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The properties of cluster ions and the processes in which they participate are examined. Information is

given on the bond-dissociation energies of cluster ions. Processes that give rise to compound and cluster

ions in ternary collisions, dissociative recombination of a cluster ion and an electron, and ion-molecule

reactions involving cluster ions are studied, and the experimental rate constants are given for these

processes. The processes that involve cluster ions in the upper atmosphere of the Earth are analyzed.
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1. INTRODUCTION

The compounds of ions are richer and more varied
than those of atoms, since the interaction of an ion with
an atom or with a molecule is stronger than the inter-
action of neutral particles. Therefore we are faced
with a large number of types of ions, even in the gas
phase of a single element. For example, the fundamen-
tal types of ions in helium under normal conditions are
He* and H e 2 , [ u with the ions He* and He| added at liq-
uid-nitrogen temperature. l z l The fundamental types of
ions in nitrogen under normal conditions are N*, N|,
NJ, and N;, C 3 ] while N5

+, N*, N,*, N*, and N£, C 4 " e : etc.,
are added at low temperature. Thus a large number of
types of ions can be realized in a weakly ionized gas.

We shall divide the compounds of ions into two
classes. We shall term as compound ions the com-
pounds involving ions in which the bonding involves va-
lence forces. These compounds resemble chemical
compounds in binding energy. Among the cited ions,
the compound ions include He|, N|, and N*. The other
type of compounds of ions with atoms and molecules, in
which the bonding arises from long-range interaction of
ions with atoms and molecules, is termed the cluster
ions. The bond-dissociation energies of cluster ions
are considerably smaller than those of chemical com-
pounds, and they amount to something of the order of
tenths of an electron volt. Hence a change in the pa-
rameters of a weakly ionized gas (temperature and
pressure) affects the type of ions that exist in it.

The properties of a weakly ionized gas depend on the
type of ions that arise therein under the studied condi-
tions. As an example, let us treat a gas discharge in

an inert gas. If the gas is dense enough, while its tem-
perature is not very high, then molecular ions of the
type Ar2 are formed in it. These ions efficiently recom-
bine with electrons. If we raise the temperature of the
gas, then the fundamental ions in the gas become simple
ions like Ar*, whose rate of recombination with elec-
trons is several orders of magnitude smaller than that
of the molecular ions.

Formation of compound and cluster ions in a gas af-
fects both the parameters of the weakly ionized gas, the
processes that involve them, and the reaction products
that arise. Cluster ions are formed rather efficiently
at low temperatures and not very low pressures, so that
their study is primarily of interest for a low-tempera-
ture, weakly ionized gas. In particular, the fundamen-
tal types of positive ions in the D layer of the Earth's
atmosphere1' are the ions Η*·Η2Ο and Η*·(Η2Ο)2. "

> 8 ]

There are also the ions H* · (H2O)3, "
l 8 ] Na* · H2O,

NO* · H2O,C8J NO"3 · HNO3,
C9] etc. Cluster ions are formed

even more efficiently under non-equilibrium conditions
at low temperatures. In particular, ions of the type
Κ * · (H2)n up to « = 32 have been observed in" 0 3 upon bom-
barding the surface of solid hydrogen with potassium
ions.

Cluster ions, being complicated and weakly bound
structures, manifest their specifics in various pro-
cesses and phenomena that arise in a weakly ionized
low-temperature gas. The aim of this review is to give
briefly a picture of the nature and peculiarities of the

''The height of the D layer is 80 km, its temperature is about
190 °K, and the air pressure is of the order of 10"5 atm.
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processes that involve cluster ions, and also to collect
the information on the parameters of cluster ions and
on the rate constants of the processes in which they par-
ticipate.2»

2. BOND-DISSOCIATION ENERGY OF CLUSTER IONS

One of the fundamental parameters of cluster ions
that characterize their possible existence under studied
equilibrium conditions is the dissociation energy of the
cluster ions. Let a compound or cluster ion AB* exist
in which A* is an atomic or molecular ion and Β is an
atom or molecule. In a gas that consists of atoms or
molecules of the type M, the studied cluster ion is pro-
duced and destroyed via the following processes:

A+ + Β + Μ *di«.oc AB* + Μ. (1)

The rate constant of the corresponding process is indi-
cated above each arrow.

If the ions stay long enough within the given volume,
and the processes (1) run faster than other possible pro-
cesses that involve a change in the type of ions (e.g.,
recombination processes, interaction with the wall,
emission processes, etc.), then thermodynamic equi-
librium is established between the studied types of ions.
Then the relationship between the densities of the com-
pound and simple ions is determined by a formula anal-
ogous to that of Saha:

Here [AB*] and [A*] are the densities of the correspond-
ing ions, [B] is the density of particles of type B, K{T)
is the equilibrium constant for process (1), Γ is the
temperature of the gas, D is the dissociation energy of
the cluster ion, i. e., the energy for breaking the A*-B
bond, and/(T) is some function of the temperature that
varies more slowly than exponentially with varying tem-
perature.

Under equilibrium conditions, in which the relation-
ship between the densities of the ions is determined by
the presented equation, a maximum density of cluster
ions is reached under certain fixed conditions (total den-
sity of ions, temperature, and pressure of the gas).
This relationship serves as the basis of the very wide-
spread method of determining the dissociation energy
of a cluster ion. If we apply a small electric field to
the studied volume of gas, this will give rise to ion cur-
rents. The ratio of current strengths for the ions of
different types is practically proportional to the ratio
of densities of the studied ions in the volume.

Thus, measuring the ratio of ion currents makes it
possible to determine the ratio of densities of the clus-
ter and simple ions. This ratio depends exponentially
on the temperature, so that a measurement of the ratio

of currents for the cluster and simple ions permits one
to recover the dissociation energy of the cluster ion.
From (2) we get the following expression for the equi-
librium constant:

This relationship is the basis of the studied method of
determining the dissociation energy of a cluster ion.
The equilibrium constant K( T) is proportional to the ra-
tio of ion currents, and the constant on the right-hand
side of this relationship depends weakly on the tempera-
ture. Yet this dependence limits the accuracy of de-
termining the dissociation energy by the studied method,
which is recovered from the derived relationships to an
accuracy of the thermal energy.

A cruder method of determining the dissociation en-
ergy of cluster ions is based on studying ion-molecule
reactions. If the process

A+- Β + C-.-A+ — C + B

takes place, then we can conclude that the dissociation
energy of the ion A*-B is no higher than that of the ion
A*-C. If one studies this process in single collisions
and measures the energies of the ions before and after
reaction, then one can get the difference of dissociation
energies for the studied ions. Of course, we must as-
sume here that the ions before and after reaction are
in the ground state.

Tables I-m give values of the bond-dissociation en-
ergy for a set of compound and cluster ions as obtained
by the described methods. Let us call attention to one
idea that we can gather by analyzing these tables. The
dissociation energy of the bonds A* · (H2O)n-H2O,
A" · (H2O)n-H2O declines with increasing number of water
molecules in the complex ion, and it approaches the
value 0.42 eV, which is the energy of removal of a wa-
ter molecule from the surface of a water droplet. The
amount of this type of cluster ions for which the dis-
sociation energy does not strongly differ from the given
value of 0.42 eV is small. In the studied system, it is
always thermodynamically more favorable either to
form simpler ions (at high temperature) or for the wa-
ter vapor to condense into a drop (at lower tempera-

TABLE I.
ions.

Bond-dissociation energy of compound and cluster

2>Much information on the properties of cluster ions that con-
tain nuclei of a single type is contained in the review by
Kulik, Norman, and Polak.[227]

Ion

Ν * — Ν ,
Νί-Ν,
O}-O,
OJ-Ns
Ο*-Η2
O,*-O,
O.*-O,

o;—o2Ofo-Oj
Οί-HjO
0*,—NjO
NO*—Ns
NO*—H,0

*Here and in
results of the

Bond-dis-
sociation
energy

2.6·
0.8
0.44
0.24<0.2
0.28
0.13
0.12
0.11
0.7
o.se
0.18
0.8

Reference

12, 13
14-16
17-21

22
23

19,21
19, Μ
19,24
19.»

23, 25, 2S
27
28
29

Ion

NO*—CO,
H * - H ,
Cs*—COj
Cs* — SO,
Het —He
O- —Oj

Oi-Os

o--cos
Oi-COs
OH"— CO,
SFj-F
ΝΟϊ—Η,Ο
NO;—HNO,

Bond-dis-
sociation
energy

0.4
0.2S
0.27
0.5
0.17
1.4
0.09
2.0
0.6
2.51.4
0.5
0.9

Reference

30
31-33

34
34
35
3β

37,38
39

27,40
3»
41

42,43
42

the following tables, the boldface numbers are averaged
several cited studies.
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TABLE II. Proton-affinity energies of atoms and molecules.*

Atom,
molecule

Η
0
He
Ne
Ar
Kr
Xe
F
Cl
H2
N 2

O 2

Proton-binding
energy, eV

2.65
4.9
2.0
2.3
3.7
4.4
6.7
4.5
4.6
4.3
4.8
4.1

Reference'

44
44
45
45

46-48
45
45
44
44

49-52
47, 49, 53

54

Atom,
molecule

CO
NO
H2O
H2S

N H 3

HNO2

H N 0 3

C H 4

CF 4

SF,

' Proton-binding
energy, eV

5.6
5.5
7.0
7.4
5.8
5.3
8.9
8.1
7.7
5.5
5.2
3.7

*By definition, the proton-affinity energy of the particle A is
sociation energy of the bond H*-A

Reference

45, 55, 56
57
58

59, 60 '
47

49, 60
60
42
42
61
47
49

the dis-

ture), whereby the ion can serve as the condensation
center. Thus an analysis of Table m implies that the
probability of finding cluster ions in the system with a
number η > 4 of water molecules is small.

This conclusion can be extended to other ions. Thus,
Table I gives the dissociation energies of the cluster
ions C>2n-O2. They decline with increasing number of
oxygen molecules in the cluster ion to approach the val-
ue 0.07 eV, which is the binding energy of an oxygen
molecule with the surface of liquid or solid oxygen.
Hence the probability of finding in oxygen an ion Ο\η hav-
ing η > 3 is small at any temperature and oxygen pres-
sure.

Thus, we arrive at the conclusion that the relative
number of cluster ions in a system having a large num-
ber of molecules is small under all conditions. Mass-
spectrometric measurements permit one to detect exotic
cluster ions, such as O*Zn, η « 9,C 1 9 : ArJ, η « 33, c e 9 :

K*· (H2)n, n« 32,[ 1 0 > 1 1 : and Ag;,n« 30. " 0 ] However, we
must remember that the fraction of ions having a large
number of atoms and molecules in the gas phase under
equilibrium conditions is very small.

3. FORMATION OF COMPOUND AND CLUSTER IONS
IN TERNARY COLLISIONS

Compound and cluster ions are produced in a gas by
ternary collisions according to the scheme:

AB+ M. (2)

Here A* is an atomic or molecular ion, and Β and Μ are
atoms or molecules. Here the excess energy from cre-
ation of the bound state of the particles A* and Β is im-
parted to the particle M. The process (2) is charac-
terized by a rate constant Sfc, so that the equation of bal-
ance for the densities of the produced ions when only
process (2) occurs has the form

(3)

Here [X] is the density of the particles of the studied
type. The rate constant SfC for the ternary process has
the dimensions of cme/sec.

The size of the formation rate constant of a compound
or cluster ion depends on the nature of the interaction
of the particles A* and Β and the possible formation of a
long-lived complex when they collide. If a long-lived

complex is not formed when the particles A* and Β col-
lide, then the formation rate constant of the ion AB* can
be estimated by the theory of Thomson. While Thom-
son's theory was first used for estimating ternary re-
combination of a positive and a negative ion,[ 7 1 > 7 2 ] its
results are easily extended to any other ternary pro-
cess in which a bound state of two classical particles is
created in a simultaneous collision with a third parti-
cle. We shall take up this theory further.

The essence of Thomson's theory is as follows. In
order for the particles A* and Β to yield a bound state,
one of them must collide with a third particle Μ at the
instant when they are interacting strongly. This parti-
cle removes the excess energy so that A* and Β end up
in a bound state.

We shall assume that the masses of the particles A*
and Μ are of the same order of magnitude, of the order
of m. Following Thomson, we shall introduce the criti-
cal radius b on the basis of the relationship

U (b) ~ T, (4)

where U{R) is the interaction potential of the recombin-
ing particles A* and B. The formation of the bound
state of the particles A* and Β occurs as follows. In
the collision of the particles, when the energy of attrac-
tion of the particles A* and Β proves to be of the order
of the thermal energy T, the particles A* and Μ collide
in such a way that an energy of the order of the thermal
energy Τ is imparted to M. Consequently, the particles
A* and Β end up in the bound state.

The rate of conversion of A* ions into AB+ ions re-
sulting from the process (2) is the product of the rate
[Μ] νσ of collisions of the particles A* with Μ in which
the energy exchange between them is of the order of the
thermal energy, times the probability [B] b3 that the dis-
tance from A* to the nearest Β particle will prove to be
less than the critical radius. We get from this the equa-
tion of balance for the density of the produced ions

• ~ [A+] [Μ] νσ [Β] b3.

Comparing it with Eq. (3), we get the following estimate
for the formation rate constant of the ion AB+:

&C ~ vab3. (5)

Here ν is the characteristic velocity of the particles A*
and M, and σ is the characteristic collision cross-sec-

TABLE ΠΙ. Bond-dissociation energies of A* · (H2O)n-H2O
and A" · (H2O)n-H2O (in eV). *

»

0
1
2
3
4
5

L1+

1
1
I)
0
0
0

50
12
90
71
60
52

Ν

1.
(I.
0
0
0.
0.

a*

04
«6
68
60
52
46

K+

0
0
0

78
Ϊ0
57

0.51
0
0

46
43

«Results ofI«-«M".

0 69
0.59
0
0
0

53
48
45

Cs*

0.56
0.52
0.45
0.46

—
•—

Ion

Pin·

0.97
0.73
0.53
0.47
0.43
0.42

Bi*

0.99
0.77
0.61
0.52
0.46
0.42

Ε-

Ι.01
0.72
0 59
0.58
0.57

Cl-

0.57
0.55
0.51
0.48

—
—

Br-

0
0
0
0

55
53
50
47

I -

0.44
0.4?,
0,41

—

OH-

0 98
0.71
0
0
0

65
62
61

0

0
η
0

t

80
75
67
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tion of these particles that corresponds to an energy
transfer of the order of T. Under the studied condi-
tions, it coincides with the large-angle elastic scatter-
ing cross-section of A* and M.

The obtained estimate (5) for the rate constant of the
ternary process is valid at low densities of the parti-
cles of the third type, when the free flight path of the
ions in the gas of particles of the third type is large in
comparison with the critical radius:

IM] ab < 1. (6)

Then three-particle collisions occur considerably more
rarely than pair collisions, and the studied process is
third-order in type.

Let us discuss another mechanism of production of
compound and cluster ions, in which a long-lived com-
plex is formed in the collision of the recombining par-
ticles. The lifetime of the long-lived complex is con-
siderably longer than the time of collision of the recom-
bining particles, which is of the order of magnitude of
10"13-10"12 sec. Hence the rate constant for formation
of compound and cluster ions when a long-lived complex
exists is considerably greater than when this reaction
follows the direct mechanism.

Let us write a scheme of the processes that occur in
the formation of a compound or cluster ion via an inter-
mediate long-lived state. Here the process occurs in
two stages. The first is the formation of the long-lived
complex, and the second is the transition of the long-
lived complex to a stable state. The equations of the
processes that occur here have the form:

^capture
(

(AB*)·
(7)

Here (AB*)* i s the long-lived complex that is formed
upon collision of the recombining part icles A* and B,
the rate constants of the corresponding processes a r e
indicated above the ar rows, and r is the lifetime of the
long-lived process .

When we have accounted for the processes (7), the
equation of balance for the ion densities in the autoion-
izing state and that of the ions being produced have the
form

quench·

We shall assume that the density of the third type of
particles is small, so that we are dealing with a ternary
process:

(8)

Upon assuming that the characteristic times under study
are much longer than the lifetime of the long-lived com-

plex, we get d[(AB*)*]/dt=Q. Let us determine there-
from the density of the ions in the autoionizing state.
tJpon accounting for K4. (8), we get

[(ΑΒψΙ = [A+] [B] kaptmr. (9)

When we substitute this relationship into the equation
of balance for the density of the ions being created, and
compare this equation with Eq. (3), we get the following
expression for the rate constant of the ternary process:

— * c (10)

The derived formula acquires a simple form if we use
the rate constants for capture of the ion by polarization
of the neutral particles as the capture and quenching
rate constants. Polarization capture leads to strong
approach, and hence to strong interaction of the collid-
ing particles, so that polarization capture must precede
both the formation of the long-lived complex and the
transition of the ion to the stable state. Corresponding-
ly, the capture and quenching rate constants are less
than or equal to the rate constants for polarization cap-
ture. Therefore, if we replace kcvttan and kqMacb in (10)
by the polarization-capture rate constants, we get an
upper bound for the rate constant for ternary cluster-
ion formation.

The rate constant for polarization capture of an ion
by a molecule i s " "

( U )

Here β is the polarizability of the molecule, and μ is
the reduced mass of the colliding ion and molecule.
Upon substituting such expressions for the capture and
quenching rate constants in Eq. (10), we convert it into
the form"":

(12)

Besides the two discussed mechanisms for formation

FIG. 1. Interaction potential of an ion and an atom as a func-
tion of the distance R between them for a given angular momen-
tum j . Since the centrifugal energy corresponds to repulsion,
a hump appears in the overall effective potential that involves
the existence of autoionizing states. One of these having ener-
gy £ is indicated in the diagram.
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of a compound or cluster ion in ternary collisions, one
of which involves elastic collision of three particles,
and is described by Thomson's theory, while the other
is accompanied by formation of a long-lived complex,
there is an intermediate case. Namely, the elastic col-
lision of two particles whose interaction potential con-
tains no barrier can give rise to autoionizing bound
states of these particles owing to the centrifugal inter-
action potential (Fig. 1). Then tunneling upon collision
of the particles A* and Β gives rise to quasibound states
of these particles with a lifetime longer than the time
of collision. Thus, even when the recombining particles
A* and Β lack internal degrees of freedom and have a
simple form of interaction potential, a long-lived com-
plex of the colliding particles can be produced that will
give rise to a stable bound state. t 7 5~1 8 ]

Let us elucidate the role of tunneling transitions in the
recombination of a simple ion with an atom and a mole-
cule. We shall establish the relation between the life-
time of the individual autoionizing state and the other
parameters of the problem. Let us substitute into (9)
the Saha distribution that gives the relationship between
the density of ions, molecules, and cluster ions in the
given autoionizing state:

Here gA+, gB, and g^* are the statistical weights that
correspond to the electronic state of the corresponding
particle, μ is the reduced mass of the colliding parti-
cles A* and B, and Ε is the excitation energy of the
studied autoionizing level as measured from the edge of
the continuous spectrum. Hence we get

Upon substituting this expression into the formula (10)
for the third-order formation rate constant of the com-
pound or cluster ion and summing over all the autoion-
izing levels, we get

BAB*

' «Λ-t-iB (13)

Here the indices ν and j characterize the vibrational and
rotational state for the studied level, and 2j + 1 is the
statistical weight of the rotational state.

Let us estimate the value of the third-order formation
rate constant of a compound when the process occurs
via formation of an autoionizing state of the colliding ion
and molecule. Here we shall start with the idea that
the fundamental contribution to (13) comes from the
autoionizing states whose excitation energy is of the or-
der of the thermal energy. The characteristic distance
RQ between the particles in the region where their mo-
tion is classical in the bound state can be estimated
from the relationship U(Rf,) ~ T. According to (4), it
and they migrate toward the cathode where one mea-
sures with a mass spectrometer the time-dependence
of the current for ions of a given type. By varying the
density of the gas or the distance between the electrodes,

one can establish from the measured current the rate
constants of the ion-molecule reactions that occur in the
gas, including the formation rate constant for compound
and cluster ions. In addition, one can measure the rate
proves to be of the order of the critical radius. Taking
this into account, we find from Bohr's quantization con-
dition that the number of vibrational levels that con-
tribute to the summation in (13) is equal in order of
magnitude to ν~(ΐ/Κ)/~μΊΊ>. The fundamental contri-
bution to the summation of (13) comes from rotational
states having a centrifugal energy of the order of the
thermal energy: Kzjz/'μδ2 ~ Τ.

Upon using the characteristic values of the rotational
and vibrational quantum numbers that determine the val-
ue of the summation of (13), we get the following esti-
mate for the rate constant of the ternary process in the
studied mechanism:

*% ~ ^quench'' •

Quenching of the autoionizing state in the studied case
amounts to collision of the generated ion in the autoion-
izing state with a particle of the third type, whereupon
an energy of the order of Τ is imparted to the particle
of the third type. Thus the quenching constant kia,aeh in
the derived formula plays the same role as the quantity
~vo does in Thomson's formula (5). Thus the studied
mechanism leads to a value of the formation rate con-
stant of the compound ion that is of the same order of
magnitude as is given by Thomson's formula. There-
fore we shall not henceforth treat this mechanism as
being independent, but shall include it in Thomson's
formula (5).

In addition to the studied mechanisms for formation
of compound and cluster ions in ternary collisions,
other channels for this process can arise that mainly
involve transition between different electronic-energy
surfaces, i . e . , between different electronic states of
the system of colliding particles. These problems have
been presented in the monograph"93 so that we shall not
spend further time on them.

Let us proceed to the experimental methods of study-
ing the process of formation of compound and cluster
ions. There methods have been presented in detail in
the monograph,[80] and their fundamental idea is as fol-
lows. Ions are injected into a drift tube filled with gas,
constant for formation of molecular ions by studying the
parameters of a decaying plasma or the parameters of
the positive column of a gas discharge.

Table IV gives the experimental values of rate con-
stants for formation of compound ions in atomic gases
in ternary collisions. Let us take up in greater detail
the process

(14)

where A is an atom. Here the formation rate constant
of the molecular ion is determined by Thomson's formu-
la (5):

(15)
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TABLE IV. Formation rate constants of compound and cluster
ions in atomic gases at thermal energies* (in units of 10~sl

cm'/see).

Process ι

He*+2He-•№• + №>
Ne*-2Ne-^Ne+,+ Ne
Ar»+2Ar-i-Ar} + Ar
Κτ^+ΣΚτ-^-Κτί + ΚΓ
Xe++2Xe-*Xei + Xe
Cs*+2Cs-*CsS+Cs
H f + 2 H g - H g i + H g
He} + 2He-*He$ + He
Art + 2Ar-*Ari + Ar
At}+Ar•+·He -• ArJ + He
C8} + 2Cs-^Cs} + Cs
Ne* + No + He-• Net + He
Ar*+At+He -• ArJ+He
Kr* + Kr+ He -> KiJ + He
Xe*+Xe+He-*Xe}+He
Hg*+Hg+He-^ HgJ + He
Ne*+ 2He -• (NeHe)*+He
Ar* + Ar+Ne -• Ar{ + Ne
HeH*+2He ->- HeaH*+He
H* + 2Ar-*H}-Ar+Ar
Li*+2Ar-«.Li*-Ar-(-Ar

Rate constant of the ι
procen, 10"" cm'/wl'l

1.0

0.60 (0,62)
2.2 (2,0)
2.3 (2.2)
2.8 (3.1)
150 (130)
1, Γ = 700"Κ (3,1)
1.7, Γ = 77°Κ
32, Γ = 7 7 · Κ
5.5, Γ = 80°Κ
300
3.0

1,0, 16, Γ = 8 2 °K
0.6

1.3

1.7, 7' = 700<'K
0.21
3

0.4, Γ = 200·Κ
1

1.8

Reference ..

81-«2

84, 81, 91, 93-98

82, 95, M, 99-101

1M, 105

105-10» !

107

108

35

103

11 ,

107

89, 109

74, 89, 110

111

111

108

10·
89

112

114

226

* The gas temperature is noted whenever differing appreciably from
room temperature.

5

— 3

100 300

FIG. 3. Rate constant of the pro-
cess Ar*+2Ar—ArJ+Ar as a
function of the temperature.
I—" 0 ", 2—the set experiments
of Table IV, 3—calculation by
Eqs. (15) and (16).

Ι χ "•'

ZOO 300 400 500 Τ, '/Ι

FIG. 4. Rate constant of the process Kr*+2Kr — Kr2*+ Kr as a
function of the temperature. 1—experiment, " M I 2—calcula-
tion by Eqs. (15) and (16).

where C is a constant coefficient, Μ is the mass of the
atom, and b is the critical radius of (4). Let us write
the interaction potential of the ion and the atom in the
form of the sum of polarization and exchange interac-
tions, so that the relationship (4) for the critical radius
has the form

Here β is the polarizability of the atom, and Δ(6) is the
exchange-interaction potential of the ion and the
atom, C l l 5 ] which declines exponentially at great distances
between them.

If we can neglect the exchange interaction of the ion
and the atom in comparison with the polarization inter-
action, then, according to Eqs. (15) and (16), the rate
constant of the process (14) depends as follows on the
parameters of the problem" 1 ":

(17)

We note that one can derive this relationship from con-
siderations of dimensionality. Actually, one can make
only one combination of the parameters $ez, M, and Τ
that has the dimensions of cme/sec, and it corresponds
toEq. (17).

Table IV gives in parentheses the values of the rate
constant of the process (14) as calculated by Eqs. (15)

I; — 2 .„ f-??-%·-

Ό zoo ' 4oo r.'/r
FIG. 2. Temperature-^Jependence of XT (where SKIB the rate
constant of the process He* + 2He — He \ + He). 1—Experi-
ment, "»" 2—theory.["63

itr»

FIG. 5. Temperature-
dependence of the forma-
tion rate constants of the
molecular ions Οί and

»8»

01*20,.—
100 300 T, °/f

ιΰ"

I

a"

«f

<

ZO 40 0 ZO
b.yi

a b
FIG. 6. Formation rate constant of complex ions112'3 as a func-
tion of the electric field intensity in ternary collisions: a)
Η*·(Η2Ο)2 + Η2Ο+Ο2 — Η*·(Η2Ο)3 + Ο2; b) H*»(H2O)S + H2O + O2

.— H* · (H2O)4 + (%. The arrows indicate the field intensily val-
ues at which the mean energy of the ions exceeds the thermal
energy by a factor of two.

124 Sov. Phys. Usp., Vol. 20, No. 2, February 1977 B. M. Smirnov 124



and (16). Here the parameters of the exchange-inter-
action potential of the ion and atom in Eq. (16) were
taken from the monograph,: 1 1 5 ] while the constant coef-
ficient in Eq. (15) (C= 13) was chosen from the condi-
tion that the value of the formation rate constant of the
molecular helium ion as calculated by this formula
should agree with the data of Table IV. The molecular
ions of the inert gases, except for helium, can exist in
three electronic states that correspond to different ex-
change-interaction potentials. The mean exchange-in-
teraction potential of the ion with the particular atom
for which this interaction is larger is used in Eq. (16).

According to (17), the temperature-dependence of the
formation rate constant of molecular ions has the form
3C „ y-3/4 w n e n the interaction of the ion with the atom
obeys a polarization law. Exchange interaction of the
ion with the atom makes this relationship smoother.
Figures 2-4 show the temperature-dependence of the
formation rate constant of the molecular ions Hej, Ar2,
and Kr2 in the corresponding gases.

Table V gives the experimental values of the forma-
tion rate constant of compound and cluster positive ions
in molecular gases. Table VI gives the formation con-
stant of positive cluster ions that include a water mole-
cule, and Table VII gives the measured values of the
formation rate constants of compound and complex nega-
tive ions. The formation of the cluster ions occur via
an intermediate long-lived complex. Therefore the for-
mation rate constant of the cluster ions considerably
exceeds that of the compound ions. Moreover, the life-
time of the long-lived complex declines sharply with in-
creasing gas temperature, since a large amount of en-
ergy must be transferred here to the internal degrees
of freedom. Hence the formation rate constants of the
cluster ions decline sharply with increasing gas tem-
peratures. Figures 5-7 show the temperature-depen-
dence of the formation constants of the ions OJ, OJ,
H*· (H2O)3, and H*· (H2O)4 in oxygen, and of the cluster
ion NO* · N2 in nitrogen.

We arrive at the following conclusions from the set of
theoretical and experimental results that pertain to the
formation of compound and cluster ions in ternary col-
lisions. There are two fundamental mechanisms for
formation of compound and cluster ions. One of them
involves elastic collision of three particles, and it is de-
scribed by Thomson's theory. The other one involves
formation of an intermediate long-lived complex of two
colliding particles, whereupon the internal excitation of
this complex is transferred to a third particle. The
rate constant for formation of cluster ions when an in-
termediate long-lived complex exists exceeds in order
of magnitude the value of this quantity that characterizes
elastic collision of particles. Here the intermediate
complex ion has a lifetime that increases with greater
complexity of the ion that is formed, and with lower
gas temperature.

4. DISSOCIATIVE RECOMBINATION OF A CLUSTER
ION AND AN ELECTRON

The efficient destruction of cluster ions in a weakly
ionized gas arises from their recombination with elec-

• . v i
Β

Ν0 + +^Ν 2 -*Ν0 +

x

\

Ν
\

N2+N2

p - /

1-3

ι
\

a31

wo wo 3oo T;H

FIG. 7. Temperature-dependence of the rate constant of the
process NO* + 2N2 —NO*· N2 + N2. 1—a№\ 2 C28], 3 i i u \
4—the relationship 2xlO"31 cm6/see-(3O0/T),4'2 where Γ is
the temperature of the gas in K.

trons. Dissociative recombination of an electron and a
molecular ion occurs via formation of an autoionizing
state of the molecules. Figure 8 shows the nature of
the dissociative recombination of an electron and the

TABLE V. Formation rate constants of positive compound and
cluster ions in molecular gases at room temperature.

Process

H*-2H 2 -*HJ + H2

D*4-2D2-»D$4-D2

Hi + 2H2 -·• H* + H2

Di+2D,-*Dt + D2

N· + 2N2-*-NJ + N2
N*-f N2 + He-<-N; + He
Nt+2N2-(-Ni-(-Nj
Ν*+Ν 2 + Ηθ-»Νί + Ηβ
O} + 2O2-*-Ot + O2

0 a + 0 2 + Kr-»• 0* + Kr
Οί + 0 2 + H20 -*~ 0 + + H20
05 + 2 N 2 -f OS · Ν 2 + Ν Ϊ

0+ + No + He-<-05-N2+He
0+-|-H2 + He->• OJ · H2 + He
0+ -)- o 3 + He ->- OJ • 0 3 + He
0+-)-N24· He->-0··Ν2 + Ηβ
N0* + 2N0->N0*-N04-N0
CO++2CO->CO+CO4-CO
COi 4- 2CO2 -* COJCO2 4- C02

C2H* 4- 2C2H4 ->- C2H* • C2H4 4- C2H4

0i4-C024-He->-O,.C02.He
Ο+4-Ν2Ο4-Ηβ->-Ο··Ν2Ο4-Ηβ
OJ 4- S0 2 4- He -* 05 • S0 2 + He
Mg+ 4- 0 2 4- Ar ->- Mg* • 0 2 4- Ar
Ca· 4-02 4-Ar-* Ca· · 0 2 4-Ar
Fe· 4-0 2 4-Ar — Fe+· 0 2 4-Ar
Na+ 4- 0 2 4- Ar ->• Na* · 0 2 4- Ar
K· 4-02 4-Ar-• K* • 0 2 + Ar
Li* + 2N 2 -^Li + -N 2 4-N 2

Li· 4- 2O2 ->- Li+ · 0 2 4- 0 2

Na+4-20j — Na+-O24-O2

Li*-N24-2N3->· Li+-(N2)24-N2

Oi-N24-N24-He-*O5-(N2)24-He
0 + 4-0 2 ^-He-*-0 + 4-He
0*4-N2-i-He-»0+-N24-He
0J4-2O 2 -*OJ4-0 2

Q + _ ( _ 2 0 2 - > - 0 * 4 - 0 2

ΝΟ·4-2Ν2->·ΝΟ*-Ν24-Ν2

N0+ 4- 2O2 -+• NO"1 · Oj 4- 0 2

NO* 4- 2CO2 -<- N0+- C02 + C0 2

ΝΟ· + ΟΟ24-Ηβ-*ΝΟ+-ΟΟ24-Ηβ
NO+4-CO24-Ar->-NO+-CO2 + Ar
NO*4-CO24-N2"-^NO+-CO24-N2

ΝΟ*4-2ΝΗ3->-ΝΟ+·ΝΗ3 + ΝΗ3

NHJ + NH3+O2->-NIIt-NH3 4-O2

Na* + 2CO2 ->- Ν a· • C02 4- C02

Na* -C02 4- 2CO2 -• Na+ · (C02)2 + CO,
Cs+ 4- SO, + N, -• Cs+ • S 0 2 4- N 2

Rate constant, 10"*
cm'/sec

30
30
0.65
0.45
30
30; 70, Γ = 80°Κ
85
36; 120, 7' = 80oK
2.5; 10, Γ = 200°Κ;
160, Γ = 80°Κ
1.5; 2.4, Γ = 200°Κ;
31 Γ = 82 °K
8, V = 180°K
1.5
0.8

19, r = 8 0 ° K
0.74, Γ = 80οΚ
100, Γ = 200°Κ
54, Γ = 80'>Κ
5
140
320
2000
23 I
52 \ Γ = 200°Κ
600 j
2.5
6.6

1.0

0.2

< 0 . 2
2.0

1.1

0.1, Γ = 193ΟΚ
2.2

10, Γ = 80 °K

10, Γ = 80°Κ
0.07; 1, Γ = 200°Κ;
50, Γ = 80°Κ
25, Τ = 90 Κ.
0,2

0.09
24

4; 10, Γ = 200Κ
25, Γ = 200°Κ
30, Γ = 200°Κ
54

1800
50

0.05
30

Reference

117-120

11?, 120

31, 33, 118

31

121-123

74, 124

121-123, 125, 126

74, 124

IS, 127-131

74, 128, 132
133

129
128

132

132

30

74

134

130, 135, 136

130, 137

138

132

139

139

139

140

140

141

225

142

141

132

132, 143

132

131
131
144

144

144

143

143

142

145
146

142

142

34

125 Sov. Phys. Usp., Vol. 20, No. 2, February 1977 Β. Μ. Smirnov 125



TABLE VI. Rate constants of the process A*+H2O + M
— Α*·Η2Ο + Μ.

A+

Na+
Na*
K*
K*
Cs*

NO*
NO*
Ν0*·Η,0
NO*H2O
NO*-H2O

ΝΟ*·Η2Ο
Ν0*·Η,0
NO*-(H2O)j
ΝΟ*·(Η2Ο),
NO*(H2O)s

ΝΟ*·(Η,Ο)2

ΝΟ*·(Η2Ο)2
NO*(H2O)3

NO*-H2O)3
NO*(H,O 3

NO*-(H2O)3

NO*· (Η,Ο),
H*-H2O

Μ

He
Η,Ο
He
H2O
N,

NO
H2O
He
Ar
N s

o2NO
He
Ar
Na

Sb
He
Ar
N2

Sb
He

Rate con-
stant, 10'"
cme/sec

0.47
10
0.26
4.5
0.9

15
15
30
90

110

80
110
36

140
180

90
190
28
90

140
80

190
12

Reference

1<7
147
147

147

34

150-152

152,153
IK, 150
149, 150
25, 149,
150, 223,
214
150
150
140, 150
14g, 150
25,14»,
150, 214,
223
150

150
140, 150
149, 150
149, 150
150
150
128

A+

Xe*
NO*
NO*
NO*

NO*

H*H,0
H*-H|O
Η*·Η,0
Η*· Η,Ο),
Η*·
Η*·
Η*·

Η,Ο),
Η,Ο,
Η,Ο).

Η*· Η;Ο>;
Η*(Η2Ο)3
Η*·(Η20)4
Η*·(Η2Ο)4

NO*
NO*,· Η,Ο
Α +

Uj

0*

0*

0JH,0

Μ

He ,
He
Ar
Ν2

Ο2

Ar
Ν,
ο 2
ArΝ,
Ο,
Ar
Ν2

ο,
Αϊ
Ο,
Ν2
Ν,

He
Ν2

Ο2

Ατ
Ο2

Rate con-
stant, 10""|
cm'/sec )

1,5
3.4
8.2
15

8.6

4
34
27
3.4
23
15
1.6
24
20
0.07

9
50
200

8.7
27

20

17
13

Reference'

148

149, 150
149, 150
149, 150,

214, 223
149, 150

154, 155
123, 127
127, 129
154, 155
123
127, 129
154, 155
123
127
155
127
42
42
25 12S
132
25, 128
127, 128.
153, 151
25, 128,
154
127

ion of a diatomic molecule. A peculiarity of recombina-
tion involving a cluster ion is that a system consisting
of an electron and a cluster ion possesses many auto-
ionizing states. Then we shall study the process of re-
combination of an electron and a cluster ion with very
simple models that account for the complex nature of
the ion and the effect that this has on the recombination
process.

Let us estimate the dissociative-recombination coef-
ficient a of an electron and a cluster ion, which is in-
troduced via the relationship

*»L=-aNjr,. ( 1 8 )

Here N( is the density of ions, and N, is the density of
electrons. Upon entering the region where the cluster
ion lies, the electron interacts strongly with it, with

TABLE VII. Formation rate constants of negative compound
and cluster ions at thermal energies.

Process

O-+2O2->-Oi + O2

Oi—2O2->-0 j + O2

Oj + 0 , + He->-Oi + He
0- + C02 + He -*- CO; + He
0- + 2C0,->-COi + C02

Oi+CO, + He-• COI+He
Oi + 2CO, - " 0 0 ; + CO,
Oi-hCOa+0, -*-COj + 0 ,
O~4-Ne-4- He-+- O~-Na + He

0 « + N , + He-»-0i-N, + He
0-+H,0 + 02-*0--H,0 + 0,
Oi + Η,Ο + 0, ->- Oi • Η,Ο -f 0,
Oi + H20 + 02-<-Oi · Η,Ο + 0,
Oi • H20 -t- Η,Ο + 0 2 -»• Oi *(H,0) 2 + O j
N0- + C02 + Ar-*NO--C0,+Ar
ΝΟ- + Ν,Ο + ΑΓ-*·ΝΟ-·Ν,Ο + ΑΓ

NOi + H,0 + NO-»-NOi-H,0+NO
NOi + HNO3+N2-«-NOi-HNOs+N,
Br- + 2Br, -• Bri+Br,
Cl-+H,0+N0-*Cl--H,0+N0
WOs + 0, + Ar -• W0-; + Ar

Rate constant, ΚΓ"
cm'/sec

0.9
0.4
0.34, Γ = 200°Κ
150; 260, 5T = 2OO°K
90
47, 7 = 2 0 0 ^
9
20
1.3, Γ = 82ΟΚ; 0.04,
Γ=200°Κ
0.04, Γ=200°Κ
100
160
210
540
56
7.8
150
>104
29
120
103

Reference

156-163

163-166

132

44, 132

101

132

1Θ1

101

107, 132

132

Ι β β

1S3

Ιββ

163

168, 160

108, Ιββ

151

4 2

170

151

171

FIG. 8. Terms of the excited molecule A*= +B and the molecu-
lar AB* in dissociative recombination. Upon colliding with
the molecular ion, the electron is captured into an autoionizing
state that breaks down into two atoms as the nuclei separate.

consequent recombination. While accounting for this,
we introduce the following model for the recombination
of an electron and a cluster ion. Let us introduce the
size RQ of the cluster ion. We shall assume that recom-
bination occurs as soon as the electron enters the re-
gion of radius fig.

Upon using the classical law of motion of the electron,
we get the following relationship between the distance
of least approach r m l n of the electron and the ion and the
impact parameter ρ of the collision with account taken
of the nucleonic interaction between themC 7 3 ]:

Here ε is the energy of the electron. We find from this
the cross-section of the studied process, which includes
all collisions having a distance of closest approach that
doesn't exceed RQ:

σ=πρ2 = π/?;(ΐ (19)

We have defined the cross-section for collisions of an
electron and an ion in which the distance of closest ap-
proach is less than RQ. According to the studied mod-
el, it is the recombination cross-section of the electron
and the cluster ion.

In the low-energy limit where ε « ez/R0, we find from
this the dissociative-recombination coefficient of the
electron and the cluster ion, which isC 7 9 ]

VmT (20)

Here the bar denotes averaging over the velocities of
electrons having a Maxwellian velocity distribution func-
tion, and Τ is the temperature of the electrons.

Now we shall determine the validity of the classical
law of motion of the electron that we have used for this
estimate. Using the classical law of motion is war-
ranted if the fundamental contribution to the recombina-
tion cross-section comes from collisions that have large
values of the collision moment I. In the studied case,
the characteristic values of the collision moment are

, mpv mV"a(e/m) -,/ Bo
1 h Λ ~ V 00 '

Here aa = Tlz/mez is the Bohr radius. The characteristic
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size iig of the cluster ion considerably exceeds the Bohr
radius. Therefore, although the characteristic colli-
sion moment I amounts to several units, we do not ar-
rive at a contradiction if we treat the derived expres-
sion for the recombination coefficient as an estimate.

Let us approach the studied process from somewhat
different standpoints. We shall treat the dissociative
recombination of the electron and the cluster ion as re-
sulting from capture of the electron by the cluster ion
to form an autoionizing state of the interacting system.
This autoionizing state has a long lifetime, in line with
the large number of degrees of freedom, and its decom-
position gives rise to neutral particles since their sta-
tistical weight is greater than that of the electron and
the cluster ion. Then the recombination cross-section
is determined by the Breit-Wigner formula,C l 7 2 3 which
we can represent in this case in the form

TikTe

- > • (21)

and zk are theHere ε is the energy of the electron,
width of the fe-th autoionizing level and its excitation en-
ergy, Tek is the width corresponding to elastic scatter-
ing, and Flk is the width of the autoionizing level that
corresponds to the inelastic decomposition process.
The given quantities depend on the configuration of nu-
clei in the cluster ion, the angle brackets denote av-
eraging over the configuration of the nuclei in the clus-
ter ion, and the summation is performed over all pos-
sible reaction channels.

Let us write Eq. (21) in the form

(22)

where

Whenever the width I\ of the autoionizing level is large
enough, the value of η does not depend on the energy of
the autoionizing state. When the width of the inelastic
channel is small i£ik« Ttk), the total width Γ , of the
autoionizing level coincides with the elastic width Tek.
Then the quantity

4 \(ε-β \ Γ*

coincides with the probability of recombination of the
electron via the given channel, while the quantity

is the sum of these probabilities, or the effective num-
ber of autoionizing states that lead to recombination.

Thus we have used two approaches in estimating the
dissociative-recombination cross-section of a cluster
ion and an electron. We assumed in the first of these
approaches that some region exists within the cluster
ion in which the electron and the cluster ion interact

strongly. Entry of an electron into it leads to recombi-
nation of the electron and the ion. We assumed in the
second case that a certain number of autoionizing states
of the electron and the cluster ion have a large width of
the autoionizing levels. These autoionizing states make
possible the strong interaction of the electron and the
ion in recombination. A comparison of the dissociative-
recombination cross-sections obtained from these mod-
els under the assumption that the energy of the electron
is small and that the electron and the ion interact
strongly in certain autoionizing states shows the analogy
of the formulas for the dissociative-recombination
cross-sections in the given cases. Hence we can con-
clude that the dissociative-recombination cross-section
is inversely proportional to the energy of the incident
electron when the electron and the cluster ion interact
strongly. Here the quantity UQ in the first model is
equivalent to the quantity 2ai)n in the second model.

We get from Eq. (22) the following expression for the
dissociative-recombination coefficient:

4 ν Λ 2 π rfl'n

(23)

Here the superior bar denotes averaging over the elec-
tron energies. When the electron and the cluster ion
interact strongly, the quantity η does not depend on the
temperature of the electrons,3' so that the dissociative-
recombination coefficient of the electron and the cluster
ion is inversely proportional to the square root of the
temperature. At room temperature Eq. (23) gives

2-10-6(cm3/sec)n . (24)

Since η ~ 1, the dissociative-recombination coefficient
of the electron and the cluster ion is of the order of
magnitude of 10"e cm'/sec.

Let us proceed to analyzing the experimental data on
the dissociative recombination of an electron and a clus-
ter ion. We shall not take up the methods of measuring
dissociative-recombination coefficients, which have
been discussed in sufficient detail in the re-
views. "9· 1 7 3 · 1 7« we note only that the beam method of
measuring dissociative-recombination cross-sec-
tions, [ 1 7 5~1 M : | in which recombination is studied in inter-
acting beams of ions and electrons, has become wide-
spread in recent years. For simple ions such as Ol
and NO*, the measured dissociative-recombination
cross-section1-184·1 has a resonance structure. The dis-
sociative-recombination cross-sectionc1833 for the clus-
ter ion H* smoothly varies with the energy of the elec-
tron, and in the studied energy region from 0. 38 to 4

3>We note that when the electron and the cluster ion interact
weakly, and the width of the autoinizing level is small in
comparison with its characteristic excitation energy, the
quantity η depends on the temperature as n~X/T, or more
weakly. However, in this case, the dissociative-recombina-
tion coefficient is appreciably smaller, so that if there is a
single autoinizing level, n« 1. In particular, if ε{ and I\
« Τ, we get from Eqs. (21) and (22) for a single autoinizing
level: B= 7ΓΓ/2Τ.
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TABLE VTH. Dissociative-recombination coefficient for elec-
trons and cluster ions at thermal energies.

Cluster ion

Dissociative-
recombination
coefficient,
10"6 cm3/sec

Reference.

J
Cluster ion

Ί
Dissociative-
recombination
coefficient,
10"«cm3/sec

Reference

s*
2.0,

Γ=200°Κ

0.8
133, 185

δ
i£
5

2.5
193

z"

2.0

1
185-188

δ
Ο

ϊs
5

2.5
193

N
O

*.
 N

O

-

η

w

1.2

0.6
194, 199

1.7

D.8
89

I
2.2

1.1
194

I"
3.4,

Γ = 80°Κ

0.9
190

I
η

3,8

1.9
194

0.23,

0.12
191

I
a

4.9

2.4
191

+•·

n

3.6,
Γ=205°Κ

1.5
191:

1«
6,

Γ=205°Κ

2.5
194

Ϊ
1.8

0.9
192

ξ

aκ
10,

Γ=205°Κ

4.1
191

eV, it is well approximated by the formula σΓβ0 = 10 A2

ε"0*87, where the electron energy ε is given in electron-
volts. Processing of this relationship by Eq. (22) gives
the value η = 0.19 at the lower energy value ε = 0.38 eV.
According to beam measurements/2 2 4 3 the recombina-
tion cross-section of an electron with the cluster ion
H*· H2O at low energies is well approximated by σ =60
Α2· ε"1. (The electron energy ε is in electron-volts.)
This agrees with Eqs. (19) and (22). The mean number
of autoionizing states that participate in recombination
as calculated from (22) is η = 1.2 according to this re-
lationship.

Table Vm gives the experimental values of the dis-
sociative-recombination coefficients for an electron and
a set of cluster ions. Analysis of these results shows
that the effective number η of autoionizing states that
take part in the studied process in a system that con-
sists of a cluster ion and an electron is of the order of
unity. Figures 9-11 show the temperature-dependence
of dissociative-recombination coefficients involving
ions.

Analysis of the obtained results on dissociative re-
combination of an electron and a cluster ion that are
given in Table VHI and in Figs. 9-11 yields the follow-
ing conclusions concerning this process. Dissociative
recombination results from strong interaction of the
electron and the cluster ion. The different models of

200 300 mi τ;η

FIG. 9. Dissociative recombination of an electron with the Hj
ion. Circles—experiments'1'13: the solid curve is obtained
from the extrapolation relationship for the dissociative-recom-
bination cross section σ~ ε-«·«'> as extracted from processing
the data of beam experiments11833: the dotted curve corresponds
to the relationship σ~ T " 1 / a .

FIG. 10. Dependence of the
dissociative-recombination
coefficient of an electron with
an He 3 ion on the electron tem-
perature when the gas temper-
ature is 80 "K.0 8 0 3

SO 100 ZOO 250 Τ'Κ

the given process based thereon yield a recombination
cross-section σ,,,, inversely proportional to the elec-
tron energy ε (σΓ№ ~ Ι/ε) and a recombination coefficient
α that depends on the temperature r a s a - T'l/Z. Here
the dissociative-recombination cross-section of an elec-
tron and a complex ion acquires a value of the order of
magnitude of α ~ 10"β cm'/sec at thermal energies. On
the average, these rules are confirmed by experiment.

5. ION-MOLECULE REACTIONS INVOLVING
CLUSTER IONS

The processes in which cluster ions participate in-
volve formation of an intermediate long-lived complex.
Correspondingly, the ion-molecule exchange reaction
follows the scheme:

A+ - Β + C -* (B — A+ — C)* ->- Β + A+ - C. (25)

Here the lifetime of the intermediate long-lived complex
is long in comparison with the time of collision of the
particles. Upon accounting for the mechanism of the
ion-molecule reactions that involve a cluster ion, we
get the following expression for the rate constant of the
process (25):

« —• ^captureS- (26)

Here fecapture is the rate constant for capture of the mole-
cule C by the cluster ion, and ζ is the probability that
the intermediate long-lived complex will decay via the
studied channel.

The capture rate constant featurein Eq. (26) is of the
order of the polarization-capture rate constant of the
molecule C with the cluster ion, though differing from
this quantity because the cluster ion is rather large,
and its interaction with the incident molecule differs
from a polarization interaction. If we assume that ξ~ 1,
we find that an endothermic reaction involving a cluster
ion is characterized by a rate constant of the order of
the rate constant for polarization capture of the complex
ion by the molecule, which is about 10"l0-10"9 cm'/sec.

a /
0.3

OJi

o-/
a-2 FIG. 11. Dependence of the

dissociative-recombination
coefficient of an electron with
an Nj ion on the electron tem-
perature when the gas temper-
ature is 300 °K. 1—c m 3,

:iJ
400 500 T'K
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TABLE IX. Rate constants of ion-molecule reactions of cluster
ions at thermal energies.

Process

O i .N 2 + Os-Oi.Os+N2
OJ · 02•+-N20 ->- 0J · N 2 O + 0 ,

02-02+S02->- 0* *S02-}-02

Oi · N20 + S02 ->- Oi · S02 + N20
OJN 2 O + H2O-<-0iH2O4-N2O
0 g · S02 + H 2 0 —»• Oj *H2O-l-S02

OJ-O 2 +H 2 O-^Oi-H 2 O + O2

0\ • HSO + H20 ->• 0*2 • H20 · 0 H + 0 2

H* · H 2 0 · OH + H 2 0 ->- H* · (H2O)2 + OH
Ht + H 2 0 - • H+· H20 + H2

N0+ ·Η20 + NH3 ->• NHJ + HN02

NO+-(H2O)2 + NH3-«- NHJ-H2O + HN02

N0+ -(H2O)3+ NH3 -• NHJ -(H2O)2 + HNOj
N0+ (H,0)3 + H20 -• H* · (H2O)3 + HN02

NO*-N2 + COa->-NO+-CO2 + N2

NO+-CO2 + H2O-»NO+· H20 + C02

Οϊ·Ο2 + Η 2 Ο->-0ϊ ·Η 2 Ο+0 2

O--O2 + CO2^-O5-CO2 + O2

Ο ί · Ο 2 + Ν Ο - * Ο ϊ · Ν Ο + Ο 2

0;-02-f Ν2-*-Οί·Ν2 + Ο2

Oi-O2 + CO ->- 0j-C0-{-02

Oa-Oa + N20 -*- Ο2·Ν2Ο + Ο2

OS · H20 + C02 -̂ - Oi · C02 + H20
02·Η 2 0 + Ν0-*- Oj-NO-t-H2O
Oi.CO.M-NO-0-..NO + CO,

Polarization-
captuie rate
constant,
10""cm3/sec

6.4

7.8

8.0

7.7

7.4

7,2

7.5

7,3

8.1

18

10

9,6

9.4

7.3

7.6

7.4

7.5

7.4

6.8

7.0

7.4

7.8

7.8

6.5

6.3

;Rate constant
of the process,
1(Γ'° cm'/sec

0.5, 7T = 80 K.
2.5, Γ = 200°Κ

4.2; 8.2,
r = 200°K
5.6, Γ = 200°Κ

\ >1
J
18

14

21

29

10

10

10

0.7

10

10

1

4.3

2.5

<0.1
<0.2
<0,01

5 8
3.1

4.8

Reference

23

23

23

23

23

25, 127

25, 127

25, 127

167

29

29

29

25, 127, 153

143

U4

23

196

196

23

23

23

23

23

196

Table IX gives experimental values for the rate con-
stants of ion-molecule reactions in which cluster ions
participate. As we see, the order of magnitude of the
rate constants for the endothermic reactions agrees
with that of the given quantity. Moreover, Table IX
gives for comparison the values for the polarization-
capture rate constants of a cluster ion with a molecule:

(27)

Here β is the polarizability of the molecule, and μ is
the reduced mass of the colliding particles. Upon ana-
lyzing the data of Table IX, we can conclude that the
rate constant of ion-molecule reactions involving clus-
ter ions proves in most of the studied cases to be of the
order of magnitude of the polarization-capture rate con-
stant, which is about 10"9 cm3/sec. Thus any approach
between a cluster ion and a molecule culminates in
chemical reaction with a probability near unity, of
course, if such a reaction is energetically favorable.
This allows us to estimate the rate constant of an endo-
thermic ion-molecule reaction that involves cluster ions
as being of the order of 10"9 cm3/sec.

6. CLUSTER IONS IN THE UPPER ATMOSPHERE OF
THE EARTH

The upper atmosphere of the Earth at altitudes below
100 km is a suitable milieu for formation of cluster
ions. The temperature in this region of the atmosphere
is appreciably below room temperature. The ultravio-
let radiation of the Sun is absorbed in the higher layers
of the atmosphere, and the ions that are produced at
higher altitudes penetrate into these layers of the at-
mosphere. Moreover, molecules like H2O and CO2,
which easily combine into clusters, occur here in small

amount. Therefore, although the atmospheric pressure
at these altitudes is small, cluster ions of various types
are formed here after relatively long times.

The most favorable conditions for formation of clus-
ter ions arise in the so-called D layer, where the tem-
perature of the upper atmosphere is minimal, amount-
ing to about 190 °K. The height of this layer above the
Earth's surface is 80 km, and the air pressure is about
10"5 atm. An entire cycle of processes occurs in this
region of the atmosphere whereby the simple ions that
are formed in the higher layers of the atmosphere are
converted into compound and cluster ions. The indi-
vidual details of the overall pattern of this type of con-
versions can be reconstructed from laboratory mea-
surements of the rate constants of the individual pro-
cesses.

At altitudes above 100 km, the fundamental types of
positive ions are NO* and O|, c l 9 7~2 0 0 : l the concentration
of OJ ions being severalfold smaller than that of NO*.
As they migrate into lower layers of the atmosphere,
these ions undergo a chain of transformations, so that
the fundamental types of ions at 80 km altitude are
H*· (H2O)2 and Η*· Η 2 Ο."· 1 9 9 · 2 1 5 ] Upon using the rate con-
stants of the different processes as measured under
laboratory conditions, we can draw up an overall pat-
tern of the processes that occur at each altitude, and
thus describe the chemistry of the ions at a given alti-
tude. This approach has been undertaken repeated-
ly. C 2 0 1~2 0 e ] Figure 12 gives a diagram of the processes
that occur in the D layer of the atmosphere involving
positive ions, while Fig. 13 illustrates those in which
negative ions participate. As measurements have
shown,C9·2073 the fundamental types of negative ions at
an altitude near 80 km (the negative charge at this alti-
tude involves negative ions) are CO3 and CO4. The ions
Cl", o;, HCO;, NO3, NOj · HNO3, and Ô  · (H2O)2 are ob-
served in lesser amount.

More thorough laboratory studies of the processes
that describe the chemistry of the ions in the upper at-
mosphere permit us, on the one hand, to alter some-
what the pattern of processes shown in Figs. 12 and 13,
which is correct in general outline. On the other hand,
they create contradictions that can lead to fundamental

f'V

NO

.Radiation
I

hv

ί

NO

Ν

N 2

NO*

1

0,

0

H.O

f 2 o |

ND*·

(CO,)

NO*·

<H2C)

\

Η ϊ 0 ,

H20

|H2C

NO*·
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NO*

(H20)2

ί

0
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H20

|H 2 C

NO*

H2O).,M
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|H2

H 5 O :

NO*·

(Η 2 0),

Μ

]

H?0

H20
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FIG. 12. Diagram of the processes that involve positive ions
in the D layer of the upper atmosphere of the Earth. E»!·2»2!
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Wavelength, A
5300 Ί900 4600

Recombination
with positive
ions

NO Recombination
with positive
ions

FIG. 13. Diagram of the processes that involve negative ions
in the D layer of the upper atmosphere of the Earth, t*0 1·2 0 2 3

changes. Let us take up the nature of the transforma-
tions of the positive ion NO*. Analysis of the laboratory
measurements1283 has shown that the cluster ions
NO* · H2O are formed from NO* ions in the D layer of the
Earth's atmosphere via the cluster ion NO* · N2. Figure
14 shows the possible channels for formation of this ion
and the times for the corresponding processes as cal-
culated from laboratory measurements. This diagram
implies that conversion of the NO* ion into the complex
ion NO* · H2O takes about a half a minute. Further con-
version of the NO* · H2O ions into the more complex
ions NO* · (H2O)n in the D layer of the atmosphere takes
a time of the order of 10s seconds, as can be found from
the data of Table VI. It is hard to understand the next
step, which consists in conversion from complex ions
of the type NO* · (H2O)n into complex ions of the series
H* · (H2O)m, which are the fundamental types of positive
ions in the D layer of the atmosphere. The trouble is
that it is hard to choose reactions on the basis of lab-
oratory measurements whereby a conversion to the
studied types of ions can be realized in reasonable
times.

Apparently this contradiction can be explained by the
fact that the upper atmosphere of the Earth is not at
equilibrium. The radiation of the Sun and the processes
that occur in the upper atmosphere give rise to parti-
cles in vibrationally and electronically excited states.

For example, the density of vibrationally excited oxy-
gen molecules Ο2(

1Δ,) at altitudes 50-80 km proves to
be of the order of 1010 cm"3, "»8.2θβ-2ΐο] T h a t i s > i t i s o f

the same order as the density of water molecules. Par-
ticipation of excited particles in reactions can lead to

N2,H20

NO*
J 3000-SOOOSK

N2,C02

Ν0*·Η20

H20

1300 sec

2 , g. 003 sec

NO* CD,

CO,

N2,7sec
NO*· N,

FIG. 15. Photolysis cross
section of the negative ions
CO5»H2O and COJ.

2A 2.6
Photon energy, eV

new channels for processes that differ from those that
occur under laboratory conditions.

In addition to chemical reactions that involve partici-
pation of cluster ions, absorption of solar radiation by
the cluster ions can play an important role in the upper
atmosphere of the Earth. These processes have begun
to be studied under laboratory conditions. There are
measurements of the photolysis cross-sections of
the negative cluster ions O"· CO2, OH"· CO2, and
O" · CO2 · H2O, «M«.««.«i7J the cluster ions o ; and
O;, t 2 1 9 " 2 2 0 3 and also the positive cluster ions N4*

C221] and
O2* · H 2 O. t 2 2 2 : For almost all of the studied cluster ions,
the photolysis cross-section in the optical region of the
spectrum is of the order of 10"18 cm 2 . 4 ' Figure 15 shows
as an example the photolysis cross-sections of the ions
O" · CO2 and O" · CO2 · H2O.C 2 1 7 ]

When the photolysis cross-section of cluster ions is
of the order of 10"18 cm2, their characteristic decay
time in the upper atmosphere under the action of solar
radiation proves to be of the order of 10 sec. This is
several orders of magnitude smaller than the charac-
teristic time of passage of ions through the D layer of
the atmosphere. Thus the solar radiation is essentially
included in the conversion processes among the types
of ions, so that the type of cluster ions in the upper at-
mosphere can differ from day to night, i. e., with or
without solar radiation in the atmosphere.

Cluster ions can also exist in the atmospheres of
other planets of the solar system. The farther a planet
lies from the Sun, the lower its temperature, and thus
the greater the portion of the atmosphere of the planet
where charged particles can be bound into cluster ions.
However, the atmospheres of the other planets have not
been studied fully enough to permit discussing their
properties in connection with cluster ions.

Thus the upper atmosphere of the Earth is the most
studied object where cluster ions are produced rather
efficiently. Here the information on the cluster ions
and on the processes that involve them that we possess
from laboratory measurements permits us to explain
the fundamental laws involving the cluster ions in the

FIG. 14. Conversions of the ion NO* and switching times in
the D layer of the upper atmosphere of the Earth.

4>The Ν 3 ion is an exception in this respect among the studied
ions. It is not destroyed by photons in the wavelength region
around 6000 A.E 2 1 3 This can be explained by the large bond-
dissociation energy for this ion (see Table I).
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upper atmosphere. Yet the more detailed data of ob-
servations of cluster ions in the upper atmosphere can-
not be explained on the basis of the currently existing
information on cluster ions. Hence the problem involv-
ing the behavior of cluster ions in the upper atmosphere
of the Earth requires more thorough studies.

7. CONCLUSION

As this review has implied, the cluster ions are a
distinctive object whose study belongs to the boundary
region between plasma physics and chemical physics.
Enough information has been accumulated in this field
to get a general picture of the properties of the cluster
ions and of the processes in which they participate.
We should note that the studies of cluster ions have
been supported thus far mainly by the study of the upper
atmosphere of the Earth. The bulk of the information
presented in this review has been obtained from these
studies. However, the current growth of physics of
weakly-ionized gases at low temperatures may become
a new impetus for expanding the studies on cluster ions,
since cluster ions are formed rather efficiently under
conditions of a low-temperature weakly ionized gas.
This will require new information on the cluster ions,
and will expand our concepts on their properties.
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