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This review treats the process of dissociative recombination of molecular ions with electrons and
its role in shaping the properties of a weakly-ionized plasma of the inert gases and mixtures of
them. Data are presented on the rate constants of the process and the efficiency of recombination
with formation of excited atoms in various states. We discuss experimental methods that enable
study of recombination processes over a wide range of variation of the electron temperature. We
analyze the competition of dissociative recombination with alternative mechanisms of formation
of excited atoms in recombinatively nonequilibrium plasmas, the manifestation of heteronuclear
ions in the kinetics of excited and charged particles, and the mechanisms of relaxation of the
energy of vibrational motion in collisions of molecular ions with atoms and dissociation in
collisions with electrons. The results are discussed of experiments to study the role of inelastic
atom-atom collisions in the formation of the emission spectrum of the plasma with molecular

ions.

1.INTRODUCTION

Recent years have marked a considerable growth in the
number of publications on the study of processes in noble-
gas plasmas at moderate and high pressures (hundreds and
thousands of Torr). This involves the successful application
of such a plasma in such fields as the conversion of electric
and nuclear energy into light energy, the search for new ac-
tive media, and the invention of new, promising recombina-
tive-type lasers based on transitions in noble-gas atoms. The
properties of such a plasma arise to a considerable extent
from processes involving molecular ions. The capture cross
section of an electron by a molecular ion at thermal particle
energies can exceed 10~ !> cm?. Therefore their appearance
in a plasma, even in a relatively small amount, sharply in-
creases the rate of bulk neutralization of charged particles, is
the reason for the nonthermal contraction (pinch) of dis-
charges, and leads to sharply marked selective population of
excited atoms in the decaying plasma.

The extensive experimental material accumulated over
a more than thirty-year history of study of molecular ions is
reflected in rather full volume in a number of reviews and
monographs.'™ However, the development of new fields,
and primarily, the invention of promising lasers based on
noble-gas mixtures, has brought to light new problems and
advanced to front rank such problems as the study of the
efficiency of recombination of molecular ions with electrons
to yield specific excited states, the analysis of the competi-
tion of various mechanisms of recombination in creating the
optical properties of the plasma, the study of processes in-
volving heteronuclear molecular ions, and the development
of experimental methods of studying a multicomponent re-
combinatively nonequilibrium plasma.

The processes that occur in a noble-gas plasma take a
special place in the study of the phenomena under discus-
sion. Owing to the accessibility of these gases, experimental
studies of relaxation of noble-gas plasmas have been con-
ducted for several decades. Much experience has been accu-
mulated in this field, in particular, indicating that the relaxa-
tion processes in a noble-gas plasma prove to be no less
complex than in a plasma of molecular gases. This arises
from the existence in a noble-gas plasma of molecular ions
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having a high excitation energy of the noble-gas atoms, com-
parable with their ionization potentials, and the closeness of
the excitation energy of the different states of the atoms. This
review is devoted to studying these processes.

2.RATE CONSTANTS OF DISSOCIATIVE RECOMBINATION
AND METHODS OF STUDYING THE PROCESS

Dissociative recombination of a molecular ion and an
electron occurs by capture of the electron by a repulsive term
of the quasimolecule, and separation of the nuclei, which
leads to appearance of excited atoms in various states:

a.,
R2+(v)+e;-(R;)-R,?+R. n
>

This is a multichannel process. Therefore we shall describe it
with the set of constants a,; corresponding to formation of
atoms in the state / upon recombination of ions existing in
the vibrational state v. The relationship of the coefficient «,,
with the coefficient of dissociative recombination a5 usually
measured in experiments to study the rate of decline of the
density of molecular ions is rather obvious:

a)::}:};gvavi:zgvav:zai; 2)
v o v i

Hereg, = [R ;" (v)]/2,[R ;" (v) ] are the relative popula-
tions of the vibrational levels of the molecular ion,
a, = 2,a,, is the recombination coefficient of an ion in the
state v with allowance for all possible exit channels, and
a; = 2,8, a, are the so-called partial recombination coeffi-
cients, which indicate the fraction of the recombination fiux
through the /th channel.

Amongthe set of quantities ey, 2;, @¢,, and a,;, only the
last two amount to rate constants of an elementary process,
whereas the coefficients @3y and a; usually measured experi-
mentally depend on the character of the population distribu-
tion over the vibrational levels of the molecular ion, and
thus, depend to some degree on the particular experimental
conditions.

The theoretical description of dissociative recombina-
tion includes approaches of varying degrees of complexity:
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from the model of a single autoionization state R¥ in which
electron capture is possible,? to the multichannel quantum-
defect approximation,>® and ab initio calculations. The lat-
ter have been performed as yet only for a limited set of very
simple ions of the type of H,", H;", and He;".”° Therefore,
despite a certain success in the development of numerical
methods, the gaining of new information on the mechanism
of recombination of molecular ions has mainly involved ex-
perimental studies. At the same time, to analyze the results
of these studies, in a number of cases one can use the simple
approximation of a single autoionization states;> within this
framework the capture cross section for the electron is de-
scribed by the Breit—Wigner formula

xh? r? .
2me (e — e ()2 + T2/4)’

(3)

ofle, =

Here ¢ is the energy of the electron, 7 is the distance between
the nuclei of the molecular ion, €, (7) is the energy differ-
ence between the autoionization state R¥(R* + R) and the
molecular ion R¥ in the vibrational state v (Fig. 1), and
I, () is the width of the autoionization level.

Taking into account the distribution of the molecular
ions over the internuclear distance, we find the following
expression for the cross section of dissociative recombina-
tion:

ol = f a,4e, Dy, |2 - exp(=5)dr; (4)

Here e ~ ¥ is the so-called “survival factor,” which takes ac-
count of the probability of autoionization in the motion of
the nuclei from the capture point 7, to the crossing with the
boundary of the continuous spectrum r,; ¥, (#) is the nu-
clear wave function.

For a Maxwellian energy distribution function of the
electrons and in the case ¢,; > I;, the equation (4) for the
recombination coefficient ,; implies that?

2V 2R €
a, = mff(v)&ogdv = Wl'iexp[— k—;:: - s,) ). (5)

The angle brackets denote averaging over the internuclear
distance distribution in the molecular ion.

By summation of (5) over the vibrational states of the
molecular ion we find the partial recombination coefficient

u(r)

R*+R

AEuz

FIG. 1. Illustration of the mechanism of dissociative recombination of
molecular ions and electrons.
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TABLE I. Dissociative-recombination coeffi-
cients of the molecular ions of the noble gases (in
units of 1077 cm®/s at T, = 300 K. k is the ap-
proximation parameter of as(7,) = aj (300
K)(T./300) — .

Ion as k References

He 5.10-3 1x1 [10]

Ne 1,7 0,43 11)

Ar 8,5 0,67 (12}

Kr 16 0,55 [13]

Xe 23 0,3 — [14)
0,71

a; = 2,8,a, and the corresponding recombination flux via
the ith exit channel

2V 72 €ui
Fi=apn, [R;’ 1=n, [R;' ]2 gv———ﬂ(ka )3/2 l,exp[— —k; - Sl.] )
v e [

(6)

We shall use Eq. (6) below for interpreting the results of
spectroscopic experiments to study the temperature depen-
dences of the recombination fluxes into the various excited
levels of the noble-gas atoms.

As Eqgs. (2) and (5) imply, the function as (7, ) can
differ, depending on the conditions under which the process
occurs. Experimental practice shows that the lower vibra-
tional levels of the molecular ions are the most populated in
situations of practical interest. In this case the channels of
the process are optimal that correspond to the terms ¢; (r)
that cross the ground electronic term of the molecular ion
near the bottom of its potential well. For them the quantities
¢,; are small, and therefore slow electrons can be captured,
while the latter mainly determine the efficiency of the pro-
cess. This happens if the system R* + R has a high density of
terms near the bottom of the potential well of R,". The re-
sults of experimental studies show that here one realizes on
as (T.) relationship close to the law a5 ~ T, ~'/2. The val-
ues and temperature dependences of the dissociative-recom-
bination coefficients of the molecular ions of the noble gases
taken from the most often cited works'®'* are given in Table
I. We see that, except for He,", the coeflicients as exceed
10~7 cm?3/s. The peculiarity of the recombination of He,"
ions involves the fact that the repulsive terms of He* + He
intersect the potential curve of He," in the region of vibra-
tional levels v > 3. The recombination of He," ions has been
studied in detail theoretically in Refs. 15~17, while Ref. 18
contains an analysis of the experimental studies. Hence we
shall not touch on these problems in this review.

We can classify the experimental methods of studying
the recombination of molecular ions into several groups, de-
pending on which of the quantities in (2) that one is measur-
ing. Effective methods have been developed in recent dec-
ades, including direct measurement of the cross sections of
dissociative recombination using ions traps'® and aligned
and crossed beams.?>-2* Extensive experimental material has
been obtained by using them, including a large set of ions of
molecular gases. However, the difficulties of creating suffi-
ciently intense beams of the molecular ions of the noble gases
have not yet been overcome, while the fundamental source of
information on them, as before, remains plasma experimen-
tation.
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The first study of recombination of molecular ions was
undertaken in Ref. 25 by using UHF technique for probing
decaying plasmas. In subsequent years these methods have
become widespread, both in plasma diagnostics and for mi-
crowave “heating” of the electrons of a decaying plasma
with a weak high-frequency field?>?? to measure the recom-
bination coefficients as (7,). In these experiments the
quantities s are found by analyzing the rate of decay of the
electron density

%": = —agn,[R7 ] (7
taking account of the diffusion corrections. Under the very
simple conditions commonly used, the densities [R;" ] and
n. are similar. Hence we have

ne([) = ne(())/(l + azne(O)t). (8)

By using different variants of this method, a very large
amount of data has been obtained on the recombination co-
efficients a5 (7, ) of the ions of atomic and molecular gases.
Detailed information on them is found in Ref. 2.

One of the main questions of the kinetics of excited par-
ticles of a plasma containing molecular ions is that of the
channels of recombination and the distribution of the flux of
dissociative recombination among these channels. The only
methods of study in this case are the spectroscopic methods.
It was found even in the first experiments that dissociative
recombination, in contrast to the other mechanisms of elec-
tron-ion recombination, has a sharply marked selective
character?® and leads to population of a restricted set of ex-
cited states of the noble-gas atoms. This property of the pro-
cess has stimulated studies designed to seek possibilities of
creating an inverted population in the decaying plasma,?
which successfully completed the development of recombi-
nation lasers based on transitions in atoms of the noble gas-
eS.3O_32

The problem of studying the exit channels of recombi-
nation can be considered in two aspects. The first involves
revealing the group of states of the atoms that can be popu-
lated by the dissociative mechanism, while the second in-
volves analysis of the efficiency of the given mechanism as
compared with the other processes of formation of excited
atoms in the plasma. A substantial contribution toward solv-
ing the first problem was introduced by a series of studies on
joint mass spectrometric-spectroscopic anlysis of the decay-
ing noble-gas plasma.**=3® The basis of these studies is obser-
vations of correlations of intensities of spectral ines J, (1)
and ion densities [R;"](#) in the afterglow plasma. In
agreement with Eq. (6), in the dissociative population of
excited levels we have J; ~n, [R;" ]. Under the conditions
commonly used for this purpose (pressure of the gas or gas
mixture of several Torr, density of electrons n, < 10"
cm~?), the only mechanism of recombinative population
that competes with (1) is the process of impact-radiation
recombination of the atomic ions R* with electrons

RY*+e+e—+Rr +e (9
As is known, in the ternary process of (9), state R¥* are
formed with a binding energy of the order of the thermal

energy kT,. Further, owing to a complex of collisional and
radiative processes, an excited electron diffuses into the re-
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gion of negative energies, and thus atoms in any of the excit-
ed states can arise. A number of mass-spectrometric and
spectroscopic experiments®>—¢°° have observed a distinct
separation of the mechanisms of (1) and (9) according to
their contribution to the population of different levels of the
noble-gas atoms. It was found that the dissociative-recombi-
nation flux in a plasma containing thermal electrons is trans-
ported mainly in transitions from np® (n + 1)p levels (n is
the principal quantum number of an unexcited electron),
and to a considerably lesser degree, from levels np* (7 + 2)p.

However, for all their information content, the spectro-
scopic methods possess a substantial defect involving the re-
stricted region of sensitivity 64 =~ 3000-8000 A of the con-
temporary receivers (photomultipliers) used in such
“standard” experiments for measuring relatively weak light
fluxes. Therefore information is practically lacking on the
recombination fluxes onto np°nd levels of atoms of the heavy
noble gases (Ar, Kr, Xe), i.e., precisely those fluxes that are
of greatest interest for analyzing the kinetics of the popula-
tions in the plasma of active media of lasers based on infrared
d-p transitions of the stated atoms.

The spectroscopic methods of studying dissociative re-
combination are applied usually under conditions such that
the positively charged particles are represented mainly by
molecular ions, i.e., [R2+ ] =n.. Then the time course of the
intensities of the spectral lines in the decaying plasma is di-
rectly determined by the magnitude of the dissociative-re-
combination coefficient:

J( ~ rk), )Y ~ 1+ agn O

In real plasma systems that are of interest from the
standpoint of certain applications, such a situation is not
realized in practice. In them dissociative recombination ap-
pears as one of a large number of mechanisms of deionization
and formation of excited atoms. Therefore, in analyzing
such systems, the problem of revealing the role of a certain
process in the kinetics of the excited and ionized particles of
the plasma arises in the front rank. Let us examine one of the
variants of the spectroscopic methods that has proved highly
effective in analyzing complex systems. The method consists
in spectroscopic analysis of the relaxation processes that de-
velop upon pulsed perturbation of a recombinatively non-
equilibrium plasma by a weak electric field. The first experi-
ments were conducted in Refs. 26 and 27 by applying the
technique of pulsed UHF heating of the electrons. For a
number of reasons, the method of pulsed microwave heating
has not been widely applied in studying elementary pro-
cesses. An alternative approach to solving this problem has
been formulated.***® The heating of the electron gas is per-
formed with the longitudinal electric field of a non-self-sus-
taining discharge in the stage of plasma decay. The rate con-
stants of the processes of formation of excited atoms in the
plasma depend on the temperature of the electrons. There-
fore the fundamental difficulty of applying the methods be-
ing discussed (both microwave heating and the one that uses
a longitudinal electric field) consists in the need of maintain-
ing the temperature of the electrons strictly constant within
the time interval being analyzed. In Refs. 39 and 40 this
problem was solved by using a feedback system that auto-
matically fixed the required value and the time course of the
intensity of the longitudinal electric field E(¢) of the non-
self-sustaining discharge. As is shown by the practice of ap-
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FIG. 2. Response of the intensities of spectral lines of the Xe atom emitted
by a decaying He—Xe plasma to pulsed electron heating. Helium pressure
is 60 Torr, xenon 1 Torr, electron density 7, =5x10"°cm™>. /-4 = 8280
A (6p-6s), 2, 3-1 = 5934 A (9d-6p). Electron temperature during the
pulse: 7, 2-1000 K, 3-3000 K. Outside the pulse 7, = 300 K.

plying this method,*"*? one can carry out the pulsed heating
of electrons from a temperature of the order of room tem-
perature 7, (E = 0) =300 K to valueof T, (E) thatreach 1-
2 eV with times of the growth and decay fronts of £(¢) on the
scale of a few microseconds.

Figures 2 and 3 demonstrate the possibilities of the
method in studying the processes in a recombinatively non-
equilibrium plasma. The first diagram shows the reaction of
the radiation of an He-Xe plasma to pulsed heating of the
electrons. The experiment distinctly shows a difference in
the mechanisms of poulation of excited levels having differ-
ent excitation potentials. The characteristic time depen-
dences of relaxation type track the variation in density of
molecular ions Xe,* whose recombination with electrons
leads to formation of 6p, 6p’, and 7p Xe atoms, whereas the
population of all the more highly excited levels of the Xe
atom at low electron temperatures arises from the impact-
radiative recombination of Xe™ ions. The specifics of this
experiment consists in the fact that [Xe;" | < [Xe*]=n,
under the stated conditions. Therefore, in line with the
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FIG. 3. Intensity trend of the line Xel 4 = 4671 A (7p—6s) (1) and the
density of metastable argon atoms Ar{4s’P,] (2) in the decaying plasma
of an He-Ar-Xe mixture with pulsed heating of the electrons. Argon
pressure 1 Torr, helium 3 Torr, xenon 0.006 Torr. Electron density
n, =5x10cm=>.
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as (T,) relationship, the variation in the temperature of the
electrons gives rise to a variation in the density of molecular
ions in the decaying plasma having the characteristic times
7=1/n.as (T, (E)) during the pulse, and 7=1/
n.as (300 K) after it has finished. Hence clearly one can
easily find by processing the results of such an experiment
the magnitudes and temperature dependences of the coeffi-
cients a; (T, ) and as (T.).

The data of Fig. 2 demonstrate another important prop-
erty of dissociative recombination: the intensities of all the
transitions accessible to observation from highly excited
states begin with increasing temperature to depend on the
time within the limits of the heating pulse in the same way as
the intensities of the 6p—6s, 6p'—6s, and 7p—7s transitions.
This indicates the dominant role of the process of dissocia-
tive recombination in the formation of highly excited atoms
in a plasma with elevated T, . This phenomenon will be dis-
cussed in detail in Sec. 4.

In mixtures of noble gases having close-lying ionization
potentials, processes of excitation transfer can participate in
excitation of atoms, as well as the recombinative processes.
The experiment illustrated in Fig. 3 was performed under
conditions of competition of the process of excitation trans-
fer

Ar(453P,) + Xe = Xe} + Ar('S) (10)

with the dissociative formation of Xe* atoms in a decaying
plasma of an He-Ar-Xe mixture. In the early stage of the
afterglow the process (10) dominates, and, as we see from
the diagram, the heating of the electrons causes only a
change in the rate of decay of the intensity J, (¢), whereas the
dissociative mechanism proves to be the only source for the
appearance of excited atoms in the later stage of plasma de-
cay.

Analogously, by using the method being discussed, one
can easily identify the process of excitation by electron im-
pact, and also the dissociative population with participation
of heteronuclear molecular ions of the noble gases.*® We
note that the processes being discussed are cited (with vary-
ing stress, depending on the viewpoint of the authors) to
explain the population inversion in active media based on
noble-gas mixtures.**’

We note another merit of the method of electron heat-
ing with a longitudinal electric field. In a plasma containing
a field, the electric current i(¢) = eb,En, (t) flows (b, is the
mobility of the electrons, and 7, is the electron density aver-
aged over the cross section of the discharge interval), which
is proportional to the electron density 7, (¢). Since current
measurement presents no difficulties, one can easily find the
value of n, (¢) in experiments of this type.

3.RESULTS OF STUDYING THE TEMPERATURE
DEPENDENCES OF THE PARTIAL DISSOCIATIVE-
RECOMBINATION COEFFICIENTS

The dissociative recombination of a molecular ion and
an electron is a multichannel process. Therefore one of the
problems of study involves obtaining data on the probability
of occurrence of the process via a given channel. Here one
must bear in mind the fact that both the quantities a; and ay
and the rate constants ,;, which do not depend on the char-
acter of the vibrational distribution of the molecular ions in
the plasma, can have different dependences on the tempera-
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ture of the electron gas. This follows directly from Egs. (3)
and (4), which show that the character of the o, (T, ) rela-
tionships is determined to a substantial degree by the param-
eters of the terms £,; and I';. In agreement with the calcula-
tions®® of the recombination coefficients using various
model interaction potentials, the values of @5 and &; can
strongly depend in certain cases on the vibrational tempera-
ture 7,,. Thus the problem of the temperature dependences
of the recombination coefficients proves to involve a large
number of problems. This implies, in particular, that the
experimental solution of the problem must be based on mea-
surements performed over a maximally broad range of vari-
ation of the parameters of the plasma. On the other hand, the
results of such measurements contain information on the
degree of vibration excitation of the molecular ions and the
parameters of the terms ¢, (r) and T';.

Measurements of the temperature dependences of the
partial recombination coefficients are performed in experi-
ments with pulsed heating of the electrons and are based on
comparing the intensities of the spectral lines emitted by the
plasma before and immediately after the front of the pulse of
the field that heats the electrons. Here the time segment Az
between two successive measurements must appreciably ex-
ceed the characteristic relaxation time 7, of the electron
temperature but be smaller than the characteristic time of
variation of the density of charged particles 7, : 7 < At <7,.
This condition narrows the applicability of the method by
imposing a limit on the degree of ionization of the plasma. If
the fundamental exit mechanism of the charged particles is
dissociative recombination (7, = 1/as n.), while the relax-
ation of the energy of the electrons is due to elastic collisions
with atoms (as is usually the case), then we have

1 2m- ne 2m <aeave),
ﬂzw—vea>azne, m<'ﬁ a): (11)

(0., = [R]{0o., . ) is the rate of collisions of electrons with
atoms). The electrons undergo maximal energy losses in
collisions with He atoms. Therefore the condition (11)
proves least strict if the experiment is performed in an He-R
mixture, in which helium plays the role of a buffer gas. Then,
for ions having a recombination coefficient of a5 =~ 10%( T,/
300)~!2 cm®/s, Eq. (11) acquires the form: n_ /
[He] < 107° T, /300. The addition of helium in experiments

na ;lnay (rel. units)
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on electron heating by a longitudinal electric field also en-
ables one to eliminate the effect of the hysteresis character of
the dependence of the mean energy on the parameter £ /N
that is manifested in a plasma of the heavy noble gases.**>°

Below we briefy examine the results of measurements of
the variations of the recombinatior ~oefficients a; (7, ).

3.1.Ne; ions

Figure 4(a) shows the temperature dependences of the
partial recombination coefficients for certain levels of the
neon atom obtained in the experiments of Refs. 50-52 in-
volving electron heating with a longitudinal electric field in a
non-self-sustaining discharge. As we see from these data, the
temperature dependences @, (T, ) for the 3p and 3d levels are
decreasing functions of the temperature T, of the type
E, %, yet with differing exponents: k34 ~0.35 and
k;, =~0.5, which do not coincide with the approximation
constant ks = 0.43 of the coeflicient a5 (7.)~T, ks
Transition to the 4p levels, which have a larger excitation
energy close to the energy of the ground vibrational level of
the Ne,t ion (v = 0) (Fig. 4b) is accompanied by a qualita-
tive change in the ¢, ( T, ) relationship, which proves to in-
crease in the region T, =~ 300-800 K. On the qualitative lev-
el, all these a, (T, ) relationships can be interpreted in the
approximation of a single (for each of the studied levels)
autoionization state of Ne¥. Equation (4) implies that, for
different parameters of the problem, the dissociative-recom-
bination cross section can have a different dependence on the
electron  energy:?? o' ~1l/e, o ~1/e% o4~1/
[e(e —e,,)? + (I'/4)?]. The first two cases correspond to
temperature dependences of the coefficients a;, ~ T . '/,
a; ~T 7 ** In the third case, if £,; » T';, one can observe an
upward trend of the corresponding coefficient a, (T, ), as
occurs for the upper 4p levels of the neon atom. Apparently,
in the case of the 3d levels, an intermediate case is realized.
Thus, the experiment indicates the possibility of a substan-
tial difference in the temperature dependences of the partial
coefficients and the dissociative-recombination coefficient
as (T,). Since ay = 3a;, it is of interest to reconstruct the
as (T, ) relationsip on the basis of experimental data on the
coefficients a; (T, ). The dissociative-recombination flux of
Ne," ions is transported mainly to the 3d-3p and 3p—3s tran-
sitions, while we have a4 (300 K) = 0.2a5,.>***”> Then we

- —Ne+Ne* ()

FIG. 4. a-Temperature dependences of the recombination coef-
ficients of the Ne," ion. I-for the upper of the 4p levels 4p’'[3/
2], 2-for the 3d levels, J-ax (T, ), 4-4p[3/2], 5-a typical vari-
ation of the partial recombination coefficients a, (T, ) onto the
3p levels of the neon atom. b-Diagram of levels of the neon
atom.
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FIG. 5. Temperature dependences of the coefficients @, (T, ) and a5 (T,)
of dissociative recombination of the Ar;* ions.>

find for as, in the region of T, indicated in Fig. 4a, that
as (T.)~T, ~°* . This practically coincides with the re-
sults of measuring ay (7T, ) shown in Fig. 4a.

3.2.Ar} ions

Figure 5 shows the temperature dependences of the co-
efficients a2p,-(Te) (Paschen notation). We see there that
the a,, (T, ) relationships are close to as (T, ) except for
2p,o- This gives grounds for assuming that the predominant
part of the recombination flux of Ar;" ionsis transported via
thelevels 2p,,...,2p,. Actually (see Sec. 5) the fraction of this
flux amounts to =~ 80%. At the same time, the appreciable
difference between the relationsips a,, (7T.) and a3 (T,)
indicates a specific character of the intersection of the terms
Ar*(2p,o) + Ar and Ar,'.

3.3.XeS ions

Figure 6 presents the complete set of data on the varia-
tions of the coefficients a; (T, ) for the 7p, 6p’, and 6p levels
of the Xe atom. We see from the results of the measurements
that the individual features of the terms Xe® + Xe and Xe,"
are manifested most sharply in the case of Xe. Thus, even for
a group of close-lying 6p levels, the functions a, (T, ) differ
appreciably.

The observed steepening of the a;(7,) relationships
with increasing 7, can be easily explained by turning to Eq.
(4). In a certain region of variation of the mean electron
energy, a transition can occur from the relation o ~1/¢ to
the stronger dependence of the recombination cross section
on the energy 0 ~ 1/€>. Such a transition has been observed,
for example, in studying the dissociative recombination of
NH," ions.’®%! Another mechanism of strengthening the
a, (T, ) relationship can occur: with increasing energy of the
electron captured by the ion, the time necessary for separa-
tion of the nuclei beyond the region of crossing of the terms
of R¥ and R;" increases. Therefore the probability increases
of autoionization of R¥, and consequently the recombina-
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FIG. 6. Temperature dependences of the dissociative-recombination coef-
ficients of the Xe,* ion.**3” Dashed line—a5 (T, ), I-for the 2p, level (no-
tation of Paschen), 2-2p, 3, 4-2p4, 2ps, 3-2ps, 6-2p o 7-zone of vari-
ation of the coefficients @; (T, ) for the 6p’ and 7p levels. The accuracy and
discreteness of the data are demonstrated by curves 3 and 4. The sharp
increase in the curves at high electron temperatures involves the “turning
on” of the process of stepwise excitation of the stated levels by electron
impact.

tion cross section becomes smaller than the cross section of
the initial capture.'*

4. FORMATION OF HIGHLY EXCITED ATOMS IN
DISSOCIATIVE RECOMBINATION

The a; (T, ) dependences of the partial coefficients dis-
cussed in the previous section for the levels of the atoms that
transport the main flux of recombinations had a declining
course typical of this process. At the same time, the general
formula (4) for the dissociative-recombination cross section
predicts the possibility of observing sharply increasing var-
iations a; (T, ) of the partial coefficients in the case £, > T, .
In this situation the process occurs by capture of the electron
by the terms ¢, () lying considerably higher than the most
populated lower vibrational levels of the molecular ion.
Hence it has a threshold character. Evidently the effect of
flare-up of the recombination radiation upon heating the
electrons of the plasma can be manifested in lines emitted in
transitions from the highly excited states of the atoms."

For a long time the question of the kinetics of highly
excited atoms in a plasma containing molecular ions lay out-
side the attention of investigators. The first experiments that
indicated the possibility of observing a threshold process of
dissociative recombination in a plasma were performed in
the studies of Biondi et al.'*>~'* They found an enrichment of
the emission spectrum of a decaying plasma upon micro-
wave heating of the electrons to value T, ~6000-8000 K
owing to transitions from highly excited states of Ar, K,
and Xe atoms. The study of this phenomenon in Refs. 62—65
showed that the threshold mechanism of dissociative recom-
bination is manifested in all the noble gases. A graphic view
of the process is given by the results of a study®® of the tem-
perature dependences of the intensities of spectral lines of
highly excited Xe atoms in a decaying plasma (Fig. 7). We
seethat the J; (T, ) relationship consists of three characteris-
tic branches that arise from different processes. The sharp
decline in the region T, <0.1 eV is due to the predominant
population of the levels by impact-radiative recombination
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of Xe™ ions:
Xe* + e + e(He) > Xe; + e(He),

This reflects the strong dependence of the rate
of the process on T, . The sharp increase in the line intensities
with heating of the electrons at temperatures 7, > 0.5 eV is
due to the “turning on” of the stepwise population of the
levels being discussed by electron impact. In the intermedi-
ate temperature region the mechanism of threshold dissocia-

" tive recombination dominates.

For a quantitative description of the process one can use
Eq. (6), which gives an algorithm for calculating the fluxes
F;(T.). Equation (6) implies that the recombination fluxes
to highly excited levels are sensitive to the location of the
term ¢, (7) with respect to the most populated lower levels of
the molecular ion. The parameters of the terms are un-
known, and hence the problem of calculating the fluxes
F,(t,) must be solved jointly with finding the terms ¢; (r)
from the experimental data on the temperature dependences
of the line intensities J; (T, ). This problem was solved®**
by a selection by least squares of the parameters of the terms
€; (r) under the condition of best agreement of the measured
J; (T,) relationships with the fluxes F; (7,) calculated by
(6). Thedegree of agreement of the J; (T, ) and F, (T, ) rela-
tionships is demonstrated in Fig. 7, which shows that the
threshold mechanism of dissociation recombination is well
described in the approximation of a single autoionization
level based on the Breit—Wigner formula for the cross section
of the process. Figure 8 shows the region of location of one of
the found terms, which corresponds to formation of Xe9d
atoms and some of the studied levels of the Xe atom.

As we have already mentioned, the manifestation of the
character of the dependences of the coefficients &; (T, ) di-
rectly involves the problems of the kinetics of the popula-
tions of the vibrational levels of the molecular ions. The fol-
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FIG. 8. Location of some of the levels of the xenon atom studied in Ref. 65.
The cross-hatched region shows the location of the term Xe*(9d[7/
2]) + Xe.

lowing facts were established®>®> with respect to the
distribution [ R ;" (v) ] with respect to v. In the case of Xe;"
ions the best agreement of the measured and calculated
fluxes of population of the highly excited levels was attained
upon using in the calculations the equilibrium distribution of
[Xe;" (v) ] with the temperature 7, = 300 K. We note that
the possible realization in a weakly ionized low-pressure
plasma of an equilibrium distribution does not contradict
the existing views of the rates of V-T exchange of molecular
ions of heavy noble gases with their own atoms,**®’ accord-
ing to which the rate constants of V-T exchange are of the
order of magnitude of 10~ ' cm®/s.

A different situation was observed in studying a neon
plasma.5? In this case the attainment of an equilibrium dis-
tribution [Ne{r (v) ] of ions occurred at neon pressures of
tens of Torr. This gives grounds for assuming that V-T ex-
change in Ne," + Ne collisions is considerably less effective
than for Xe," ions and Xe. However, here we must mention
the alternative viewpoint,®”%® according to which the rate
constants of v = 1 - v = 0 transitions for all molecular ions
in their own gas are of the order of 10~ ' cm?/s.

In summarizing the results of the studies on the thresh-
old mechanism of dissociative recombination, we point out
the following. In a plasma containing molecular ions, over a
broad range of variation of the electron temperature (several

TABLE I1. Magnitudes of the par-
tial recombination coefficients of
the Ar;" ion estimated from mea-
surements of the absolute intensi-
ties of spectral lines of the argon
atom. Value of T, =(3-8)x10°

K.

Level a;, 107" em3/s
6s{3/2] 2,6
4d[1/2] 2,4
5d(7/21 S
4d'[3/2] 0,7
7s8{3/2} 0,6
Sp(1/2) 0,3
5d'[5/2] 0,6
5d{3/2] 1
6d(7/2] 1,7
7d[7/2) 0,9
6d[1/2] 1,5
5d'(3/2] 1,3
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TABLE I1I. Distribution of the dissociative-recombination flux of the Ne," ion over the excited
levels of the neon atom in percentages of the total flux. For the 3d and 4p levels a summation was
performed over all the levels of 2p*3d and 2p*4p configurations. The fluxes to the 2p, levels

include both direct population and cascades from the 3d levels.

Levels 3d 4p | 2p; | 2p, | 2py | 2P, | 2ps | 2p¢ | 20y

2pg | 2py | 2py0

Flux 11 54 168 | 69 [ 29 [11,3] 69 |104] 5.4

9 13 22

thousand degrees), this process can be the dominant source
of formation of highly excited atoms. The data of Table II
characterizes its efficiency; here the results are presented of
the estimates®®® of the absolute magnitudes of the partial
coefficients a; (7, ) at temperatures 7,, corresponding to
reaching the maxima of the a; (T, ) relationships. In closing
we note that the coefficients of Table II, while small in com-
parison with the quantities @ , substantially exceed the con-
stants of the process of dielectron recombination of atomic
ions.”" The latter resembles dissociative recombination in
that the primary event of electron capture also results in
formation of an autoionization (doubly excited) state. The
efficiency of the stabilization of the process of dielectron re-
combination is determined by the relationship of the proba-
bilities of radiative transition 4,,; to the lower electronic
state and that for autoioinization 4,, where we have A4,
> A..4. At the same time, in dissociative recombination the
probability of autoionization 4, of the molecule R ¥, as a
rule, is of the order of or smaller than the reciprocal time for
separation of the nuclei as they move along a repulsive term.

The discussed mechanism of formation of highly excit-
ed atoms finds an explanation based on the general views on
dissociative recombination. Therefore we can expect that it
will be found also in plasmas of other media containing mo-
lecular ions.

5. DISTRIBUTION OF THE RECOMBINATION FLUX OVER THE
EXITCHANNELS OF THE PROCESS

Full information on dissociative recombination as a
source for formation of excited atoms is contained in the
temperature dependences of the partial coefficients , (T, )
and in their absolute magnitudes. The determination of the
constants q; is based on comparing the intensities of a large
number of spectral lines emitted by the decaying plasma.
Such observations have been performed in a number of stud-
ies analyzing neon,’*7277% argon,'?3%7-7® krypton,'*?%%9
and xenon'**"8!32 afterglows. The following conditions
must be satisfied in these experiments. First, the process
studied must be the only source of population of the excited
levels of the atoms. Second, the electron density and the gas
pressure must be small enough to avoid collisional ““mixing”
of the excited levels by these particles. Third, the measure-
ments of the line intensities must not be distorted by reab-
sorption of radiation. And finally, the entire dissociative-
recombination flux must be transported in the transitions
being studied. These conditions are satisfied in the experi-

ments of Refs. 53, 57, and 79, whose results are given in
Tables III-VI. The data on krypton are taken from Ref. 13.
The tables lack information on the recombination fluxes
onto the levels Ne 4s; Kr 3d; Ar 5s, 4d, 6s, Xe 5d, 7s. How-
ever, the stated levels are depleted owing to radiative transi-
tions to the (n + 1)p levels of the atoms, the radiation from
which, together with (n + 2)p— (n + 1)s transitions, tran-
sports the entire dissociative-recombination flux. We note
some important consequences of the data presented in Ta-
bles ITI-VI, and above all, the fact that the overwhelming
fraction of the recombination flux is transported in the lines
of (n + 1)p — (n + 1)s transitions. Here a high selectivity
exists in the population of individual (n + 1)p levels. Thus,
about 20% of the total recombination flux goes to the 2p,,
and 2p, levels of Ne and Ar atoms, respectively. The most
marked effect is observed in a decaying xenon plasma: al-
most 40% of the flux goes to the level 2p,, i.e., the 8232-A
line (2ps — 1s) transports almost a third of the entire disso-
ciative-recombination flux of the Xe;" ions.

On the level of laser applications, of greatest interest are
the data on the fluxes to the nd levels of Ar, Kr, and Xe
atoms. Such information is lacking at present, although it is
known that the nd levels are also populated in dissociative
recombination.®> However, from the data of Tables I1I-VI
one can draw quite definite conclusions on the fluxes F,,.
Thus, one can point out the following with regard to the
upper level 5d[3/2]9 in the system of 5d levels of the Xe
atom, the transitions from which at the wavelength 1730 A
have yielded the most powerful generation in lasers based on
Ar—Xe mixtures. In agreement with the probabilities of 6p—
5d transitions,®* about half (0.434) of the radiation flux of
the 5d[3/2]9 Xe atoms goes to the level 2p,. At the same
time, the flux of quanta in transitions from this level
amounts (see Table VI) to =~ 6% of the total flux of dissocia-
tive recombination. Therefore it is clear that no more than
15% of the dissociative-recombination flux of the Xe," ions
goes to the 5d[3/2]9 level.

The data presented in Tables III-VI correspond to a
distribution close to equilibrium of the populations
[R;" (v) ] over the levels v. For Ar,", Kr;", and Xe,", the
basis for this is the high velocities of V-T exchange. As re-
gards Ne," ions, the situation is not so clear. However, one
can cite as an argument here the results of studying the con-
tours of spectral lines in the afterglow of a discharge in neon,
according to which the fundamental recombination flux to
the 3p level at a neon pressure = 1 Torr is formed by theions

TABLE IV. Distribution of the recombination flux of the Ar;" molecular ion over the excited
levels of the argon atom in percentages of the total flux. For the 5p levels an estimate is given of

the flux going to levels of configuration 3p°5p.

[ Levels Sp | 2p; | 2p, | 20y | 20, | 205 | 206 | 204

{
| Flux <1 [ 38 [ 11,6 1105 | 67 3 13 | 85

2pg 2p, Zpﬂ
97 | 20 [ 14 ]
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TABLE V. Distribution of the recombination flux of Kr;" ions over the excited levels of the Kr
atom in percentages of the total flux. A summation of the fluxes is performed for the 6p levels.

Levels 6p 2p, | 2py | 2p3 | 2p, | 205 | 2p¢ | 2p;

2pg

2py | 2py ]

Flux 7 3 19 4,6 3,7 3,7 9,2 10

17,5

14 18

Ne," (v =0).% The data presented in Table III were ob-
tained under similar conditions.

6.HETERONUCLEAR MOLECULARIONS IN NOBLE-GAS
PLASMAS

The problem of the role of heteronuclear ions in the
deionization of a plasma and formation of excited atoms is
one of the most important in the kinetics of excited and
charged particles of plasmas of noble-gas mixtures. These
particles are often cited to explain a population inversionin a
recombinatively nonequilibrium plasma of a noble-gas mix-
ture.** A number of studies (e.g., Refs. 86 and 87) have
treated the possibility of obtaining laser action based on
transitions between electronic terms of heteronuclear ions.

The formation of heteronuclear ions occurs in triple
collisions of the type

Pe
Ry +B, (12)
+
RT+R+Bl g R'B+R, (13)
ﬂBB
R*+B+B ¥ R*B+B. (14)

Depending on the collision partners, the rate constants
Brg of the processes have magnitudes from ~ 107" for He-
Xe*®to =5%x 1072 cm®/s for Ar-Xe™. The experimental
methods of studying heteronuclear ions are limited as yet to
mass-spectrometric measurements3*3689-9397-99 an(d spec-
troscopic analysis of a recombinatively nonequilibrium plas-
ma.’7949%19 Some information on the binding energies of
heteronuclear ions has been obtained in experiments'®! to
study scattering of ioins by atoms. Figure 9 shows a typical
structure of the electronic terms of heteronuclear ions. Table
V11 shows the results of calculations'®* of the parameters of
their ground states X2, ,. We see from these data that all
the ions, except for HeNe™*, ArKr™*, and KrXe ™, have bind-
ing energies D, <0.15 eV. Therefore their concentration in
the plasma is determined mainly by the relationship between
the rates of the forward and backward reactions,'>!*j.e., the
equilibrium constants of the stated processes. For ArXe™
ions in argon the equilibrium constant at room temperature
is =~ 1072° cm’.°® That is, the process of dissociation of these
ions in collisions with Ar atoms is described by the rate con-
stant Bpp =5X 107! cm®/s. If we allow for the fact that
ions of the type of HeAr™*, HeKr*, and HeXe™ have even
smaller binding energies, we can assume that the corre-

sponding dissociation constants will exceed 107'° cm®/s.
This constitutes the principal difference in the kinetics of
hetero- and homonuclear molecular ions. The latter have
binding energies D, > 1 eV, and hence the reverse reactions
play no substantial role, at least until the gas temperature
exceeds T, =~800-1000 K.'?

The information and estimates that we have indicated
essentially constitute the entire bulk of the current informa-
tion on heteronuclear ions. Therefore, an analysis of their
role in the kinetics of the particles of plasmas clearly can be
only an estimate in nature owing to the lack of data on the
efficiencies and recombination channels.

The sole exception are the HeNe* ions. Owing to their
large binding energy, these ions are stable with respect to
thermal dissociation, which makes possible the study of
their recombination with electrons. In Ref. 104 the recombi-
nation channels of HeNe™* were identified by spectroscopic
analysis of the relaxation response of the emission of a decay-
ing He-Ne plasma to pulsed heating of the electrons. It was
shown that, just as in the case of Ne,", the main recombina-
tion flux is transported in the 3p—3s transitions of the Ne
atom. However, there is a substantial difference between the
recombination channels of HeNe™ and Ne," ions. First, the
emission spectrum of a He-Ne plasma contains transitions
from levels of configuration 2p°4d. Second, the partial coef-
ficients &, (T, ) have a stronger dependence on the electron
temperature, close to a; ~ T . '. This observation confirms
the empirically established rule, according to which disso-
ciative recombination in a decaying noble-gas plasma popu-
lates all the excited levels of the atoms lying in resonance
with or below the ground vibrational state of the molecular
ion.

Let us turn to the heteronuclear ions in plasmas of the
heavy noble gases. We shall estimate the degree of ionization
at which the destruction of the heteronuclear ions is caused
by their thermal dissociation. Let us allow for the fact that
the collisions of the ions with electrons at energies of the
latter exceeding the binding energy D, lead with greatest
probability to dissociation of the BR™ ions, rather than to
dissociative capture of an electron. The corresponding rate
constants k 4 for ions with binding energies of a fraction of an
eV can attain values of 1077-10"cm?®/s.'% Then the condi-
tion Byp [B] > k 41, leads to the inequality:

Be _10-3 - 10-4
[B]<10 - 1074,

TABLE VI. Distribution of the dissociative-recombination flux of Xe;" ions over the excited
levels of the Xe atom in percentages of the total flux according to the data of Ref. 57. A summa-

tion of the fluxes is performed for the 7p and 6p’ levels.

[ Levels | 7 6p° | 2p 2p, 2p, 2p,

2p, 2py

""Flux | 6 26 | 42 36 5.4 39

8,3 <20

I The measurements for the 2p,, level are least accurate; therefore the table gives an estimate of the recombination flux going

to it.

| I

J
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FIG. 9. Terms of heteronuclear ions of the noble gases based on the exam-
ple of (NeAr) ™.

Noting that this inequality is usually satisfied in media of
interest for laser applications, let us find for them the order
of magnitude of the ratio of densities of homo- and heteronu-
clear ions under conditions typical of active media
[B] = #[R], y=10™2 In estimates of the density [R;" ] it
suffices to take account of the formation of ions in the pro-
cess (13) and exit by the dissociative-recombination chan-
nel. Then we have

[R{]=15R[R+][R][B]/az"e' [R+B]=EEIB][R+], (15)
BB

[R*B] _ asn Bpn - 104yne~ 6.
RI1 - BA,R] BT~ OM@T (16)

The numerical quantity on the right-hand side of Eq. (16)
pertains to a plasma in an Ar-Xe mixture (B = Ar,
R = Xe). Already this simple estimate (somewhat too high
owing to use of a simplified model) shows that the problem
of heteronuclear ions is of some current interest. However,
despite the large number of studies on these particles, it has
not yet been possible to detect the formation of excited atoms
involving their recombination. Nevertheless, we can point
out the degree of ionization n_/[B] at which it is expedient
to conduct a search for heteronuclear ions from their influ-
ence on the populations of excited levels of the noble-gas

TABLE VILI Binding energy D, and equilib-
rium internuclear distances 7, of the lowest
electronic states X2, ,, of the heteronuclear

molecular ions of the noble gases according
to the data of Ref. 102.

Ton D,, meV ro/a, |
HeNe* 699 ! 2.6 ]
HeAr* 26,7 | 5.0 |
HCKI+ 22.7 ! 5.9 1
HeXe* 40.6 ! 5.0 |
NeAr* T R S
NeKr* saz 57 !
NeXe™ 38.5 ! 6S !
ArKr* 607 : 5 :
ArXe* | 38 ! 7.2 "

L kexer 1 oas T s
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FIG. 10. Diagram of the processes of formation and breakdown of ArXe™*
ions in an Ar—Xe mixture.

atoms. According to the spectroscopic study of decaying
plasmas of He-Ar, He-Xe, and He-Ar-Xe plasmas,**'%¢
the ions HeAr™ and HeXe™, if they can compete with Ar;*
and Xe;" in giving shape to the recombination flux, cando so
only at high enough degrees of ionization n./[He] > 10°.
However, even in this case they do not influence the rate of
deionization of the plasma.

A different situation occurs in an Ar-Xe plasma. In
practically all studies on the kinetics of a laser Ar-Xe plas-
ma,***7"197 the ArXe™ ions are treated as one of the main
sources of the inverted population of the 5d levels of the Xe
atom. These ions are distinctly detected, both in plasmas at
high®®87%% and relatively low (a few Torr)'%"'% pressures.
The diagram of the reactions of formation and breakdown of
ArXe™ ions shown in Fig. 10, which is constructed from the
mass-spectrometric and spectroscopic studies cited above,
makes it possible to trace the evolution of the density of these
ions in an Ar-Xe plasma formed by different ionization
sources. According to the calculations of Refs. 45 and 46, in
a beam plasma the contribution of ArXe™ ions to the pump-
ing of the upper laser levels of the Xe atom can reach tens of
percent. In a weakly ionized gas-discharge plasma the pro-
cesses involving ArXe™ ions can fully determine the rate of
deionization.'%®

Another interesting property of plasmas of noble-gas
mixtures merits attention. The formation of heteronuclear
ions is manifested primarily in the appearance of molecular
radiation that arises from transitions between the different
electronic states B*R—BR™. The most intense emission
bands of an Ar-Xe mixture are shown in Fig. 11. Under
certain conditions, an appreciable fraction of the energy in-
troduced into the plasma can be transported in these bands.
Thus, in an Ar—Xe mixture ionized with a-particles,?® the
radiation power in the 3290-A band (Fig. 11) reaches 5% of
the power introduced into the gas mixture. This points out
another promising line of study of heteronuclear ionic mole-
cules'?® as a working material for quantum generators.

Let us study the mechanism of formation of the radia-
tive states of the ion Ar* Xe. The fundamental contribution
to the formation of the spectrum comes from the transitions
Ar* (°P,,,) Xe — ArXe* (?Py),) (band 4) and
Ar* (°P,),)Xe — ArXe™* (°P,,,) (bands B and C). As im-
plied by the schema of the processes shown in Fig. 10, the
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FIG. 11. Emission spectrum of the (ArXe)* ion in the short-wavelength
region. The transitions are indicated in Fig. 9. The classification of the
bands is given in Ref. 108.

ions Ar*(’P,,,)Xe are formed in triple collisions of
Ar* (?P,,,) argon ions with Ar and Xe atoms:

Ar*(®P, ) + Ar + Xe = Ar* (%P, ,,)Xe + Ar. (17)

As regards the Ar (°P, ,2)Xe ions, as is shown by the stud-
ies of Refs. 87, 95, and 100, the channel analogous to (17) is
not dominant, and their appearance is mainly due to the
interaction of Ar* (°P,,,)Xe with the electrons of the plas-
ma:

Art(P,,)Xe + e g Ar*(2P; ) Xe + €. (18)

This difference in the mechanisms of formation of the indi-
cated states of Ar* Xe ions is well manifested experimental-
ly. Thus, in a plasma having a low degree of ionization, emis-
sion of bands B and C involving Ar* (°P;,,)Xe ions is
lacking.®”** Figure 12 shows the dependence measured in
Ref. 100 of the intensities of bands 4 and B on the electron
density. We see from these data that the electronic “mixing”
of the ions in the states Ar* (*P,,,)Xe and Ar* (°P,,,)Xe
leads to establishment of an equilibrium ratio of their densi-
ties at a degree of ionization n. /[ Ar] 2 10~7, In such a plas-
ma the intensities of bands 4 and B are determined by two
factors: the evolution of the source of formation of heteronu-
clear ions, i.e., the density of Ar* (°P,,,) argon ions, and the
ratio of the rate constants of the forward and backward pro-
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FIG. 12. Dependence of the ratio of intensities of the molecular bands A
and B on the concentration of electrons in a decaying Ar-Xe plasma.
Pa; = 37 Torr, px. = 0.3 Torr.
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FIG. 13. Dependence of the ratio of intensities of the molecular bands A
and B on the temperature of the electrons of the plasma of an He-Ar-Xe
mixture. py, = 30, pa. = 8.2, px. = 0.3 Torr. n, =102 cm™>.

cesses of (18), i.e., the temperature of the electron gas. The
latter situation makes it possible to affect efficiently the ratio
of intensities of bands 4 and B by electron heating. This is
demonstrated by the results presented in Fig. 13 of the exper-
iment!® to study the emission from the heteronuclear
Ar*Xe ions in the decaying plasma of an He-Ar-Xe mix-
ture with pulsed heating of the electrons with a longitudinal
electric field.

We note that in an Ar-Xe plasma the Ar*Xe-ArXe*
radiative transitions can make a substantial contribution to
the formation of ArXe™ ions in the lower states X °%,,, and
A ?I1,,,, which are the object of analysis when one studies the
plasmas of active media based on Ar—Xe mixtures.

7. COMPETITION OF DISSOCIATIVE RECOMBINATION WITH
OTHER MECHANISMS OF FORMATION OF EXCITED ATOMS
INARECOMBINATIVELY NONEQUILIBRIUM PLASMA

The information discussed in the previous sections on
molecular ions was obtained mainly in specially designed
“standard” experiments, in which the conditions most fa-
vorable for study were deliberately selected. In real objects
such asituation is not realized. Most often in such objects the
only process competing with dissociative recombination
proves to be impact-radiative recombination of atomic ions.’
On the qualitative level the problem of recombination in
such a plasma can be treated on the basis of the known modi-
fied diffusion approximation.''®'!"' However, in a number of
cases it has a simple experimental solution. This is demon-
strated by Fig. 14, which shows the results of measure-
ments®’ of the temperature dependences of the intensities of
spectral lines of the Xe atom performed in experiments with
pulsed heating of the electrons of a decaying He—Xe plasma.
We see from the presented data that, when 7, > 500 K, one
observes a change in the mechanism of population of the 7p,
6p’, and 6p levels: from impact-radiative recombination of
Xe™ ions, which has the sharp deline in flux F~ T . *? typi-
cal of this process, to dissociative recombination, which has
a considerably weaker dependence of the rate constant of the
process on the electron temperature. The formation of ever
more highly excited atoms corresponded to the J o4 ( 7, rela-
tionship shown in Fig. 14. Since the relative density of Xe,"
ions can be easily estimated (under the conditions of the
experiment [Xe;" |/[Xel ] =107% n,=3Xx10" cm™?),
the data of Fig. 14 can be used as reference data for analyzing
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FIG. 14. Dependence of the intensities of spectral lines of the Xe atom on
the electron temperature of a decaying He-Xe plasma at py, = 50,
Pxe = 0.01Torr, n, =3 10" cm™3. /-for the 7p level, 2~6p’, 3-6p, 4-9d.

the competition of the processes being discussed within the
framework of certain models in the formation of the recom-
bination flux of population of levels of the Xe atom. The
setup of such experiments under conditions of the plasmas of
active media might elucidate the mechanism of formation of
the inversion.

In ionized mixtures of gases having close-lying excita-
tion potentials, the reaction of excitation transfer occurs in-
tensively with participation as donor of atoms B,, of the
buffer gas in metastable states. In a decaying Ar—Xe plasma
one can bring about conditions under which practically all
the radiation flux of the plasma arises from this process.''?
Collisions Ar4s(*P,) + Xe can play a substantial role in po-
pulating the laser 5d levels of the Xe atom in an Ar-Xe mix-
ture.*® Figure 3 illustrates the possibility of studying the
competition of recombinative population and excitation
transfer. Processing of the results of this experiment led to a
conclusion important in understanding the kinetics of active
media based on Ar-Xe mixtures: no more than 1/3 of the
excitation-transfer flux goes into the laser 5d[3/2]9 level.

8. VIBRATIONALLY EXCITED IONS IN NOBLE-GAS PLASMAS

The problems of the kinetics of the populations of the
vibrational levels of molecular ions, which were first
touched upon in Refs. 15, 16, 113, and 114 in connection
with analyzing the recombination mechanism of He," ions,
do not lose their sharpness even today. They arise unavoida-
bly in studying a plasma containing molecular ions. The lat-
ter are produced mainly in highly excited vibrational states
in three-particle processes of conversion of atomic ions.
Therefore the populations [R;" (v) ] take shape in the com-
petition of processes of vibrational relaxation in collisions
with particles of the plasma and dissociative recombination
of R, (v). This implies that the analysis of the kinetics of
molecular ions must be constructed on the basis of solving
two independent problems: vibrational relaxation proper
and elucidation of the dependence of the probability of re-
combination on the vibrational state of the ion. Allowing for
the fact that the problem being discussed is general in char-
acter and is not restricted to the molecular ions of the noble
gases, for which there are practically no reliable data, let us
examine briefly the methods and theoretical models used for
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studying and describing the vibrational relaxation of small
charged molecules.

8.1.Vibrational relaxation of molecular lons

V-T exchange of molecular ions with atoms substan-
tially differs from the vibrational relaxation of neutral mole-
cules. The slow relaxation intrisic to many neutral molecules
is caused by the short-range repulsive potential and obeys
the Landau-Teller model. The interaction of amolecularion
R," with an atom B has a different character, which involves
the electrostatic interaction ¥(r) ~1/r* of the ion and the
polarized atom. This interaction can lead, owing to the cap-
ture of the atom by the ion as the particles move in the polar-
ization potential, to formation of a short-lived intermediate
complex

'3 ,
R}(v)+B qk_z (R3B)* - Rj (v <v) +B. (19)
[

The decay of this complex is effected with a certain probabil-
ity by relaxation of the energy of vibrational motion. In this
model the rate constant of vibrational relaxation &, ,, is de-
termined by the capture constant k., = 2me(a/u)''? (u is
the reduced mass, and « is the polarizability of the atom), by
the ratio of the probabilities of decay by the reverse channel,
and by a process analogous to the predissociation of neutral
molecules:
k _k

k ==t (20)
Wk ke

The quantities k. and k, are not known a priori. Therefore
the vibrational relaxation via an intermediate complex can
be analyzed only on the qualitative level. In a number of
studies, e.g., Refs. 115-177, the authors resort to the statisti-
cal theory of decay,!'®'?* within whose framework one can
calculate the probability of the distribution of dissociation
products with respect to the energy of vibrational, rota-
tional, and translational motion. Thus, numerical calcula-
tions!!? of  the reaction NO™* (v =4) + Xe
—-NO™(v'<4) + Xe vyield the following distribution of
probabilities over the numbers v': P,=0.46, P, =0.3,
P, =0.17, P, = 0.007, P, = 0.004. This example shows that
the statistical theory predicts values of k,, that do not differ
strongly from the capture constant k. ~10~° cm?/s. How-
ever, this ruleis not general. Actually the greatest difficulties
arise in substantiating the statistical theory, rather than in
applying it for calculating concrete systems. The theory as-
sumes that during the lifetime of the complex a statistical
redistribution of energy can occur over all the degrees of
freedom. That is, this time in any case must exceed the vibra-
tion and rotation periods. The description of the dynamics of
formation of the complex requires information on the inter-
action potentials of the colliding particles, which are gener-
ally lacking. Therefore it is expedient to draw conclusions on
the mechanism of vibrational relaxation of concrete molecu-
lar ions on the basis of analyzing the experimental material.

In recent years a number of subtle experiments have
been performed, which measured the rate constants of vibra-
tional relaxation of the ions O;,!'” N,;*,!** NO*,'* and
CO™ !¢ in different atomic and molecular gasses. Molecu-
lar ions with a known distribution over v were created by
using selective ion-molecule reactions or, as in the case of
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TABLE VIII. Rate constants k, of vibrational relaxation of O," ions (v = 1) in collisions with
various partners, a is the polarizability of the atom or molecule, D is the binding energy of the
intermediate complex, k_ is the polarization capture constant, and Z is the probability of loss of
vibrational excitation upon collision (decimal exponent indicated in parentheses).

Atom or k,, cm’/s a, A3 D eV k. z

molecule
He <2(-15) 0,205 0,026 5.6(-10) <3,6(-6)
Ne <1,3(-14) 0,395 0,1 4,2(-10) <3,1(-%5)
Ar 1(-12) 1,64 0,3 7.1(-10) 1,4(-3)
Kr L1¢-11) 2,48 — 7,6(-10) 1,4(=2)
H, 2,5(-12) 0,808 <0,2 1,59 1,6(-3)
co, 1(-10) 2,59 0,42 8,7(-10) 0,11
SF, 1,1(-10) 4,48 —-_ 9,7¢-10) 0,11

CO™, by populating the required states of CO™ with radi-
ation of a frequency-tunable laser. Some results taken from
Ref. 117 are shown in Table VIII. These data, as well as the
analysis of a wider set of experimental material,''” indicate a
correlation of the rate constants &, and the quantities & and
D, and lead to the conclusion that V-T exchange in ion-atom
and ion-molecule collisions occurs via formation of an inter-
mediate complex if the polarizability of the atom or molecule
exceeds the value @~ 1 A*. Here the binding energy of the
complex D proves to be greater than =~0.1 eV. This conclu-
sion enables one to use the information existing in the litera-
ture on the binding energies of complex ions (e.g., Ref. 126)
for prediction of the efficiency of V-T exchange. Besides
this, one can decide on the rates of vibrational relaxation on
the basis of data on the rate constants of ion-molecule reac-
tions.®®127-12% Thus, correlation must exist between the effi-
ciency of vibrational relaxation in the process (19) and the
rate of the ternary process R;” + B4+ M—-R,;"B + M.'?®

As regards molecular ions in a noble-gas plasma, we
should expect high rates of vibrational relaxation on the ba-
sis of the discussed material. For the Ar,", Kr;", and Xe,*
ions in their own gas, the atoms of which have high polariza-
bility, this is evident even from the data of Table VIII. An
experiment®® to observe the photodissociation spectrum of
Ar," ions at various argon pressures yields an estimate of the
rate constant k, 2 10~ " cm®/s.

As regards He," ions in helium and Ne," in neon, the
situation proves to be not so clear. On the one hand, there are
no fundamental differences between He," and Ne," ions and
the ions of the heavy noble gases, since in all cases an ex-
change reaction is possible, R;" (v) + R-R + R;" (¢v'),
which in all probability is accompanied by the removal of
vibrational excitation.®® On the other hand, experimental
studies®®3*'*! have revealed considerable populations of vi-
brationally excited He," and Ne," ions that greatly exceed
the equilibrium values (for He," by several orders of magni-
tude), even at gas pressures of tens of Torr. We note that
precisely this circumstance makes it possible to observe the
dissociative recombination of He;" ions in a helium plas-
ma.”'

The discussed model representations, together with ex-
perimental data of the type of Table VIII, enable one to ana-
lyze the physical pattern of vibrational relaxation of molecu-
lar ions R,;" in R-B noble-gas mixtures. Here we can study
the following situations:

1. The B atoms have a high polarizability (e.g., Xe,;" in
argon or krypton). In this case V-T exchange can occur via
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the formation of an intermediate complex. That is, the rate
constants can be of the order of k, =107 !! cm¥/s.

2. B = Neor He. These atoms have a low polarizability.
Therefore the collisions R," (v) + Ne or R;" (v) + He cor-
respond to the Landau-Teller model, rather than to forma-
tion of an intermediate complex. The rate constants of vibra-
tional relaxation of Ne," ions in neon and He," in helium
calculated by this model with account taken of the polariza-
tion attraction are of the order of magnitude of 10—
cm?’/s,'*> which coincides with the value of £, for Q" ionsin
He (see Table VIII).

Ina plasma with a high degree of ionization, besides the
discussed processes, a certain role can be played by inelastic
collisions of vibrationally excited molecular ions with elec-
trons:

k

Ri(v) +e » RI(v—1) +e. (21)

The results of calculations''*'*? and experiment®* show
that, for transitions v = 1 -v = 0 caused by the interaction
of ions with thermal electrons, in order of magnitude we
have k, =~ 107 7-10~8 cm?/s. If we take account of the fact
that the probability of relaxation increases with increasing v,
while the dissociative recombination of the molecular ions of
the noble gases declines (see below), the important role be-
comes evident of collisions (21) in the kinetics of vibration-
ally excited ions. In plasmas of the heavy noble gases the
process (21) can compete with relaxation in collisions with
atoms when the degree of ionization is n./[R] 2 1077

8.2. Recombination of vibrationaily excited ions

Allowing for the physical nature of the mechanism of
dissociative recombination, we can expect the manifestation
of various dependences of the recombination probability on
the vibrational state of the ion. Let us examine the different
possible situations. The problem is solved relatively simply
for recombination via any single channel with formation of
excited atoms in concrete states R* if we are dealing with a
threshold mechanism. We shall assume that the distribution
of populations [R;" (v)] is described by the temperature
T,: [R)" ()] =[RS (0) ] -exp( — #w/kT,). Then by us-
ing Eq. (6) for the partial recombination coefficients we
have:

Fwv |, Fov foi
a(T,, Tg) ~ Z exp(— it k_T_) (FFXP(" ZFI' - S,-) )-
v v [ €
(22)
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In the case T, €T, typical of a weakly ionized plasma Eq.
(22) implies that the a; (T, ) relationships are determined
mainly by the Boltzmann factors exp( — fiwv/kT,). If
kT, €%w, the main contribution to the process comes from
several deep vibrational levels of the ion. Conversely, in an
equilibrium plasma (7T, = T, ), the decline in populations
[R;" (v) ] is compensated by the decrease in the energy gap
between the terms £; (r) (R* + R) and the levels v. There-
fore a variation in temperature of the particles of the plasma
does not alter the relative contribution of the different vibra-
tional states of the molecular ion to the recombination flux
via the ith channel.

Inthecases,; =I'; =kT. or of crossing of the vibration-
al levels by the term ¢; (), the Breit—-Wigner formula is inap-
plicable. Here model calculations furnish some information.
Let us study the three types of crossings of the terms R+ and
R¥* + R shown in Fig. 15. Numerical solution of the prob-
lem® on the basis of the multichannel approximation of the
quantum defect developed in Ref. 6 yields the following re-
sults. The increase in the temperature of the distribution T,
in the case of Fig. 15a leads, independently of the electron
temperature, to a decrease in the rate of recombination,
whereas for the curves of Fig. 15b and c it leads to a growth
in the rate. We shall use this conclusion for analyzing the
observations of the dependences a5 (T, ) of the recombina-
tion coefficients of the molecular ions of the noble gases. In
the experiments of Refs. 133-136 to study dissociative re-
combination over a broad range of variation of the gas tem-
perature (by the shock-wave method), a strong dependence
was found of the quantity as on the gas temperature T,:
as ~T; " (here T, = T,). The only reason for this is the
increase in the degree of vibrational excitation of the molecu-
lar ions with increasing T,. Therefore the results of these
experiments unequivocally show that the recombination co-
efficients a; of the noble-gasions have as (T, ) relationships
of declining type. The analysis of the experiments of Refs.
137-139 performed under the assumption of V-T equilibri-
um leads to the conclusion of a sharp decline in the coeffi-
cients a, with increasing v: a, = 0.3a,. Spectroscopic experi-
ment yields a similar result.>> On this basis we can assume
that the terms £; () (R} 4+ R) that correspond to the most
intense recombination channels are grouped near the bottom
of the potential well of the R;* molecular ions, and that in
type of crossing they belong to the case of Fig. 15a.

u(r)

FIG. 15. Relative arrangement of the R," and R¥ terms corresponding to
different dependences of the dissociative-recombination coefficient on the
vibrational temperature T, .
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In closing this section we should stress that the estab-
lished dependence of the recombination coefficients a; on
the degree of vibrational excitation of the molecular ions is
not general in character. Naturally, for systems having a
high density of autoionization states, the coefficients ay
need not show a strong dependence on the vibrational state
of the ions. This fact has been established by studying the
dissociative recombination of a number of polyatomic
ions,*° and also N,*.24! On the other hand, very simple mo-
lecular ions of the type of H,",”**'4?2 He,",'>!S and
H," '4%1%4 can recombine efficiently only from vibrationally
excited states.

9.DISSOCIATION OF MOLECULAR IONS

To analyze the role of molecular ions in the kinetics of
charged and excited particles of a plasma, we need informa-
tion on the ionic composition. Besides the mechanism that
we have discussed of breakdown of molecular ions via the
channel of dissociative recombination, under certain condi-
tions in a plasma, also other processes occur that lead to a
decrease in the density of molecular ions. These processes
include the processes of dissociation in collisions of molecu-
lar ions with atoms

R; +R(B)»R* +R +R(B), (23)
with electrons

R} +e+>R*+R+e (24)
and photons

R +hv+»R* +R. (25)

9.1. Dissoclationin collisions with atoms

The thermal dissociation of homonuclear molecular
ions (23) plays an appreciable role in shaping the properties
of constricted discharges,'?® and determines the ionic com-
position of plasmas under shock-wave conditions, i.e., is
manifested in objects having an elevated gas temperature.

The process of thermal dissociation is the reverse of the
conversjon of atomic ions in triple collisions. Therefore, by
using the Saha relationship we can calculate the equilibrium
densities of atomic and molecular ions as functions of the gas
temperature. Such calculations were performed in Ref. 103,
and their results are shown in Table IX. These data indicate
the temperatures T, above which thermal dissociation can
be the main mechanism of breakdown of molecular ions. At
T, = 5000 K the rate constant of dissociation of ions, e.g.,
Ne,', is of the order of 107'? ¢cm?/s.'*° In such a plasma
dissociative recombination proves to be a less efficient exit
channel of molecular ions at degrees of ionization n./
[Ne] <2x1073.

TABLE IX. Values of the temperature at which the densi-

ties of molecular and atomic ions of the different gases are

equal.

log[R]| He Ne Ar Kr Xe

16 1530 910 740 780 650
17 1740 1060 870 900 740
18 2100 1250 1010 1050 860
19 2630 1500 1230 1250 1010
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9.2, Dissociation of molecular lons by electrons in a plasma

Dissociative recombination is one of the two possible
mechanisms of breakdown of molecular ions by electrons.
The result of collision with an electron of high enough ener-
gy can be the dissociation of the molecular ion in (24). This
process should be taken into account at energies of electrons
exceeding the binding energy of the molecular ion D~ 1eV.
Therefore the question of the competition of processes of
dissociation and dissociative recombination is important for
such objects as a gas-discharge plasma, the active media of
excimer lasers, and electroionization lasers based on noble-
gas mixtures.

Charge neutralization does not occur in the reaction
(24). However, in a number of cases the dissociation of mo-
lecular ions by electrons can lead to a substantial change in
the ionic composition and to retardation of the rate of bulk
losses involving the recombination of molecular ions.

In contrast to dissociative recombination, which has
been widely studied, both experimentally and theoretically,
considerably less attention has been paid to the process (24).
For H;' ions, Refs. 147 and 148 have calculated the dissocia-
tion cross sections, which proved to agree well with the mea-
surements in beam experiments. '**'5? In Ref. 105 formulas
were derived for the dissociation cross sections of the high
vibrational states of BR* ions owing to direct exchange of
the energy of the incident electron with the energy of relative
motion of the nuclei. The problem of the dissociation of ho-
monuclear molecular ions of the noble gases was studied in
Ref. 151. According to these calculations under equilibrium
conditions and at T, =~ 300 K, the process (24) is more prob-
able than dissociative electron capture at energies e =4-5 eV
for Ne," ions, 34 eV for Ar,", 2-3 eV for Kr,;", and ~1.5
eV for Xe,".

The only experimental study as yet of the dissociation of
molecular ions by the electrons of a plasma was performed in
Ref. 152. An uncomplicated experiment was set up in this
study in which the method discussed above of the relaxa-
tional response of the emission of the decaying plasma to
pulsed heating of the electron gas was used to measure the

Ka;xs, cmd/s
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FIG. 16. Rate constants of breakdown of Xe,* molecular ions by elec-
trons. /-a5 (T, ) by the data of Ref. 14, 2-k5 (T, ) by the measurements of
Ref. 152, 3, 4 and 5, 6~recombination coefficient a; (T, ) and rate con-
stant of dissociation for calculated (3, 5) and Maxwellian (4, 6) energy
distribution functions of the electrons.
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dependence of the total rate n, (as (T.) + k4 (T,)) (kq is
the rate constant of dissociation) of breakdown of Xe;" mo-
lecular ions due to both dissociative recombination and dis-
sociation in collisions of Xe," with electrons. The results of
the experiment'*? are shown in Fig. 16 together with the data
on the value of a; (7. ) obtained by the method of micro-
wave heating of the electrons.!* We see that the constant
ks =as + k4 undergoes a sharp increase at T, X1 eV
owing to “‘turning on” of the dissociation mechanism at high
electron temperatures. The dashed curves in Fig. 16 show
the approximation of the experimental data of Ref. 152 by
the sum ks =a;(T.) + k4(T.) as constructed by using
the least squares method. Here the Breit—-Wigner formula
(3) in the approximation of a single autoionization state was
used to find the analytic a; (T, ) relationship, while the dis-
sociation constant was calculated from the data of Ref. 151
on the energy dependence of the cross section of the process.
The data shown in Fig. 16 imply that the results of measure-
mentsin the region T, X 1€V are described well by the calcu-
lations of Ref. 151. Here the main contribution to the disso-
ciation process comes from transitions between terms of the
molecular ion I(1/2), -1(1/2), and I(1/2), -1I(1/2),
{Fig. 17).

We note that, in the theoretical sense, the calculation of
the dissociation cross section of Xe," ions is very difficult
owing to the need to take account of the strong spin-orbital
interaction. Therefore the agreement of the experimental
and calculated values using the cross sections from Ref. 151
of k4 (T, ) thus give grounds for hoping that, even in the case
of the lighter noble gases, the calculations of Ref. 151 can be
used for estimating the rates of dissociation of molecular
ions by electrons.

Let us estimate the influence of dissociation on the ionic
composition of a plasma of a noble-gas mixture. Here we
shall consider the case [R] =~ 10-2 [B], [B] = 10*°* cm 3,
which is of interest on the level of analyzing the recombina-
tion population of the excited levels of atoms in active media.
According to (15) and taking account of the dissociation
process, we have the following expression for the density of
molecular ions:

R/ [R*] =B R1BY/ (ag + ky)n,.

The best generation parameters are attained using combina-
tion (electroionization) pumping of an Ar-Xe mixture.**

2 3 <4 r,A

FIG. 17. Terms of the molecular ions of the noble gases based on the
example of Arjt.
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The electric field intensities of a non-self-sustaining dis-
charge typical of this system amount to 1-3 Td (which cor-
respond to mean electron energies of several eV'*?), while
the degree of ionization is . /[Ar] =~ 107>, In such a plas-
ma, as is implied by the data shown in Fig. 16, the break-
down of Xe;" ions is due to their dissociation (the constant
k4 exceeds as by an order of magnitude), while here
[Xe;t ]7[Xet1<1. At the same time, in the kinetic
schemes of active media, even in the most detailed of
them, 547197 one considers a single channel of exit of molec-
ular ions—dissociative recombination. This estimate shows
that the dissociation of molecular ions by electrons plays a
substantial role in shaping the ionic composition of the plas-
ma of active media based on noble-gas mixtures, and hence;
in shaping the recombination flux of population of the excit-
ed levels of atoms.

9.3. Photodissoclation of molecular ions

The interest in the process of photodissociation (25) of
molecular ions arose in connection with analyzing the losses
of working radiation in the active media of excimer la-
sers.’>137 Just as in the case of dissociation in collisions
with electrons, the efficiency of the process is determined by
the probabilities of the transitions 1(1/2), - I(1/2) o H(1/
2), . Figure 18 shows a typical form of the dependence of the
cross section o(A4) of photodissociation on the wavelength of
the radiation. We see that for the 1(1/2), - 11(1/2), transi-
tion the cross section can reach values ¢=~5X% 10~ cm>
Such high probabilities of photoionization have the result
that, even at relatively low powers of laser radiation, an ap-
preciable fraction of the molecular ions contained in the ac-
tive medium is broken down. Figure 19 demonstrates the
effect of photodissociation upon illuminating a cuvette con-
taining ionized xenon with the radiation of an XeF or N,
laser (A=3500 A, power = 10 MW/cm?). 15815

The photodissociation spectrum is determined both by
the arrangement of the terms of the molecular ion and by the
population distribution over the vibrational levels. In a num-
ber of studies, e. g., Refs. 66 and 157, this has been used to
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FIG. 18. Photodissociation cross section of Kr;" molecular ions. /-data
of Ref. 157, 2-Ref. 156, 3-Ref. 163, 4-Ref. 155.
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FIG. 19. Trend of variation of the intensity of the 8280-A line of the Xe
atom (6p—6s transition) upon irradiation of a cuvette for ¢ > ¢, with a N,
laser pulse (dashed line) in the experiment of Refs. 158 and 159.

analyze the character of the vibrational distribution of mo-
lecular ions. Thus, the use of the phenomenon of photodisso-
ciation for diagnostic purposes substantially expands the po-
tentialities of spectroscopic study of plasmas containing
molecular ions.

The set that we have discussed of alternative reactions
to dissociative recombination, together with their quantita-
tive characteristics, offers a rather complete view of the
mechanisms of breakdown of molecular ions, and enables
one to point out the fundamental processes that determine
their kinetics under certain concrete conditions.

10. USE OF THE DISSOCIATIVE MECHANISM OF
POPULATING EXCITED LEVELS OF ATOMS TO STUDY
COLLISIONAL PROCESSES INA WEAKLY IONIZED PLASMA

As the material of the preceding sections implies, the
distribution of the dissociative-recombination flux F,/F5
=2, a,8,/as over the excited levels of the atoms depends
only on the degree of vibrational excitation of the molecular
ions. In a weakly ionized gas this distribution is stabilized in
the formation of a distribution close to equilibrium of the
populations [R;' (v)] over the levels v owing to V-T ex-
change in the collisions of the molecular ions with atoms. In
the noble gases with a high rate of vibrational relaxation
(constant k, of the order of 10~ "' cm*/s), V-T equilibrium
is reached at pressures of fractions to units of Torr.%¢ Eleva-
tion of the pressure of the gas (or gas mixture) beyond the
stated value leads to predominance of molecular ions in the
ionic composition of the plasma and to increase in the abso-
lute value of the recombination flux associated with them,
which wins over all other processes of formation of excited
atoms. Thus molecular ions give rise to an intense recombi-
nation flux independent of the density of neutral particles,
with a fixed distribution of it over the excited levels of the
atoms. This unique property of the dissociative mechanism
can be used to investigate the little-studied processes of
“mixing”’ of excited levels in atom-atom collisions:

R} + R(B) >R} + R(B),

since the variation of the relative populations of the atoms
[R?]/[R?] upon increasing the densities of neutral parti-
cles is due only to these processes. The design of the experi-
ments>*577% to observe the deformation of the population
distribution over the excited levels of the atoms in He-Ne,
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He-Ar, and He—Xe mixtures in the controllable dissociative
recombination of afterglows enabled discovery of interesting
effects arising from collisional processes and playing an im-
portant role in the kinetics of excited atoms in plasmas con-
taining molecular ions. Some results of the experiments are
demonstrated in Figs. 20 and 21. It is convenient to present
the experimental data in the form of ratios of the total quan-
tum fluxes ®%/®%"" in transitions from levels of different
configurations n/. This approach enables one to analyze the
role of intermultiplet transitions, since intramultiplet “mix-
ing” has no effect on the ratios of total fluxes of quanta. Let
us study first of all the influence of the density [Xe] on the
population [Xe*]. The rate constants of [Xe*] - [Xe}
transitions are known. '°>-'62 Therefore the results of such an
experiment can be used to test the feasibility of the approach
being discussed. We see from the data presented in Fig. 20
that, when P, > 1 Torr, one observes a sharp decline (al-
most an order of magnitude) in the ratio @7/, This char-
acter of the dependence of the ratio ®¥/®¥([Xe]) on the
density [Xe] is also implied by a comparison of the data of
Refs. 160-162 on the rate constants of collisional quenching
of the levels of the 7p and 6p configurations.

When pyx. <1 Torr the collisional processes in the sys-
tem of 7p and 6p levels are not noticeable against the back-
ground of radiative transitions. Under conditions of disso-
ciative population, the increase in the ratio ®F/ &%
observed in the experiment of Fig. 20 can be associated only
with a decline in the degree of vibrational excitation of the
Xe,* ions and a concomitant change in the relative recombi-
nation fluxes F 1P/F %. Starting with this hypothesis and us-
ing the data of Fig. 20 in the pressure region px. < 1 Torr, we
can obtain the following estimate of the rate constant of vi-
brational relaxation of Xe," ions in xenon:>’ &k, =3 x 10~ !!
cm?/s, which agrees with the views on the rates of V-T ex-
change of heavy molecular ions in their own gas. Of special
interest are the data of Fig. 20 on the dependence of the ratio
@ P/® on the density of helium atoms, since information
on inelastic collisions of Xe™ and He is lacking. The analy-
sis’” of the data shown in Fig. 20 yields the following esti-
mate of the rate constants of collisional quenching of blocks
of 7p and 6p levels of the xenon atom by helium owing to
intermultiplet transitions (for the 6p levels, 6p—6s):
ko, =5X107", k4, =2X107'° cm®/s. This indicates a

log(®;, rel. units)

her P
581 /’(
P ok T
- 3
0,4 F —o~J /',/
o, 7
/:o‘o.o——o\/é N
0t o* Ny B
\\ \
NN
Kt R
AN ~2
- oN
481 ) 1 I L 1 \011
1-05 0 85 10 1,5 34

IOg pXe ' IOg pHe
FIG. 20. Dependence of the ratio of fluxes of quanta emitted by the 6p’ (/,

3) and 7p (2, 4) levels to the flux of quanta in the 6p-6s transitions of the
xenon atom on the pressure of helium and xenon.
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FIG. 21. Dependence of the ratio of fluxes of quanta emitted from the 2p,,
levels of Xe (/) and Ar (2) atoms to the flux of quanta in the (n 4+ 1)p—
(n + 1)s transitions of the stated atoms on the pressure of buffer gas in
decaying plasmas of He—-Ar and Ar—Xe mixtures.

large role of inelastic collisions in shaping the populations of
Xe(6p) in plasmas of He—Xe mixtures having a high density
of helium. Since a He—Xe mixture is used as the active medi-
um of recombination lasers, we can conclude that, under the
conditions typical of these media (atmospheric and higher
presure of helium), the lifetimes of the 6p levels of the xenon
atom, which are the lower laser levels for 5d—6p transitions,
prove to be of the order of 107!° 5, and their depletion is
caused exclusively by collisional quenching.

Figure 21 demonstrates the curious result of a similar
study in He—Ar and Ar—Xe mixtures, which shows that, ata
pressure of buffer gas pg * 200 Torr, more than 60% of the
entire flux of quanta emitted by the decaying plasma comes
from transitions from the 2p,, levels of argon and xenon
atoms. Here half of this flux is transported in the 9123-A line
of Arand 9800 A of Xe (2p,,— lss transitions). These obser-
vations show the possibility of using the selective character
of the dissociative mechanism of recombination of molecu-
lar ions in combination with intramultiplet collisional “mix-
ing” of excited levels to create media having an extremely
high concentration of radiation in one spectral transition.

Let us briefly examine the situation in a He-Ne plasma.
This mixture, with admixtures of an easily ionized gas, is
used as the active medium of recombination Penning lasers
based on the 3p-3s transitions of the neon atom. The best
generation parameters are obtained in the 2p,—1s, transi-
tion, A = 5852 A. Study of the kinetics of the excited neon
atoms in the recombinatively nonequilibrium He-Ne plas-
ma reveals an increase in the relative intensity of the 5852-A
line with increasing helium pressure.!®*'%° The authors ex-
plain this increase by selecive population of the 2p, level
upon dissociative recombination in the He—Ne plasma. As
the material being discussed implies, this requires either re-
sorting to the kinetics of the populations of the vibrational
levels of the Ne," ion or adducing a process of dissociative
recombination of the heteronuclear ion HeNe* and an asso-
ciated population of the 2p, level. However, an explanation
of the effect can be found in another context, namely, in a
comparative analysis of the probabilities of collisional
quenching of the 2p*3p levels of the neon atom by neon and
helium. There are no literature data on the quenching of the
Ne(2p,) level of the neon atom by helium, while the results
of study of the kinetics of Ne(2p,) atoms in neon plasmas
diverge by more than an order of magntiude. Thus, Refs.
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FIG. 22. Dependences of the fluxes of quanta from the 2p,(2, 4) and 2p,,
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tions, to the pressure of helium and neon. py, =2 (1,2), py. =2 (3, 4)
Torr.

166-169 give the following rate constants:
(0.71 £ 0.13)- 107!}, (1.6 +£2)-10~', (2 + 3)-10~ ' and
less than 1.5X 10~ '2 cm?3/s. Therefore let us turn to the re-
sults of an experiment®* to study the distribution of popula-
tions of excited neon atoms in a decaying He-Ne plasma
under conditions of dominant dissociative recombination of
Ne,* ions. Figure 22 shows the data on the dependences of
the relative fluxes of quanta emitted by the 2p, and 2p,,
levels of the neon atom on the pressures of helium and neon.
These data imply that quenching of the 2p, level by helium is
considerably less efficient than that of the group of other
levels of configuration 2p°3p. This conclusion agrees with
the calculations'’® of the interaction potentials of
Ne*(3p) + He. According to the data of Fig. 22, we can
estimate the effective quenching constant of the block of 2p,-
2p, levels by helium owing to intermultiplet transitions:
k=10""" cm3/s. We should emphasize that the change
shown in Fig. 22 in the relative populations of the levels
being discussed is caused only by processes of collisional
“mixing” of the excited levels, since these changes take place
at gas pressures considerably exceeding those necessary for
establishment of V-T equilibrium.

We note that in an He—Ne plasma, just as in He—-Arand
Ar-Xe mixtures, the effect is manifested of collisional ‘“pop-
ulation” of the lower level 2p,, in the 2p®3p system owing to
intramultiplet “mixing” by the buffer gas. Here, under con-
ditions of high enough helium pressure py, 2 200 Torr, more
than 30% of the flux of quanta emitted by the decaying plas-
ma is concentrated in the 7032-A line (2p,o-1ss).

11.CONCLUSION

The studies of recent years have substantially expanded
the views of the dissociative recombination of molecular ions
with electrons as a multichannel process. The data on the
distribution of the recombination flux over the exit channels
of the process obtained over a broad range of variation of the
temperature of the electron gas enable us to solve the prob-
lem, important in practice, of constructing the level-by-level
kinetics of the excited atoms in plasmas containing molecu-
lar ions. These data, together with the results of study of the
competition of dissociative recombination with alternative
mechanisms of neutralization of charged particles and for-
mation of excited atoms make it possible to take the follow-
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ing fundamental step: to proceed from studying dissociative
recombination as an elementary process in a plasma to ana-
lyzing rather complex plasma systems. Appreciable ad-
vances have been noted also in understanding the mecha-
nisms of realization of the populations of vibrational levels of
molecular ions, which are a connecting link in the chain of
processes of formation and breakdown of molecular ions in
plasmas; the role is clarified of heteronuclear molecular ions
of the noble gases in shaping the optical properties of a re-
combinatively nonequilibrium plasma. On the whole, all this
allows us to expect progress in creating adequate kinetic
models of plasmas of the noble gases and their mixtures.
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