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Mechanisms for three-body electron attachment to a molecule are examined. Methods for
studying this process experimentally are described. The measurements of the characteristics of
the process and their dependence on the parameters of the molecule and the energy of the electron
are presented. It is shown that electron attachment to a molecule in a gas and a liquid are related.
It is shown that three-body attachment is important in the low-temperature plasma of the upper
atmosphere, high-pressure discharges, and gaseous dielectrics.
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1. INTRODUCTION

Electron attachment to a neutral particle accompanied
by the formation of a negative ion is a process in which nega-
tive charge is transferred from a light particle to a heavy
particle. This process sharply reduces the mobility of nega-
tive charges, and therefore the conductivity of a plasma also.
For this reason, it significantly alters the phenomena occur-
ring in the earth's ionosphere, gas discharges, and plasmas.
The attachment of an electron to an atom is possible in the
presence of a third particle or as a result of the emission of a
photon, which carry away the excess energy. The cross sec-
tion for photoattachment is small, and this process is impor-
tant only in a highly rarefied gas. When the atom is replaced
by a molecule, dissociative attachment becomes possible and
three-body attachment is significantly accelerated. For a
large number of molecules the electron affinity of the frag-
ments formed is less than the dissociative energy, and the
process of dissociative attachment has an energy threshold.
The process of three-body attachment, whose efficiency is
highest at low electron energies, is free of this limitation. In
addition, as the gas pressure increases the three-body pro-
cess "chokes off" dissociative attachment. Thus three-body
attachment of an electron to a neutral particle is a typical
process in quite dense media. It is also important for rarefied
gases, if for some reason the two-particle process is forbid-
den. For example, it is responsible for the annihilation of
thermal electrons formed by an external ionizer in air under
normal conditions.

The process of three-body attachment in the presence of
a third body—an electron—can be important only for
strongly ionized plasma, where negative ions are unimpor-
tant owing to their efficient destruction. The process of
three-body electron attachment to an atom affects analo-
gously the properties of a plasma only under very specific

conditions. For this, on the one hand, the degree of dissocia-
tion of the molecules must be high, while on the other the
destruction of negative ions must be weak. Such conditions
are rarely realized in practice, and there is very little infor-
mation about three-body electron attachment to an atom.'
The most important and most completely studied process is
three-body electron attachment by the scheme

e + A + B->-A- + B (1)

(A is a molecule and B is a molecule or atom), which is the
process that will be studied in this review. The range of gas
temperatures for which it makes sense to take this process
into account extends from cryogenic temperatures up to
temperatures of several thousands of degrees, and electron
temperatures of up to several electron volts.

The question of how the properties of an isolated mole-
cule change as the density of the surrounding medium in-
creases lies at the junction of physics, chemistry, and bio-
logy. The limiting case of a dense medium are liquids, the
theory of which has by no means been completed. In the last
few years successful attempts have been made to explain the
experimental data on electron attachment to molecules in a
liquid based on data on processes occurring in dense gaseous
media. This concerns primarily nonpolar liquids, where the
electron is assumed to be quasifree. Aside from general theo-
retical interest, the study of processes with the participation
of electrons in condensed media is also of purely practical
interest. Such processes are important in electric breakdown
of liquid dielectrics and in working with liquid ionization
chambers in experimental nuclear physics.

In this review we present the latest ideas about the pro-
cess of three-body electron attachment to a molecule. There
are a number of reviews on this subject, '~8 where attachment
to the O2 molecule is primarily discussed. Even for this well-
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studied reaction, new and important results have been ob-
tained in the last ten years: a strong isotopic effect has been
discovered; it has been found that van-der-Waals molecules
play an important role in attachment; a series of calculations
of the rate constants for three-body attachment in nonequi-
librium weakly-ionized plasma has been performed. A large
amount of factual material on three-body electron attach-
ment to other neutral particles has been accumulated. Final-
ly, the relationshp between the attachment processes in gase-
ous and liquid phases is becoming increasingly clearer.4'5'9'10

2. MECHANISMS FOR THREE-BODY ELECTRON
ATTACHMENT TO A MOLECULE

The process of three-body attchment can be character-
ized, by analogy to two-body collisions, by the cross section
<ra and the rate constant /ca, which are related by the expres-

(A-)

sion

v).

where the brackets indicate averaging over the electron ve-
locities v. The rate of electron loss via three-body attachment
to a molecule A in the presence of a third body B usually
depends quadratically on the gas pressure, and the rate con-
stant for three-body attachment is determined from the
equation of balance from the density of negative ions [ A~ ]:

where Ne and [A] are the density of electrons and molecules
of type A. It has the dimensions cmVsec, while the cross
section cra has the dimensions cm5. Unlike two-body pro-
cesses the values of ka and cra depend not only on the charac-
teristics of the particle A, to which the electron is attached,
but also on the properties of the particles playing the role of
the third body: the type of particle, the translational tem-
perature of the particles, and the degree of excitation.

In the case of three-body attachment to complex mole-
cules the pressure-dependence of the rate of electron annihil-
ation, in spite of its three-body character, is identical to the
pressure dependence typical for a two-body process. It is
thus more convenient to introduce the electron attachment
constant based on the equation

± ! £ L = fcj\re[A]. (3)

In this case the constant ka and the cross section <ra have the
same dimensions as for the two-body process, but their val-
ues depend, as before, on the parameters of the particle B.
The intermediate case, when the dependence of the rate of
formation of negative ions on the gas pressure does not re-
duce to the simple expressions (2) or (3), is also possible.
Then the rate constant for three-body attachment, intro-
duced by the first or second method, itself depends on the
density of neutral particles.

One of the chief mechanisms of the process of three-
body electron attachment to a molecule was first proposed
by Bloch and Bradbury1' and made more precise by Herzen-
berg.12 According to this mechanism attachment proceeds
in two stages:

*..
^ (A" (4)

A- + B,
e + A + B.

(5)
(6)

At first the electron is attached to the molecule A and a
negative ion is formed in the autoionization state (A~)*.
This is followed by quenching or decay of the autoionization
state in a collision with a third body B. Here kM is the first
constant for the formation of the unstable ion A ~, r is the
lifetime with respect to decay into the initial state; k T and A:b
are the rate constants for the formation of the stable ion A~
and break-up of the ion (A~)* in a collision with the
particle B.

An equilibrium density of (A~)* ions is established
within short times of ~ r, and the rate constant for three-
body attachment equals the product of the constant kat by
the probability that the ion (A~ )* will be transformed into
the stable ion A" :

" a t " T
* . = •

* b ) [B]
(7)

For gas pressures that are not too high and for sufficiently
short times

T-'>(AT-i-fcb)[B],

and the formula (7) reduces to

(8)

(9)

In the other limiting case three-body electron attachment
outwardly appears as a two-body process with the constant

7- — k
>> a — " a t

(10)

In order that the processes (4) and (5) [or (6)] be
separate from one another, the characteristic time of a colli-
sion between heavy particles rcol = a/V (a is the size of the
heavy particles and V is their relative velocity) must be
much less than r. For gas temperature T = 300 K and small
molecules TCO1 ~ 2 • 10~13 s. The condition r > TCO1 implies the
requirement that the width of the autoionization state must
be small F = ft/T4.2-10~3 eV. Such narrow resonances in
the scattering of an electron by a molecule are observed at
low energies of the order of the vibrational quantum of a
negative ion.813 As the energy of the autoionization state e,
increases the value of F increases rapidly according to the
law F ~~e[ +1/2, where / is the orbital quantum number, de-
scribing the motion of the freed electron far from the mole-
cule. M The states studied are usually the vibrational levels of
the ion, lying above the ground state of the neutral molecule
A. Figure 1 shows as an example the electronic terms of the
molecule O2 and the ion O2~ ,5 whose vibrational states, start-
ing with the fourth and higher states, are unstable.

We shall evaluate the times r for which the condition
(8) holds. Assuming that the processes (5) and (6) occur as
a result of polarization capture of the ion (A~) * by the mol-
ecule B, we have

- ^ - ) 1 / 2 ~ 10-9 cmVs , (11)

where e is the electron charge, /? is the polarizability of the
particle B, and/z is the reduced mass of A~ and B. Then for a
gas pressurep~ 10-100 torr, r<10~9-10~1 0 s, the condi-
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FIG. 1. Electronic terms of the O, molecule and the O2 ion.5

tion (8) reduces to the requirement, under which the rate of
electron loss in the three-body attachment process depends
quadratically on the gas pressure. Such short-lived autoion-
ization states occur for the molecules O2, NO, SO2, and some
others, for which the three-body attachment process is ob-
served.2'3'8 The other limiting case of long-lived unstable
negative ions is typical for complex molecules, in which the
energy of the trapped electron is redistributed over internal
degrees of freedom of the molecules, and this is what in-
creases the lifetime of the ions. The three-body attachment
process, outwardly manifested as a two-body process, is ob-
served for NO2, SF6, and other complex molecules.

We shall evaluate the order of magnitude of the rate
constant for three-body attachment in both cases based on
the formulas (9) and (10). In thermodynamic equilibrium
the product rkM is determined from the law of mass action:

•V, I A ] AV?.A

where ge, gA, and g, are the statistical weights of the elec-
tron, the neutral particle A, and the ion; m is the electron
mass; and Tis the temperature. Setting £{~T = 300 K we
obtain kat ~ 10~20 cm3. The use of the polarization capture
constant for k T gives the estimate, based on the formula (9),
&a ~ 1O~29-1O~30 cmVs which is valid when the condition
(8) holds. This estimate agrees well with the experimental
data on the rate constant for three-body attachment to the
molecules O2 and NO, when the third body is a complex
molecule. >-3-7-8-15 Here the efficiency of stabilization of the
negative ion in the reaction (5) is high owing to the transfer
of the excess energy of the ion into the vibrational degrees of
freedom of the third body (V-V exchanges). If the third
body is an atom or a simple molecule, then the excess energy
can be transferred only into its translational degrees of free-
dom (V-T exchange). The rate of this transfer process is
significantly lower owing to its nonresonance character. The
process of three-body attachment in which the third body is
a molecule of the same type as the molecule to which attach-
ment occurs is an exception. In this case the high rate of
attachment can be explained by the appearance of a new
channel of the reaction (5)—resonance charge exchange.

In the case of long-lived unstable ions, when the condi-
tion (8) does not hold, the rate constant for three-body at-
tachment £a ~ kM. Making the assumption that the cross
section for capture of an electron by a complex molecule is of
the order of the elastic scattering cross section (10~14 cm2),
we obtain for T= 300 K the upper limit ka ~ 10~7 cmVs.
The rate constant for three-body electron attachment to an
SF6 molecule and to other complex molecules is precisely of
this order of magnitude. For simple molecules it should be
expected that the rate of this process will be lower. For ex-
ample, the rate of three-body attachment of an electron to
the NO2 molecule is three to four orders of magnitude lower.

Although the process of three-body attachment is not a
threshold process, for the foregoing mechanism there is an
energy barrier, equal to the energy of the autoionization
state of the negative ion et. Because of this, as the tempera-
ture decreases the rate of the three-body attachment process
by the Bloch-Bradbury mechanism drops off exponentially
[see the formula (12) ]. At cryogenic temperatures electron
attachment to weakly coupled van der Waals molecules16

AB, whose concentration is determined from the law of mass
action

fABJ = [A] [B] K-1 (T),

where K( T) is the rate constant of the equilibrium reaction,

A--B + C *± AB + C.

may turn out to be important. If dissociative attachment of
an electron to a van der Waals molecule AB is possible,

e + AB - i A--fB,

then the effective rate of electron loss and formation of nega-
tive ions is described by Eq. (2) with the rate constant

where N is the total density of neutral particles. In the limit
of low gas pressures (N4K(T)) the concentration of van
der Waals molecules [AB] grows linearly as the pressure
increases and as a result dissociative electron attachment to
a van der Waals molecule AB outwardly appears as a three-
body attachment process with the rate constant k.A = kg /
K{T).

At high gas pressures (N^>K(T)) the quantity [AB]
remains virtually constant as the pressure changes and at-
tachment acquires, as in the Bloch-Bradbury mechanism,
features of the two-body process with a constant kg.

The existence of van der Waals molecules in a gas has
been proved in a number of experiments. These molecules
were observed by the methods of mass spectrometry and
long-wavelength IR spectroscopy in inert gases (Ar, Xe),
simple molecular gases (O2, N2, H2, CO2, N2O, etc.), and
some of their mixtures.17'18 The binding energy of these for-
mations is ~0.01 eV and their sizes are 5-10 A. Their equi-
librium concentration is determined by the equilibrium con-
stant K( T). The constant K{ T) can be evaluated with the
help of the results of the calculation of Ref. 19, where it was
determined from the force constants of the interaction
between the constituent particles of the complex molecule.
According to Ref. 19, K~ 1022 cm"3 at T= 100-600 K and
is virtually independent of the type of van der Waals mole-
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FIG. 2. The dependence of the rate constant of three-body attachment to
the molecules I8O2 (1) and 16O2 (2-4) molecules on the gas tempera-
ture.20 The third body is O2 (1, 2), CO (3), and N2 (4).

cule. Setting kt ~ vri, where v is the characteristic velocity of
an electron with thermal energy, we obtain ka S 1O~30 cm6/
sec. Thus electron attachment to van der Waals molecules
could turn out to be a very efficient process, which obviously
predominates at low temperatures, when the population of
the autoionization states of negative ions is small. The qua-
dratic dependence of the rate of three-body attachment on
the gas pressure, according to the mechanism under study, is
replaced by a linear dependence for N> K( T), which corre-
sponds to a pressure of several hundreds of atmospheres.

Figure 2 shows the dependence on the gas temperature
T of the rate constant of three-body electron attachment to
the O2 molecule for a series of third bodies obtained in the
experiment of Ref. 20, under conditions of thermodynamic
equilibrium. The decrease in the rate of three-body attach-
ment with increasing T indicates that van der Waals mole-
cules, whose concentration drops in the process, play an im-
portant role. The reverse dependence in the case of the third
body—the O2 molecules—for sufficiently high values of Tis
characteristic for the Bloch-Bradbury mechanism, in which
there is an energy barrier.

In the foregoing discussion we examined the mecha-
nisms of three-body attachment in which the three-body
process is separated into two stages with the formation of
intermediate products—either unstable negative ions
(A~ )* or van der Waals molecules AB. The three-body at-
tachment process can also proceed directly without the for-
mation of intermediate products. In this case attachment
occurs as follows. The electron enters the region of strong
interaction with the molecule A and undergoes there a colli-
sion with a third body B, to which it gives up part of its
energy. As a result the ion A~ forms. The rate constant of
this process under typical conditions, according to Ref. 7,
equals &a ~ 10~33 cmVs, which is significantly lower than
for the mechanisms studied above. For this reason the direct
mechanism of three-body attachment can play an apprecia-
ble role only in exceptional cases. For example, it becomes
important if /—the electron affinity of the molecule A—is
low and therefore the region in which the electron interacts
strongly with the particle A, whose size equals in order of
magnitude H(mI)~U2. Thus for the NO molecule 7-0.02
eV2'3 and the rate constant for three-body attachment to it
reaches values of ~ 10~30 cmVs.7

The chief mechanisms for three-body attachment are
now clear and the main problems in the theoretical descrip-
tion of this process now are to determine the properties and
parameters of the intermediate particles—the van der Waals
molecules and the unstable negative ions. Information about
them is very fragmentary. The multichannel nature of the
three-body attachment process as well as the possibility of
competition between different mechanisms make it difficult
to obtain experimental data from the cross sections and rate
constants.

3. METHODS FOR MEASURING THE CROSS SECTION FOR
THREE-BODY ATTACHMENT AND BASIC RESULTS

Significant difficulties are encountered in constructing
a theory even of two-body interactions of an electron with a
molecule (dissociative attachment of an electron, vibational
excitation of a molecule by electron impact, etc.). They arise
both because the interaction of the incident electron with the
internal electrons and the atomic nuclei must be taken into
account simultaneously and because the number of interme-
diate and final channels is large. For this reason, this prob-
lem is substantially a many-body and multilevel problem.

The transition from a two- to a three-body process
further complicates the situation. Taking into account the
specific mechanism for three-body electron attachment
could make it possible to reduce the three-body process to a
sequence of two-body processes: resonance scattering of an
electron by a molecule and vibrational relaxation of the neg-
ative ion formed by a third particle (Bloch-Bradbury mech-
anism) or dissociative attachment of an electron to a van der
Waals molecule. But, these simplifying assumptions, even
taking into account the latest progress in numerical meth-
ods, do not make it possible to investigate the process under
study by nonempirical methods. For this reason, experiment
plays the leading role in the study of three-body electron
attachment.

The fundamental quantity for describing three-body
electron attachment is the cross section, which depends on
the initial and final states of the system as well as the energy
of the electron and of the heavy particles. In cases of practi-
cal interest the velocity distribution of the atoms and mole-
cules is the equilibrium distribution, and for this reason the
cross section cra (e, T) for the formation of stable negative
ions as a function of the electron energy e and gas tempera-
ture 7" is introduced. It takes into account the averaging over
velocities and the initial states of the heavy particles as well
as summation over the final states.

In most cases three-body electron attachment is a reso-
nance process with a resonance width <0.1 eV. For this
reason, highly monochromatic electrons beams, whose pro-
duction at energies below 1 eV is in itself a difficult technical
problem, are required for studying attachment cross sec-
tions. This difficulty arises in the study of most scattering
processes involving a slow electron scattered by an atom or
molecule. The second obstacle, which is characteristic pre-
cisely of three-body processes, arises from the need to satisfy
simultaneously two contradictory requirements. The rate
constant for three-body attachment increases as the gas pres-
sure increases, whereas it is desirable to perform the experi-
ments at elevated pressures, so as to maintain the sensitivity
of the ion detector at an adequate level. As the pressure is
increased, however, the monochromaticity of the electron
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beam decreases owing to scattering of electrons by atoms
and molecules. For this reason, thus far, only one experi-
ment on the attachment of an electron to a molecule, which
depends quadratically on the gas pressure, has been per-
formed with a monoenergetic electron beam. This is Ref. 21,
where the process of three-body attachment to an O2 mole-
cule was studied as a function of the electron energy e and
the gas temperature T. The apparatus employed has been
used many times to measure the cross section for dissociative
electron attachment to a molecule. It is described in detail in
Ref. 2. The electron beam was formed with the help of an
iridium filament; beam monochromaticity was ensured by a
system of reflecting electrodes. The beam was injected into
the collision chamber, consisting of a cylindrical furnace 10
mm in diameter. The negative ions produced in the chamber
were extracted with the help of an electric field, generated by
two parallel iridium electrodes. The nonmonochromaticity
of the electron beam constituted ~0.1 eV.

Figure 3 gives the values of the rate constant of the pro-
cess

obtained in Ref. 21. The figure also shows the positions of
the vibrational levels of the O2~ ion, reconstructed from
beam experiments on the study of the vibrational excitation
of the O2 molecule by electron impact. The dependence of
the rate of the three-body attachment process on the electron
energy consists of a sequence of narrow peaks at energies
corresponding to the autoionization states of the O2"" ion.
This picture is a direct confirmation of the validity of the
Bloch-Bradbury mechanism. As the gas temperature T in-
creases the rate of stabilization of the autoionization states of
the O2~ ion by a third body [the process (5)] decreases,
which causes the rate of electron attachment to decrease.

If the attachment process proceeds through the forma-
tion of a long-lived unstable ion [the case opposite to the case
(8) ], then the cross section for three-body attachment can
be measured at low gas pressures also. But another difficulty
arises. The frequency of stabilization of the autoionization
state of the negative ion by a third body is of the same order
of magnitude as the frequency of collisions between the elec-
trons in the beam and neutral particles. So as not to destroy

5 -
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FIG. 3. The dependence of the rate constant of three-body attachment to
the O2 molecule with O2 as the third body on the electron energy in the
experiment of Ref. 21 with a monoenergetic electron beam. T= 300 K
(1) and 500 K (2). The energies of the vibrational levels of the O2 ion are
indicated at the top of the figure.

beam monochromaticity the experiments are performed
with low gas pressures, when there is not enough time for the
unstable negative ions to be stabilized. As a result, the two-
body cross section for the formation of unstable negative
ions and not the total cross section aa for electron attach-
ment with the formation of a stable ion is measured. These
quantities are identical only when the probability of stabili-
zation of unstable ions by a third body is close to unity. In the
opposite case the quantity measured in an experiment with
an electron beam is the upper limit for aa.

A process of this type that has been studied in greatest
detail is attachment to the molecule SF6. Repeated attempts
have been made to measure, by the electron-beam method,
the cross section of this process with the formation of SF6"
ion. In most cases, however, the inadequate beam monoch-
romaticity made it impossible to determine the cross sec-
tion.22"24 The experiment of Ref. 25, where this cross section
was measured with the help of an electron beam with an
energy spread of 0.1 eV, is an exception. The cross section
reaches a maximum near zero and drops rapidly as the elec-
tron energy increases. The experimental apparatus of Ref. 25
was previously employed to study dissociative electron at-
tachment to a molecule. It is described in detail in Ref. 2. The
distinguishing feature of this apparatus is the identification
of the negative ions formed by the method of mass spectrom-
etry. For the SF6 molecule this is necessary because of the
large number of channels in which electron attachment to it
occurs.

A fundamentally new method for producing monoener-
getic electrons was employed in Refs. 26 and 27 in the study
of electron attachment to the SF6 molecule. In these works
the mixture SF6:Xe, in which low-energy free electrons were
generated by photoionization of Xe atoms near the threshold
was studied. This method permitted reducing the electron
energy spread by more than an order of magnitude (to 0.004
eV) and to obtain reliable data on the attachment cross sec-
tion. The type of the negative ions formed was determined
with the help of a mass spectrometer.

Because of the difficulty of measuring the attachment
cross section directly, methods were developed for recon-
structing its value from the experimental data on the rate
constant of this process. The reconstruction of the cross sec-
tion based on its integral characteristics is a typical impro-
perly posed problem and the accuracy of this procedure is
not high. Tlhe largest error can be expected for the relative
dependence of the cross section on the electron energy, espe-
cially if the dependence is sharp.

In Refs. 28 and 29 the cross section for electron attach-
ment to SF6 and a series of complex organic molecules was
approximated by the formula <7a = A /er and the values of
the constants A and y were determined from the analysis of
data on the rate constants for attachment, obtained in ex-
periments with an electron bunch. The theoretical justifica-
tion for this dependence of <ra (e) in the case of complex
molecules is discussed in Ref. 3.

A more universal approach to the reconstruction of the
attachment cross section from data on the rate process is
developed in Ref. 30. According to Ref. 30 (see also Refs. 4
and 8) in the experiment with the electron bunch the rate
constant for attachment was measured in the widest possible
range of values of the reduced electric field E /N (.E is the
intensity of the electric field and N is the neutral particle
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FIG. 4. Cross section for electron attachment to the SF6 molecule: 1) Ref.
26; 2) Ref. 25; 3) Ref. 31; 4) Ref. 32.

density), on which the average electron energy depends. The
study was performed with a mixture of a buffer gas with a
small quantity of the gas to whose molecules the electrons
become attached. The buffer gas consisted of gases (most
often N2 and Ar) for which the electron energy distribution
as a function of the parameter E /N is well known from the
numerical solution of Boltzmann's equation. For this reason
this method can be used to study only three-particle pro-
cesses, where the third body is an atom or molecule of the
buffer gas. The small fraction of molecules to which attach-
ment occurs in the mixture made it possible to neglect their
effect on the electron energy distribution. The experimental
data were analyzed as follows. The starting approximation
for the attachment cross section, according to which the at-
tachment rate constant was determined in a wide range of
values of the parameter E /N by integration with a known
electron energy distribution function, was given. After the
results of the calculation of the rate constant were compared
with the experimental data corrections were made in the at-
tachment cross section, and the procedure was repeated. It-
eration continued until the computational results agreed
with experiment. The efficiency of this approach was
checked for the process of dissociative electron attachment
to a molecule, whose cross section was measured in many
experiments with electron beams.

The results31'32 for the reconstruction of the cross sec-
tion aa (f) by this method for the SF6 molecule are presented
in Fig. 4. Different data on the electron energy distribution
in N2 were employed in Refs. 31 and 32. The accuracy of the
method employed can be judged from the discrepancy
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FIG. 5. Cross section for electron attachment to the O2 molecule with N2

as the third body34 as a function of the gas pressure, p(torr) = 300 (a),
500 (b), 1000 (c), 1500 (d), 3000 (e), and 7000 (f).

between their results. This discrepancy increases apprecia-
bly for electron energies > 0.1 eV. Figure 4 also shows the
results of direct experiments25'26 on the measurement of the
attachment cross section. In the low-energy limit all ap-
proaches give close results. The experiment of Ref. 26 is
most accurate; improvement of the procedure employed in
this method enabled Chutjian and Alajajian33 to obtain data
indicating that the 5 wave plays the dominant role in attach-
ment at low electron energies.

Figures 5 and 6 show the cross sections for electron
attachment to the molecules O2 (Ref. 34) and SO2 (Ref.
35), obtained by the method of Ref. 30 for different pres-
sures of molecular oxygen, employed as the buffer gas. For
p < 1000 torr the cross section for attachment to the O2 mole-
cule has a resonance character, which confirms the validity
of the Bloch-Bradbury mechanism for this process. The dif-
ference between the positions of the peaks in the cross sec-
tion on the energy axis, equal to 0.2 eV, is close to the magni-
tude of the vibrational quantum of the O2~ ion,2'3 through
whose autoionization states attachment proceeds. Accord-
ing to Fig. 5 the first autoionization state of the ion makes the
main contribution to the process of three-body attachment
of an electron to the O2 molecule in the presence of a third
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FIG. 6. Cross section for three-body electron attach-
ment to the SO2 molecule with N2 as the third body35

as a function of the gas pressure. />(torr) = 1000 (a),
3500 (b), 6000 (c), 9000 (d), and 12 5000 (e).

O.Z 0 O.Z 0 0.2 0 O.Z O.Z s, eV
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body (N2 molecule). As the gas pressure is raised the reso-
nance structure shifts toward lower energies and gradually
vanishes. This behavior of the cross section is interpreted in
Refs. 4, 5, and 34 as the breakdown of the potential energy
curve of the O2 ion in an environment of N2 molecules.

The cross section for electron attachment to the SO2

molecule, presented in Fig. 6, also has a resonance structure.
But, unlike the case of the O2 molecule, at the present time it
is difficult to ascribe the peaks observed here at 0.06 eV and
0.26 eV to some definite autoionization states of SO2". The
cross sections for electron attachment for a large number of
complex, primarily organic, molecules were obtained by an
analogous method. These results are presented and dis-
cussed in Ref. 8.

In conclusion it should be emphasized that the direct
methods traditionally employed for measuring the cross sec-
tions of two-body processes are usually not applicable in the
case of three-body attachment and other three-particle reac-
tions. Almost all the information available here was ob-
tained by indirect methods.

4. RATE CONSTANT FOR THREE-BODY ELECTRON
ATTACHMENT AND ITS TEMPERATURE DEPENDENCE

In a low-temperature plasma the average electron ener-
gy is usually much higher than the energy at which the cross
section for three-body attachment changes. Here the charac-
teristic of this process is the rate constant of three-body at-
tachment averaged over the electron energy distribution.

For the Bloch-Bradbury mechanism it can be deter-
mined by taking into account many autoionization states,
employing the Breit-Wigner theory of resonance scatter-
ing.712 The cross section for the capture of an electron with
energy e by a molecule A accompanied by the formation of
the negative ion A~ in they'th autoionization state equals36

tachment proceeds through one autoionization state, the
formula (14) simplifies:

aJ(e) =
(e — E

(13)

whereg{,gA,andge arethestatisticalweightsoftheionA ,
the molecule A, and the electron, respectively, A. is the de
Broglie wavelength of the incident electron; T ' and T J

o are
the total and partial (relative to decay into the initial state)
width of theyth state of the A ' ion with energy e\. The
formula (13) holds if

As is the energy splitting of the neighboring autoionization
states.

For not very high gas pressures [when the condition
(8) holds] the expression for the rate constant for three-
body attachment, according to the formula (9), has the form

\ 2 :t

ge gA
T TJ (14)

where r, and kJ
T are the lifetime and rate constant for

quenching of theyth state of the ion by a third body, m is the
electron mass, a n d / ( f ) is the electron energy distribution
function. If it is Maxwellian with temperature Te, while at-

gj

f
The expressions (14) and (15) can also be derived by a dif-
ferent method, based on analysis of the statistical equilibri-
um between the densities of unstable negative ions, mole-
cules, and electrons.3'37 Thus, for Tc 4,Ej, as Te increases ka

increases exponentially and passes through a maximum,
while for Te >£y it decreases in a power-law fashion. The
value of k T also depends on the temperature of the heavy
particles in a nearly power-law fashion.

The theoretical study of mechanisms of three-body
electron attachment to a molecule, differing from those stud-
ied above, is just beginning. In Refs. 38 and 39 attachment to
the van der Waals molecule O2 • N2 was studied and it was
shown that the high efficiency of this process is explained by
the reduction of the symmetry of the system accompanying
attachment of the N2 molecule to O2. In Ref. 40 the rate
constant for three-body attachment of an electron to the
molecule NO via the direct mechanism with no intermediate
stages was calculated on the basis of the impulse approxima-
tion.41

Experimental methods for studying the rate constant of
three-body attachment are described in detail in Refs. 2, 8,
and 42. They can be divided into two large groups depending
on whether or not equilibrium is established between the
electron and neutral-particle temperatures. Experiments of
the first group are usually based on the measurement (for
example, by microwave methods) of the time dependence of
the electron density in the decaying plasma generated by a
beam of relativistic electrons, x-ray beams, or photoioniza-
tion with an addition of an easily ionized impurity. In the
early works, performed in the 1950s, the plasma was created
with a pulsed gas discharge. This, however, gave rate con-
stants for three-body attachment that were too low, owing to
the destruction of the negative ions by excited particles
formed in the discharge. Experiments in the second group
include studies of the attenuation of electron bunches travel-
ing through a drift tube. Here the electrons are heated by an
external electric field, their energy distribution becomes
nonequilibrium, and the average electron energy varies from
the thermal energy up to several electron volts at room tem-
perature of neutral particles. Experiments with a non-self-
sustained gas discharge, which have been performed in the
last few years, are close to this group.

Table I gives the results of these experiments for
Tc = T= 300 K, and the methods employed, as well as the
range of pressures to which the measurements refer, are also
indicated.

For the process

e _ 2N0-v NO- -- NO

with Tc = T= 300 K there is a significant spread between
the data reported in different publications. According to
Ref. 1, in most experiments the rate constant was deter-
mined incorrectly, since the process of collisional destruc-
tion of the NO~ ion was neglected in the analysis. Its high
efficiency is explained by the low electron affinity of the NO
molecule, comparable to T.2-3 The correct value of the con-
stant is obtained by analyzing the experimental data taking
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TABLE I. Rate constant kt of the process e + A + B-»A~+B measured by different authors at
T= T, =300K.

B

02

He

Xe
Ar
Kr
Xe
Ns

Ho
D2"
H2O

CO2

112S
NH,
C l I ,

C.,11,
C^HS

C'cllc
i i -Cj I l i , ,
n-C-,Il12

neo-C5H12

n-CijII],
CII3O][

C21I-,OII
CllnCOCll:1

NO

H2O
CO 2

NH3
C2H4

C6H6
CH3OH

fca, 10-30 c m 6 / s p, torr

2,4±0,l 30—300
2,2±0,2
2,6±0,l
2,8
2,0±0,2
3
2,12±0,14
2,2±0,l
1,7
2,l±0,2
2,2
0,033±0,003
0,028
0,076
0,023±0,003
0,05±0,01
0,05±0,01
0,085±0,005
0,085± 0,003
0,5
0,26
0,11
0,11
0,48±0,03
0,140±0,005

14±5
14±2
13,8
3,18±O,15
3,1
3,0+0,2
3,2
3,5
3,2±0,3
9
6 ,8
O,34±0,01
3
3,4+0,4
2,3+1,0
2,5
2.0±0,3
l,7±0,l
3,3+0 2
8,5

100—400
250—600

7—55
10—500
3—30
1—10
2—100

10—100
1—150
5—25

160—425
7—55
1—150

90—300
100—300

60—200
35—170
30—300
15—150
10—100
1—150
5-20

100—300
140—400
250—600

10—760
5—20

400—1900
10—760
10—200
5-20
5—20

100—760
5—20
5-20

65-280
~ 100

200—800
250—600

5-20
20—850
50—200
50—240
5—20

~ 5 ~ 100
7,9+0,4
8,0±0,7

7 + 1
8,1+0,4

11+2
8,8

18
27

30—180
25—130

li 1O—6OO
30—240
20—70

5—20
10—50

5—20

A = NO
0,068±0,034
0,13±0,01
0,22+0,02
0,22
0,4

0,8±0,2
6
1,7
2,5
0 ,7
4,6
6,5

0,05—0,7
0,1—5

0,01—16
0,4—4

4—16

60—150
5—20
5—20
5—20
5—20
5-20
5—20

Method of
measurement

a

a
c
c
QV"
D

j

a , d
d
a
e
a
c
a
a
a
a
a
a

d
a
e
a
a
c
c
f
Q

a,d

c
e
a
c
c
a
a

c
c
c
a
a
a
c
a
a
a
a
a
a
c
a
c

g
a
a

a
c
c
c
c

c
c

References

43

44

45

46

47

48

49

50

51

52
5;S

15

40

52

15

15

15

15

43

48

51

52

53

44

44

54

65

5C

57

5 3
50

50

53

5 8

5»

5 6

15

15

54

45

56

58

1 fi

15

5i

K)

13

11

58

15

15

50

15

5 6

6 »

0 0

l i l

6 2

0 3

64

56

56
56

se
( 6

( 6
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TABLE I. (continued)

B

N20

Ns
C2H6

n-C4H10
iso-C4Hi0
1-C4H8
cis-2-C4Hs
trans-2-C4H8
iso-C4Hs
n-C5Hi2
neo-C5H1o
He
Ne
Ar
Kr
Xe
Ha
1),
Na
C02
n-C4H,0

CO,
C,H4
C,"H6
CII3OH

N2

fta, 10-»ocmVs

0,006±0,001
0,0056±0,0002
0,0046
0,0047±0,00()1
O,003±0,0005
0,0006
0,001
0 0029
(1,0048
0,019+0,0(12
0,023+0,003
0,014±0,001
<l,14±0,02

0,013±0,001
0,155+0,005

1500±200
1000+500
1700±50o
1100±20O
1100+100
1200+200
1200+200
1700±200
1900±200
1900+200

~ 6
55+4
12+1
Tll+5

0,001

p, torr

A= 'N 2 0

30—200
10—200
10—300
5—120

400—900
30—400
30—250
5—160

15—120
20—140
30—160
40—170
15—120
10—100
10—100
1—60
1—60
1—60
1—60
1—60
1—60
1—60
1—60
1-60
1—60

A = SO2

3—160
8—30
4—180
8—16

A = CeH,
2000 6000

Method of
measurement

c
a
a
a

c
a
a
a
a
a
a
a
a
a
a
a
3.

aa
•j

a
a
a
a
a

c
c
c
c

c

References

66

«6

67

68

69

67

67

67

67

67

67

67

67

67

67

70

70

70;

70

70

70

70

70

70

70

71

71

71

71

72

Measurement methods: a) plasma decay in a microwave resonator; b) plasma decay in a microwave
waveguide; c) pulsed
microwave resonator;

experiment with an electron bunch; d) quasistationary experiment with a
e) optical measurements under conditions of plasma decay;

counter; g) mass-spectrometric measurements under conditions of plasma decay.
") proportional

into account the destruction and conversion of the NO
ion.1'7-64

Experimental data on the rate constant of three-body
attachment to the molecules NO2 and SO2 in the case when
the condition (8) does not hold and attachment is manifest-
ed as a two-body process were obtained in Refs. 59 and 70-
74. A significant spread is observed in the experimental re-
sults for the NO2 molecule. The question of its origin re-
mains open. The data on three-body electron attachment to
complex molecules are collected in Refs. 2, 3, and 8.

Figure 7-11 show the dependence of the rate constant
for three-body attachment to the molecules O2, NO, SO2,

», cm6/s

w
FIG. 7. Rate constant of three-body attachment to the O2 molecule with
O2 as the third body. Experiment: 1) Ref. 46, 2) Ref. 75, dots—Ref. 76; 3)
calculation (Ref. 83).

C6H6, and CS2 on the characteristic electron energy
where D is the coefficient of transverse diffusion of electrons
and fi is their mobility. These data were obtained in experi-
ments in which the electrons were heated by an external elec-
tric field, while the neutral particles remained cold. If the
electron energy distribution is the equilibrium distribution,
then D/fj, = Tc (Einstein's ratio). For the conditions of the
experiments under study this does not happen owing to the
low degree of ionization and the absence of Coulomb colli-
sions. For this reason the electron energy distribution and

ka,cm6/s
1

wst

to'

10-33 L
w' / J3//t,eV

FIG. 8. Rate constant of three-body attachment to the O2 molecule. N2 as
the third body: 1) experiment34-45-46; dots—Ref. 76; 3) calculation84; He
as the third body; 2) experiment (Ref. 46).
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> cm6/s

0.8 1.0 n/,u,e\i

FIG. 9. Rate constant of three-body attachment to the O2 molecule. H2O
as the third body: 1) experiment,77 2) calculation83-84; CO2 as the third
body; 3) experiment78 and 4) experiment.77

therefore the rate of three-body attachment with a fixed val-
ue ofD/fi depends on the type of gas in which the measure-
ments are performed. The assumption that the function
ka (Z> /fi) is single-valued is an approximation, which works
well, for example, for the gas mixtures employed in the ac-
tive media of CO2 lasers,80 but poorly for the N2:Ar mix-
ture.8'

It follows from Figs. 7-11 that the energy of the auto-
ionization states isf, ~ 10~ '-10 ~2 eV and is all the lower the
more complicated is the molecule to which the electron be-
comes attached. The latter fact is explained by the decrease
in the vibrational quantum of the negative ion, where the
autoionization states are its vibrational levels. A rapidly
growing dependence k^^D/fi) for three-body attachment to
the molecule N2O, which gives the estimate f( £ 1 eV, was
obtained in the experiment of Ref. 69. But the results of Ref.
69 can be explained by dissociative attachment to the mole-
cule N2O followed by ion-molecular reactions,82 including
electron detachment from the negative ion and conversion of
the ion.

Many autoionization states of a negative ion, whose pa-
rameters are poorly known, usually participate in the three-

k0, cm
6 /s

w o u -

10',-32
OM OM o.oe o.mw' 0.2 O.ii D//1,%\1

FIG. 10. Experimental data on the rate constant of three-body attachment
to the SO2, NO, and C6H6 molecules. 1—e + SO2 + C2H4 - . SO2"
+ C2H4

35; 2—e + SO2 + N 2 - S O f + N 2
3 5 ; e + 2 N O - N O " + NO;

3—64; 4—56
; 5—e + C6H6 + N 2 -C 6 H 6 " + N2.72

w~76

m-"

10'29

,g-30

• • •• • •
• ; •

• •
• 2 .

10'

FIG. 11. Rate constant of three-body attachment to the CS2 molecule as a
function of the average electron energy, measured in the experiment of
Ref. 79. The third body is CS2 (1), CH4 (2), and N2 (3).

body attachment process. The O2 ion, for which they were
determined with adequate accuracy,2i3>7 is an exception,
partly because of its simplicity and practical significance and
partly because of the fact that vibrational excitation of the O2

molecule by electron impact also occurs through these ioni-
zation states. Detailed information on the O2~ ion has made
it possible to develop, based on the formula (14), a semiem-
pirical approach to the calculation of the rate constant of
three-body attachment to the O2 molecule in a wide range of
plasma parameters.7>83>84 The results of the calculation with-
in the framework of this approach, taking into account the
nonuniformity of the electron energy distribution, are pre-
sented in Figs. 7-9. It was assumed that the N2 and H2O
molecules, unlike O2, effectively quench only the first auto-
ionization state of the O2~ ion. (Analogous calculations for
O2 as the third body under similar assumptions were per-
formed in Refs. 85 and 86.) The computed curves agree well
with the experimental data, with the exception of Ref. 76,
whose points for the first body (N2 molecules) lie apprecia-
bly above the computed curve. A subsequent experiment,87

performed by an analogous method, however, confirmed the
correctness of the calculation.

Figure 12 shows the dependence of the rate constant for
three- body attachment to the O2 molecule on the tempera-
ture T of the gas for nonequilibrium conditions, obtained in
the experiments of Refs. 46 and 47. Changing T merely
changes the magnitude of the rate constant, the character of

T=77K

o.o;. 0 06 O.OStO' 0.2

FIG. 12. The dependence of the rate constant of three-body attachment to
the O2 molecule in pure oxygen on the gas temperature.46'47
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the curves remains unchanged. Here only the rate of quench-
ing of the autoionization states k J

T depends on T [the for-
mula (14) ]. The agreement between the computational re-
sults of Ref. 88, based on the semiempirical approach of
Refs. 7 and 83, for high Tand the experimental data of Ref.
47 confirms this. For higher values of T, as well as in strongly
nonequilibrium systems (for example, in a gas discharge),
the vibrational excitation of molecules becomes significant,
which should affect the three-body attachment process. This
effect was studied theoretically in Ref. 89 for the example of
three-body attachment to the O2 molecule. The formula
(14) for the rate constant of three-body attachment to a
molecule in the yth vibrational state is replaced by

A.
ge gA ' T>

fr., (f) = t (E1 — Vhto>) -—!— k}
T - £ r - •

where fuo is the vibrational quantum of the molecule, and
T J

v is the partial width of theyth autoionization state of the
negative ion relative to decomposition into an electron and
an excited molecule. The summation is performed over all
autoionization levels of the ions, lying above the uth vibra-
tional state of the initial molecule. Here the fact that the fate
of the unstable negative ion does not depend on the state of
the molecule from which it was formed is employed. Figure
13 shows the results of the calculation of Ref. 89. The effi-
ciency of attachment drops as the number of the vibrational
level v of the O2 molecule to which three-body attachment
occurs increases. Only high autoionization states of the O2~
ion, whose rate of stabilization by a third body and hence the
rate constant for three-body attachment are low, can be pop-
ulated from states with higher values of v.

The dependences of the rate constants of three-body
attachment on the type of third body and the gas tempera-
ture, presented above, are characteristic precisely of three-
body processes and, obviously, do not occur in the case of
two-body processes. For this reason, the study of reactions

10'

JO'

10-33

with the participation of three bodies gives qualitatively new
information in the physics of atomic collisions. Another fea-
ture of three-body processes is their unusual behavior at high
gas pressures. This question is discussed below.

5. ATTACHMENT AT HIGH GAS PRESSURES

The interpretation of the data on electron attachment to
a molecule at quite high gas pressures ( S 100 torr) is one of
the most complicated questions, in spite of the abundance of
experimental information in this field.

According to the Bloch-Bradbury mechanism, increas-
ing the gas pressure leads to "saturation" of three-body at-
tachment; this follows from (7). It consists of the fact that
for [ B ] S; (kT + A: b~ ') r~ ' the constant /ca decreases as the
gas pressure increases and in the limit of high pressures
ka~['B]~l. (An analogous effect is also observed for at-
tachment with the participation of van der Waals molecules,
but at pressures several orders of magnitude higher than
studied here.) To study the "saturation" of attachment it is
convenient to rewrite the formula (7) in the form

kT

A'n [ M rkT

1
[B] ' (16)

In the absence of this effect the quantity (ka [B] ~ ') is pro-
portional to [B] '. "Saturation" leads to the fact that the
straight line describing the dependence of (A:a [B])^1 on
[B] ~' passes above the origin of coordinates. The study of
this effect makes it possible to calculate the constants char-
acterizing the kinetics of unstable negative ions. Thus if
kb 4 k T , then the intersection of the straight line under study
and the ordinate axis determines the value of kat. The evalu-
lation of kT, for which the rate constant for polarization
capture is usually chosen, from the slope of the straight line
permits calculating the lifetime r of the unstable ion.

The experimental dependences of (yta [ B ]) ~' on [ B ] ~'
for three-body attachment of thermal electrons to the O2

5,
N2O67 and NO2° molecules with different molecules for the
third body are presented in Figs. 14-16. These dependences,
measured for gas pressures of up to several hundreds of torr,

0,5 7,o [e\-\to'18cm*

FIG. 13. Rate constant of three-body attachment to the O2 molecule in the
irth vibrational state with O2 as the third body."9

FIG. 14. (£„ [B]) ~ ' as a function of [B] ~' for three-body attachment to
the O2 molecule.15 The third body is C2H6(1),C,H8 (2), n-C5Hl2 (3), n-
C6HI4 (4), and neo-C5H12 (5).
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w

FIG. 15. (Ara [ B ] ) " ' as a function of [B] ~' for three-body attachment to
the N2O molecule.67 The third body is 1—trans-2-C4H8, 2— 1-C,H8, 3—
cis-2-C4H8, 4—iso-C4H8> 5—neo-C5H,2.

are described well by the formula (16). The straight lines on
Figs. 14 and 15, corresponding to different third bodies,
cross the ordinate axis at the same point. Since the quantity
&at, unlike k T and kb, does not depend on the type of third
body, the latter indicates that kT >&b. The values of &at,
determined from Figs. 14-16 for the O2, N2O and NO2 mole-
cules, equal (4.8 + 0.6) 10"" crnVs,'5 (5.8 ± 0.6) • 10"'3

cmVs 67 and 1.1 • 10"l 0 cmVs (Ref. 70), respectively. Esti-
mates of the lifetime r, obained from the analysis of the at-
tachment "saturation" effect, give (1.0 ±0.3) 10~10 s for
O2,

15 1.8-10-'°sforN2O,67and 10"8 s for NO2.70 Attach-
ment of thermal electrons to the O2 molecule proceeds only
through the first autoionization state of the O2~ ion, to which
the quantity r reconstructed in Ref. 15 corresponds. It
agrees well with the value r = 0.88 • 10~10 s, obtained in Ref.
90 from an analysis of the data from electron-beam experi-
ments, where the cross section of the vibrational excitation
of the O2 molecule by electron impact was measured. This
process proceeds through the same autoionization states of
the O2~ ion as does the three-body attachment process. Simi-
lar values for T also follow from theoretical estimates:
3-10-'° s (Ref. 12) and 0.74-10-10s (Ref. 91). The results
of the experiments of Refs. 34, 92, and 93 with an electron
bunch, where the attachment "saturation" phenomenon
was also observed, are an exception; their analysis gives the
value r s l O " 1 2 s for the O2~ ion. But the experiments of
Refs. 34, 92, and 93 were performed at pressures several
orders of magnitude higher than in Ref. 15. It is possible that
in this case the three-body attachment mechanism changes

(fta[B])-', to'0s/cm3

3 -

or the parameters of the O2~ ion change substantially under
the action of the environment.

In the foregoing discussion of the "saturation" effect it
was assumed that only one autoionization state of the A~
ion makes the main contribution to attachment. Precisely
this situation is realized for attachment of thermal electrons
to the O2 molecule. For more complex molecules or for high-
er electron energies attachment can proceed through many
autoionization states of the A~ ion with different values of
&a,, r, and k T . Then the formula (16) is no longer applicable
and the foregoing discussions are suitable only for qualita-
tive estimates. In this case, the quantitative study of the at-
tachment "saturation" effect is possible only if detailed in-
formation about the autoionization states of the A~ ion is
available. Such information exists for the O2~ ion, which en-
abled the calculation94 of the "saturation" effect for the pro-
cess e + 2O2->O2" + O2 in an external electric field. The
conditions typical for experiments with an electron bunch,
in which the electrons are heated by an electric field and have
a nonequilibrium energy distribution, were studied. The re-
sults of the calculation of Ref. 94 agree well with the experi-
mental data of Ref. 75.

As the gas pressure increases the attachment processes
with the participation of four particles become increasingly
more important:

A + B A- + B + C. (17)

7 2 .? r«]-; /r"cm3

FIG. 16. (A:a [ B ]) ~~' as a function of [ B ] ~ ' for three-body attachment to
the NO2 molecule with «-C4H,0 as the third body.™

An additional attachment channel, whose contribution in-
creases as the gas pressure increases, appears. This effect was
observed in many experiments, and in many cases it was
possible to obtain quantitative data on the rate of the process
(17). They are presented in Refs. 7, 67, and 95 for
Te = T= 300 K. The possible mechanisms of the process
(17) are discussed in Ref. 96 for the example of attachment
to the O2 molecule. These could be processes with the parti-
cipation of van der Waals molecules, unstable complexes of
the type (A~)*Bor (A~B)*, etc. The existence of unstable
complexes leads to effects analogous to "saturation" in the
case of three-body attachment, resulting in a complex depen-
dence of the rate of attachment on the gas pressure. The
study of processes of this type is only just beginning and at
the present time their characteristics are not known reliably.

When the gas pressure is further increased together
with the reactions (17), processes of higher order also be-
come important. To describe electron attachment to mole-
cules in this case a statistical approach was proposed in Ref.
97; the interpretation of a series of experimental data on at-
tachment to the O2 molecule was given on the basis of this
approach.

In the foregoing discussion we examined the mecha-
nism-related dependence of the rate of attachment on the gas
pressure. The rate constant for attachment also depends on
the electron energy distribution function f(e), which can
also change as the pressure increases. Thus the function
/ (£•) for a weakly ionized plasma in an external electric field
is a nonequilibrium function.42 The electrons acquire energy
from the external field and give it up in collisions with neu-
tral particles. The rate v{ is introduced to characterize the
rate of relaxation of the electron energy. It usually depends
linearly on the gas pressure, and the function/ (e) is deter-
mined by the reduced electric field E/N. In the presence of

112 Sov. Phys. Usp. 31 (2), February 1988 N. L Aleksandrov 112



three-body attachment the situation changes. As the gas
pressure increases the ratio of the rate of attachment va to v{

increases and for va ~ v, the function/(e) itself depends on
the rate of attachment. Then the constant ka is determined
not only by the parameter E /N, but also by N. This effect was
studied theoretically in the case of attachment to the O2 mol-
ecule for pure oxygen85'86 and air.86 The computational re-
sults of Refs. 85 and 86 show that it leads to qualitatively the
same dependences as the attachment "saturation" effect, but
quantitatively it is appreciably smaller.

Another effect associated with the nonequilibrium na-
ture of the function/ (e) owing to electron attachment was
discovered in Refs. 98 and 53. Under the conditions of these
experiments, in pure oxygen at comparatively low pressures
(10 torr) the rate constant for three-body attachment of
thermal electrons decreased as the gas pressure increased.
This effect, called "attachment cooling," is explained in
Refs. 98 and 53 as follows. According to the Bloch-Bradbury
mechanism only free electrons from a narrow energy region
near resonance, associated with the first autoionization state
of O2~~, at energies E, ~0.09 eV participate in the attachment.
If the rate of attachment va is not small compared with the
rate of relaxation of the electron energy v, in this region,
then the loss of electrons as a result of attachment reduces
the number of electrons with energy e{, and therefore leads
to a decrease of the rate of attachment. The function/ (e) for
energies E ~ e, is not Maxwellian. Since the gas temperature
T < £j, the high-energy part of/ ( E ) is depleted, which corre-
sponds to "cooling" of the electron gas. The rates va and v>
depend differently on the gas density N:va~N2 and vx ~N,
and, as the gas pressure increases, the "attachment cooling"
effect must intensify.

The rate v{ for molecular oxygen with E—E-^ is deter-
mined by the rotational excitation of O2 molecules in colli-
sions with electrons, whose probability is low. Small addi-
tions of other molecular gases (N2, CO2, H2O) increase vx

and therefore decrease the effect. This is confirmed by the
experimental results of Refs. 98 and 53. The "attachment
cooling" effect for molecular oxygen was studied theoreti-
cally in Refs. 99 and 100. In Ref. 99 good agreement with
experimental data was obtained with the help of a numerical
solution of Boltzmann's equation.98'53 In addition, new in-
formation was extracted: the absolute values of the cross
sections for rotational excitation of the O2 molecule by elec-
tron impact, which occurs through the formation of the un-
stable O2 ion. The results of Ref. 100, which work was per-
formed by the Monte Carlo method, give a weaker effect
compared to that observed in the experiments of Refs. 98
and 53. In Ref. 100 this result was obtained owing to the
assumption that v( is infinite outside the resonance region.

It should be noted that owing to electron-electron colli-
sions, which establish an equilibrium energy distribution,
the "attachment cooling" effect vanishes as the degree of
ionization increases. Estimates show that for molecular oxy-
gen this occurs for degrees of ionization exceeding 10 ~8-
10~7.

The possible reasons enumerated above for the change
in the rate of attachment as the gas pressure increases can
operate in specific situations simultaneously, which compli-
cates the analysis of the experimental data. If, however, such
a superposition does not occur, then the study of attachment
in dense gases yields new valuable information about the

mechanism of three-body attachment and its intermediate
products.

6. ELECTRON ATTACHMENT TO A MOLECULE IN A LIQUID

The limiting case of electron attachment to a molecule
at high gas pressures is attachment in a liquid. To some de-
gree it is analogous to the process of three-body attachment
in a gas, where the surrounding dense medium plays the role
of the third body.

A significant amount of experimental data has now
been accumulated on electron attachment to a molecule in a
liquid and the first steps of the theoretical analysis of this
question,910101 which is based on the analogy between pro-
cesses in a liquid and in a gas, have been taken. In the gas
phase, however,the electron is free, while in the liquid phase
it is not free. The concept of a quasifree electron is employed
for nonpolar liquids, where, according to the experimental
data, the electron mobility is high ( > 10~2 cm2/V-s). In
addition, it is assumed that in liquefied inert gases an elec-
tron is always in a quasifree state, whereas in most other
nonpolar liquids studied the electron is in a quasifree state
for part of the time and in a bound state for the rest of the
time.910 For polar liquids, a typical example of which is wa-
ter, the equilibrium state of an electron is bound. Here the
electron is in a potential well, created by the polarization
interaction of the electron and the dipolar molecules of the
medium.101 In what follows we shall study nonpolar liquids,
in which the properties of the electron are closest to those in
a gas. The characteristics of attachment in dense media and
the effectiveness of the approach based on the ideas from the
theory of gas phase processes, for describing electron attach-
ment in a liquid are demonstrated for the example of such
liquids.

In the condensed phase, because of the low electron mo-
bility, the rate of attachment is lower than that in a gas. For
this reason, the effective rate constant for attachment in a
liquid, as in any chemical reaction, equals10

k'i==kilJrk^' (18)

where k d characterizes the rate with which the electron and
molecule, participating in the process, diffuse toward one
another and ka is the rate constant for close particles. It is
usually assumed that kd = ATTRD, where R is the "collision
radius," equal to the sum of the effective radii of the electron
and molecule participating in the process. Analogously, the
coefficient D is the sum of the coefficients of diffusion of an
electron in a liquid De and the coefficient of diffusion of the
molecule D M . Because Dc > D M k d = 4wRDe. The electron
mobility /n is related with De by Einstein's relation: De/
fi = T. For a liquid where the electron mobility and there-
fore the coefficient De are small Z>e < 10~2 cm2/s, the
expression (18) reduces to

A: = kd = 4nRDc.

In this case the rate of electron attachment to molecules in
different liquids should be proportional to De or /z in these
media. Such dependences have been observed in experi-
ments, where electron attachment to SF6 and pyrene mole-
cules in a series of nonpolar liquids was studied.910 The val-
ues of k and Dc varied over a range of several orders of
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magnitude. When the values of De and// are large, diffusion
may be neglected and k = k!l.

In the theoretical analysis of the mechanism of electron
attachment in a liquid it is assumed that, as in the gas phase,
it proceeds through an intermediate stage—an unstable neg-
ative ion.9'10 The rate of the process depends on the mutual
arrangment of the electronic terms of the molecule and the
negative ion of the molecule. Because of the interaction with
the environment the energy of a quasifree electron in a liquid
changes by an amount Vo, which is determined by the bal-
ance of short-range repulsive forces and long-range attrac-
tive polarization forces. It can be both positive and negative.
In recent years a number of methods have been developed
and measurements of this quantity have been performed in
many liquid media.10 For nonpolar liquids the values of Vo

vary from — 0.6 to 0.2 eV. Analogously, because of the po-
larization of the molecules of the surrounding medium, the
energy of the negative ion changes by an amount Po, which
for nonpolar liquids lies in the range — 1.5 ±0.8 eV. As a
result the relative arrangement of the terms of the molecule
and of the negative ion, placed in a liquid, is shifted by an
amount Vo — Po, equal to 0.3-2.5 eV for the liquids studied.

In the case of nondissociative electron capture the liq-
uid has the effect of causing the process to proceed through
higher vibrational states of the negative ion, which become
its lower unstable levels. In addition, the surrounding dense
medium, playing the role of the third body, stabilizes the
negative ion. If the characteristics of the vibrational levels of
the negative ion do not differ much from one another, then
electron attachment to the molecule in a liquid is to a larger
degree analogous to the corresponding process in a gas. In
the case of electron attachment to a complex molecule, when
the rate of this process in a gas depends linearly on the pres-
sure, the rate constants in the liquid and in the gas should be
close.

Figure 17 shows the results of measurements102 of the
dependence of the rate constant for electron attachment to
the SF6, N2O, and O2 molecules in liquified argon at T = 87
K on the intensity of the applied electric field, which, as in a
gas, leads to heating of the electrons. In Ref. 102 this con-
stant was also calculated for SF6 taking into account the
nonequilibrium nature of the electron energy distribution in
a liquid as well as the attachment cross section, obtained
from experiments in a gas. The computational results agree
well with the experimental data for a liquid both in absolute
magnitude and with regard to the dependence on the electric
field. In addition, the measured rates of attachment of ther-
mal electrons (E-> 0) to SF6 molecules in a gas and in liquid
argon are close to one another.

In the case when the rate of electron attachment to mol-
ecules in a gas depends quadratically on the pressure and the
Bloch-Bradbury mechanism is applicable, the process in a
liquid proceeds in the same manner as in the limit of high gas
pressures. Then the attachment rate constant in a liquid
equals kM —the rate constant for capture of an electron by a
molecule in the gas with the formation of an unstable nega-
tive ion. It is assumed here that the autoionization states of
the ion are always stabilized in collisions with atoms and
molecules of the liquid. The dependence of the rate of elec-
tron attachment to a molecule on the intensity of the applied
electric field in a gas is determined by the function kM (E).
For this reason, an analogous dependence should also be

*a,cm3/s
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FIG. 17. Electric field dependence of the rate constant of electron attach-
ment to the SF6, N2O, and O2 molecules in liquid argon at T = 87 K.l02 / )
SF6,2) N2O, a n d i ) O 2 .

observed in a liquid. The experimental data of Ref. 102 on
the rate of attachment to O2 molecules in liquid argon, pre-
sented in Fig. 17, confirm this fact well. The absolute value
of this constant for weak electric fields also agrees with the
experimental result of Ref. 93 for ethylene under high pres-
sures, which scaled to the conditions of the experiment of
Ref. 102 gives the value kat ~ 1.2- lO"10 cmVs.10 It should
be noted that in a study of attachment at lower gas pressures
in Ref. 15 values of kM that are 50 times lower than in Ref. 93
were obtained. To explain this discrepancy further experi-
ments at high pressures are required.

Dissociative electron attachment to a molecule

+ AB -»- A- B,

which in a gas depends only on the molecule AB and the
electron energy, acquires in a liquid features of the three-
body process, since it is also determined by the environment.
In a gas dissociative attachment proceeds as follows.2'3'8'103

When an electron collides with a molecule the system is
transferred to the repulsive term of the unstable negative ion.
If on separation the unstable state cannot decay into an elec-
tron and a molecule, then a stable negative ion A~ forms.
The cross section for dissociative attachment <7da has a reso-
nance dependence on the electron energy and equals the
product of the cross section for electron capture by the mole-
cule <7cap by the probability P that there will not be enough
time for the negative ion to decay as the nuclei fly apart:

The quantity P is given by the expression

(19)

here R is the internuclear distance corresponding to the cap-
ture of an electron by the molecule AB, Rc is the point of
intersection of the terms of the molecule and ion, vR is the
radial component of the relative velocity of the nuclei, and T
is the total width of the autoionization state of the negative
ion.

The dependence of the cross section for dissociative at-
tachment on the electron energy and the dependence of the
rate constant on the average energy or the applied electric
field in a liquid, according to the foregoing assumptions, re-
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FIG. 18. The cross section for dissociative electron attachment to the N2O
molecule in liquid AR (1 ),102 in liquid Xe (2),102 and in the gas phase
(3).2

main qualitatively the same as in a gas. But the maximum of
the cross section, in this case, shifts by an amount ( Vo — Po).
Indeed, the experimental data102 on electron attachment to
N2O molecules in liquid Ar, presented in Fig. 17, are similar
to the analogous curves for the gas phase.2'3 In Ref. 102 the
cross section for attachment to N2O in liquid Ar and Xe was
also reconstructed based on the numerical determination of
the electron energy distribution in a liquid. It is presented in
Fig. 18, where, for comparison, the cross section of the same
process in the gas phase is also shown.2 Here the shift of the
energy of the maximum by ~ 2 eV in a liquid, equal to
(VQ — Po), can be seen especially clearly. Unlike Vo the val-
ue of Po is not measured directly in the experiments. It is
evaluated with the help of approximate formulas.10 The val-
ue of Po can be determined from the shift in the maximum of
the cross section or the rate constant as a function of the
electron energy. This approach was employed in Ref. 104 in
the analysis of attachment to the N2O molecule, where for
the O~ ion in liquid argon the value Po = 1.8 eV was ob-
tained.

In going over from a gas to a liquid not only does the
energy of the maximum of the cross section for attachment
to the N2O molecule shift, but, in addition, the value of this
maximum increases by two orders of magnitude. The reason
for this increase can be understood from the following argu-
ments. A decrease in the energy of the autoionization state e{

leads to an increase in the lifetime of the state and a decrease
in the width of the resonance F according to the law
r~el+1/2,2-14 where / is the orbital quantum number of the
electron participating in the capture with the formation of
the autoionization state of the negative ion, far from the mol-
ecule. The physical reason for this dependence is that when
the unstable ion decays it is more difficult for the electron
with a lower energy to overcome the potential barrier, which
is determined primarily by the centrifugal forces and there-
fore increases as / increases. In the case of attachment to the
N2O molecule, / = 1.105 Then a decrease in e{ from 2.2 eV in
a gas to 0.3 eV in liquid Ar should cause F to decrease by a
factor of 20. The cross section acap for electron capture by
N2O remains virtually unchanged. The quantity P turns out
to be more sensitive to a change in F. For attachment to the
N2O molecule in a gas P~ 10~2.105 Decreasing F and there-
fore the exponent in the exponential in (19) by a factor of 20
gives Pzz 1. As a result the maximum of the cross section for

attachment in liquid Ar must be two orders of magnitude
larger than in a gas, which is confirmed in Fig. 18.

The foregoing discussion referred primarily to liquid
Ar. Analogous data have also been obtained for liquid Xe.l02

In nonpolar molecular liquids the description becomes more
complicated, because of the possibility of localized electron
states. Even here, however, the approach based on the ideas
of the theory of gas-phase reactions makes it possible to ex-
plain many characteristics: the dependence of the rate of
attachment to the molecule on the type of molecule, the val-
ue of Vo, the temperature of the liquid, etc.910

7. ISOTOPIC EFFECT IN THREE-BODY ELECTRON
ATTACHMENT

The study of the isotopic effect in electron-molecular
collisional processes opens up new possibilities for under-
standing their mechanism, since when one isotope is re-
placed by another the vibrational quantum and a number of
other characteristics of molecules change while the electron
interaction remains unchanged. Thus in the experiment of
Ref. 44 this effect was employed to study the stabilization of
autoionization states of the O2~ ions with collisions with H2

and D2 molecules. According to Ref. 44 the process of stabi-
lization occurs as a result of vibrational-translational relaxa-
tion.106

Isotopic substitution in the O2 molecule, in spite of the
small relative change in the mass of the particles, also strong-
ly affects the rate of the process of three-body attachment of
thermal electrons,20'107'108 proceeding through the unstable
O2~ ion. When heavy isotopes are included in the molecule
the vibrational quantum of the O2~ ion decreases, which
shifts the energy of its autoionization states. As a result the
energy threshold of the three-body attachment process de-
creases and the rate of the process increases. For thermal
electron energies only the first autoionization state of the
O2~, which is its fourth vibrational level, is important. Esti-
mates show that the energy of this state decreases by an
amount Ae = 0.025-0.03 eV when the 16O2 is replaced with
18O2 . The rate of three-body attachment to a molecule with
heavy isotopes increases by a factor of exp(Ac/7") and for
T = 300 K it must increase by a factor of 2.5-3. As the tem-
perature increases the isotopic effect decreases.

Table II gives experimental data on the isotopic effect in
three-body attachment of thermal electrons (Te = T = 300
K) to the O2 molecule with different atoms and molecules as
the third body. For processes with a high rate constant
(10~29-10~30 cmVs) the experimental results agree well
with the theoretical calculation, confirming the Bloch-Brad-
bury mechanism. If the rate of the process is low, then the
isotopic effect is also insignificant. In Refs. 20, 107, and 108
this is interpreted to mean that the process of attachment to
van der Waals molecules, for which this isotopic effect is
small, predominates. This mechanism becomes dominant if
attachment through an unstable negative ion is inefficient.

Figure 2 shows the experimental results20 of a study of
the isotopic effect in three-body attachment to the O2 mole-
cule in pure oxygen as the temperature decreases. The ex-
periments were performed under conditions such that
Tc = T. The decrease in the isotopic effect at low tempera-
tures also indicates that the mechanism of three-body at-
tachment changes: from the Bloch-Bradbury mechanism to
the mechanism with the participation of van der Waals mol-
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TABLE H. Rate constant of three-body electron attachment to the 18O2 and 16O2 moleucles in the
presence of a third body Mat T= 300 K.

M

He
Ne
Ar
Kr
Xe
Hs
D2
N2

o2co2CH4
C2H6

C3HS

n-C4Hi0
neo-C6Hi2

*a8 .
10-30 cmVs

0,028±0,Ui'4
0,024±0,0f'5
0,01+0,01
0,03+0,02
0,01 ±0,01
0,94+0,05
0,35+0,02
0,ll±0,01
5,l±0,2
6,4±0,3

0,43±0,03
2,8+0,3
5,8+0,4
9,1+0,1
12+2

k" ,

'°-3°acm6/s

0,033+0,003
0,023±0,0O3
0,01+0,01

0,05
0,085±0,O05
o,48±0,03

0,140+0,005
O,085±O,005

2,2±0,2
3,2±0,2

0.34±0,nl
1,3+0,2
3,0+0,5
4,2+0,2

7 + 1

"a '"a

O,85±O,2
l,0±0,4

•~~ 1

0,6±0,4
~0,l

2,0±0,2
2,5±0,2
1,3+0,2
2,3±O,3
2,0±O,2
l,3±0,2
2,2±0,6
1,9+0,6
2,2±0,l
l,7±0,6
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ecules. This result also follows from an analysis of the shape
of the curves in Fig. 2.

In Ref. 109 the isotopic effect for three-body attach-
ment of an electron to the O2 molecule was studied, based on
the semiempirical approach, as a function of the electron
temperature Tc and the gas pressure p with a constant gas
temperature T — 300 K. As Te increases the isotopic effect
becomes weaker and for Te > At it vanishes. At high pres-
sures an additional effect appears owing to "saturation" of
attachment, which is manifested if the condition (8) no
longer holds. A decrease in the energy of the autoionization
state in the O2~ ion with heavy isotopes increases its lifetime
r, and therefore leads to more rapid appearance of "satura-
tion" of attachment as the gas pressure increases and the
value of &a decreases. Because of this, at high gas pressures
the total isotopic effect becomes weaker and even its sign
changes.

Thus the significant isotopic effect in three-body at-
tachment via the Bloch-Bradbury mechanism and its ab-
sence in other cases make it possible to determine quite sim-
ply the mechanism of attachment.

8. THREE-BODY ELECTRON ATTACHMENT IN A WEAKLY
IONIZED GAS

The three-body attachment process, as the most rapid
channel for electron loss, plays an important role in weakly
ionized plasma. Here we have, first of all, a natural forma-
tion—the earth's ionosphere. The negative ions are impor-
tant in the lower part of the ionosphere—the so-called D
region, which lies at altitudes of 60-90 km. At higher alti-
tudes, on the one hand, the rate of formation of negative ions
decreases because the density of neutral particles decreases,
while on the other hand an efficient channel for loss of nega-
tive ions in exothermal reactions with O atoms, whose rela-
tive number increases with altitude, appears.

The main channel for formation of negative ions and
loss of electrons in the D region is the reaction110~"2

The O2~ ions then enter into a complicated chain of pro-
cesses, which lead either to freeing of electrons or to forma-
tion of more stable negative ions—NO3~ and HCO3". The
importance of the three-body attachment process for aeron-

omy served as an impetus to the study of this process in
laboratory plasma. Analogously three-body attachment also
affects artificial plasma formations in the earth's atmo-
sphere,"3114 reducing the free electron density and hence
altering the properties of this plasma.

Another example of a situation where three-body at-
tachment significantly affects the characteristics of the plas-
ma is a gas discharge. The loss of electrons as a result of
three-body attachment decreases the discharge current and
therefore the energy input. In addition to quantitative
changes, this process sometimes introduces qualitative
changes in phenomena occurring in a gas discharge. Thus
three-body attachment could be responsible for the "syner-
getic" effect accompanying electric breakdown of gaseous
dielectrics, consisting of the fact that the threshold for the
breakdown of a binary gas mixture is higher than the corre-
sponding thresholds for pure gases.115 Electron attachment
to molecules decreases the conductivity of the gas and im-
pedes the development of breakdown. In a gas of molecules
A electron loss is determined by the three-body attachment
process

e + 2A -*• A" + A,

whose efficiency increases significantly when the third body
A is replaced by the molecule B, whereas in a mixture of A
and B molecules the total rate of attachment increases,
which increases the breakdown threshold. With a transition
to the pure gas consisting of molecules B the main channel
whose efficiency increases significantly when the third body
A is replaced by the molecule B, whereas in a mixture of A
and B molecules the total rate of attachment increases,
which increases the breakdown threshold. With a transition
to the pure gas consisting of molecules B the main channel
for electron loss—three-body attachment to the molecules
A—vanishes, and the development of breakdown once again
in facilitated. This effect is observed, for example, in the mix-
tures C3F8-SF6, OCS-SF6, l-C3F6-c-C4F8."5 These ques-
tions are important for optimizing the electric insulation
properties of gaseous dielectrics for electrical apparatus op-
erating on high current.

The process of three-body electron attachment affects
not only the stationary characteristics of a gas discharge, but
its stability also. It accelerates the development of the over-
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heating instability of a non-self-sustained gas discharge, em-
ployed for pumping electric-ionization lasers. This instabil-
ity destroys the uniformity of the discharge and causes it to
contract.11^"9 The mechanism of the overheating instabil-
ity of a non-self-sustained gas discharge, where the electrons
are formed under the action of an external ionizer and are
removed as a result of three-body attachment, can be under-
stood from the following arguments. Assume that in a uni-
form discharge plasma a local increase in the gas tempera-
ture T, owing to a small fluctuation, in a direction
perpendicular to the electric current has occurred. Since the
pressure in the medium is equalized rapidly (with the veloc-
ity of sound), the increase in temperature causes thermal
expansion and reduces the density of the molecules N. As a
result, the rate of energy transfer from electrons to molecules
decreases, which increases the reduced electric field E /N
and the average electron energy e. Both the reduction of N
and the growth of e decrease the rate of three-body attach-
ment, and therefore increase the electron density Ne. The
latter further increases the Joule heating and T. The process
of heating of the gas, initiated in a random manner, will con-
tinue. As a result, the discharge contracts—the current
flows along a narrow channel. The chain described can be
represented as follows:

e t -

The growth increment of the overheating instability in a
CO2:N2:He mixture with plasma parameters characteristic
for electric-ionization CO2 lasers—a typical source of coher-
ent infrared radiation with high energy parameters—was
calculated in Ref. 118. Other channels for electron loss, to-
gether with three-body attachment, were also studied: disso-
ciative attachment and recombination. According to Ref.
118 the overheating instability develops most rapidly in the
case of three-body attachment; in addition, the rate of
growth of the perturbations is proportional to the power in-
jected into the discharge. Molecules to which three-body
electron attachment occurs can appear instantaneously in
the active medium of the laser in the form of an impurity or
can form as a result of plasma-chemical reactions. The devel-
opment of the overheating instability limits a number of
characteristics of electric-ionization lasers.

9. CONCLUSIONS

Three-body electron attachment to molecules is one of
the basic processes in the kinetics of charged particles for
sufficiently dense low-temperature plasma with electronega-
tive components. The initial interest in this process was mo-
tivated by studies of the earth's ionosphere. The important
role of three-body attachment in the creation of artificial
plasma formations in the atmosphere, ignition and mainte-
nance of different forms of gas discharge, and therefore in
practical applications of the physics of gas-discharge plasma
was understood later. In the last ten years significant prog-
ress has been made in understanding the mechanism of
three-body attachment and a large amount of factual infor-
mation on its characteristics has been accumulated. In par-
ticular, the important role of van der Waals molecules has
been clarified and a significant isotopic effect, making it pos-
sible to determine reliably the mechanism of three-body at-
tachment, has been discovered.

The study of processes with the participation of three
and more particles makes it possible to follow the change in
the properties of an isolated molecule as the density of the
surrounding medium increases. Here the first successful
steps in explaining the characteristics of electron attachment
to a molecule in the liquid phase based on three-body attach-
ment in a gas have been made. Because of the undeveloped
state of the theories and the diversity of competing effects in
dense media, much remains to be done in this interesting and
complex field.
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