 0.67 eV)
sufficient for forming stable complexes.” Such particles have
been observed in a number of mass-spectrometer'®'* and
spectroscopic!® '8 experiments.

Heteronuclear ions are also interesting for their direct
participation in the formation of the emission spectra of
noble-gas mixture plasmas. Under certain conditions the
fraction of the energy injected into the plasma and trans-
ferred in the molecular bands, which are related to the tran-
sitions between different electron—vibrational—rotational
states,”” B'R—BR* +hv, is considerable.”’ This makes it
possible to classify these ions as heteronuclear ion mol-
ecules, studied in Ref. 21 and promising from the viewpoint
of obtaining molecular lasing.

The difficulty in studying the recombination of hetero-
nuclear ions is that the traditional methods based on measur-
ing the rate of decrease in the number density of the charged
particles are inapplicable if there are several ion species
whose concentrations are comparable. In addition to BR™
ions, the plasma contains B*, R*, B, , and R; ions, and it is
impossible a priori to specify the conditions in which pro-
cesses involving BR™ ions are predominant in the volume
neutralization of charged particles, the more so that there are
no reliable data on all the necessary reaction rate constants.
This explains the absence of information about the recombi-
nation of heteronuclear noble-gas ions.

This paper suggests a method that has been used for the
first time to study experimentally the dissociative recombi-
nation of heteronuclear ions and electrons. A helium—neon
mixture plasma is used to demonstrate the potential of the
method, which is based on a spectroscopic analysis of relax-
ation processes that develop under a pulsed perturbation of
the decaying plasma initiated by an electric field. The
HeNe™ ions forming in the plasma have the highest binding
energy of all heteronuclear ions: D.=0.77 eV (Ref. 22).
These ions are stable under thermal dissociation in collisions
with thermal atoms and hence, all other things being equal,
have the greatest effect, in comparison to other BR* ions, on
the properties of the plasma.
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We have measured the dissociative-recombination rate
constant and found its dependence on the electron tempera-
ture T, in the T.=300-1000 K range. In this range the rate
constant can be represented by the following formula:

a(T,=300 K)=(1.0+0.2) 1077 cm’/s,
a( Te)‘x Te— 1.34%0.11 .

Also, we identify the process channels corresponding to the
emergence of excited neon atoms emitting light in the visible
and near UV spectral ranges.

2. ION COMPOSITION OF THE PLASMA

In all binary noble-gas mixtures the ion—molecular reac-
tions that lead to formation of heteronuclear ions are similar,
with the result that the scheme of the processes in the
helium—neon plasma considered below generally reflects the
kinetics of ion transformations in other mixtures. The main
channel in which BR* (below B=He and R=Ne) emerge is
conversion in triple collisions:

k
Ne* +He+He— HeNe ™t + He, 3)
Ne* +Ne+ He— HeNe* + Ne— Ne; +He, @)

where k3;=2.1X107>? cm%s, and k;+k3=3%x10"*" cm®s
(Ref. 15). Processes that are the reverse of (3) and (4) can be
ignored because the binding energies of Ne; (1.3eV) and
HeNe™ (0.77 eV) are much higher than the thermal energies
of particles.”) Two processes compete in the decomposition
of HeNe™ ions: an exothermic reaction accompanied by the
formation of a homonuclear ion,

k
HeNe* +Ne— Ne; +He, )

(ks=3%x10""cm?3/s) (Ref. 15), and dissociative recombina-
tion,

a,a;
HeNe* +e — Ne’ +He (6)

(a is the recombination rate constant, and «; is a partial
coefficient characterizing the effectiveness of the reaction in
the channel with formation of excited atoms in the state
Ne).

A similar reaction involving a homonuclear jon accom-
panies (6):

ad
Ne; +e — Nef + Ne, (7)

(@=1.7%x10"7 (T/300 K)~ %5 cm®/s see Ref. 23).

The role played by the various reactions depends on the
experimental conditions. However, because of effective de-
composition of heteronuclear ions in (5), their observation is
possible only when neon content is very low. In such condi-
tions primary ionization is relative, irrespective of the way
the plasma was formed, to the emergence of He™ ions, and
all the other ions form in ion—molecular reactions, of which
the following, in addition to (3) and (4), play the major role:
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k

He* +He+He— He, +He, (8)

ky
He; +Ne—Ne* +He+He, 9)
where k;=0.65%10"3cm®/s (Ref. 24) and

k,=1.4x10"1%m?>/s (Ref. 25). Thus, the picture of con-
secutive transformations of ions in a helium—neon plasma
consists of the chain He*—He; —Ne*—HeNe*—Ne; ,
concluded by the formation of Ne; ions.

In modeling the system of processes that form the ion
composition of the plasma we allowed for ionization with
participation of metastable atoms,

B
He(23S)+He(23S)—He" +He+e—Hel +e,  (10)

and metastable molecules,

B
He,(25%2)) +He2(2532,4+)—2>2He+ +3He+e

B2
—He, +2He+e (11)

B2
— He; +He+e

B2
—»He;L +e,

8
He,(25°S )+ He(23S) > He" +2He+e
—>He;+He+e (12)

—»He;+e,

which noticeably affect the balance of charged particles. The
rate constants of the reactions (10)-(12) are known:
B11=(1.5%0.3)X10"° cm®/s, B,,=(1.5%0.5)X10"° cm?/s,
and B,,=(2.5%1.5)x107° cm®/s (Ref. 24).

Thus, as the above reasoning implies, in the system of
reactions considered the only unknown quantity is the rate
constant of dissociative recombination of heteronuclear ions,
which can be found by processing the experimental data. To
interpret the experimental results we set up a kinetic model
of the processes in the plasma. This model included seven
differential equations for the number densities of the He*,
He; , Ne*, Ne; , and HeNe™ ions, of the metastable atoms
He(2%S), and of the He,(25°2.) molecules. One of the
model parameters was the unknown rate a of dissociative
recombination of HeNe™* ions and electrons. Its value was
found by the maximum likelihood method, in which the re-
sults of measuring the temporal dependence of the intensities
of spectral lines of the neon atom were compared to the
results of numerical calculations of the recombination flux
on the basis of the constructed model.

3. THE METHOD AND EXPERIMENTAL CONDITIONS

The set of the above ion—molecular reactions suggests
the possibility of a number of recombination processes in the
helium—neon plasma in which different ions participate. To
set up an experiment for studying such a plasma requires
resorting to methods that make it possible to separate the

V. A. Ivanov and Yu. E. Skoblo 922



/1 a
]
IT p \ t
Tl ¢ ’
T, T To

FIG. 1. Response of the intensities of the spectral lines to a perturbation of
the electron temperature T, when a nonrecombination process whose rate
does not depend on T, dominates the ion-concentration balance (a) and
when a recombination process dominates the balance (b).

competing processes. The best approach is to use spectro-
scopic methods, which employ the fact that in each recom-
bination act a neutral particle in an excited state is formed
and hence the radiation emitted by the recombining plasma
carries information about the effectiveness of the processes
(their rate constants) and about the channel along which they
proceed. In our research the spectroscopic study was com-
bined with analyzing the relaxation processes that develop
under a pulsed perturbation of the decaying plasma initiated
by a weak longitudinal electric field.? Our experiment was
based on a method, suggested in Ref. 28 and developed in
Ref. 29, in which a semi-self-maintained discharge was ef-
fected, with the strength and temporal dependence of the
external longitudinal electric field E(¢) fixed by an external
signal. Application of the electric field and the resulting in-
crease in the electron temperature T .(E/N), where N is the
number density of the atoms, lead to disruption of the qua-
sistationary balance of the number of charged particles in the
decaying plasma that is determined by the dependence of the
rate constants of the recombination processes on the electron
temperature T(E/N). The variation of the recombination
fluxes in turn clearly manifests itself in the intensities of the
spectral lines emitted by the decaying plasma.

A characteristic response of the radiation of a decaying
helium—neon plasma to pulsed electron heating is depicted in
Fig. 1. In our experiment (helium pressure amounted to tens
of torrs) the time of electron-energy relaxation caused by
elastic collisions with helium atoms proved to be shorter than
10~% s, which is smaller by a factor of ten than the charac-
teristic times of variation of the charged-particle number
density, so that on this time scale the variation of
T(E(t)/N) practically follows that of E(¢). In such a situ-
ation the drop in intensities of atomic and molecular lines at
the fronts of variation of 7' is determined by the temperature
dependencies of the respective partial recombination rates,
and the relaxation processes caused by disruption of the qua-
sistationary balance become obvious in the intensities of the
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spectral lines Nel (Fig. 1) and reflect the temporal variation
of the number densities of the recombining ions at
T.(E/N) within the electron-heating pulse and at
T (E=0)=300 K after termination of the pulse. This sug-
gests that the experiment conducted at different values of
E/N makes it possible to determine both the temperature
dependence of the partial recombination rates for the ions
participating in the process and the absolute values and tem-
perature dependencies of the total recombination rates of the
same ions.

In our experiments the plasma was created by a weak-
current (i<100 mA) pulsed periodic discharge in a helium—
neon mixture that filled a cylindrical glass tube 2.8 mm in
diameter. The pressure of the components of the mixture was
as follows: P(He)=40 torr and P(Ne)=(10"-10"2)
P(He). The rate of recombination of HeNe* ions and elec-
trons was determined from the results of experiments in
which a mixture with extremely low neon content
([Ne]=10"3[He]) was used. Such neon content in the mix-
ture is comparable to that in commercially available high-
purity helium; consequently, the helium required additional
decontamination from impurities. This was done by filtering
the gas in an auxiliary discharge cell in which the separation
of helium and neon was achieved through cataphoresis. In
addition, atmospheric gases and other easily liquefiable com-
ponents were adsorbed in a trap with activated carbon cooled
to 77K, through which the gas being studied passed. Appli-
cation of these purifying methods made it possible to lower
neon content by at least a factor of 100, so that [ Ne]/[He]
amounted to less than 107",

To keep the mixture from separating in the discharge
tube because of cataphoresis in a longitudinal field, we uses
low pulse repetition frequencies f (tens of hertz) and short
(=100 us) lengths 7, of the current pulse generating the
plasma, with f Tp<10_2.

The light fluxes emitted by the narrow near-axis region
in the plasma were registered in the longitudinal direction
(relative to the axis) by the multichannel photon-counting
method using a monochromator with a linear dispersion of
20 A mm and a FEU-77 photomultiplier. The average elec-
tron number density [e](#) was found from the plasma’s
conductivity by solving the equation for the current through
the discharge tube:

i(ty=2meb T(E/N)E fok[e](r,t)rdr, (13)

where b (E) is the electron mobility in helium.

Specifying the initial conditions for modeling the pro-
cesses in a decaying plasma requires knowing the distribu-
tion of the electron number density along the tube’s radius,
[e](r,t), in the final stage of the discharge pulse. This quan-
tity was found by measuring the radial intensity profile
I(\,r,t) of the bremsspectrum of electrons decelerated by
helium atoms at a wavelength of A=5310 A. In a weak-
current discharge, [e](r,t) « I(\,r,t) in the absence of no-
ticeable temperature inhomogeneities. The radial profiles of
the bremsspectrum continuum was registered by the standard
procedure of scanning the image of the discharge tube in the
plane of the entrance slit of the monochromator.
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Determining the temporal dependence of the concentra-
tion of metastable helium atoms, [He(235)], required mea-
suring the relative absorption on the 3889-A Hel line. As for
the absolute value of [He(22S)], analysis of the results of
measurements has shown that a more reliable way to find the
absolute value of [He(235)] is to use the experimental data
on the increase in the electron number density at the initial
stage in plasma decay (Figs. 2 and 3), caused primarily by
pair collisions of metastable atoms (10)—(12).

The number densities of the metastable molecules,
which must be known in order to allow for the ionization
processes (11) and (12), was calculated by solving the bal-
ance equation and employing the rate constants of the pro-
cesses of their formation and decomposition.?*>

The temperature T, of electrons” was found from the
energy balance equation with allowance for electron accel-
eration in the electric field and elastic atomic collisions.

4. THE RESULTS OF EXPERIMENTS

We start with the results of the experiment in studying
the helium—neon plasma with low neon content,
[Ne]~10"3[He]. Variations in the electron number density
and the radiation emitted by the plasma in the discharge and
afterglow stages are depicted in Figs. 2 and 3.

Analysis of the spectral composition of the emitted ra-
diation revealed an extremely weak glow of Nel lines against
the background of bright Hel lines (Fig. 4). This reflects the
fact that excitation and hence ionization are due primarily to
collisions of electrons and helium atoms.
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In our conditions the characteristic time of conversion
He* —He; (Eq. (8)) amounted to roughly 10~3s, while the
charge exchange between the He, ions and neon atoms lasts
approximately 10 3s, i.e., by the end of the discharge pulse
(7,=100 us) the He, ions dominate in the ion composition.
The other ions, i.e., He™ and ions that have emerged in the
afterglow phase preceding the discharge, and the Ne*,
HeNe*, and Ne; ions constitute only a small fraction in the
ion composition of the plasma. The very weak glow initiated
by the atomic transitions in neon in the early afterglow stage
suggested that the relative concentrations [Ne']/[e],
[HeNe*]/[e], and [Ne;]/[e] are low (Fig. 3). Further
variation in the spectral composition of the radiation emitted
by the decaying plasma reflects the kinetics of the ion-
molecular reactions (3), (5), (8), and (9) comprising the chain
of transformations He* — He; —Ne* —HeNe* —Ne; .

In addition to the recombination mechanism, excited
neon atoms can appear in a decaying helium—neon plasma as
a result of the following well-known excitation-transfer

processes:3°'32

’

He(2'S)+Ne—Ne*+He, k,=646X10"ems  (14)

(see Ref. 32),

k,
He(23S)+Ne—Ne*+He, kg=3.85X10"12 cm’/s (15)
(see Ref. 32), and

k
He(2s%37)+ Ne— Ne* + 2He,

(16)
V. A. Ivanov and Yu. E. Skoblo 924
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(see Ref. 30).

Hence using the glow of the decaying plasma to study
the recombination process (6) requires reliable identification
of the excitation source. Let us now discuss the experimental
results depicted in Fig. 2 and 3.

The qualitative differences in the temporal dependencies
of the intensities of the Nel lines and the relative absorption
on the 3889-A Hel (3°P-235) line determined by the con-
centration of the metastable atoms, [He(23S)], suggest that
the process (15) cannot contribute considerably to the popu-
lation of the excited atomic states of neon.

More than that, the results of an experiment that mea-
sured the response of line intensities on the pulsed perturba-
tion of the electron temperature by an electric field (Fig. 5)
exclude the other excitation-transfer processes, (14) and (16),
in addition to excluding (15), from the main channels of
population of the states 2p°3p, 2p34p, and 2p34d. The
truth is that the rate constants of these processes do not de-
pend on the electron temperature, while the experiment
clearly reveals a sudden decrease in the intensity of the Nel
lines as the electrons are heated. Such behavior of the inten-
.sities of the spectral lines indicates recombinational popula-
tion of the excited states and reflects the dependence of the
recombination rate on 7.

Following the jumps in intensities (Figs. 1 and 5) there is
a transient process in which I(¢) relaxes to a new quasista-
tionary value at a constant electron temperature T.=T,;
within the heating pulse or at another electron temperature
T.=T,, after termination of the pulse. Such relaxation pro-
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cesses were observed by a number of researchers,?>** who

studied electron—ion recombination in a noble-gas mixture
plasma. They reflect the variation in the ion number density
caused by the decrease in the recombination rate constant.
This makes it possible to find the values and temperature
dependencies of the recombination rate constants by analyz-
ing the relaxation processes.

Notice that the characteristic response of the intensity of
the molecular band of He;‘ to electron heating, whose mani-
festation is related to the recombination of He, ions and
electrons:

He, +e+e(He)— He; +e(He). 17)

In the given case the dependence of the intensity on time
is close to rectangular. This behavior of the recombination
flux occurs if the recombination rate is low compared to the
rate of other processes of ion decomposition.

The Ne*-ion recombination flux must behave in a simi-
lar manner:

anet

Net+e — Ne*+e, (18)
where ap.+ is the rate constant for an electron temperature
T.>300 K and an electron number  density
[e]<10" cm™3 and does not exceed 10™° cm?3/s (Ref. 35).

Hence the process (18) cannot ensure that the response
of the intensity to a pulse heating of the electron gas is of the
type depicted in Fig. 5, since the ion number density
[Ne*] is controlled by the conversion reaction (3), with a
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rate much higher than that of the recombination (18) and,
obviously, independent of the electron temperature.

Thus, the appearance of excited neon atoms in the de-
caying plasma in these conditions can be related only to the
mechanism of dissociative recombination (6) and (7). We
examine the possible ways of separating these processes.
First, because the difference in the binding energies of the
Ne, and HeNe™ ions is so great (Fig. 6), the reactions (6)
and (7) can be assumed to have different sets of outgoing
channels. As the practice of studying dissociative recombi-
nation shows,® in a weakly ionized plasma the process leads
to the population, with a varying probability, of every energy
level of noble-gas atoms that lies below, or is in resonance
with, the ground vibrational level of the respective molecular
ions.? For instance, in the case of neon, the population of
lower levels of the 2p>4p configuration and the 2p3d and
2p°3p levels is related to the dissociative recombination of
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Ne; ions.’ Hence in the presence of HeNe* in the plasma,
the upper levels of the 2p34p group and the 2p°4d levels
can be expected to become populated in addition to the lev-
els just mentioned, and the population of these “new” levels
correlates with [HeNe™ ]. (Fig. 6)

Indeed, in the initial afterglow phase, the emission spec-
trum of the plasma contains transitions from all of the atomic
states of neon just mentioned. Here, as Fig. 2 shows, the
intensities of the lines emitted in the transitions from all the
states behave in a similar manner, and so does the response
of the intensities of the 3p-3s, 4p—3s, and 4d-3p lines to
pulsed heating of the electron gas (Fig. 5). Beyond several
milliseconds we observed an extremely rapid drop in the
intensities of the lines emitted in the transitions from the
states 2p°4d and 2p4p of neon atoms. Here, as Fig. 5
shows, the temporal dependence of the intensities of these
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lines is well-described on the basis of the kinetic model by
the recombination flux of HeNe* ions:

FHeNe+(t)°([e][HCNC+].

Hence one process, the dissociative recombination (6),
can be assumed to be the source of population of all the
atomic states of neon considered here, (2p°3p, 2p4p, and
2p*d), in the initial afterglow phase.

Now let us turn to the results of the analysis of experi-
ments in pulsed heating of electrons. Figure 7 depicts the
temperature dependencies of the recombination fluxes to dif-
ferent atomic levels of neon obtained by analyzing the jumps
in the intensities of the respective lines and the fronts of the
heating pulse in early afterglow. Clearly, these dependencies,
differing somewhat for different lines, can be described fairly
well by the following function:

a,-(Te=a0iTe_7") , vi=12%0.1.

Note that in view of the multichannel nature of dissocia-
tive recombination, the temperature dependencies of the par-
tial rate constants a;(T.) may differ considerably both from
each other and from the temperature dependence of the rate
constant of molecular-ion recombination: a=2;a;. The
quantities a;(T,) are determined by the nature in which the
molecular-ion state crosses the states of the atoms interacting
in the outgoing channel. In a weakly ionized plasma, where
there is no electron “mixing” of excited levels, the functions
a;(T,) may differ even for the levels of one configuration.
For instance, the fluxes of dissociative recombination of
Ar; ions to the 3p>4p levels of the argon atom follow the
temperature dependence a; < T, 95 for the main group of lev-
els and ; « T, for the lower level of the given
configuration.?® Significant differences in the functions
a;(T.) were also discovered in xenon-plasma studies.>8

The temperature dependencies of the partial rate con-
stants of the recombination of Ne, and electrons have been
measured by a number of researchers.>*~#! According to their
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data, @, « T and az, « T, 05 For the 2p°4d levels,
which are 0.5-eV above the bottom of the potential well of
the Ne2+ ion, an increase in a,, with T, was discovered.*!
Such a dependence reflects the threshold nature of the pro-
cess, with the participation of ions in the highest populated
states of Ne, (v=0), where v is the vibrational quantum
number. Thus, the a; < T 12201 dependence obtained in this
paper for the partial rate constants is additional proof that the
process (6) is predominant over the process (7) in the forma-
tion of the radiation emitted by the decaying plasma.

To measure the recombination rate constant a(7,) we
analyzed relaxation processes of the type depicted in Fig. 5.
We used the data on the temporal dependence of the intensi-
ties of two (2p34d—2p>3p) lines: 5764 ANel and
5341 ANe 1. The curves obtained in the experiment were
compared with the results of numerical solution of the sys-
tem of equations describing the balance of the number of
particles in the helium—neon plasma (Fig. 8):

1. He™ ions:
E, eV
He Ne
Ne* 0 s

21t v= ' s, , 121

o = OHeNe* s _: ;ZSZZ
20 r Ne; 2 s h 20
191 s. 119

iy
18 118
171 — 2ps3s 17

FIG. 6. The energies of the ground states of the Ne*, Ne; , and HeNe* ions
and the excited states of helium and neon atoms.
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FIG. 7. The intensities of lines in afterglow vs the electron temperature in
the recombinational population of excited states. (1) the A correspond to
4432 A He$, the M to 5764 A Nel, and the @ to 5852 A Nel at
[NeJ[He]=10"5%; (2) the O correspond to 5852 A Nel at
([e])=0.4%10"%m™3 and [Ne]/[He]=10"2, and the O correspond to
5852 A Nel at ([e])=2.2X10"%m > and [Ne]/[He]=10"2.

d[He™"] arer 4+ [He']
dt —"'77P [He ]_ Tal

+3(Bu[He™)*+ B[ He™][He5']

+ By[HeF1?), (19)

where 77P2 is the rate of the conversion process (8),
7=67s"'torr™? (Ref. 24), 7, (here and in what follows) is
the ambipolar diffusion time, and B;;, B12, and B, are the
rate constants of the processes (10)—(12). The reciprocal
ambipolar-diffusion time is related to the coefficient of am-
bipolar diffusion of ions by the well-known formula

1 (2405 2
- R ai»

Tai

and the ambipolar diffusion coefficient can be calculated if -

the ion mobility is known:

b(kT +kT;)
i g
with
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b—K 760T,
imR0i%73 16P

(Ref. 42), where
Ko;=(10.40%0.10)cm?/ V™! -5

(here and in what follows) is the reduced ion mobility (in our
case in helium).

2. He; ions:
Aot = pipper1- 2 e Tve)
— (acle]+a[He])[He; ][e], (20)

with a.,[ e]+ a,,[He] the rate constant of the recombination
process (17),

@er=(4.0%0.5)-1072(T /293 K)~*9=05 cmSys,
a,p=(5%1)-10"27(T293 K) '*! cm%s (Ref. 24),
K,=(16.70£0.17)cm?/V s (Ref. 42).

3. Ne* ions:

d[Ne™] + + [Ne+]
T =k,[He, ][Ne]—k3;[Ne™ ][He] - )

(1)

with Ko3=(24*3)cm?/V - s (Ref. 42).
4. HeNe™ ions:

d[HeNe*] . [HeNe*]
T =k3[Ne ][HC] - T

—a[HeNe* ][e]—k,[HeNe][Ne], (22)
with Kos=(20%2)cm?/V-s (Ref. 42).

5. Ne; ions:
d[ljez ] [HeNe* T[] - a[Ne? J[e]- 23 | (23)
t Tas

with Kos=17.5 cm?/V-s (Ref. 42).
6. Metastable He(23S) atoms, [He(235)]=[He™]:
o[He™]
at

= —(Bu[He™)*~ 3B,,[He™[Hej))

— SP*[He™]—yy[ e][He™]

D i(r a[I;I:’"]) — k¢[He™][Ne]

r or

+x1(a62[e]+aaz[He])[He;][e], (24)

with x; the branching factor of the recombination flux,
x1=1 for P>40 torr (Ref. 24), the conversion rate of the
metastable atoms in the process

He(23S)+He+He— He, (2533 )+ He,

8=0.2s""! torr™2, y;=4.2x10"° cm?/s the rate of colli-
sions of the second kind of He(23S) atoms with electrons
(Ref. 24), and D,,; P=420 cm?-torr/s the coefficient of dif-
fusion of the metastable atoms.
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(10) - (12)

FIG. 8. The diagram of particle transformations in the after-

glow plasma produced by a discharge in a helium—neon mix-

7. Metastable He,(2s°%.) molecules, [He, (2521
=[Hez]:

a[}alte;"] = 6P’[He™) + D air( r 0[?:5“])
—[Hez'1(v2le]+ k5[ Ne])
- :17.312[ He™][Hey'] - Bzz[Hegl]z
+x2( @l ]+ ap[He])[He, ][e], (29)

with D,,P=380 cm? torr/s (Ref. 24), x,=0 for P=40
mmHg (Ref. 24), and k,=4.4X 10" cm?/s the rate of colli-
sions of the second kind of He,(2s3%)) molecules with
electrons.

A Measurements of the relative absorption A on the
6143A Nel (2p°3s[3/2]°-2p°3p[3/2]2-2) line have
shown that in our conditions A does not exceed 0.02, i.e., the
concentration of metastable neon atoms, [ Ne™], is lower than
10°cm™3. Because this value is small, we ignored processes
with neon metastable atoms in the balance of the number of
charged particles.

In Fig. 5 the results of our model calculations are de-
picted by a solid curve. The maximum likelihood method
was used to find the values of the rate constant of the disso-
ciative recombination of HeNe* ions and electrons, a(T.).
The dependence of a on the electron temperature can be
represented by the following formula:

a(T)=(1.0+02)-10"7 (T/300 K) 134011 ¢,
Note the closeness of the values of the partial rate con-

stant a; (¥;~1.2), and the recombination rate constant
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ture.

a(T,) (y=-—1.34*0.11) obtained from independent mea-
surements of the temperature dependencies and also their
difference from the dependence characteristic of the Ne;
ion: &Ne;'vT; 03,

We did additional verifying experiments with the aim of
observing the response of the line intensities to an electron-
temperature perturbation at a considerably higher neon con-
tent in helium: [Ne]/[He]~10"2. The results of measure-
ments with the 5852 A Nel (2p>3p—2p>3s) line are shown
in Fig. 7. As expected, the temperature dependence of the
partial rate constant proved to be weaker than when
[Ne]/[He]=10"3, a fact reflected in the variation of the ion
content in the direction of a larger fraction of the Ne; ions
due to the reaction (5).

The found value of the rate constant of the dissociative
recombination of HeNe ™ ions and electrons exceeds several-
fold the value a=2X%10"%cm?/s at T.,=300K obtained
through experiments in measuring the rate of decreases in the
charged-particle number density.*® In this connection we
note that in the conditions specified in Ref. 43
(Pyct Pne=18 torr and [He]/[Ne]=0.06%) the ion number
density [HeNe*] can be so low owing to the reaction (5) that
the ions have hardly any chance of manifesting themselves in
the kinetics of the charged and excited particles.

Thus, in this paper we have, for the first time in the
practice of studying noble-gas mixture plasmas, discovered
the participation of heteronuclear molecular ions in the for-
mation of the recombination flux of the population of excited
atomic levels. We have also shown that there are conditions
in which this mechanism of excited-atom formation is pre-
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dominant. Several channels of the dissociative recombination
of HeNe" ions and electrons have been identified, and the
value and temperature dependence of the recombination rate
constant ayne+(T.) have been obtained.

lThe volume—temperature equilibrium is assumed to set in quickly at least
for vibrational states in collisions of molecular ions with atoms whose
temperature T, is 300 K.

The first to perform such an experiment were Goldstein, Anderson, and
Clark,?%*” who used microwave heating of the electrons from the decaying
plasma.

3By the electron temperature we mean the quantity 2w/3k, where w is the
average electron energy, and k is the Boltzmann constant.

“This, for one thing, reflects of the fact that asically several lower vibrational
levels of molecular ions are populated in the plasma.

IN. G. Basov and V. A. Danilychev, Usp. Fiz. Nauk 148, 55 (1986) [Sov.
Phys. Usp. 29, 31 (1986)]. )

2F. V. Bunkin, V. I. Derzhiev, G. A. Mesyats, V. S. Skakun, V. F. Tarasenko,
and S. I. Yakovlenko, Kvant. Elektron. (Moscow) 12, 245 (1985) [Sov. J.
Quantum Electron. 15, 159 (1985)].

3N. G. Basov, A. Yu. Aleksandrov, and V. A. Danilychev, Pis’ma Zh. Eksp.
Teor. Fiz 41, 156 (1985) [JETP Lett. 41, 191 (1985)].

“H. S. W. Massey, in Applied Atomic Collision Physics, Vol. 1, edited by H.
S. W. Massey, E. W. McDaniel, and B. Bederson, Academic Press, New
York (1982), p. 21. -

SA. V. Eletskii and B. M. Smimov, Usp. Fiz. Nauk 136, 25 (1982) [Sov.
Phys. Usp. 25, 13 (1982)].

V. A. Ivanov, Usp. Fiz. Nauk 162, 35 (1992) [Sov. Phys. Usp. 35, 17
(1992)].

"W. B. Bridges and A. N. Chester, Appl. Opt. 4, 573 (1965).

8N. G. Basov, V. V. Baranov, V. A. Danilychev, A. Yu. Dudin, D. A. Za-
yarnyi, N. N. Ustinovskif, I. V. Kholin, and A. Yu. Chugunov, Kvant.
Elektron. (Moscow) 12, 1521 (1985) {Sov. J. Quantum Electron. 15, 1004
(1985)].

D. Hausamann and H. Morgner, Mol. Phys. 54, 1085 (1985).

10R. A. Gerber, G. F. Sauter, and H. J. Oskam, Physica 32, 1921 (1966).

1M, S. B. Munson, J. L. Franklin, and F. H. Field, J. Chem. Phys. 67, 1542
(1963).

12W. B. Maier, J. Chem. Phys. 62, 4615 (1975).

3H. J. Oskam and V. R. Mittelstadt, Phys. Rev. 132, 1433 (1963).

4. D. C. Jones, D. G. Lister, and N. D. Twiddy, Chem. Phys. Lett. 70, 575
(1980).

15G. E. Veatch and H. J. Oskam, Phys. Rev. 2, 1422 (1970).

16C. Laigle and F. Collier, J. Phys. B 16, 687 (1983).

17p. Milet, A. M. Barrie, A. Birot, and H. Brunet, J. Phys. B 14, 453 (1981).
18V, A. Ivanov, Khim. Fiz. 8, 917 (1989).

930 JETP 79 (6), December 1994

19y Tanaka, K. Yoshina, and D. E. Freeman, J. Chem. Phys. 62, 4484
(1975).

2@, A. Batyrbekov, E. G. Batyrbekov, A. B. Teleuzhanov, and M. U. Khase-
nov, Opt. Spektrosk. 62, 212 (1987) [Opt. Spectrosc. (USSR) 62, 128
(1987)].

2IN. G. Basov, M. G. Voitik, V. S. Zuev, and V. P. Kutakhov, Kvant. Elek-
tron. (Moscow) 12, 2213 (1985) [Sov. J. Quantum Electron. 15, 1461
(1985)].

21, Dabrowski and G. Herzberg, J. Mol. Specrosc. 73, 183 (1978).

L. Frommhold, M. A. Biondi, F. J. Mehr, Phys. Rev. 165, 44 (1968).

24R. Deloche, P. Monchicourt, M. Cheret, and F. Lambert, Phys. Rev. A 13,
1140 (1976).

F, C. Fehsenfeld, A. L. Schmeltekopf, D. D. Golden, H. J. Schiff, and J.
M. Ferguson, J. Chem. Phys. 44, 4087 (1966).

26L. Goldstein, J. M. Anderson, and G. L. Clark, Phys. Rev. 30, 151 (1953).

L. Goldstein, J. M. Anderson, and G. L. Clark, Phys. Rev. 30, 486 (1953).

V. A. Ivanov and Yu. E. Skoblo, Zh. Tekh. Fiz. 51, 1386 (1981) [Sov.
Tech. Phys. 26, 796 (1981)].

PV A. Ivanov, L. V. Makasyuk, and A. S. Prikhod’ko, Opt. Spektrosk. 70,
742 (1991) [Opt. Spectrosc. (USSR) 70, 431 (1991)].

3F. W. Lee and C. B. Collins, J. Chem. Phys. 67, 2798 (1977).

3LA. Javan, W. R. Bennet, Jr., and D. R. Herriot, Phys. Rev. Lett. 6, 106
(1961).

32A. L. Schmeltekopf and F. C. Fehsenfeld, J. Chem. Phys. 53, 3173 (1970).

3V. A. Ivanov, Opt. Spektrosk. 65, 805 (1988) [Opt. Spectrosc. (USSR) 65,
475 (1988)].

Y. A. Ivanov and Yu. E Skoblo, Khim. Fiz. 8, 454 (1989).

333, Stevefelt, J. Boulmer, and J. F. Delpech, Phys. Rev. A 12, 1246 (1975).

36V. A. Ivanov and L. V. Makasyuk, Zh. Prikl. Spektrosk. 49, 407 (1988).

37V. A. Ivanov, Opt. Spektrosk. 63, 490 (1987) [Opt. Spectrosc. (USSR) 63,
286 (1987)].

¥V, A. Ivanov, Khim. Fiz. 9, 1454 (1990).

V. A. Ivanov and V. S. Sukhomlinov, Opt. Spektrosk. 54, 219 (1983) [Opt.
Spectrosc. (USSR) 54, 128 (1983)].

V. A. Ivanov and V. S. Sukhomlinov, Zh. Tekh. Fiz. 52, 1313 (1982) [Sov.
Tech. Phys. 27, 798 (1982)].

41y, A. Ivanov and V. S. Sukhomlinov, Zh. Tekh. Fiz. 53, 843 (1983) [Sov.
Tech. Phys. 28, 540 (1983)].

“2E. W. McDaniel and E. A. Mason, The Mobility and Diffusion of Ions in
Gases, Mir Publishers, Moscow (Russian translation), p. 422 [English
edition: Wiley, New York (1973)].

“3P. Lukac, J. Trnovec, and O. Mikus, in Proc. 12th Int. Conf. Phen. Ioniz.
Gases, Prague (1973), p. 33.

Translated by Eugene Yankovsky

V. A. Ivanov and Yu. E. Skoblo 930



