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The mechanisms of dissociative recombination of electrons and molecular ions are described. Methods for
experimental study of this process are discussed. The results of measurements of the dissociative
recombination cross section and coefficient for various systems are reported. Theoretical models of the
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1. INTRODUCTION

The recombination of electrons and ions is the pro-
cess responsible for the disappearance of charged par-
ticles in weakly ionized gases and plasmas. This pro-
cess therefore determines the charged-particle balance
in various phenomena which occur in the gas discharge,
the earth's atmosphere, and plasmas. When atomic
ions participate in recombination, this process may
take place with participation of a third particle or
should be accompanied by emission of a photon. This
third particle or photon removes the excess energy re-
leased on formation of a bound state of the electron and
ion. In the presence of a molecular ion, recombination
may proceed in a pair collision of particles. Then the
energy excess is converted to kinetic energy of the nu-
clei and is accompanied by the breakup of the molecular
ion. This process is known as dissociative recombina-
tion.

Naturally, the efficiency with which charges are neu-
tralized by dissociative recombination as a pair pro-
cess is with rare exceptions much higher than the effi-
ciency with which charge vanishes on triple recombina-
tions or on radiative recombination of electrons and
ions in a gas or plasma. Under the conditions under
which it is possible, therefore, dissociative recombina-
tion "forgets" all other recombination pathways and is
the primary cause of the disappearance of charged par-
ticles in the volume. Since dissociative recombination
proceeds with participation of molecular ions, it makes
sense to investigate it at gas temperatures that are not
very high. The highest gas temperatures of interest for
this process amount to a few thousand degrees, and the

highest electron temperatures to a few electron-volts.
The process is not of practical interest beyond these
limits of the parameters.

Our purpose in the present review is to set forth pres-
ent conceptions of the electron-molecular ion dissocia-
tive recombination process. This review is a natural
extension of our earlier reviews of this subject1"3

Significant changes have taken place in this area during
the last decade. First of all, the beam method of mea-
suring the cross sections of dissociative recombination
has been developed extensively and yields detailed in-
formation on the process. Secondly, a major series of
studies pertaining to atomic states formed on dissocia-
tive recombination has been carried out. Finally, our
information on other aspects of this problem has been
expanded significantly. All these topics are reflected in
the review.

2. ELECTRON-MOLECULAR ION RECOMBINATION
MECHANISMS

Let us investigate the possible mechanisms of .these
processes. The basic recombination mechanisms are
illustrated in Fig. 1, which shows the electronic terms
of the system in its initial and final states. In the case
of the "direct" mechanism of dissociative recombina-
tion (d.r.), the electron is captured in an autoionized
state (Fig. la), which corresponds to mutual repulsion
of the nuclei. The subsequent fly-apart of the nuclei
results in stabilization of this state, i.e., recombina-
tion. Another, "indirect," d.r. mechanism consists

*) See also the comprehensive review of Bardsley and Biondi.4
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FIG. 1. Illustrating dissociative recombination (d. r.) mechan-
isms of electrons and molecular ions, a) Direct mechanism;
b) indirect mechanism. The arrows mark transitions on re-
combination.

of two stages (Fig. Ib). The electron is first captured
into an excited vibrational level of the electronically
excited molecule or captured into an autoionization
level of the molecule by another process, exciting in-
ternal degrees of freedom of the molecular ion. This
is followed by predissociation of the excited molecule,
accompanied by transition to another (lower) excited
state of the atoms and fly-part of the nuclei (see Fig.
Ib). As a result, the excess energy is converted into
kinetic energy of the nuclei. However, since the cou-
pling between the electronic and nuclear motions is
weak, a second transition from the excited vibrational
state of the electronically excited molecule is much
less probable than decay of this molecule back into the
electron and molecular ion. Therefore the "indirect"
dissociative-recombination mechanism is less efficient.
It can occur when the ion has a complex internal struc-
ture, so that many opportunities exist for excitation of
internal degrees of freedom. Such a situation may be
brought about on dissociative recombination involving
a cluster ion. Dissociative recombination of simple
molecular ions takes place by the direct mechanism.

The cross section of dissociative recombination <rrec(e)
in a pair collision of an electron with energy c and an
ion2' and the coefficient of dissociative recombination
ot = (vonc), if the process occurs in the gaseous phase,
are characteristics of the dissociative recombination
process. Here v is the velocity of the electron and av-
eraging is extended over the velocities of the electron
in the gas. The coefficient of dissociative recombina-
tion appears in the balance equation for the electron
density N, in the gas:

(1)
where Nl is the density of the molecular ions. Only
dissociative recombination is taken into account in this
balance equation.

The order of magnitude of the dissociative recombina-
tion coefficient at thermal energies can be estimated as
follows. When the process is effective, the recombina-
tion cross section is of the order of magnitude of the
cross section for elastic scattering of electrons by
molecules: tJre(,~10~14 cm2. Since the characteristic
velocity of electrons at room temperature v ~ 107 cm/

sec, the order of magnitude of a is ~ 10"7 cmVsec.
Table I gives values of the dissociative recombination
coefficient for simple molecular ions at room tempera-
ture. We see that the values basically confirm our
rough estimate.

Since the atom has an infinite number of excited
states, a large number of recombination channels and
a large number of excited atomic states formed as a
result of dissociative recombination are possible. We
shall discuss this problem separately in Sec. 6. We
note for the moment that given a wide choice of final
channels, the process takes place efficiently via a
limited number of optimum pathways.

Considering the nature of the process, we write an
equation for the cross section of dissociative recom-
bination. Assuming the motion of the nuclei to be
quasiclassical, we have

| dtfexp -

(2a)

here ocmt(c,R) is the cross section for capture of an
electron with energy E into an autoionization level at a
distance R between nuclei and *(R) is the nuclear wave
function of the molecular ion, so that | *(R)| zdR is the
probability that the nuclei will be in the range from R
toR + dR. The exponential multiplier in (1) represents
the probability of survival of the autoionized state until
the nuclei fly apart, so that F(fl) is the width of the
autoionization level, VR is the radial velocity compo-
nent of the relative motion of the nuclei, and Ra is the
intersection point of the repulsive term and the term of
the molecular ion; when R >Ra, the repulsive state be-
comes stable. We have assumed for simplicity in the
Breit-Wigner formula (2a) that there is only one auto-
ionization state in which dissociative recombination
proceeds efficiently; Ea(R) is the difference between
the energies of the autoionized state and the molecular
ion at a distance R between nuclei. We note that the
Breit-Wigner relation (2) holds if the width of the auto-
ionization level T(R) is small compared to the charac-
teristic distance Et(R) between terms.

Equations (1) and (2) can be used to analyze the nature
of dissociative recombination in specific cases and to
establish the relations between the parameters of this

TABLE I. Dissociative recombination coefficients for simple
ions at room temperature*

2) The energy of the electron is the same as the energy of a
particle in the center-of -inertia system.

Ion

H?
Nef
Arj
Kr*
Xef
HeNe*
CJ

a,
10"' cm* /sec

0.3
1.8
6.9

10,3
20
0.2

10»»)

Reference

5

8-17

8, 13, 18-38

IB, 30-35

18, 31-33, 38

37

155

Ion

Of
NI-
NO*
CH*
CO*
COJ
CHJ

at,

10-' cm' /sec

2.0
3.3
3.7
5")
6.8
3.0
8.7 **)

Reference

26, 38-50

41, 46, 48, 49, 51-56

46, 48, 57-6:1
165

64

46, 6E

155

*Values given are averages over the results of the studies
cited.
**T= 100 K.
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process and those of the system. We present an inte-
gral relation that follows from (2) and (2a) and is con-
venient for use in the analysis:

TdR '
(3)

where the averaging takes into account the distribution
of the relative distances separating the nuclei in the
molecular ion. This relation is conveniently used to
estimate the dissociative-recombination coefficient
averaged over a Maxwellian electron distribution. In
the case r« T (T is the electron temperature), we have
taking (3) into account

(4)

Relation (4) is convenient for estimation of the dis-
sociative-recombination coefficient under optimum pro-
cess conditions. In this case, the electronic terms in-
tersect close to the bottom of the well, so that f£T(dR/
KvR)~& 1, i.e., the survival probability of the repulsive
state until it is stabilized as the nuclei fly apart is near
unity. Then, using (4) in the optimum case T~T and
£a ~ T , we obtain the following estimate for the dis-
sociative-recombination coefficient under optimum
conditions:

(5)

Using this estimate, we find that ar e c~ 10~7 cmVsec
at room temperature. It is with these scales of the pro-
cess rate constant that we shall work below.

In those cases in which the conditions for recombina-
tion of a given molecular ion differ significantly from
the conditions considered above, which are the opti-
mum from the standpoint of the d.r. process, the re-
combination of molecular ions may proceed via a more
complex path than that considered above, and the rate
constant of the process may differ substantially from
the results of the above estimates. Such a situation
arises on recombination of the He^ molecular ion,
which has been investigated experimentally in some
detail.71"77 The specifics of this system are deter-
mined by the manner of intersection of the terms of the
Hej molecular ion and the quasimolecule, which is
composed of helium atoms in the ls21S0 ground and
21P excited states. The bottom of the molecular-ion
potential well is ~ 1 eV below the intersection point of
these terms, so that d.r. of a slow electron with the
molecular ion is possible only if the molecular ion is in
a vibrationally excited state (according to Ref. 71, v » 2
for this state). This circumstance is responsible for
the anomalously low (10~9 to 10"8 cmVsec) values of the
d.r. coefficient of the molecular ion Hej at room tem-
perature,72"76 as well as the experimentally observed77

increase of this coefficient with the temperature of the
gas.

Since the Hej molecular ion has a relatively small
d.r. coefficient, other recombination processes that
are of no particular importance for other gases may

compete with this process under the conditions of a
weakly ionized plasma. For exampled, it has been
established72"76 (see also Refs. 78, 79) that triple pro-
cesses of the type

He 2 + He + e —<• He? — He

may be important in the neutralization of Hej molecular
ions, leading to the formation of an electronically ex-
cited (excimeric) helium molecule. Here the effective
recombination coefficient arec measured experimentally
is found to depend on such parameters of the plasma as
the electron and atom densities Nt and N, so that the
results of measurements made by various authors dif-
fer by more than an order of magnitude. Another
cause of these disagreements is found in the aforemen-
tioned dependence of the d.r. coefficient of HeJ on the
degree of vibrational excitation of this ion. Because of
this dependence, the result of a measurement depends
firstly on the manner of formation of the molecular
ions and secondly on the relation between the charac-
teristic times of dissociative recombination and vibra-
tional relaxation of the molecular ion. In turn, the
latter is determined by the degree of ionization of the
plasma.

3. METHODS OF MEASUREMENT OF DISSOCIATIVE
RECOMBINATION CROSS SECTION, AND BASIC
RESULTS

The ability of theory to describe the d.r. process is
extremely limited. This can be explained by two cir-
cumstances. On the one hand, analysis of the d.r.
mechanism shows that the process results from simul-
taneous interaction of the incident electron with the
inner electrons and nuclei of the atoms, i.e., the prob-
lem is essentially a many-particle problem. Funda-
mental difficulties are encountered in the attempt to
solve such problems analytically. On the other hand,
d.r. is an essentially multilevel process, i.e., it is
generally characterized by a large number of possible
intermediate and final channels. Proper allowance for
the influence of all these channels, even within the
framework of a numerical model, is not realistic in
practice, since we lack the necessary detailed informa-
tion on the relative positions of the terms of the molecu-
lar ion and the autoionization states involved in the pro-
cess, on the widths of these states, etc. In such a
situation, experiment is our basic source of informa-
tion on the process.

The most complete available information on the spe-
cifics of recombination of an electron and a molecular
ion is inherent in the cross section of this process,
measured for all possible initial and final states of the
system as a function of collision energy. In acquiring
information of this kind, however, we encounter serious
technical difficulties with the creation of highly mono-
chromatic beams of electrons and molecular ions, and
with fixing and identifying specific vibrational states of
the molecular ions and excited states of the atoms. It
is also difficult to create beams of weakly ionized mo-
lecular ions.
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Because of these difficulties, the number of papers
devoted to direct measurement of the d.r. cross sec-
tions of molecular ions has been relatively small com-
pared to the number of papers that give estimates of the
coefficients of recombination of electrons and molecular
ions under specific conditions brought about in plasmas.
Below we briefly discuss the methods used to measure
d.r. cross sections and present results obtained from
such measurements.

a) The ion trap

The first direct measurement of a d.r. cross section
was made by Walls and Dunn,63 who designed and
executed an elegant experiment based on use of an ion
trap. In this procedure, a certain number of ions
(~104—105) are admitted into a vacuum chamber, to
which external electric and magnetic fields of special
configuration are applied. The magnetic field, whose
direction coincides with the initial velocity of the ion
beam, is highly uniform in space and serves to keep
the ions from moving in the radial direction. The elec-
tric field varies quadratically in the axial direction, so that
the ions enter ing the chamber execute harmonic oscilla-
tions with a frequency that depends on the ratio Z/M (Z is
the charge on the ion and M is its mass) under the
action of this field.

By virtue of the thorough evacuation of the chamber
(residual-gas pressures at the 10'10 mm Hg level) and
the high-quality construction of the electrostatic and
magnetic elements of the system, the characteristic
existence time of the ions in this chamber is very long-
depending on the species of ion, it ranges from tens of
minutes to tens of hours).3' These times are consid-
erably longer than the characteristic times of optically
allowed radiative vibrational-rotational transitions of
molecular ions, so that the ions in the trap spend a
very large part of the time in the ground vibrational
and (all the more so) electronic states. The number of
ions in the trap is determined by measuring the currents
induced in the body of the chamber by the ionic vibra-
tions.

When a monochromatic electron beam is passed
through the trap, recombination occurs in the chamber
and lowers the number of ions present in it. Knowing
the density of the electrons in the beam, the percen-
tage decrease of the number of ions as a result of re-
combination,, and the time of interaction of the electron
beam with the ions in the trap, we can easily calculate
the recombination cross section. The basic source of
.error in this method is associated with the finite width
of the electron energy distribution in the beam. This is
indicated, for example, by comparison of data92 ob-
tained using electron beams with varying degrees of
monochromaticity (widths of distribution « 0.15 and 0.04
eV) (see below, Fig. 9).

3) The time of retention of the ion in the vacuum chamber is
limited by the possible ion-molecular reactions that take
place with participation of residual gases. This time ranges
up to 24 hours for the ion NHj, which is not affected by such
reactions.80

The ion-trap method has been used successfully to
measure the d.r. cross sections of such molecular
ions as NO*, 0£, H3O*, NH^, N2H% and HCO*.

b) The congruent-beam method

Another effective method for direct measurement of
the d.r. cross section is based on the use of beams of
electrons and ions that intersect at a small (or zero)
angle with their closing velocity much smaller than of
either of the beams in laboratory coordinates.

This method has one advantage in the relatively long
interaction time of the beams and another in the possi-
bility of running experiments in which the energies of
relative approach of the colliding particles are as small
as desired. It can be shown81 that the relative colli-
sion-energy scatter A£c/£c is determined by the relative
scatters of the electron energies (&Ee/Ee) and of the ion
energies (A£(/£j) in the laboratory system, and by the scat-
ter A 0/6 of the angles at which the electron and ion beams
intersect, and does not depend on the collision energy
in the center-of-mass system. Thus, the calculations
of Ref. 81 indicate that when a beam of H* ions with en-
ergies of 443 keV and an energy scatter of ± 200 eV and
a beam of electrons with energies ~ 120 eV and energy
scatter of ± 0.1 eV meet at a 1° angle accurate to AS
= 1.0°, the maximum scatter of the relative energy of
electrons and ions does not exceed 0.1 eV. Since the
attainable relative energy scatter A£(/£( in the ion
beam decreases with increasing beam energy E,,
switching to the use of fast beams to study slow colli-
sions increases the accuracy of the measurements.
This also makes it relatively easy to solve the problem
of detecting the d.r. products, which is done with the
traditional fast-particle detectors developed in nuclear
physics.

The chief drawback to the congruent-beam method
arises from the difficulty of identifying and fixing the
initial state of the molecular ion in the beam. Usually,
the vibrational-state distribution of the beam ions de-
pends on the way in which the ions are formed and on
the state of the plasma that serves as the ion source.
This may give rise to an additional uncertainty in in-
terpretation of the results of measurements and dif-
ferences between results obtained by different authors.
Nevertheless, the congruent-beam method is a highly
productive source of information on the behavior of
the d.r. cross section at low collision energies. Thus,
Ref. 82 reports measurements of d.r. cross sections
made for 25 ion species in the range of collision ener-
gies from 0.01 to 0.1 eV with an uncertainty of ~ 15% .4)

No other method is capable of ensuring such measure-
ment accuracy in this range of energy variation.

c) The crossed-beam method

This method, which is widely used in the physics of
atomic collisions, is hardly suitable for investigation
of d.r. One reason for this is the difficulty of pro-
ducing monochromatic electron and ion beams with en-

4) These measurements were continued in Refs. 134, 155, and
165.
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FIG. 2. Cross section for dissociative recombination of elec-
trons and molecular hydrogen ions flf vs collision energy.
1) experiment,85 vibrational states of //£ molecular ions 0*i>
*15, width of electron energy distribution 0.2 eV; 2) calcula-
tion86; 3) experiment, Ml87 width of electron energy distribution
0.04 eV; curve 3') states with 0*f * 15 participate in recom-
bination; curve 3") states with v= 0-2 participate in recom-
bination.

FIG. 4. Energy dependence of d. r. cross section of /)£ mole-
cular ions. 1) Experiment85 (total cross section of process): 2)
experiment84 [partial cross section of recombination with for-
mation of D(ls4p)l; 3) partial cross section of recombination
with formation of D (Is2p)83; 4) result of statistical analysis of
this experiment.83

ergies of a few electron volts, and another is the short
time of interaction of the beam and the consequent dif-
ficulty of recording the d.r. products, which are formed
in vanishingly small quantities. An opportunity to use
the crossed-beam technique successfully arises when
one of the atoms formed as a result of d.r. emits an
easily registered quantum. This possibility was dis-
covered and used by Dunn et al.,B3>S4 who measured the
d.r, cross section of the molecular ion Dj:

- - - -D- fD*

The relative efficiency of d.r. was recorded at various
collision energies by measuring the intensities of the
Lyman (2p - Is) and Balmer (4p - 2s) lines of the deu-
terium atom. This method has an important advantage
in that it enables us not only to estimate the energy de-
pendence of the d.r. cross section, but also to form an
idea of the relative contributions of the various process
channels, which differ from one another in the final
states of one of the atoms. However, the wide energy

Id'1 Id'1 10° to'
Energy, eV

FIG. 3. Dissociative recombination cross section of electrons
and Hi molecular ion's vs collision energy. 1) According to
Ref. 88 (reconstructed from rate-constant measurements); 2)
Ref. 89 (energy resolution 0.2 eV); 3) Ref. 81 (energy resolu-
tion 0.07 eV).

scatter of the colliding particles, which we mentioned
above, has made it impossible to detect the subsequent-
ly established oscillation structure on the energy curve
of the cross section. Because of this disadvantage, the
crossed-beam method, which was developed for in-
vestigation of d.r. in 1975, has not been used further.

d) Results of measurements

Figures 2-9 show d.r. cross sections obtained in ex-
periments by various authors as functions of energy.
The data represented in these figures show that the
measured curves are monotonically decreasing func-
tions. Where the resolution (in energy) of the mea-
suring system was high enough, fine structure appears
on these curves.

Figure 9, which shows data obtained with resolutions
of 0.04 eV (a) and 0.15 eV (b), clearly shows how sensi-
tive the result of measurement of the energy dependence
of the d.r. cross section is to the resolving power of
the measurement apparatus. The considerable differ-
ence between these data indicates, first of all, that in-
formation on the fine structure in the energy dependence
of the cross section was lost in most of the experiments

Energy, eV

FIG. 5. Dissociative recombination cross section of NO*
molecular ions as measured and calculated by various authors
for various collision energies. 1) experiment48; 2) exper-
ment63; 3) theory.90
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FIG. 6. Energy dependence of d. r. cross section of Of mole-
cular ions. 1) experiment48; 2) experiment63; 3) ff~E"1 rela-
tion.

made at resolutions poorer than 0.1 eV. We should ex-
pect such information to be acquired as experimental
techniques are developed further.

In analyzing the experimental data, we shall proceed
from the general expression (2) for the dr. cross sec-
tion. Let us consider the extreme case of small T.
Here, substituting in (2)

where Et(Rc) = E, we obtain for the dissociative recom-
bination cross section

(6)

\t:*,<in\f

.
d/?

where a is the amplitude of the vibrations of the nuclei
in the molecular ion.

This expression indicates that the nature of the energy
dependence of the d.r. cross section is determined es-
sentially by the vibrational state of the molecular ion.
If there is a range of internuclear distances in which the
energy of the molecular ion is larger than or of the
order of magnitude of the energy of the autoionized
state, d.r. is possible on capture of arbitrarily slow
electrons. This case occurs either fof vibrationally
excited molecular ions or under conditions such that
the intersection of the terms of the molecular ion and
the autolonused state of the quaslmolecule takes place
near the bottom of the potential well of the molecular
ion. In this case, relation (6) shows that in the limit

10' to'f to-'
Energy. eV

10'

FIG. 7. Energy dependence of d. r. cross section of N£ mole-
cular ions. 1) experiment48; 2) a~e"1 relation.

Iff' . ' I ,
10-'"-

I

o-/

x-2

to'* 10-' w°
Energy, eV

FIG. 8. Energy dependence of d. r. cross section of NHJ
molecular ions. 1) experiment80 (energy resolution 0.05 to
0.15 eV, errors of single experiments indicated on the figure);
2) reconstructed from measurements of process rate con-
stant.91

of low electron energies

the energy dependence of the d.r. cross section has the
form

(7)

Let us now analyze the opposite limiting case, which
corresponds to reversal of the inequalities (6).5) Here
we can easily verify that the integrand is practically
independent of e, so that we again have an inversely
proportional dependence of cross section on energy. In
this case, however, we may expect a strong dependence
of the d.r. cross section on the number v of the vibra-
tional state of the molecular ion. In fact, as v in-
creases, so does the characteristic width A# of the
nuclear wave function of the molecular ion. This makes
possible the capture of an electron at large internuclear
distances, when the value of exp(-//E (TdR/Kv)) is much
larger than it is when the molecular ion is in the ground
vibrational state.

Still another interesting extreme case corresponds to
a negligibly small characteristic width &R of the nu-
clear wave function *(K). In this case, the range of
internuclear distances that makes the basic contribu-
tion to the integral is concentrated near the point R0,
and the d.r. cross section is found to be proportional to

(8)

' It must be remembered that the conditions for use of the
Breit-Wigner formula (2a) are violated in this case; the re-
sult is therefore of qualitative nature.
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TABLE II. Results of measurements of d. r. cross sections
at low electron energies8?

0.0i O.Olt 10''0.2 M 0.8 10"

Erwrgv. eV

bl

FIG. 9. Energy dependence of the d. r. cross section of H3O*
molecular ions. The circles representexperiment.92 a) Electron
energy scatter 0.04 eV; b) electron energy scatter 0.15 eV;
dashed line from reduction of process rate constant measure-
ments.93

The nature of the relationship described by (8) is deter-
mined by the energy £a(/J0) corresponding to the inter-
section point of the terms of the molecular ion and the
autoionized state of the quasimolecule. If £a(R0) is
large compared to T and to the characteristic energy
scatter of the electron beam, the <r(E) relation exhibits
a characteristic resonant structure. When intersection
of the terms occurs near the bottom of the potential
well of the molecular ion [^(R,,) is small], expression
(8) describes a a(c) that decreases more sharply with
energy than indicated by relation (7).

The energy relations (6)-(8) obtained on the basis of
the general expression (2) for the d.r. cross section
agree qualitatively with the experimental results in
Figs. 2-9. For example, Table II gives results from
measurements of d.r. cross sections at low collision
energies (0.01 < s< 0.1 eV).82 The electron energy
above which the energy dependence of the d.r. cross
section deviates from the inversely-proportional rela-
tion (7) is given in the last column of the table. Where
this parameter is not indicated, small deviations from
relation (7) that do not exceed the error of the experi-
ment are observed over the entire range of electron
energies. The slope of the energy curve ff(t) increases
at electron energies exceeding ~0.1 eV. This behavior
of a(e) is consistent with expression (8), which follows
from the general expression for the cross section in
the case of an extremely small nuclear wave function
width of the molecular ion. The increase in the sharp-
ness of the cross section vs energy curve can also be
seen in Figs. 4, 8, and 9, where the sharpest power-
law dependence corresponds to expression (8) in the
extreme case E»£ (R0), s»r.6)

) We note that the sharpest dependence of the d.r. cross sec-
tion on electron energy according to (8) has the form f ~E~3,
e»£a»r. However, relation (8) takes into account only
one autoionized level of the quasimolecule. The contributions
from the various autoionized states may prove to be compar-
able in the range of the parameters under consideration, and
interference of contributions from these states may result
in a sharper dependence of the cross section on energy.

Molecular
ion

H: (all r)
Hi (r =-- 0 - 2)
HD< (allr)

1 l.t ( all /') "
HI* (exc)
CH+ ( < • = • - • 0)
NH»
OH*
CJ
N:
NO*
Oj

HJ <r = 0)
H!.t
l ) j
en:
CHJ
CH;
CHJ
H,O*
HJO*
C.HJ
C,H}
N,H*

D.t. cross section
atC=0.01eV,
10-" cm'

0.15
0.12
0.6
0.4
1.1
O.fi
(1.25
0.2
1.4
! .85
0.55
0.45

1.0
0.8
O.f i

,2
^ 7

.3

.5

.8
1.5
1. i
2.2
1.8

late constant at
7V=120K, 10-'
cm3 /sec

4
0.8
4
o 7

7.4
4
1.7
1.3
fl.4
5.7
3.7
3

6.5
5.4
4
8

12
(1.5
I . I
1 .2
1.1
fl.4
1.5
1.2

Energy beginn-
ing at which de-
pendence of cross
section on energy
deviates from inverse
proportionality

0.07
>0.t
>0.1
>0.1
>0.1
>0,1

0.1
>0.1
>0.1
>0.1

O.Ofl
>0.1

0.1
0.1
0.1

>0.1
0.1
0.07
0.08
0.1
0.1
0.1
0.1
0.06

The energy dependence of the d.r. cross section for
the molecular ion CC, in Fig. 6 shows a rather narrow
resonance at s» 1.6 eV. This structure of the cross
section is described, as follows from the above analysis
of the general expression (1) for the d.r. cross section,
by relation (8) in the case when the width of the nuclear
wave function of the molecular ion is small and the
terms intersect in the high-energy range.93 Since no
such structure of the cross section was observed for
the other systems, we may infer that the situation in
which the intersection point is near the bottom of the
potential well is the typical one.

Expression (6) qualitatively explains the oscillations
observed on the energy curves of the d.r. cross sec-
tions for Hj and Hj when high-re solution apparatus is
used (see Figs, 2 and 3). In these experiments, the
molecular ions could have been in several different
vibrational states, so that the measured cross section
represents a sum of the type S^/,, where i is the
number of the vibrational state, cr( is the d.r. cross
section for ions in that state, and /, is the relative num-
ber of nuclear-ion molecules in that state. Since, as
follows from (6), the energy dependence of the d.r.
cross section of a vibrationally excited molecular ion
reflects the oscillation structure of the nuclear wave
function of this ion, we may state that the total cross
section should exhibit a disordered oscillation struc-
ture.7' The details of this structure are determined by
the specific nature of the vibrational-state distribution
of the molecular ions, which is very difficul'^to
establish experimentally.

7) O' Malley167 makes an attempt at a qualitative explanation of
this oscillation structure in terms of the influence of vibra-
tionally excited Rydberg states of the molecules—an effect
manifested in the form of narrow resonances superposed on
the <J ~e~1 relationship.
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4. METHODS OF MEASUREMENT AND TEMPERATURE
DEPENDENCE OF DISSOCIATIVE RECOMBINATION
COEFFICIENT

The-coefficient or, which is defined by relation (1), is
the basic parameter determining the influence of
charged-particle recombination on plasma properties.
In this section we briefly describe methods for experi-
mental study of the d.r. coefficient and discuss results
of such studies.

a) Decay of gas-discharge plasma

The most natural method of measuring the d.r. coeffi-
cient is based on the use of relation (1). "This method,
which was elaborated in detail by M. A. Biondi et al.*
and has been used extensively by various authors, con-
sists of measurement of the decrease in electron den-
sity with time in the afterglow of a gas-discharge plas-
ma. This is usually done by a microwave procedure
based on the dependence of the natural oscillation fre-
quency of the microwave cavity on the density of the
electrons filling the cavity. Excitation of electromag-
netic vibrations in a microwave cavity enables us not
only to measure the electron density, but also, if neces-
sary, to heat the electron gas with the object of investi-
gating the electron-temperature (average-energy) de-
pendence of the d.r. coefficient.

In a decaying gas-discharge plasma, the continuity
equation for the electron density AT, takes the form

Qt a e « \&)

where Da is the coefficient of ambipolar diffusion. It
was assumed in writing this relation first of all that
there is only one molecular-ion species in the plasma,
and, secondly, that no ionization of atomic particles
occurs as a result, for example, of the Penning ioniza-
tion mechanism, such as occurs when excited or meta-
stable particles participate. The validity of the first
assumption is tested by mass-spectral analysis to de-
termine the ionic composition of the gas-discharge
plasma, and that of the latter by optical measurements
of metastable-atom density.

Since diffusion of the charged particles may be neg-
lected at high gas densities, the solution of Eq. (9) with
the initial conditionNa(t=0)=N0 has the form.

(10)

The simple relation (10) is convenient for processing
experimental data, and the very fact that the measured
N^(t) relation coincides with the straight line of (10) at
high pressures confirms the validity of the assumptions
made above. However, measurements indicate that at
high gas pressures, p » 10 mm Hg, when the diffusion
of charged particles is immaterial, complex molecular
ions form rapidly in the plasma, with the result that its
ionic composition becomes more complicated. Recom-
bination-coefficient measurements are therefore usual-
ly made at intermediate gas pressures, at which diffu-
sion and recombination make comparable contributions
to the charged-particle balance. In such a situation, of
course, the nature of the Nt(t) relation is determined

by the geometry of the system containing the plasma.
Equation (9) is solved numerically to determine the
recombination coefficient from the measured Nt(t) re-
lation, with the diffusion coefficient Da determined in-
dependently and the recombination coefficient a varied
until the result of the numerical solution agrees with
the measured relationship.

The above procedure is most convenient in investiga-
tion of the d.r. of molecular inert- gas ions, since the
ionic composition of the plasma and the course of the
processes that form and destroy the molecular ions
are simplest in this case. The measurements are made
both at thermodynamic equilibrium and under non-
equilibrium conditions, with the electron temperature
substantially above the temperature of the gas. In the
latter case, as we have noted, the electrons are heated
with an electromagnetic field set is oscillation in a
microwave cavity. Here the nature of the electron en-
ergy distribution function, which, generally speaking,
differs from Maxwellian, is determined by the ratio of
the electromagnetic- field frequency u> to the frequency
vel of the elastic electron-atom collisions (see, for
example, Ref. 94). If this ratio is large, the electron
distribution function is Maxwellian and characterized
by an average energy

where m and M are the masses of the electron and the
atom, respectively, E is the maximum electric field
strength, and T is the temperature of the gas. If the
frequency of electron-atom collisions is higher than or
of the order of magnitude of the frequency of the ex-
ternal field, the distribution function differs signifi-
cantly from Maxwellian. Here the average electron
energy is expressed in terms of the collision cross
section, and the accuracy with which this parameter is
determined depends on the accuracy of the cross sec-
tions. The usual practical case is intermediate: the
error in determination of £„ is small, but it influences
the over-all accuracy of the experiment.

Another source of error in this method of measuring
the d.r. coefficient is the fact that the microwave pro-
cedure of electron-density measurement yields volume-
averaged values of Nt. Under conditions such that the
characteristic diffusion and recombination times of the
charged particles are of the same order of magnitude,
the spatial electron- density distribution is known with
an uncertainty that also influences the error in deter-
mination of a. In spite of these error sources, the
method is characterized by rather high accuracy (which
is estimated by the authors as being within 10-30%).

b) The spectroscopic method

Another method of measuring the d.r. coefficient is
based on the fact that dissociative recombination re-
sults in the formation of excited atoms and molecules
that emit light on transition to less highly excited
states. The rate of decrease of the density of the
emitting excited atoms can be established by mea-
suring the intensity of the radiation as a function of
time.18'95"98 If the intensity of the radiation is propor-
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tional to the squared charged-particle density mea-
sured or estimated in an auxiliary procedure, it is
concluded that this radiation is of recombinational
nature and the coefficient of recombination is estab-
lished. The difficulties of this method stem, first of
all, from the large number of possible d.r. channels
and the correspondingly large number of lines emitted
in a broad range of the spectrum. Since the measure-
ments are usually made with spectral instruments that
are sensitive over a limited region of the spectrum,
this method cannot produce absolute values of the d.r.
coefficient with the same accuracy as other experi-
mental procedures.

Another problem that complicates use of this method
arises when the d.r. coefficient is comparable to the
rate constants of the other processes that take place
in the afterglow and result in the formation of the
same excited states of the atoms. In this case, new
channels that populate excited states may appear during
decay of the plasma, and since the rate of population of
these levels may, by virtue of the variety of mecha-
nisms, depend in different ways on the electron den-
sity, the relation of the time dependence of the radia-
tion intensity to the d.r. coefficient may prove highly
complex. This situation evidently arises in the case of
recombination of Hej. For this reason, the values of
the d.r. coefficients obtained for He^ by different
authors72"76 disagree sharply with one another. The
spectroscopic technique for investigation of d.r. is
essentially our only source of information on the chan-
nels of the process and the final states of the products.
This method is most effectively used in combination
with study of the type of decay of the gas-discharge
plasma,35'36'100 because the absolute value of the d.r.
coefficient is established on the one hand, and, on the
other, the dependence of the relative contributions of
the various process channels on the electron and gas
temperatures is investigated.

One variety of this method, which involves measure-
ment of the radiation intensity as a function of time, is
known as flash radiolysis (see, for example, Refs. 101
and 102). In this method, the d.r. coefficient is recon-
structed from the variation of the plasma's radiation
intensity over short time intervals (~ 10"7 sec), during
which the plasma decays. The experiment is performed
at atmospheric pressures, so that the plasma formed
during short nanosecond flashes decays only as a result
of recombination. The accuracy of the flafeh-radiolysis
technique is limited, firstly by the aforementioned
problems of establishing the correspondence between
the emission of the plasma and specific recombination
channels and secondly by the difficulties of measuring
the electron density and ionic composition of a plasma
that exists only for a few tens of nanoseconds.

c) The shock-wave method

This method enables us to investigate the temperature
dependence of the d.r. coefficient over a broad range of
gas temperatures. It is based on measurement of the
characteristic dimension d of the region behind the
shock front on which a significant change in charged-

particle density occurs as a result of recombination.
This dimension is related to the characteristic recom-
bination time Trec by the simple expression d=cTne,
where c is the velocity of the shock front The tem-
perature of the gas behind the shock front is determined
by its velocity. Charged particles are created by an ex-
ternal ionization source, and their concentration is
measured by the usual probe methods. An important
distinctive feature of this method arises out of the fact
that the state of the gas behind the shock front is nearly
that of thermodynamic equilibrium, so that the results
of the measurements pertain to a situation in which the
electron temperature T. is close to the gas temperature
T. Such conditions are not usually realized in the gas-
discharge plasma.

The principal difficulty encountered in using this mea-
surement procedure stems from the fact that the tem-
perature of the gas and its pressure and ionic composi-
tion behind the shock front vary in rather complex
fashion. Under certain conditions, therefore, deter-
mination of the d.r. coefficients requires a conversion
that is often based on additional and not particularly
sound assumptions. In particular, a plasma ionic com-
position is postulated and used unchanged behind the
shock front. Since the temperature of the gas usually
changes by more than an order of magnitude behind the
front, this assumption is unjustified and may produce
erroneous data. Thus, the sharp decrease in the d.r.
coefficient with gas temperature that is in certain
cases can be explained by an increase in the relative
number of atomic ions, which recombine much less
efficiently than molecular ions.103 Since the species of
the ions is not registered directly during the experi-
ment, quantitative estimation of the resulting error is
difficult

Thus, the shock-wave method is significantly less ac-
curate than methods based on study of plasma afterglow.
In spite of these difficulties, the method and its various
modifications have come into rather extensive
use> 13. 50.28. 67. 104-109 because they make U pQSSible tO

study the process over an extremely broad temperature
range.

d) Results of measurements. Temperature dependence of
dissociative recombination coefficient

Table III presents the results of measurements of the
d.r. coefficient at room temperature (Te= T = 300 K).
These figures were obtained by averaging over the
available experimental data. Figures 10-17 show
values of the d.r. coefficient as functions of electron
and gas temperatures that have been measured by
various authors. The values of the parameters y. and
yt that characterize this relationship and can be ap-
proximated by the power-law expression

a,= a u ( M j T e / ^iy'g> (11)

appear in Table IIL

We see from the data that the results of measurement
of the temperature dependence of the d.r. coefficient
depend strongly on the conditions of the experiment
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TABLE III. Dissociative recombination coefficient vs elec-
tron and gas temperatures from measurements by various
authors.

Ion

NeJ

Ar{

KrJ

NJ

NO*

o;

CO*

*•«•
101 K

3

3—6
9—24
3—110
3-5

3—46

4.5—9

9—35
3—70

3—100
10—30

4.5—6,7
6.7—30

3—100

3—85

9—27

3—190

3—100

2—4.8

35—72
3—30

7—27

2—4.5

2—3.6

4—55

2—6.9

18—50
3—50

3—9

6—25
3: 7.75

T,
10> K

3

3
3
3

3-5

3

4.5—9

9—35
3—5.6

3
10—30

4,5—6.7
6.7—30

3—5

3

9-27

3—5.2

3

2—4.8

35-72
3

7—27

2—4.5

2—3.6

4

2—6.9

18—50
3

3—9

6—25
3

10crn>/sec

—

2—1.5
1.5—1
1.7—0.4
1.8—1.4

1.8—0.4

1.4—1.2

1.2—0.15
•2—0:5

8—0.9
2.5-0.4

4.5—4
4—0.4
8—0.8

10—1

42—9.6

10-1

16—2.5

2.7

1.2—0.4
i.8— 0.6

1.3—0.8

7—3

10—4

4—1.5

3—1

1—0.2
2—0.3

2—1.4

1.1—0.46
6.8—3.9

1,

1.5

0,4
0,25
0.43

0.49

—

0,42

0.67

0.64

0.61

—
0.53

0.55

0.39

_

—
_

0.37

—

_

0.56—
—0.7

—0.57

^+T«!1 .—
_

0.421

0.5

1,5
1.12

1.3

0.5
1.5
1.5

—
1.5 ,

1.5

—
0.021

1.5

0.37

1

1.2

I —

1

1.5

: 0.4
0.63

Method and conditions
of measurement

Microwave cavity

Same
» »
» »

Microwave cavity,
gas in furnace
Microwave cavity, ions
identified

double probe in shock
tube
Same
rficrowave cavity with
urnace
Same
double probe in shock tube

Same
» »

Microwave cavity with
furnace
Microwave cavity

double probe in shock tube

Microwave cavity with
furnace
Microwave cavity

Microwave cavity with
furnace
Shock tube
Microwave cavity, neon pres-
sure 13 mm Hg

Shock tube, neon pressure
2-* mm Hg
Microwave cavity with furn-
ace, neon pressure 3 mm Hg

Microwave cavity, neon pres-
sure 132 mm He

Microwave cavity, neon pres-
sure 12mmHg

Microwave cavity, gas in furn-
ace, neon pressure 20 mm Hg

Shock tube
Microwave cavity
Microwave cavity,
gas in furnace

Shock tube
Microwave cavity

Refer-
ence

•i

10
10

B
11

IS

13
17

12
as

13
13

19

27

d7

3'

35

55

es
4«

•d

59

57

H

44

70
4«

38

50

•4

0.!

QJ

0.1

0./0 on /HC

-J_
200 WO 600 I03

I ' I

FIG. 10. Temperature dependence of d. r. coefficient of NeJ
molecular ions. T= Tt = 300 K: 1) from Hef. 12; 2) from
Ref. 9; 3) from Ref. 10; 4) from Ref. 17; 5) from 17; T= Te

= TI : 6) from Ref. 13; 7) from Ref. 11; 8) from Ref. 7.

01 0,4 o.6otm° 2 i e s 10'
LIO'K

FIG. 11. Temperature dependence of d. r. coefficient of ArJ
molecular ions. T= T4 = 300 K: 1) from Ref. 22; 2) from Ref.
27; 3) from Ref. 27; 4) from Ref. 29; T. = T= T,: 5) from
Ref. 13; 6) from Ref. 28; 7) from Ref. 29.

For example, when the measurements were made under
nonequilibrium conditions, with the temperature of the
gas remaining at room level while the electron tem-
perature was varied over a broad range, the value of
y. is about 0.5 (a ~ r;0-5). This agrees well with the
previously described results of measurements of the
dependence of the process cross section on electron
energy, according to which the inverse proportionality
<r~ I/E is a good approximation for most of the systems
studied over a broad range of electron energies. Using
this relation, we easily obtain for the d.r. coefficient

(12)

5. DISSOCIATIVE RECOMBINATION WITH
PARTICIPATION OF A COMPLEX ION

The d.r. coefficient increases with increasing com-
plexity of the ion. Typical values of the dissociative
recombination coefficient of electrons and cluster ions
at room temperature are of the order of magnitude of
10"6 cmVsec, or approximately an order of magnitude
higher than the characteristic value of the dissociative
recombination coefficient in the case of simple molecu-
lar ions. Thus, the appearance of composite and
cluster ions in the gas accelerates the decay of the
plasma.

10s

if1

8

i i r
03 OA as W° 2 4

Te,l0
3K

S to' 20

FIG. 12. Temperature dependence of d. r. coefficient of KrJ
molecular ions, j? = T= 300 K: 1) from Ref. 35, 2) from Ref.
34; T{ = T= £: 3) from Ref. 34.
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FIG. 13. Temperature dependence of d. r. coefficient of Xe|
molecular ions.36

An experimental technique for measurement of the
coefficient of d.r. with participation of a cluster ion
is based on investigation of the decay of a weakly
ionized plasma in the afterglow. It employs the same
microwave electron-heating procedure as in the simple-
ion case (see Sec. 3). The difference is that the recom-
bination process usually involves several species of
cluster ions.. Therefore the investigation is performed
at a constant gas temperature, since this ensures that
the concentrations of the individual cluster-ion species
remain constant during decay of the plasma. The con-
centrations of cluster ions of various species are de-
termined at the corresponding temperature and pres-
sure of the gas from the known equilibrium constants
for cluster ions. A set of measurements made under
different conditions can be used to establish the coeffi-
cient of d.r. with participation of a cluster ion of a
given species as a function of electron temperature.

Dissociative recombination can proceed via many
channels in the presence of complex and cluster ions.
This circumstance can be used as a basis for simple
models,3'113'114 that describes this process. Below we
shall examine these dissociative-recombination models
and use them as a basis for analysis of the results of
existing experiments.

In the first of the models, treating the electron as a
classical particle, we introduce the effective recom-
bination radius R0. On entering the sphere of radius
R0 surrounding the complex ion, the electron recom-
bines with probability £. The cross section of this pro-
cess, which is equal to £ times the cross section of
penetration of the sphere R0 by the electron with Cou-
lomb interaction with the center, is given by115

Bo ' (13)

0.32 0.5',
J? ,eV

1.5

* &

0 4 S 12 16 20 24 28
E/N, K7-"w/cm2

FIG. 14. Dependence of d. r. coefficient of Hi molecular ions
on E/N ratio and average energy of electrons in hydrogen in
an electric field.110

if7

to2 to1 (0*
re,K

FIG. 15. Electron-temperature dependence of d. r. coefficient
of NO* molecular ions. 1) fromRef. 48 (calculated from measured
cross section) 2) from Ref. 48 (calculated from approximation
of measured cross section); 3) from Ref. 62 (experiment); 4)
fromRef. Ill (calculated); 5) from Ref. 63 (calculated from
measured cross section); 6) from Ref. 90 (calculated); 7) from
Ref. 65 (experiment).

where E is the energy of the incident electron. For the
coefficient of dissociative recombination with a Max-
wellian electron velocity distribution, this gives

«=("" rec> = (14)

where m is the mass of the electron and Tg is the elec-
tron temperature.

Another model takes into account the fact that d.r.
proceeds via the formation of autoionized states of the
electron and the ion. It uses the presence of a large
number of recombination channels, thus smoothing the
characteristics of this process. According to the Breit-
Wigner formula, the recombination cross section in
this case is

n (e) = S !•»/„; (15)

here I\ is the width of the fe-th autoionization level and
/ft(E*)^eft is the probability that the cluster ion has a con-
figuration of the nuclei with which the energy of the
autoionization level lies in the range from E» to ES + dzk.
An assumption used within the framework of this model
is that W(E) is smooth. This is the case if the auto-
ionization level is smeared out strongly by the motion
of the nuclei or if the number of autoionization states
is large.

For n = const, therefore, both models give the same
dependence of the recombination cross section on in-

"7 if'

to' to2 to1 to*

FIG. 16. Electron-temperature dependence of d. r. coefficient
of O+ molecular ions. 1) from Rsf. 48 (calculatedfrom measured
cross section); 2) from Ref. 44; 3) from Ref. 50; from Ref.
49.
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TABLE V. Dissociative recombination coefficient a vs. elec-
tron temperature T,, or dissociative recombination cross
section arec vs electron energy E in the case of cluster ions.

10*

FIG. 17. Electron-temperature dependence of d. r. coefficient
of N| molecular ions. 1) from Ref. 48 (calculated from measured
cross section), 2) from Ref. 49 (experiment); 3) from Ref. 55;
4) from Ref. 112.

cident-electron energy [the quantity (R0/a0)£ in the first
model is equivalent to 2n in the second; aa = K2/me* is
the Bohr radius]. Therefore the consideration of many
process channels gives the same result in the different
models. This enhances the value of these approaches.

Using the parameter of the second model, relation
(14) for the recombination coefficient is conveniently
written in the form

(16)

where a is expressed in cm3/sec and the electron tem-
perature T, in degrees. Since n~l, the coefficient of
recombination with participation of a composite ion at
thermal energies is a ~ 10"6 cmVsec.

Table IV gives values of the parameters n deduced
from experimental values of the recombination coeffi-
cient using relation (16). The experimental data per-
tain to room temperature unless another measurement
temperature is indicated in parentheses. Statistical
processing of the data in Table IV after elimination of

TABLE IV. Coefficient of recombination of electrons and
cluster ions.

Cluster ion

Of
N*
NO*- NO
He*
H*
CO* -CO
HJ
NHJ
Na*.02
Na*-CO,
H,0+
CO*-(CO)j
H,O*-H,0
H,0*.(H20)S

H,0*.(H.O),
H30*.(H20),
H,0*.(HS0)S

NHJ.NHj
NHJ.(NH,),
NH+.(NHS),
NHf-CNH,),

tecombiiutioi coeffi-
aent, 10-« m'/Jec

2,0 (200 K)
1.6
1,7
3.4 (80 K)
0.23
1.3
3.6 (205 K)
1.6
5
5
1.2
1.9
2.4
3.4
3.6
6 (205 K)
10 (205 K)
2.8
2,7
3 (200 K)
3 (200 K)

n

0.8
0.8
0.8
0.9
0.12*)
0.65
1.5
0,8
2.5
2.5**)
0.6
.0
.2
.7
.8
.5
.1
.4
.4
.2
.2

Reference

44, 11B

44, 61, 149

59

117

M

IIB
BH

101, 91

11»

119
110, 1>1

11B

120, 122

120, 122

120, 129

120

120

91

91

91

Bl

*Beam measurements88 for an electron energy of 0.38
leVglve n= 0.19.
**Beam measurements92 give n= 1.2.

Cluster ion

He*
N:
CO* -CO
H,0*

D,O*
NH{

CO* -(CO),
H,0*.(H,0),
NH*-NH,
H,0*.<H20>S

NH:.(NH3),
H,0*.(H,0)3

din a
<UnTe

1—1.6
0.8—1.2*)

0.41
0.34

0.4—0.7**)

—

0.4—0.7**)
1.0±0.3*)

—

0.33
0.08***)
0,147
0.08***)
0.050
0.00*«*)

"1>"'r.c
d i n e

—
—_

—2.9
0.79
2.9_

—
1.40
3.43

——

—
—
—
—

Electron temper-
ature range, K

80—250, r = 80K
290—650
300— WOO
300—5000
300—10000

—
—_

300—10000
200—410

—_

200—5000
300—8000
300—3000
300— 800P
300—3000
300—3000

Electron energy
range, eV

—

—
—
—1 0.38—0.110

0.110—0.42 '
0.42—1.15_

—
0.05—0.3

1 0.3—2.0

—
—
—
—
—

Refer-
ence

17

23

49

IB

24

92

12

10

8

0
11

9

1(1

9

11)

9

*The electron temperature is equal to the gas temperature.
**Ion temperature varies in range 800-3500 K, ye increases
with ion temperature.
***Ion and gas temperatures constant at 300-400 K.

the Kg ion, which can hardly be regarded as composite,
gives for the average value of the parameter n

n = 1.4 ± 0.5. (17)

Table V gives the parameters of the dependence of
the d.r. cross sections of cluster ions on electron ener-
gy or of the d.r. coefficient on electron temperature.
We see that beam measurements produce either rela-
tion (13) or a sharper one.8' However, measurements
made for more complex ions in a decaying plasma indi-
cate that the dissociative recombination coefficient does
not depend on temperature, i.e., that the recombination
cross section is a smoother function of electron energy.
This contradiction can be explained if we posit an in-
direct recombination mechanism for the complex clus-
ter ions included in the table.78 For a slow electron,
the cross section of excitation of internal degrees of
freedom of a cluster ion is proportional to l/v (v is
the electron velocity). If we assume that this transition
results in capture of the electron into a autoionization
level and that subsequent decay of the autoionization
state is accompanied by dissociation, the d.r. coeffi-
cient will not depend on temperature in this mechanism.

Concluding the analysis, we can say that on the av-
erage, the models considered give the correct picture
of the process. Relations (13) and (15) yield reliable
estimates of the coefficients of d.r. of the electron and
complex ion.

Let us consider the dependence of the d.r. coefficient
for the electron and cluster ion as a function of the
number of molecules present in the cluster ion. If we
assume that the number of recombination channels
(i.e., the number of autoionization states) of the elec-

8) We note that beam measurements82 give a,^. = 1/e for a whole
list of complex ions If the electron energy is small enough
(ES,10''eV).
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to -

FIG. 18. Dependence of dissociative recombination coefficient
of electrons and Ht -(H2O)n cluster ions on number of mole-
cules n. Experiment: 1) from Ref. 120; 2) from Ref. 91; 3)
from Bottcher' s formula125: an = ai (l.3n- 0.3); 4) <*„ = ain

[otn is the recombination coefficient for H+-(H2O)n] ions.

tron and cluster ion is proportional to the number of
molecules in this ion, the recombination coefficient
will be proportional to the number of molecules in the
ion. Figure 18 shows plots of the coefficient of recom-
bination of electrons and H3O*- (H2O)n cluster ions
against the numbers of molecules in the ion. The ex-
perimental results of Ref. 34 were obtained by investi-
gating the afterglow of a decaying plasma, and the
theoretical expression of Ref. 44 makes use of these
arguments.

6. RECOMBINATION OF VIBRATIONALLY EXCITED
IONS AND PRODUCTS OF DISSOCIATIVE
RECOMBINATION

We now discuss the dependence of the dissociative
recombination coefficient on the vibrational tempera-
ture of the ions. It follows from general considerations
that this dependence may vary. If decay proceeds via
autoionization state 1 (Fig. 19) the term of which inter-
sects the molecular-ion term near the bottom of the
well, vibrational excitation of the molecular ion re-
sults in a certain decrease of the dissociative recom-
bination coefficient. If recombination proceeds via the
formation of autoionization state 2, it is more rapid
from a vibrationally excited state of the ion than from
the ground state.

Some information on the influence of vibrational ex-
citation on the dissociative recombination coefficient
can be obtained from its dependence on the tempera-
ture of the gas (see Table III). In fact, the dependence

of the dissociative recombination coefficient on gas
temperature may be due solely to vibrational excitation
of the gas. Analysis of the data in Table III shows that
with the exception of helium, the term of the molecular
ion intersects the autoionization term near the bottom
of the well for inert-gas molecular ions, and that the
recombination coefficient decreases with increasing
vibrational excitation.

We shall assume that the influence of gas temperature
reduces to the formation of vibrationally excited molec-
ular ions, which recombine with a different efficiency.
The over-all recombination coefficient can then be
represented in the form126

--*>?-(£>'•*•• (18)
\r t KM \
X = e x p ( ~T7/ '

where Tv is the temperature corresponding to the vibra-
tional levels of the ion, Tzw is the energy of the vibra-
tional quantum, av is the coefficient of recombination
of the molecular ion from a given vibrational level, and
T. is the electron temperature. The main contribution
comes from the first few vibrational levels at low
vibrational temperatures. We may therefore introduce
the approximation av/a0= (a^a^", which recognizes
that high levels enter into the relation with low weights.
Then, assuming that the exponent yv does not depend on
vibrational level, we bring relation (18) to the form70

i — x ' 300 '

(19)

Use of this relation in analyzing the experimental
vibrational-temperature dependence of the dissociative
recombination coefficient makes it possible to obtain
the coefficient for a vibrationally excited ion. Results
of this procedure as applied in Ref. 126 appear in
Table VL We see that the dissociative recombination
coefficient drops off sharply with increasing vibrational
excitation in the cases considered.

A procedure that permits measurement of the vibra-
tional-level population of a molecular ion has been
developed in recent years.127-128 It is based on tunable-
laser electronic excitation of the molecular ion. The
relative populations of molecular ions in various vibra-
tional states and their time dependence are reconstruc-
ted from the fluorescence intensity of the electronically
excited state of the ion. Ultimately, this makes it
possible to determine the dropoff of ion density in the
corresponding vibrational state with time. Vibrational
relaxation is insignificant under the conditions of the
experiment, since there are no transitions between
vibrational states of the ion as a result of collisions

TABLE VI. Parameters of coefficient of dissociative recomb-
ination with participation of molecular ions of inert gases126.

FIG. 19. Positions of terms of molecular ion and molecule in
dissociative recombination.

Ion

cc0, 10~T cm'/sec
al t 10~7 cm'/sec
">'

Xcf

1.8
0.50
0.43

ArJ

10.4
3.2
0.67

KrJ

24
8.9
0.55
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with neutral particles of the gas. If it is assumed that
these transitions are not caused by electrons, the mea-
sured time curves of the densities of the molecular
ions in given vibrational states can be used to recon-
struct the dissociative recombination coefficients for
various vibrational states of the ion.

This procedure was applied in Refs. 127 and 128 for
N* ions. Under the conditions of the experiment, the
ion vibrational temperature was 1543 K, and the elec-
tron temperature and the rotational temperature of the
ions were practically at room level. The measurements
correspond to a weak dependence of the dissociative
recombination coefficient on ion vibrational tempera-
ture. The dissociative recombination coefficients were
a = 2.15* 10~7 cmVsec for the ground vibrational state
w = 0, a = 2.42-lO"7 cmVsec for v=l , and a = 2.70-10'7

cmVsec for v = 2. We note that if quenching of the
vibrational excitations of the ion proceeded more rapid-
ly than recombination, the recombination coefficient
reconstructed in this way for the vibrationally excited
ion would have been considerably higher than the value
for the unexcited ion.

Vibrational excitation of ions opens up new channels
for dissociative recombination. This has been estab-
lished experimentally in a study of the quantum yield of
excited oxygen atoms O^S) in the case of dissociative
recombination of the molecular ion O*. In Ref. 129, O*
ions were obtained by two methods, using different
mixtures:

0, + A r J -
02 + KrS -

The quantum yield of metastable oxygen atoms i
was 10% in the former case and 2% in the latter. These
studies made it possible to clear up the contradictions
between two earlier groups of measurements.130 One
group included the laboratory measurements of Ref.
131 and studies of the daytime skyglow and aurora132

at 5577 A, which corresponds to the transition O^S)
— OO'Dj + ftw. According to these studies, the quantum
yield of the metastable oxygen atom O(1S) on recom-
bination of O£ was 8-10%. Another group of measure-
ments135"139 pertained chiefly to investigation of the day
and night skyglow and gave O(1S) quantum yields in the
2-5% range. Analysis of the vibrational state of O£
for these cases130 showed that the degree of vibrational
excitation of the Q£ molecular ions was relatively high
in the former, and low in the latter.

The formation of excited states of atoms in dissocia-
tive recombination of electrons and molecular ions is
of interest as a mode of conversion of the energy of
ionized particles to photon energy on deexcitation of
excited ions that are dissociative-recombination pro-
ducts. Thus, dissociative recombination is responsible
for the emission of the ionosphere in forbidden lines of
atomic nitrogen and oxygen. According to Refs.
139-141, the quantum yield of the metastable nitrogen
atom N^P) in the dissociative recombination of NO* is
near unity, and according to Ref. 141 it is 0.76 ±0.06;
the quantum yield of the metastable oxygen atom O(1S)
in this process is 0.6±0.2.142

A separate series of studies was devoted to the after-
glow of excited inert-gas atoms formed by dissociative
recombination with participation of molecular ions of
inert gases.27r35>36>lo° Study of the emission spectra of
atoms formed on dissociative recombination in neon,100

argon,27 krypton,35 and xenon36 yields qualitatively
identical results: at thermal electron energies, the
dissociative recombination products correspond to the
same group of levels as the np state of the excited
electron. The value of the principal quantum number
n for the strongest of the lines observed is one higher
than the principal quantum number of the unexcited
electron. As the electron temperature rises, the num-
ber of observed spectral lines increases, i.e., dis-
sociative recombination also produces excited atoms
with higher excitation energies. To demonstrate this
fact, Fig. 20 presents a diagram of the excited levels
of the xenon-atom products of the dissociative recom-
bination of XeJ and the electron at various electron
temperatures.

The species of the atoms and molecules formed on
dissociative recombinations of complex and cluster
ions are a separate problem. Investigation of this
problem is currently in its initial stage. A statistical
theory of the dissociative recombination of complex
ions was developed in Ref. 166. This theory has been
used to calculate the d.r. product distribution of the
molecular ions HCN*, H3O*, CH*, and NH^ at low tem-

',!/£•* 4
/ s •
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FIG. 20. Diagram of xenon energy levels that participate in
dissociative recombination of XeJ with electrons.36 The solid
lines correspond to radiative transitions observed at T. = 300
K. The dashed lines indicate transitions mat are added at
T. = 8000 K. Ion and gas temperature 300 K. The diagonal
lines indicate levels transitions from which could not be ob-
served with the instrumentation used.
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peratures. This information is of interest for the
chemistry of interstellar clouds.

7. DISSOCIATIVE RECOMBINATION IN WEAKLY
IONIZED GASES

As the fastest recombination process in volume, the
dissociative recombination of electrons and ions often
determines the parameters of the weakly ionized plas-
ma and the phenomena that take place in it. Let us
illustrate this with a few examples.

Dissociative recombination plays an important role in
the charged-particle balance of the earth's ionosphere.
It was research done in this area that led to the dis-
covery of the dissociative recombination process itself.
Analysis of photorecombination143 in the earth's iono-
sphere has shown that this process is not capable of
producing the observed rate of charge disappearance
in the ionosphere.9' And it was a further analysis of
these phenomena that led to formulation of the dissocia-
tive recombination mechanism144 and its experimental
detection.145

Let us estimate the densities of the electrons and
ions in the earth's ionosphere (its E and F layers),
recognizing that the formation of charged particles re-
sults from photoionization of atoms and molecules
under the action of the sun's ultraviolet radiation and
that their disintegration is determined by dissociative
recombination. To estimate the electron-density scale,
we shall assume that photoionization and recombination
occur in a layer = 100 km in thickness. Here the flux
of photons, absorption of which results in ionization of
oxygen atoms, as well as nitrogen and oxygen mole-
cules and nitrogen oxides, is j j p~3 • 1010 cm2 sec"1. From
this we find with the balance equation jc /L ~ aNl that the
electron density in the ionospheric region considered is
of the order of magnitude Na ~ 105 cm"3.

This estimate gives the correct order of magnitude
for the electron density in the earth's ionosphere, but
it is a rough one because it does not consider the nature
of the processes in detail. It is in fact important that
atoms and molecules of various species participate in
photoionization, so that each of them absorbs a certain
part of the solar spectrum and is responsible for photo-
ionization at certain heights. If we were dealing with
monochromatic radiation and a single ionized-particle
species, absorption and photoionization would take
place in a layer of thickness L ~ 10 km, since it is at
this distance that the density of the ionosphere changes
significantly. Owing to the presence of several species
of ionized particles and the nonmonochromatic nature
of the radiation, the thickness of the layer in which
photoionization occurs is found to be an order of mag-
nitude larger. But radiation at a given wavelength is
absorbed in a layer of thickness L ~ 10 km, and the
height of this layer is determined by the relation Naf

X L ~ 1 where crp is the cross section of photoionization

9) The coefficient of the photorecombination e + O + — O+ hu at
thermal electron energies Is 5'10~12 emVsec, which is
several orders of magnitude below the value of the dissocia-
tive recombination coefficient.

by these photons and N is the density of the particles
that absorb radiation most effectively at the particular
wavelength. This relation corresponds to the condition
that the photon path should be of the order of magnitude
of the length over which the density of the atmosphere
changes.

In addition to the above, ion-molecule reactions play
an important role in the formation of the ionosphere,
resulting in conversion of the atomic ion O* to the
molecular ions NO* and O£, which recombine efficiently
with electrons. Other factors of importance are the
formation of atomic and molecular ions in excited
states, downward transport of ions in the F layers of
the ionosphere, and the variation of temperature with
height in the atmosphere. Together with the charac-
teristics of solar radiation, including the sun's zenith
angle, these factors influence the density of the elec-
trons in the ionosphere, its vertical profile, and the
vertical distribution of the ion species. Since informa-
tion on the basic processes is available, the param-
eters of the charged particle distribution in the iono-
sphere can be calculated with confidence (see, for ex-
ample, Refs. 146-148). Moreover, measurements in
the ionosphere are used to establish the parameters of
the elementary processes, e.g., the contributions of
dissociative recombination channels149 and ion-molecu-
lar reactions.150'151

The characteristic time of recombination of electrons
and ions in the daytime atmosphere is (oN,)"1 ~ 102 sec.
Hence follows that the density of the charged particles
in the ionosphere at night, when the flux of ionizing
radiation from the sun is absent, is significantly lower
than the daytime level. This quantity can be estimated
from the electron balance equation dNt/dt= - oN2,, from
which it follows that the characteristic density of the
electrons in the night ionosphere Ne ~ (atj'1 ~ 103 cm"3,
where tn ~ 104 sec is the length of the night. This esti-
mate explains the observed order of magnitude of the
electron density in the night ionosphere, although care-
ful analysis152-153 indicates that the photoionizing radia-
tion of the stars makes a significant contribution to the
formation of the night ionosphere.

Another example of a situation in which d.r. signifi-
cantly influences the macroscopic behavior of a weakly
ionized gas is the contraction of positive gas-discharge
columns. This phenomenon arises when a certain cur-
rent or gas pressure is exceeded in the discharge, and
consists of a sharp decrease in the transverse dimen-
sion of the region filled by the electrons— on contrac-
tion, the discharge moves away from the walls and con-
tinues to burn in the form of a bright glowing filament.
It has been established by many years of experimental
and theoretical study157'158 that the most general mech-
anism of this contraction is as follows. At high specific
energy inputs, the discharge acquires a radial tem-
perature inhomogeneity, and this, because of the strong
dependence of the rate constant of ionization of the gas
molecules by electron impact on the ratio of the elec-
tric field strength to the gas density, causes the rapid
formation of free electrons in a narrow axial region of
the discharge tube. Contraction occurs when free elec-
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trons formed near the tube axis recombine in the space
before they reach the tube walls. Here the charac-
teristic dimension r, of the electron-filled region is
estimated as the distance traveled by an electron in
diffusion during the characteristic recombination time

(20)

here Nt is the characteristic electron density in the
discharge and £>( is the ambipolar diffusion coefficient

We see that r,«R0 (the radius of the discharge tube)
if

(21)

which is a necessary condition for contraction along
with the requirement of sharp radial dependence of
the rate constant of ionization of the molecules by
electron impact.

In the gas-discharge plasma, dissociative recom-
bination of electrons and molecular ions is practically
the only charged-particle volume-neutralization pro-
cess capable of competing with diffusion. In a molecu-
lar-gas discharge, where the basic ion species are
generally molecular ions, condition (21) is satisfied
over a broad range of variation of the discharge pa-
rameters; therefore the radial temperature nonuni-
formity requirement emerges as the basic condition
for contraction.156 In an inert-gas discharge, molecu-
lar ions predominate at high pressures (in the tens of
mm Hg and higher) and relatively low gas tempera-
tures (not above 1000 K); therefore the contracted-
discharge range is limited in this case on both the
high-current and low-current ends.154'159

Dissociative recombination plays an important role
in the physics of gas lasers. Possibilities for the use
of this process to create ultraviolet lasers were pointed
out in Refs. 160 and 161. They have become realities
during the last few years with the development of ex-
cimeric lasers. For example, this process is the
basis of the mechanism creating inverse population in
lasers that operate on the transitions between excited
and ground (repulsive) terms of inert-gas dimers (Ar2,
Kr2, Xej).182"184 The laser is excited as a result of
passage of a strong electron beam through the dense
inert gas. Most of the beam energy is expended on
ionization of atoms and formation of free electrons.
The subsequent processes

(22)
(23)

(R is the inert-gas atom), which take place very rapid-
ly, result in efficient formation of excited inert-gas
atoms R*. The excimeric molecules RJ, which emit in
the lasing process, are formed efficiently at high
(above atmospheric) gas pressures:

ri -]- 2,i\ —*• r»2 ~r~ R • \*^ /

If a certain amount of a halogen-containing gas (for
example, F2 or CLj) is added to the inert gas in the

situation described above, the process (24) may be
accompanied by the chemical reaction164

R* + XZ — RX* + X, (25)

which results in the formation of excimeric molecules
of the type RX* (X is the halogen atom). The emission
of these molecules, which occurs in the ultraviolet,
can also be used to construct a laser. Excimeric
lasers operating on transitions of dimers or inert-gas
halides offer a unique source of coherent ultraviolet
radiation with high energy properties.

8. CONCLUSION

Significant progress toward understanding of the de-
tails of the dissociative recombination process has
been made during the last ten years. The advances
have been due largely to the development of experi-
mental beam techniques, which enable us to measure
dissociative recombination cross sections. Studies of
the earth's upper atmosphere and the development of
excimeric lasers and other applied areas in the physics
of weakly ionized plasma have also had more than
minor roles. These investigations require detailed in-
formation on dissociative recombination and to some
extent provide such data themselves. Together with
the ongoing development of existing methods for mea-
surement of the dissociative recombination coefficient,
this has yielded a wealth of quantitative information on
the process, and theoretical models that describe it
have begun to appear as a result. On the whole, all
this yields an updated conception of the dissociative
recombination process, which is interesting in itself
and manifests itself in a variety of phenomena in weak-
ly ionized plasma. Further application of modern
methods in investigation of the process will broaden
our conception of it.
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