
Excimer molecules
B. M. Smirnov

/. V. Kurchatov Institute of Atomic Energy, Academy of Sciences of the USSR, Moscow
Usp. Fiz. Nauk 139, 53-81 (January 1983)

The properties of excimer molecules and the processes in which they participate are analyzed. The parameters
of the potential curves of excimer molecules and the characteristics of the radiative transitions involved in
their decay are presented. The formation of excimer molecules in chemical reactions and three-body collisions
as well as collision quenching of excimer molecules are examined. The information presented mainly concerns
excimer molecules consisting of two inert gas atoms or an inert gas atom and a halogen atom.

PACS numbers: 34.20.Be, 82.30.Eh

CONTENTS

1. Introduction 31
2. Structure and bond parameters of excimer molecules 31
3. Radiative parameters of excimer molecules 35
4. Formation of excimer molecules in chemical reactions 37
5. Formation of excimer molecules in three-body collisions 38
6. Collision quenching of excimer molecules 42
7. Conclusions 42
References 42

1. INTRODUCTION

Excimer molecules are excited molecules that form a
stable chemical bond only in an excited state. This
class of molecules includes any diatomic molecule, one
atom of which contains a closed electron shell. In the
ground state of this molecule, the interatomic exchange
interaction due to the overlap of the electron shells is
repulsive. For this reason, there is no chemical bond
in the ground state. However, a chemical bond can
arise when a closed-shell atom is excited. The class of
excimer molecules is thus very large.

Excimer molecules have been studied along two direc-
tions. One of them involves the kinetics of ultraviolet
emission accompanying the passage of an electron beam
through an inert gas. In this case, an appreciable frac-
tion of the energy of the electron beam is transformed
into excitation of excimer molecules, i.e., excited di-
atomic inert-gas molecules. The other direction in-
volves the construction and investigation of excimer
lasers. It is clear that the output characteristics of ex-
cimer lasers depend on the parameters of the excimer
molecules used. For this reason, the development of
excimer lasers involved obtaining information on ex-
cimer molecules. There are a number of reviews on
excimer lasers (see, for example, Refs. 1 and 2). In
this paper, we shall concentrate on the excimer mole-
cules themselves. However, applied investigations have
led to the fact that most information on excimer mole-
cules concerns molecules consisting of two inert gas
atoms or one inert gas atom and a halogen atom. Such
molecules will thus be the primary object of our analy-
sis. The purpose of the review is to investigate the pa-
rameters of these molecules, as well as the processes
leading to their creation or annihilation.

2. STRUCTURE AND BOND PARAMETERS OF
EXCIMER MOLECULES

We shall examine the nature of the bond and its pa-
rameters in excimer molecules that have been studied.
Our purpose is to clarify the laws governing the forma-
tion of excimer molecules and to compare the bond
characteristics to the parameters of less complicated
systems. We shall first examine excimer molecules
consisting of two identical inert gas atoms. The ex-
change interaction of two inert gas atoms in the ground
state, owing to overlap of the electronic shells of the
interacting atoms, is repulsive. For two identical inert
gas atoms, one of which is in an excited state, the ex-
change interaction is attractive. It corresponds to the
exchange excitation of two interacting atoms. Thus a
molecule consisting of excited and unexcited identical
inert gas atoms is chemically stable in one of the
states. In this case the interacting particles form a
covalent bond.

If an inert gas atom is represented as an atomic core
and a single valence electron, then the exchange interac- :-
tion leading to a bond in the excimer molecule can be
described by two types of exchange integrals:

Here the indices a and b indicate the atomic core on
which the corresponding electron is found and the wave
functions $ and <p correspond to the ground and excited
states of the valence electron, respectively; the num-
ber of the electron is indicated in the argument of the
wave function and V is the electron interaction operator.

It is evident that the first overlap integral corre-
sponds to an exchange interaction in which the elec-
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TABLE I. Parameters of
molecular Inert gas ions.3"5

TABLE II. Parameters of homomiclear inert-
gas excimer molecules.

Molecular
ion

Ho+
Ni-J
Ar±
Krj
Xe|

Dissociation
energy Df,
eV

2.47
1.16
\ .23
1.15
1.03

Equilibrium

distance rm,
A

1 .(18
1.75
2.48
2.7(1
3.27

Irons exchange atomic cores and, in addition, the ex-
cited electron carries over its excitation. In the sec-
ond case, the excitation is transferred due to the long-
range interaction, primarily the dipole-dipole interac-
tion. However, for inert gases, the oscillator strength
of a transition, even into a resonant excited state, is
relatively small (~0.1). For this reason, the exchange
interaction in an excimer molecule is determined by the
first type of integral. If it is assumed that the orbit of
the excited electron is quite large, then the first ex-
change integral of the inert-gas excimer molecule will
go over into the exchange integral of an inert-gas mo-
lecular ion. The parameters of the inert-gas excimer
molecule can thus be compared to the parameters of an
inert-gas molecular ion. Table I presents bond param-
eters for an inert-gas molecular ion. It should be ex-
pected that the dissociation energies for inert-gas ex-
cimer molecules will be somewhat lower, while the
equilibrium distances between nuclei will be somewhat
greater than the corresponding characteristics of the
inert-gas molecular ions.

Let us examine the structure of the lower excited
states of inert gas excimer molecules. These states
correspond to interaction of an atom in the ground state
and an atom in an excited state with electron-shell np5,
(n+ l)s. There are four bound states of this type cor-
responding to different spin states of the atomic core
and the excited electron, as well as different states of
the orbital angular momentum of the atomic core. We
shall first investigate the states of the excimer mole-
cule being studied for Hund's case A,8-9 when the spin-
orbital interaction is small compared to the electro-
static interaction. Then the states of the excimer mol-
ecule will be described by the following quantum num-
bers: 1) total spin of the molecule; 2) projection of the
orbital angular momentum on the axis connecting the
nuclei; 3) parity of the state with respect to reflection
of electrons relative to the plane of symmetry, which
is perpendicular to the axis connecting the nuclei and
bisects it (for the even g-state the wave function of the
electrons does not change sign under such an operation,
while for the odd u-state, it changes sign); 4) parity of
the state with respect to reflection of electrons relative
to a plane connecting the nuclei (for the even state (+)
the wave function of the electrons does not change sign
under such an operation, while for the odd state (-),
the wave function changes sign). In addition, as is cus-
tomary, we will characterize the states of the molecule
with increasing excitation by the letters X, A ,B ,C , . . .
for states with zero spin and by the letters a, b, c, . . .
for states with spin one.

However for argon and heavier inert gases the as-

Molecule, state

He2 («»£*,)

He2(A'S,T)

Ni ' ,(a : 'Su)
Ar., (!„, On)

A.'2(0:i

xe j ( i u . o;,i
Xes {Ou)

r . A

1.05

I.IKi±0.02

1.711

2.38±0.l>5

2. 37 ±".(15

3. (13

3.112

De. eV

2.0

2.47+0.08

0.47

0.72±0.ll«

O.G9±o.llo

0.7H
1 1 7 7

Reference

i». 11

l::-lti

l y . ^'i .

^l--J:i. :,:>

----1. :<:<

•i»

sumptions for Hund's case A are not satisfied. For this
reason, the spin of the molecule and the projection of
the electronic orbital angular momentum on the axis of
the molecule are no longer quantum numbers. Instead,
the quantum number is the projection of the total angu-
lar momentum on the axis connecting the nuclei. In this
connection, the designation used for Hund's case A for
the lower states of the molecule must be changed as fol-
lows in going over to Hund's case C, in which the spin
orbital interaction is not assumed to be small:

SJ — 0*,. a»2u-*-lu, Or,, (1)

Table II presents the parameters of the lower bound
states of an inert-gas molecule using the notation of
Hund's case A for light atoms and Hund's case C for
heavy atoms. Figure 1 shows the electronic terms of
the excimer molecule Ar^,55 consisting of an excited ar-
gon atom Ar (3p54s) and an argon atom in the ground
state. These terms are calculated including the spin-
orbital interaction. It is evident that even with the large
abundance of states of the quasimolecule, for a given
electron shell of the atoms, only three states — lu, 0~,
and 0* — form a chemical bond.

The dissociation energy of the excimer molecule
greatly exceeds the dissociation energy of other excimer
molecules (see Table n). This is related to the large
number of inner valence electrons in the other inert gas
atoms. These inner valence electrons create the re-
pulsive part of the interaction potential of the inert gas
ion and its atom. The repulsive interaction in the case
of the molecular ion He* thus occurs at appreciably

-a.e

^ e f w iz ff,as

FIG. 1. Electronic terms of the lower states of the excited
argon molecule.
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TABLE III. Position and height of hump in the
interaction potential of inert gas atoms in the
lower electronic states.

TABLE IV. lonization potentials of excited inert gas atoms
and alkali metal atoms.38

Molecule, state

Ho;(a^,^

H O j f A ' l I )
Xe.(a>I,*;l

Nt-s(A'I*,

Intemucleat
distance at the
top of hump, A

3.1
2.8

2.6

2.5

Height of
hump,
10-' eV

60±.->
jOio

110

20"

References

J i . 1C. JS-JS

19

19

shorter internuclear distances than for other inert-gas
molecular ions. Correspondingly, the depth of the in-
teraction potential well in the case of He^ appreciably
exceeds this depth for molecular ions of other inert
gases.

The lowest excited states of diatomic molecules of
helium and neon at large intermiclear distances can be
represented as a molecular ion and a valence electron:
A*(2i;*) + e(2cru). The orbital of the valence electron au

leads to repulsion. For this reason, at large internu-
clear distances the interatomic exchange interaction is
repulsive and becomes attractive at average internu-
clear distances. The potential curve of the state being
examined thus has a repulsive hump. The same is also
true of the next excited state A's*. Table III presents
the parameters of the hump for the interaction of two
helium and neon atoms.1' For heavier inert gas atoms
the spin-orbit interaction mixes states with different
projection of the orbital angular momentum on the in-
ternuclear axis, as a result of which the hump disap-
pears. It should be noted that the presence of a hump
in the interaction potential with the participation of an
excited helium atom and a neon atom is manifested in a
number of processes involving these atoms, in particu-
lar, in the transfer of excitation from an excited helium
atom to an unexcited atom (see, for example, Refs. 36
and 37), processes involving the formation of a meta-
stable molecule in three-body collisions (see Sec. 5),
etc.

Let us examine the interaction of an excited inert gas
atom and a halogen atom. A chemical bond forms in
this case as well. However the nature of this bond is
different. The ionization potential of inert gas atoms
in the lower excited states (Table IV) is close to the
electron affinity of halogen atoms (Table V). Accord-
ingly, excimer molecules consisting of excited inert
gas atoms and halogen atoms form an ionic bond, so
that the excited electron of the inert gas atom is par-
tially transferred to the halogen atom.

Figure 2 shows the electronic terms of the excimer
molecule XeF, reconstructed from the spectroscopic
data on the radiation from the XeF radical in a xenon
matrix.39-40 It is evident that attraction in the excimer
molecule is determined by the intersection of the corre-

In the case of helium, the most reliable method for deter-
mining these parameters involves analyzing the differential
cross section for scattering of a metastable atom by an
atom In the ground state. The data for neon in Table in were
obtained based on calculations of the potential curves of the
excited molecule.

Atom, state

lonization poten-
tial, eV

Atom, state

lonization poten-
tial, eV

Atom, state

lonization poten-
tial, eV

4.77

*,»,„
4.04

xe (3P0)

2.68

;^.97

,r,-Pl,
3.93

*,.PO

2.56

4.94

Kr (3P2)

4.08

Li (2'S)

5.39

4.89

K r O H i )

3.97

Na (3*S)

5.14

4.85

Kr(»Po)

3.44

K (42S)

4.34

4.72

KM-Pi,

3.36

nb (o-s)

4.18

4.46

Xe(3P 2 )

3.81

4.14

Xe('Pi)

3.69

CS(6!S)

3.89

*The quantum numbers of the lower excited states for neon,
argon, krypton, and xenon atoms with the electron shell
«p,5 (n +l)s are given In the LS coupling scheme. In the
Racah notation, the state s5 is equivalent to the state 3P2

in LS coupling; the state 8^ is equivalent to 3Pt ; and, the
states 83 and s2 coincide, respectively, with the states 3Po
and '?! in the LS coupling scheme. The states s5, s4, s3, and
s2 in Racah notation correspond, respectively, to the states

lHo. and [5]° in the j-j coupling scheme.til".

sponding term with the term attributable to the interac-
tion of Xe* and F" ions. The quasimolecule consisting
of Xe (2P3/2,2pi/2) and the negative ion F~ (1S) has three
electronic terms. The only conserved quantum number
in this case is the projection of the total angular mo-
mentum on the internuclear axis. This quantity can
equal 3/2 or 1/2 for interaction of Xe* (2P3/2) and F^S)
and 1/2 for interaction of Xe*(2P1/2) and F^S). The
corresponding terms of the excited molecule, in order
of increasing excitation, are designated as B1/2, C3/2,
and Z)j/2. It is in these states that a strong chemical
bond is formed in the excimer molecule.

The lower electronic terms corresponding to interac-
tion of atoms in the ground state Xe^S)* F(2P) are
designated as X2S1/2, A2n3/2 (in order of increasing ex-
citation). The projection of the orbital angular momen-
tum on the internuclear axis and the projection of the
total angular momentum of the atom on this axis are in-
dicated as indices in the corresponding term. In the
case being examined, the electrons remain practically
on their own atoms, so that the spin-orbit interaction,
which is determined by the region of electron coordin-
ates within the halogen atom, can be viewed as inde-
pendent of the electrostatic interaction corresponding
to the overlap of the electron shells of the atoms. For
this reason, for internuclear distances that are not too
small, we can use the projection of the orbital angular
momentum of the electron as the quantum number.

The configuration of the electronic terms indicated
for the interaction of an inert gas atom and a halogen
atom occurs for different inert gas and halogen ele-

TABLE V. Detachment energy of electron in negative halogen
Ions.38

Negative ion

Binding eneigy of election, eV

F- (IS)

3.40

Cl- (IS)

3.62

IBr- (>S)

3.36

J-(1S)

3.08
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TABLE VI. Parameters of interaction potential
for molecules consisting of an inert gas atom
and a halogen atom.

2,ff

Xe-F distance, A

FIG. 2. Shape of the potential curves of the XeF radical. The
lower electronic terms X, A correspond to the ground state
of the Interacting atoms and the upper terms B, C, and D are
formed with the participation of ionic states.

ments. In the case of the interactions in the XeF mole-
cule, there is a small coupling in the lower state due to
ion-ion interaction (the depth of the well for the ground
state of XeF (X2S1/2) is approximately 0.146 eV40-41). In
the remaining cases, the chemical bond accompanying
the interaction of inert gas atoms and the halogen atom
is absent. For this reason, the dissociation energies
of the corresponding molecules do not exceed thermal
energies, while at the equilibrium internuclear dis-
tance, for the excimer molecule there is a repulsive in-
teraction between the inert gas and the halogen atoms in
the ground state. Figure 3 illustrates the lower terms
of the excimer molecule consisting of an excited inert
gas atom and a halogen atom, as well as the terms cor-
responding to the ground state of these atoms.42

Table VI presents the parameters of the interaction
potential of the excimer molecules under discussion.
They were obtained from an analysis of the spectra of
excimer molecules. Usually, 8 and C are states of the
excimer molecule consisting of an inert gas atom and a
halogen atom, separated by a small energy. Table VII
presents the difference in the energies between the bot-
toms of the wells in the potential curves for C and B,
the states of the excimer molecules examined.

The structure of the excited inert gas atom is analo-
gous to that of an alkali metal atom. Indeed, the ex-
cited electron for the lower excited states of the inert
gas atom is located in an s-state, as is the valence
electron of an alkali metal atom. The ionization poten-
tials of the excited inert gas atoms being examined are

FIG. 3. The lower terms of a
molecule consisting of an inert
gas atom and a halogen atom, and
the intense rediative transitions
between them.

Molecule, state

NeF(B1 / 2)
NeF(C3 / 2)
ArBr(B,,,,)

KrF(B1 / 2)
KrF(C.1/2)
KrF(D, / 2 )
XeFf .XS, . . , )
XcF(l)| , . ,)

XeF (C3/.,)
XeF(D, / 2)
XeCl(XZ1/ : ,)
XeCI(B, / 2 )

XeCl (C.,,,)
XeCl (D | / 2 )

XeBr(B1/:,)
XeBr (C3/2)
XeBr(D1/:,)

XeI(B1 / 2 )
Xel (C3/,(

XeI(D1 / 2)

'„•• A

2.00
i .sin
2. SI
2.51
2.44
2.47
2.29
2.63
2.56
2.51
3.2

3.22
3.14
3 18
3.38
3.31
3.34
3.62
3.57
3.59

r>e. eV

6.41
6.35
4.74
5.30
5.24
5.26
0 .146
5.30
5 .03
5.46
0.032

4.23
4 .14
4 . 1 7
4.30
3.95
3.98
4.08
3.71
3.75

References

.»

"
41

15-;T

i:>, t«

"• "'

HI, 41

11, 17-311

11, IS, 4U

41. 48. 4»

:,l

:-., 4., H

19

4B

4T, Id, alt

.11

49

41,4.

l»

4tt

*D, is the depth of the interaction potential well,
which for the excimer molecule corresponds to
dissociation of a molecule into positive and nega-
tive ions; rm is the internuclear distance corre-
sponding to it.

of the same order as the ionization potentials of the al-
kali metal atoms (see Table IV). In this connection, the
excimer molecules being examined must be analogous
to molecules of alkali metal halides. This is confirmed
by the data in Table VIE from Ref. 47.

As follows from an analysis of Table VIII, replacing
the excited inert gas atom by an alkali metal atom with
the same excited electron state does not greatly change
the parameters of the molecule. Therefore, the alkali
metal atom is a good model for an excited inert gas
atom.

In the excimer molecules examined, a covalent bond
(for Arj* type molecules) or an ionic bond (for ArF*
type molecules) is formed. Complex molecules, such
as, for example, Ar2F* and Kr2F*, can be formed from
inert gas atoms and halogen atoms. In such molecules,
both an ionic bond (between the fluorine atom and the
excited inert gas atom) and a covalent chemical bond
(between the inert gas atoms, one of which is in the ex-
cited and the other in the ground state) can form at the
same time. With the formation of the bond the excited
electron to a large extent goes over into the field of the
halogen atom, so that the compound being examined is
of the type ArJ-F". The dissociation energy of an ex-

TABLE VII. Energy difference Ar = T ,̂ —Te$ between minima
of potential curves of excimer molecules for C3/2 and
states.206'208

Molecule

AT, cm-'

KrF

200

KrCl

375

XeF

600

XrtU

130

XeBr

80

Xel

200
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TABLE VHI. Parameters of excimer molecules
consisting of excited inert gas atoms and halogen
atoms in the BI/Z state and parameters of mole-
cules containing halogen atoms and alkali atoms.47

Molecule

KrF*
"RbF

XeF *
CsF

Xe^'Cl '
CsCl

XoBr«
Cs'»Br

Xel «
Csl

Equilibrium in-
ternuclear dis-
tance rm, A

2-27
2 . 2 7

2 49
2.35

2 94
2.91

2.96
3.07

3 31
3.35

Dissociation
energy of the
molecule £>e,
eV*)

5 54
a . 8U

5 30
5.66

4 53
4.87

4.3"
4.71

4.08
4.33

Energy of vi-
brational quan-
tum hw, cm~!

310
373

309
353

195
214

120
150

112
119

TABLE IX. Radiative lifetimes of excimer homo-
nuclear inert-gas molecules. The values averaged
over results of the references indicated are pre-
sented, and the error shown corresponds to this
averaging.

*The dissociation energy corresponds to separa-
tion of the molecule into positive and negative ions.

cimer molecule of the type Ar2F* is lower than the dis-
sociation energy of the corresponding molecular ion (in
this case ArJ). For this reason, triatomic excimer
molecules are less stable than diatomic molecules
whose dissociation energy is several times higher than
that of the triatomic molecules. Of the triatomic ex-
cimer molecules, the least stable are molecules con-
taining two different inert gas atoms. The dissociation
energy of the corresponding molecular ion, including an
ion and an inert gas atom of a different type, is much
lower than the dissociation energy of a homonuclear di-
atomic molecular ion. In the latter case, a covalent
chemical bond forms, while in the molecular ion with
different nuclei such exchange is complicated by the dif-
ferent ionization potentials. As a numerical confirma-
tion of this result, we present the dissociation energies
of several molecular ions (see Table I): 0.14 eV for
ArXe*(Ref. 53); 0.37 eV for KrXe* (Ref. 53); 0.59 eV
for ArKr*(Ref. 53); 0.055 eV for NeKr*(Ref. 209);
0.04 eV for NeXe* (Ref. 209); and, 1.15 eV for Kr*.

Thus the dissociation energy of triatomic excimer
molecules with different inert gas atoms is of the order
of 0.1 eV and it is difficult for such molecules to form
in an excited gas. For such molecules optimum bonding
conditions occur when the geometric dimensions of the
inert gas atom and of the halogen atom are similar.
Only such triatomic excimer molecules with different
inert gas atoms have been observed (see Table XI be-
low).

3. RADIATIVE PARAMETERS OF EXCIMER
MOLECULES

An important parameter of excimer molecules is their
radiative lifetime. Lasing in excimer lasers arises due
to radiative decay of excimer molecules. For this rea-
son, information on the radiative lifetimes of excimer
molecules can be obtained by analysing the characteris-
tics of an excimer laser or the spectroscopic data for
such a system. Table IX presents the lifetimes of ex-
cimer molecules relative to their radiative decay. Ra-
diative decay of an excimer molecule creates a band of
transitions, corresponding to different vibrational-ro-

Excited molecule*'

Ne2(a3ZJ)

Ne2 (A'SJ)

•*r,(lu , 0-)

Ai'slOJ)
K i ' 2 ( l u . 0-)

Kr, (<>J)
-\ '<Mlu.O-)

Xc2 (0*)

Radiative life-
time, ID'9 s

S000±300fl

2.8

3600±600

5.U±I>.6
300±40

0±2

nn±20
0±l

References

5C-58

M

58-62

til-tit

38, 59, 65-70

63, tilt, 70

25, 61, 62, 86, 71, 77

:::.. fil. 62, 6G, 71, 77

*The designations of these states correspond to
Hund's case A for light atoms and Hund's case C
for heavy atoms. The transformation between
these notations follows Eq. (1).

tational states of the initial and final states of the tran-
sition. In Table IX, the wavelength corresponds to the
most intense transitions.

The lifetime of inert gas excimer molecules is ob-
tained from the quenching time of the UV radiation in-
tensity in some band of the spectrum. The inert gas is
excited by an external source of short duration, as a
rule, an electron beam.2' The UV radiation in the given
region of the spectrum corresponds to decay of one or
several states of the excited molecule. For this rea-
son, a measurement of the decay time of separate
states at different pressures permits reconstructing,
taking into account the kinetics of the decay of excited
states, both the radiative lifetime of separate excited
states of the molecule and the rate constants of two- and
three-body collision processes forming the molecules
and transitions between their states. Since the radiative
lifetimes of the first excited states of inert-gas mole-
cules differ considerably (see Table IX), this method
can lead to an appreciable error, if the decay of separ-
ate states is not clearly separated. In constructing Ta-
ble VIII, we rejected results that differed greatly from
the average values. This is possible because of the
large statistical sample.

For excimer molecules consisting of inert gas and
halogen atoms, the method described for measuring the
radiative lifetimes is reliable, since the radiative de-
cay of each of the states is identified according to wave-
length. The width of the emission band resulting from
the electron transition being studied for the excimer
molecule containing an excited inert gas atom and a
halogen atom is usually less than the distance to the
next band. For this reason, separate transitions are
clearly distinguished.

Table X presents the lifetimes of excimer molecules

2'Transformation of the energy of the electron beam into the
energy of excitation of excimer molecules, whose radiative
decay creates UV radiation, occurs with an appreciable
efficiency. Thus the efficiency of transformation of energy
of an electron beam Into energy of electronic excitation of
excimer molecules is 15±7% in argon,63 4±1.6% in krypton,68

10 ± 4% in xenon,63 and 17 ± 4% hi a mixture of Ne, Xe, and
HC1.78
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TABLE X. Radiative lifetimes of exctmer mole-
cules consisting of inert gas atoms and halogen
atoms.

TABLE XI.
molecules.

Emission band of triatomic excimer

Excimer
molecule

N e F m , . , )
A c F ( B ) / 2 )

KrF(B1 ; 2)

XeF(B1 / 2)

XeF(C3/2)

XeF(DI/2)

ArCl (BV2)
KrCl(B1/2)

XeCl(B1/2)

XeCI (C3/2)

XeCI(D1/2)

XeBr(B1/2)

XeBr (C3/2)

XeBr (Dl/2)

XeI(B1 / 2)
Xel (C3/2)

XeI(D1 / 2)

Ar.FCB.)
Kr2F(2Bj)
Xe2Cl (2B,)
XejBr (*B2)

Transition
wavelength,
iim

II. IH8

0.193

11.248

H.352

0.45»

ft. 2611

0.175

0.222

0.308

0.330

(1.236

0.282

0.3112

0.221

0.254

0.292
0.203

0.284
0.420
0.490
0.440

Radiative
lifetime
10-' s

,_ .

4

8±1
I6±2

I00±5
l!±l

9

19

H±l

I20± 10
9.6

I5±3
120

!)
I4±2

110

9
180±20
I70±20
150±30
245T30

References

4 j , ;«

40

4«. « ,M-S2
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40, 91-91, >m

411, 40. Oli
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90

: B , 7 8 , B 7 , 2 1 4

JB, 78, ^11

J B

IB , 98

40

49

:», BB, loo

4B

49

80, 101, i»j,-:u
80, 1«2, 103

51, 101, 105

218

consisting of inert-gas and halogen atoms. The radia-
tive lifetimes of the corresponding electronic state de-
pend on the vibrational excitation. The equilibrium in-
ternuclear distance increases with excitation of the
molecule, while the interaction of the electronic states
in the transition decreases, i.e., the radiative lifetime
increases. As an illustration of this fact, Fig. 4 pre-
sents the dependence of the radiative lifetime of the vi-
brational excitation for the excimer molecule XeCl(B1/2).
These data were computed in Ref. 211 using the spec-
troscopic parameters of the given molecule reconstruc-
ted from the experiment. It is evident that the radiative
lifetime of the excimer molecule increases with in-
creasing vibrational excitation.

Table X includes the radiative characteristics of
some triatomic excimer molecules. These molecules
have a relatively small binding energy (see Sec. 2) and
for this reason are formed less efficiently in an excited

Vibrationat level number, v
.ff S 1t It 3£ 4O 43 SS <# TZSffSSSf

o soon noon 15000
Vibrational excitation energy, cm"

FIG. 4. Radiative lifetime of the Bt/2 state of the excimer
molecule XeCI as a function of the vibrational excitation of
the molecule.211

Excimer
molecule

Ne-,F

Ar2F
ArzCl
Kr2F
Kr2Cl

Kr2Br
Xe.H
Xe2Cl

Xe,Br

Xe.,I
NekrCl
ArKrF
ArKrCl
KrXeF
KrXeCl
KrXeBr
KrXel

U t C ' f ) HOJ7OCM
.1 ''HPHHH,

MKM

0.121

0.145
0.295
0.246
0.400
0.325
0.335
0.312
0.630
0.45)0
0.502
0.420
0.440
0.375
0.247
0.305
0.270
0.480
0.370
0.330
0.290

Half width
of band, ion

0.008

—0.05

0 06
0.033
(1.07
0.11-5
0.100
0.08
0.03
0.08
0.03

0.025
0.085
0.046
0.1(0
0.080
0 045

—

References

sa
lib

!</</, llitl. 107, 108, 215, 216
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1U 1118

06

09

II H

Hi

11 -21'i

III!

10 JU

18

U

M H

I

1

1

1
11

gas than diatomic excimer molecules. However, they
give a wide emission band with radiative decay. This
could be interesting from the point of view of creating
a tunable laser in the ultraviolet region of the spectrum
because each such laser, in principle, can be smoothly
tuned within the emission band of the excimer molecule.
Table XI presents the wavelengths of the center of the
emission band of triatomic excimer molecules and the
bandwidth of their emission.

The structure of the mercury atom is close to the
structure of an inert gas atom. It has a closed elec-
tron shell in the ground state, while in the lower ex-
cited states its electron shell is 6s6p, so that these
states are described by the same quantum numbers as
an excited inert gas atom. For this reason, the lower
states of the diatomic excimer molecule of mercury
are the same as for the inert gas excimer molecules in
the lower states. The radiative lifetimes of these
states are presented in Table XII. The information pre-
sented was obtained by studying the radiative charac-
teristics of mercury vapors. As far as the excimer
molecule consisting of an excited mercury atom and a
halogen atom is concerned, its state with an ionic bond
has the structure Hg*(6s)-R (R is a halogen atom). In
contrast to excimer molecules consisting of an excited
inert gas atom and a halogen atom, in this case, we
have only one strongly bound state. This increases the
efficiency of transformation of the energy of an external
source exciting the mixture into radiation energy at the
given transition and is of interest from the point of view
of excimer lasers.

We studied only excimer molecules consisting of ex-
cited inert gas atoms or an inert gas atom and a halo-

TABLE XII. Radiative lifetimes of excimer mole-
cules containing excited mercury atoms.

Excited
molecule

Hg2 (A1U)
Hg2 (BO;)
HgCl (Bl/2)
HjBr (B1/2)
Hgl (Bi/2)
US?

Photon wave-
length, A

0.3*5
0.225
0.58
0,5
0.44
0.485

Radiative life-
time, 10-' s

1.2-10'
2.4

27±3
24±1

27
i.7-10'

References

12

14T US

16 r in

36 Sov. Phys. Usp. 26(1), Jan. 1983 B. M. Smirnov 36



gen atom. Clearly, the class of excimer molecules is
much larger and our choice is due only to the present
state of research in this area. Among the other exci-
mer molecules, for which information is available, we
note the molecule consisting of a metastable oxygen
atom 0(iS) and an inert gas atom. Such molecules are
of interest for lasers operating near the 1S-1D transi-
tion of the oxygen atom ( X = 5577 A). Lasing in a mix-
ture with krypton and xenon was achieved in Refs. 119-
121. It was assumed that since metastable oxygen
atoms have long lifetimes, a high density of such states
can be created in a gas by photolysis. This would lead
to maximum laser radiation energies that could be ex-
tracted in a pulse per unit volume and would thereby
permit creating efficient lasers for thermonuclear re-
search. However, due to quenching of metastable oxy-
gen atoms in collisions with gas molecules, these plans
have not been realized.

Excimer molecules of the type AO^S) demonstrate the
fact that the interaction removes the forbiddenness of
the radiative transition. Indeed, the radiative lifetime
of the metastable oxygen atom O^S) is 0.8 s,122 the radi-
ative lifetime of the excimer molecule ArCCS) is
3.8-lCT6 s,123 while the radiative lifetime of the mole-
cule XeCX'S) is (2 ± 1) • 10'7 s.124'127

4. FORMATION OF EXCIMER MOLECULES IN
CHEMICAL REACTIONS

Excimer molecules are formed in an excited gas from
initially excited atoms by two methods. In the first
method, the excited atom enters into a chemical reac-
tion and in the other method the excimer molecule is
formed in three-body collisions of the excited atom with
gas atoms. The first channel occurs in a mixture of
inert gas and halogen atoms and the second occurs in a
pure inert gas.

Let us examine the chemical reaction of an excited
atom with a halogen-containing molecule. This reaction
is analogous to the reaction of an alkali metal atom with
a halogen-containing molecule. The reaction occurs via
the "harpoon" mechanism,128'129 according to which the
positive alkali metal ion and the negative halogen-con-
taining molecular ion form first. Then, as a result of
the Coulomb interaction of the ions, the ions approach
one another, which leads to restructuring of the mole-
cules. This mechanism yields large cross sections and
rate constants, which can exceed the corresponding gas
kinetic values.

The nature of the process being examined can be un-
derstood from Fig. 5, which shows the electronic terms
of the initial state of the system, corresponding to the
excited atom and a halogen-containing molecule, as
well as the ionic state of the system. As the particles
approach one another, the system makes a transition
into the ionic term, corresponding to a positive inert
gas atom and a negative ion of the halogen-containing
molecule. Then, due to the Coulomb interaction, the
particles approach still closer and at some distance the
system can make a transition into an electronic term
corresponding to the excimer molecule and a fragment
of the halogen containing molecule. The last transition
leads to restructuring of the molecule and for this rea-
son it occurs at interparticle distances comparable to
the particle dimensions. A characteristic of this pro-
cess is the fact that the transition to the ionic term oc-
curs at large distances between particles, when the in-
teraction in the initial channel is relatively small. The
excited atom "transfers" its electron to the halogen-
containing molecule, thereby creating a Coulomb inter-
action between the particles, which causes them to ap-
proach one another. For this reason, this chemical re-
action mechanism is called a harpoon mechanism.

The values of the rate constants for formation of an
excimer molecule in the reaction of an excited inert gas
atom and a halogen-containing molecule RX (R is the ra-
dical, X is the halogen atom) are presented in Table
XIII. The rate constant of this process appreciably ex-
ceeds the gas-kinetic value. The processes examined
are equivalent to chemical reactions involving collisions
of alkali metal atoms and halogen containing molecules.
For this reason, in studying these processes, we shall
use the extensive experience (see, for example, Refs.
134-136) that has been accumulated in studying reac-
tions between alkali metal atoms and halogen-contain-
ing molecules.

Let us examine the theory of this process and clarify
the optimum conditions for it to occur. An important
parameter of the theory is the distance between the nu-
clei Rc at which the electronic terms of the system
A* - Rx and A*- Rx" intersect. Assuming that this dis-
tance greatly exceeds the dimensions of the colliding
particles, so that in the first channel the particles prac-
tically do not interact at such a distance between the nu-
clei, while in the second channel the interaction is a
purely Coulomb one, we find in atomic units:

flc = (/-£X)-', (2)

where J is the ionization potential of atom A* and BA is

FIG. 5. Behavior of electronic terms in the chemical reaction
of an excited Inert gas atom A* and a halogen-containing
molecule RX.

TABLE Xin. Rate constant of the process
at thermal energies.131"133

— AX*

A

Ar

Kr

nx

F.;
NF,
Cl,
F,
NF;,

OF2

ci.

AX

ArF
ArF
Al'Cl
KrF
KrF
KrF
KrCl

Rate constant i!
of the process,
10-"> cm'/s

9.0
1.0
7.1
6.2
1.0
5.3
7.3

A

Xe

RX

F«
NF3
OF?
Cl,
Br,

AX

XeF
XeF
XeF
XeCl
XoBr

Rate constant
of the process
10-" cm'/s

7.5
0.9
5.7
".2

5—20
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the vertical electron affinity of the RX molecule, i.e.,
the binding energy of the electron in the negative RX"
ion with the same nuclear configuration that occurs in
the ground state of the RX molecule. Due to the ex-
change interaction the electronic terms examined are
split (see Fig. 5). If the splitting is relatively large,
while the collision velocity is quite low, then during the
collision the system remains in the lower term. In this
case, due to the Coulomb attractive force, the colliding
particles will approach to distances of the order of their
dimensions, at which a chemical reaction can occur.

The probability for the system to remain in the bot-
tom term after passing the pseudocrossing point for the
electronic terms Rc equals, according to the Landau-
Zener equations,137

(3)

here VM is the difference between the energies of the
electronic terms at the pseudocrossing point, t>R is the
radial component of the relative velocity of the colliding
particles, and A.P is the difference between the slopes
of the terms being examined at the point of their pseudo-
crossing. Taking into account the absence of interaction
in one of the states and the Coulomb interaction in the
other, we have (in atomic units)

Af=^-. (4)

It is evident that the unknown parameter of the theory,
which is determined by the interaction between the
states of the transition, is the magnitude of the pseudo-
crossing V12. We shall use for this parameter the
semiempirical expression138

(5)

where y= (a+ /3)/2 and the ionization potential of the ex-
cited atom is J= a2/2 (in atomic units), while the elec-
tron affinity of the halogen-containing molecule EA= j32/
2.

The parameters of a number of processes involving
diatomic halogen molecules are presented in Table XIV.
The experimental values of the rate constants of these
processes are given in Table XIII. The parameters of
the processes being examined were calculated from Eqs.
(2), (3), and (5). In so doing, we used for EA the elec-
tron affinity of the molecule, which is greater than the
vertical electron affinity (for the same distance between
the halogen nuclei) entering into Eq. (2). This overesti-
mates the crossover distance Rc and, therefore, leads
to underestimation of the index S. (Atomic units are
used in Table XIV.)

TABLE XIV.

particles

A r ( < > P ) + F
Ar("P2) + cf2
Kr(SP,) + F8
Kr(»Pj) + Cls
Xe('P2) + F,
Xe (3P2)-j-Cl3
Xe(3p2) + Br2

a.

0.572
0.572
0.548
0.548
0.529
0.529
0.529

(S

0.466
0.423
0.466
0.423
0.466
0.423
0.437

«c

18.1
13.5
24.3
16.6
32.0
19.9
22.5

r>«

7. 5 (-4)
5.1 (—3)
7. 8 (-5)
6.1 (-4)
4. 4 (—6)
6. 5 (-4)
2. 3 (-4)

s

4.4
130

0.10
3.5

6 (-4)
6.2
1.2

10-1°
cm'/s

16
8.0
2.4
9.5
0.025

13
9.5

Optimum capture parameters

BAnfl,
eV

2.93
2.95
2.65
2.67
2.44
2 46
2.47

«r

17.9
18.1
19.0
19.2
19.8
20.1
20.4

Amax' I0 10

cm'/s

16
14
15
13
15
13
11

Based on this model, we shall determine the rate con-
stant for collisions k0 for which the system ends up in
the lower electronic term. This quantity, according to
(3), equals

(6)

where v = VST/n-p. is the average relative collision
velocity (T is the temperature, jx is the reduced mass
of the colliding particles). Taking this into account,
the rate constant of the chemical reaction is

k = k0t, (7)

where £ is the probability of the chemical reaction on
close approach. It is evident that ka is the upper limit
for the reaction rate constant. Values of k0 calculated
using Eq. (6) for T= 300 K are presented in Table XIV.
Comparison of these values with the experimental values
in Table XIII indicates a disagreement for collision pro-
cesses involving Kr*, Xe*+ F2. This disagreement is
related to the replacement of the vertical electron af-
finity of the fluorine molecule by the electron affinity.
This led to overestimation of the crossover distance
flc. For the value of Rc obtained, the exchange interac-
tion is so small that the colliding particles have a small
probability to make the transition to the ion-ion elec-
tronic term. In the final analysis this leads to an un-
derestimation of the rate constant for capturing parti-
cles into the ion-ion term.

In this connection, the following question arises: what
is the maximum value of the capture rate constant /femax,
if the vertical electron affinity of the molecule EA can
be a variable parameter? Based on Eqs. (3)-(5), in-
cluding the fact that in the optimum region of parame-
ters yRc» 1, we obtain an equation for the values of the
parameter Rc and S(R^, for which the quantity (6) has
a maximum:

—=0.86yflc. (8)

Values of EAa^, which provide the maximum value of
the rate constant &mM for capture of particles into the
ion-ion term, determined according to (6), are pre-
sented in Table XIV.

The data in Table XIII concern the simplest halogen-
containing molecules and an inert gas atom in the 3P2

state. According to the chemical reaction mechanism
being examined, the value of the rate constant of the
process must be of the same order for different excited
states of the inert gas atom with an identical electron
shell. Indeed, in units of 10"10 cmVs, for the process
Ar* + F2-ArF* + F, the rate constant equals80 9.4, 8.9,
and 12.9 for the states 3P2,

 3P1; and 1P1, respectively;
for the process Ar2(lu) + P2 the rate constant equals
5.2,107; and, for the process Kr*+ F2-KrF*+ F it
equals80 7.2, 6.8, and 7.6 for the excited atomic states
3P2,

 3P1, and *?!, respectively.

In the case of the chemical reactions examined ex-
cimer molecules are formed in vibrationally excited
states. Asa demonstration of this fact, the fraction of
the energy/,,, which on the average goes into vibrational
excitation of the excimer molecule XeCl*, formed as a
result of the chemical reaction
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TABLE XV. Fraction of vlbratlonal energy/,, for electronic
states of XeCl(B1/2) and xeCl(C3/2) of the excimer molecule
formed as a result of reaction (9).139-140

He (2 3S) -f- 2He-* He2 (2 »2 J) -f He. (11)

Molecule RCI

Final state: ! M j
c, ,

Cl,

U - 77
0.73

C1F

0.71

1

SCI,

0.69

S 2 c l j

0.73

rOCli

I T " 0

0 30

PC la

0 .47
0.64

SOM2

0.71

. . . . .
0.67
0.67

S0,i:i2

u .7 [
0.74

Jfe(3P,) r i l C I - > - Xi'Cl*- /i,

is presented in Table XV.

O)

5. FORMATION OF EXCIMER MOLECULES IN THREE-
BODY COLLISIONS

One of the channels for formation of excimer mole-
cules involves three-body collisions of excited atoms
and follows the scheme

- AB* - C. (10)

The third particle C plays a fundamental role in this
process: it takes up the excess energy resulting from
the collision with interacting particles A and B. If the
energy transferred to particle C exceeds the kinetic en-
ergy of relative motion of particles A and B, then after
such a three-body collision particles A and B remain
bound. The three-body process being examined is the
only process of forming excimer molecules from an ex-
cited atom if the two-body process is forbidden. At high
gas densities the three-body process may compete with
the two-body process, even when the latter process is
allowed.

The experimental method for determining the rate
constant of the process (10) is based on studying the
kinetics of excited molecules with pulsed excitation of
the gas. The gas is excited by an electron beam of short
duration or by a pulse of synchrotron radiation. Excited
atoms, which emit at a definite wavelength, are formed
in the gas. The rate constants of the two- and three-
body processes, responsible for taking the excited
atoms out of the states being examined, are determined
from the decay time of the intensity of these lines and
its dependence on the gas pressure. The rate of forma-
tion of the corresponding excited inert gas molecules
and their radiative lifetimes are determined at the same
time from the time dependence of the radiation intensity
in molecular bands at different gas pressures (see Sec.
3). Since the radiation bands for neighboring states of
excimer molecules of the inert gas overlap, this method
requires careful analysis. Otherwise, it can lead to
considerable errors.

Together with the method described above for deter-
mining the rate constants of the process (10) experi-
mentally, in the case of helium, neon, and argon
another similar method is used (see, for example,
Refs. 141-143), which is based on studying the decaying
plasma after termination of the discharge. We shall de-
scribe it for the example of the formation of metastable
helium molecules in helium, which has been studied in
detail experimentally. This process proceeds accord-
ing to the scheme

The corresponding measurements are made in the de-
caying helium plasma. The density of metastable atoms
as a function of time is reconstructed from the absorp-
tion of radiation passing through the plasma at wave-
length 3889 A, which corresponds to the transition
23S-23P. If the gas pressure is sufficiently high and
metastable atoms are destroyed as a result of their
transformation into metastable molecules, then this de-
pendence permits reconstructing the rate constant for
formation of metastable molecules. Another direct
method for measuring the rate constant for three-body
formation of metastable helium molecules is to make
the reconstruction from the absorption of radiation at a
wavelength near 4650 A, which corresponds to the tran-
sition between the helium molecular states 3ZJ —3f,.
Based on these measurements, the time dependence of
the density of metastable molecules is established,
which permits reconstructing the rate constant of the
three-body formation of metastable helium molecules.

The rate constant of the three-body process (10) cor-
responds to the balance equation

d |AB*
d«

(12)

where fx] is the density of particles of type X. Mea-
surements of the rate constants for formation of meta-
stable molecules in three-body collisions are presented
in Tables XVI-XEX. These quantities relate to thermal
energies of the colliding particles.

The rate constant of the process (10) can be estimated
on the basis of Thompson's theory.144 Although this
theory was initially developed for the recombination of
positive and negative ions in three-body collisions, it
can be easily extended to an arbitrary process of for-
mation of a bound state of particles, if this process oc-

TABLE XVI. Rate constants for formation of a
metastable Inert gas molecule in three-body col-
lisions in Its own gas with participation of a
metastable atoms.

Excited
atom A«>

He (2»S)

!Ve (3P2)

Xo (3Po)
Ar( 3 P . )«*)

Ar (3P0)
Kr(3P2) '«)

Kr (|P.) .,

Xe (3P0)
Hg (3P0)

Rate constant,
10'" cm'/s

0.23±0.04*)
2.4-10-a, 7*^77 K
1.4.10-1, r = 77K
0.43, 7 = 366 K
0.5
0.04—0.05, 7 = 77 K
0.07, f = 77 K
11 ±4

10±2
36±8

54*
55±20

40±13
250±40, T - i T u K .
160. T = Q70 K

References

1, 144, -153
i
7

7
2

1. 142

, 5 , 60, 1J1, 143,
4, 63
1, 64, 18i
, « , 6 5 , 68, 161,
5, 66

;

, 6-2, Ti, 7j, 163,
7-1 V 6

, l~a, 177, 178
7U, 180
81

"The rate constant corresponds to room tempera-
ture. When the temperature of the gas differs
greatly from room temperature, this is so indi-
cated. The average Is formed using the results
in the references indicated.
**The large statistical sample permitted rejection
of those results in the papers indicated that dif-
fered greatly from the average value.
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TABLE XVII. Rate constant for formation of a
metastable molecule in a three-body collision
of a metastable atom in a foreign gas.

Process

Xe(3P2)-i Xe-f He-.XeJ-1-He
Xe(«PtJ — Xe-J-Ne-*Xe* + Ne
Xe (3P,) -t- Xe — Ar -* XeJ + Ar
Kr (3P2) T- 2Ar ->- Kr Ar« -j- Ar
Xe ("P,) — 2Ar -<• XeAr* -1- Ar
HgCPJ-i-Hg-rN.-^Hgf-i-N,
Hg2 (OJ) -r Hg T N, -* Hgs* + N2

Rale constant,*)
10 -"cm'/s

14
12

26±5.
1.0
0.7

1000, r=430K
200

Refer-
ences

170

18-'
73, 170, 178
161

7S

1B3
184

cars as a result of elastic collisions of three particles.
In this case, it is assumed that the motion of the collid-
ing particles both in the initial and final channels is de-
scribed by classical laws. The last assertion is justi-
fied in the case examined because initially the bound
state of the particles A*-B formed is highly excited vi-
brationally and for it the quasiclassical description is
valid.

The convenience of Thompson's theory lies in the fact
that it permits separating the three-body collision pro-
cess into two-body interaction and collision processes.
As a result, this theory describes the physical nature
of the processes. At the same time, since the operation
of separating the three-body process into two-body pro-
cesses is itself not exact, it does not make any sense to
require that Thompson's theory should describe the pro-
cess quantitatively. The theory can only give the order
of magnitude of the rate constants of the three-body
process and predict its dependence on the parameters
of the problem.

Thompson's theory takes into account the fact that the
process (10) occurs in the range of distances separating
particles A and B in which the interaction potential be-
tween them is of the order of or greater than the ther-
mal energy 7, because it is only in this case that the
third particle can carry away the excess energy above
the kinetic energy of particles A and B. Following
Thompson, we shall introduce the critical radius ac-
cording to the relation

U (b) ~ T. (13)

From the arguments presented above, it follows that the
rate constant of the process examined is

n~~b3k, (14)

where k is the rate constant for collisions of particle C
with particle A or B, as a result of which energy of the

TABLE XVIII. Rate constant for formation of an excited
molecule in a three-body collision with participation of a
resonantly excited atom or molecule.

Process

^mt^**!+ze
Ar ('Pi) + 2Ar -» ArJ + Ar

K.r (SP!> + 2Kr -* Kr| + Kr

Hg (»p1,)+2Hg->HKV-!-Hg
Cs (6!P)+Cs+Xe -» Cs? -J-Xe

Rate constant,
10-" cm'/s

5.8
12±4

14±6

30±10
1 6±0.2
70±20
160
4200. T = 620 K

References

56
60, 6 , l a l , 157, 158,

16 , 185, 186
80, 1 7, IBS, 160, 185,

63, 7 , 185, 1ST, 18S
60, 1 5
168, 72, 173, 175, 175.
181
189

TABLE XIX. Rate constant for formation of a complex
excimer molecule in three-body collisions.

Process

A r F ( B , / , )
KrF (/ ') , /•>-
KrF (B, '.}
KrF (Bj /o l -
XeF.TV;)-
XoF (B,/;)-

-2Ar — Ar.K*
2Ar-»ArKr!

h2K.r '-*Kv,F*
- Xt' + Xo — *• X

~2Xf-» . \e_ ,L-«

— \f

Rate constant,*^
10-" cm'/s References

4.9±0.7 5», '»•• »»
* - - A r i 0. fl-t-n. 2 ! '*-, '«-"»

r.F'J-Ar
-Kr

G-t-[ 1 I f t l , J U 3 , 1M, l^i

6±1 i SO, «-J, 103, 1»», l a i - H B

c2i-'* + Ne 7.8 HT, us
-Xe 2.K 1.7

240 >»

*It is assumed that quenching in a three-body collision cor-
responds to the formation of a complex excimer molecule.

order of T is transferred to particle C. Assuming that
the masses of particle C and one of the particles A or B
is of the same order, we find

k ~ va,

where -v is the characteristic velocity of the collision
and a is the cross section for a "strong" collision with
scattering by an angle of the order of unity. In such col-
lisions, the particles exchange energy of order T.
From here, based on (14), we obtain201

tab*. (15)

This relation is valid for relatively low density of
particles of the third kind, when particles A and B
traverse a distance of the order of the size of the criti-
cal region b without colliding with particles of the third
kind

[C] i. (16)

According to this relation the mean free path of parti-
cles A and B in a gas consisting of particles C is much
less than the size of the critical region. In the opposite
case, the equation of balance for the density of excited
molecules (12) contains on the right side a different de-
pendence on the density of the gas particles.

Let us determine the dependence of the rate constants
of the three-body process on the parameters of the
problem. The cross section for elastic collisions of
particles corresponding to scattering at a large angle,
entering into Eq. (15), can be estimated on the basis of
the relation (see, for example, Ref. 202)

R\, where U(R,)~T\ (17)

Here U is the interaction potential for particles A* and
C. If particles B and C are of the same kind, then, as
follows from relations (15) and (17), a~b2. From here,
according to Eq. (15) we have3'

3C~vb!'. (18)

''This equation can be obtained from dimensional considera-
tions. In the classical case, the rate constant of the process
A* +2A—• Af +A is expressed in terms of the following para-
meters: thermal energy of the particles T; particle mass M;
parameter b characterizing the particle interaction
[U (b) ~T]. From these parameters it is possible to form
only a single combination with the dimensions crrf/s, which
has the form
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Let us estimate the order of magnitude of the rate
constant of the three-body process. The characteristic
value of the thermal velocity is i7~104-105 cm/s and the
characteristic value of b is =3-6 A. This gives
^~10'34-10'31 cmVs. In addition, with some exceptions,
which we shall examine later, the temperature depend-
ence of the rate constant of the three-body process
must be weak. Indeed, if the process is determined by
the interaction in the region where the attractive poten-
tial is approximated by U(R) = CR~" as a function of the
distance between the nuclei R, then according to Eqs.
(17) and (18) jf-T*-1*'*1". A reasonable value of n is
n= 4-6. From here, we find that when the interaction
potential varies monotonically with distance, the rate
constant of the three-body process increases slowly
with decreasing temperature. When the curve of the in-
teraction potential of the particles contains a hump, this
result is not valid.

For metastable helium and neon molecules, the po-
tential curves of the lower states have a hump, so that
for three-body formation of these molecules, the esti-
mates presented above are not applicable. In the case
of three-body formation of other molecules, the pro-
cess proceeds according to the scheme described above
and the rate constant falls into the range indicated pre-
viously (10~31-10~34 cmVs) and depends smoothly on the
gas temperature. Thus, according to measurements,163

the rate constant of the three-body process

where A = Ar, Kr, Xe, is, in the temperature range
200-400 K, approximated by the dependence 3f~ T~s.
The index s equals 0.60±0.06 for argon, 0.66±0.10 for
krypton, and 0.60±0.06 for xenon. This corresponds to
the index in the interaction potential fu(r)~R~"] n= 4-5,
in agreement with the estimates indicated above.

The presence of a hump in the potential curve for
metastable helium and neon molecules (see Table III)
can lead to a sharp drop in the rate constant of the
three-body process forming a metastable molecule with
decreasing temperature. Thus, according to measure-
ments made by Ludlum et a/.,147 the rate constant for
three-body formation of the metastable helium molecule
He2(a

3s;) in helium is approximated well by the depend-
ence W=Jlf0exp(-Ea/T) and the best values of the pa-
rameters in this equation are as follows: £a= 0.067 eV
and 3fa = 3.5 • 10'33 cmVs. It is evident that the activation
energy for this process practically coincides with the
height of the hump on the potential curve (see
Table III). From here we can conclude that at low
temperatures only fast particles, whose kinetic energy
lies above the hump in the potential curve so that these
particles freely approach to distances of the order of
their dimensions, participate in the process.

We should note here that such a sharp decrease in the
rate constant for three-body formation of molecules can-
not be explained by only a potential barrier in the inter-
action potential of helium atoms in metastable and
ground states. In this case, the small probability for
capture of a metastable atom is completely compensated
by the long lifetime of the autoionization state of the
metastable molecule. Such a change in the rate constant

of the three-body recombinatio.i of atoms is related to
quantum effects. Due to the presence of a potential
barrier, the distance between the vibrational autoion-
ization states of a metastable molecule, even with small
collision momenta of atoms in the ground and metastable
states, is quite large and, apparently, greatly exceeds
the characteristic thermal energy.4' This sharply re-
stricts the number of autoionization states of the mole-
cule into which capture is possible on recombination.

In addition to the reason examined above, the de-
crease in the rate constant for three-body formation of
metastable helium molecules with decreasing tempera-
ture is related to the sharp drop in the rate constant for
quenching of the autoionization state of the molecule in
a collision with a helium atom. Since the energy of the
transition in such a collision is quite high, the probabil-
ity of the transition according to the adiabatic laws de-
creases with decreasing collision velocity.

A similar situation also occurs for neon, where the
interaction potential of the excited and unexcited atom
has a relatively high hump (see Table III). For this rea-
son, the rate constant for the three-body formation of a
metastable neon molecule also drops with decreasing
gas temperature (see Table XVI), although not as sharp-
ly as in the case of helium. The last circumstance is
related to the large density of the autoionization states
and their higher collisional quenching efficiency. For
this reason, in the case of neon, the three-body process
leading to the formation of a metastable molecule in-
volves subbarrier capture of a metastable neon atom by
an atom and subsequent quenching of the autoionization
state formed in this case. In addition, subbarrier cap-
ture of an atom leads to smaller values of the rate con-
stant for the process than Eq. (15) (see Table XVI).

When a resonantly excited atom participates in a
three-body process, we can expect higher values for the
rate constant of the three-body process because the in-
teraction of a resonantly excited atom with an atom of
the same kind is more efficient than for atoms in the
ground state. Rate constants for three-body processes
leading to formation of an excited molecule with the par-
ticipation of a resonantly excited atom are presented in
Table XVIII. It is evident that for argon, for which a
large number of measurements are available, compari-
son of data in Tables XVIII and XIX shows that the rate
constant of the three-body process for a resonantly ex-
cited atom is somewhat higher than that for a metastable
atom. However, the difference in these data lies within
the limits of the error in the results.

We have limited our analysis to the Thompson me-
chanism for the three-body process, in which the for-
mation of excited molecules involves the interaction of
particles in a three-body collision. For complex parti-
cles, the formation of an excited molecule can proceed
along a different channel: via the formation of an inter-

4'According to simple estimates, the distance between neigh-
boring vibrational autoionization levels of the molecule
Hejf'Su) in order of magnitude equals 0.1 eV; the distance
between neighboring rotational autoionization levels equals
Bs> where j is the angular momentum of the nuclei, and the
magnitude of B is thousandths of an electron volt.
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mediate, long-lived complex. Then the rate constant for
three-body formation of the excited molecule will be de-
termined by the lifetime of the intermediate complex
and its magnitude can greatly exceed the characteristic
values of rate constants for the Thompson mechanism.
Rate constants for three-body formation of cluster ex-
cimer molecules are presented in Table XK. Apparent-
ly, some of these processes are accompanied by the
formation of an intermediate long-lived complex.

6. COLLISION QUENCHING OF EXCIMER MOLECULES

An important process in excimer lasers is the quench-
ing of excimer molecules by atoms and molecules in

TABLE XX. Rate constant for quenching of ex-
cimer molecules.

Excimei
molecule

ArF(B,/,)

KrF(B,/,)

XeF(BI/2)

XeF (C,/,)

XeF (C3,2)

XeCl (B!,,,)

XeBr(Bl/2)
Xel (B,/,)

HgCl (B,..,)

HgBr(B1/2)

HgBr (B1/2)
Hgl (B,/,)

Hgl (C,/,) ")

Ar2F («B?)

KijF (2B,,)

Quench-
ing par-
ticle

Ar
Kr
Xe
F,
Ar
Kr
Xe
F,

KrF.
NF3-
He
Ne
Ar
Xe

N2
F.

CO,
XeF.
NF3

He
Ne
Ar
Xe
N,
F2
Xel-',

Ne 3

Xe
HC1
Br2
Xe
1:
CHoI
He"
Ne
Ar
Kr
Xo

of,
CC1,
He
Ne
Ar
Xe
N.
Br2

HBr
CF3Br
CCl3Br
He
Ne
Ar
Xe
N*
T

CFaI
He
Ne
Ar
Xe
N2
He
Ar

NF8

F*

Quenching rate constant,
cm'/s*'

9(-12)»«
1 .6 ( — 9)*""
4! 5 (—9)™°
1.9(— 9)««.™', "«
8 (— 12)«-; <1(— 12)»«j 1.8 (— 12)"8

^ g / |')>203

> 1 (-9)"
5. 7 (—10)"; 8. 8 (—10)"';
4.8 (— 10)«; 7.4 (— 10)««; 6 (— 10)103

3.7 (— 10)»«
5.2 (— ll)>s
2.0( — 12)87; 4 1 (^13)19S

<3(— 13)87; 7 . 7 ( — 13)«8

4.9 (—12)"; 8 (— 13)'88; 2.4 (— 12ps

6.0 (— II)8'; 3.3(— 11)»«:
4.3(— 11)2»»
7 . 0 ( — 12)-03

8 .8(— 10)!0; 1.2(— 10)S7;
3. 8 (—10)""; 5 .1(— IOP"
2.5(-10)-»3

3.5(— 10)86; 2. 6 (—10)"'
3.3 (—12)": 2.8 (— II)88;
2.3(— itp»
1.2 (—13)"
3.0 (—13)"
9 -0 (—14)*"
| Q / l^)63

4!0(— IS)83

S.0(— l l ) " s

3(— IO)"; 1.7 (—10)"'

l . 0 ( — 12)T8

3.2 (—H_)-«

8'(_[OJ»s
9 (-12)""
5 ( — 10)16if

3.6( — 10)1S!>

4.1 (—14)'"
3.3(~14)n5

5 .0(— I4)11S

7.3(— 14)'»
3. 1 ( — 13)11;i

6.1 (— 14)115

1.7 (—10)1"
1.0(— 10)"s

5.4 (— 14p4; 3.4 (— 14)2<li

<3.4(— 14)20i

7 . 2 ( — 14)-03

3(— 13)11:1;5.8(— 13)!04;3.8(— 14)SM

2 .3 (— 13)Mi; 3.4(— 14)2"5

2. 9 (—10)'"
1 3 ( — 10)115

8.7 (-ll)i"
1.8 (-10)1"
<2.9(— 14)""
< 2.9 ( — 14p"
1.1(— 13ps

2.2(— 13)2M

< 2.9 ( — 14)205

< 1 .1 ( — 8)20S

2.9(— 10)2»*
3.8 (— 12)2«
5, l ( — 12)*""
1 ̂ Q ( 1{\20S

4 1 ( — 11)2DS

2:4(_iip'
5 (— 15)MS

2.2(— 14)212

5.6(— 10)sl2

5 (— II)2"
8.8(— 10)8»

*The following notation is used in the table:
9(-12) means 9-10'12.
**The radiative lifetime is assumed equal
to 110 ns.49

gases. These processes can proceed along different
channels and in the final analysis lead to decay of the
excited state of the molecule studied. Rate constants
for quenching of a number of excimer molecules by
some atoms and molecules are presented in Table XX.

It is evident that the values of the rate constants for
quenching of excimer molecules at thermal velocities in
collisions with atoms are not more than four orders of
magnitude lower than the gas kinetic values of the rate
constants. We note that quenching of metastable states
of atoms and molecules proceeds more efficiently. This
is due to the convergence of the electronic term of the
excimer molecule and the electronic term of the ground
state of the particles during the interaction with the in-
cident particle. We shall demonstrate this for the spe-
cific example of the collision KrF(B1/2) + Ar. When
these particles approach, a weak bond is formed, which
corresponds to the ionic term of the system ArKr*+ F".
In the lower term, corresponding to the interaction Kr
+ F + Ar, the approach of the argon atom leads to sharp
repulsion. The electronic terms of the initial and final
states thereby converge, which facilitates the transition.

Quenching of excited states can proceed along differ-
ent channels, which include chemical reaction, transfer
of excitation to a collision partner, etc. This problem
has not been adequately studied. In the simplest cases
the channel can be established from general considera-
tions. In particular, quenching of ArF* in collisions
with krypton or xenon atoms leads to the formation of
the excimer molecule KrF* or XeF, respectively.

7. CONCLUSIONS

Based on the information presented above, we can get
an idea of how contemporary atomic physics is develop-
ing. This review is devoted to excimer molecules, a
seemingly exotic physical object, which is characterized
by a short lifetime and which cannot be created by a di-
rect method. However, the participation of an excited
gas in the kinetics makes excimer molecules important
not only from the point of view of relaxation of the ex-
cited gas, but also because it permits using excimer
molecules for practical purposes, in this case, for a
new class of gaseous lasers. There are many physical
objects in addition to excimer molecules (highly excited
atom, van der Waals molecules, autoionization states
of atoms and ions, multiply charged ions) that have been
known for a long time, but the attitude toward which has
greatly changed in the last decade. The investigation of
such objects largely determines the development of con-
temporary atomic physics.

'Ch. Rhodes [Ed.], Excimer Lasers, Sprlnger-Verlag, New
York (1979).u2A. V. Eletskii, Usp. Fiz. Nauk 125, 279 (1978) fSov. Phys.
Usp. 21, 502 (1978)1.

3D. C. Lorents, R. E. Olson, andG. M. Conklin, Chem. Phys.
Lett. 20, 589 (1973).

4H. V. Mittmann and H. P. Weise, Zs. Naturforsch. 29a, 400
(1974).

5C. Y. Ng et al., J. Chem. Phys. 66, 446 (1977).
6W. R. Wadt, J. Chem. Phys. 68, 402 (1978).
7P. A. Christiansen et al., J. Chem. Phys. 75, 5410 (1981).

42 Sov. Phys. Usp. 26(1), Jan. 1983 B. M. Smirnov 42



8L. D. Landau and E. M. Lifshitz, Kvantovaya mekhanika
(Quantum Mechanics), Nauka, Moscow (1974) [Engl. Transl.
3rd ed., Pergamon Press, Oxford, 1977].

9R. S. Mulliken, J. Chem. Phys. 52, 5170 (1970).
10R. Morgenstern et al., Phys. Rev. A 8, 2372 (1973).
41M. L. Ginter and R. Battino, J. Chem. Phys. 52, 4469 (1970).
12M. L. Ginter, J. Chem. Phys. 42, 561 (1965).
13A. L. Smith, J. Chem. Phys. 49, 4817 (1968).
14K. M. Sando, Mol. Phys. 21, 439 (1971).
15B. Liu, Phys. Rev. Lett. 27, 1251 (1971).
16S. Mukamel and U. Kaldor, Mol. Phys. 22, 1107 (1971).
"K. M. Sando, Mol. Phys. 23, 413 (1972).
18S. L. Guberman and W. A. Goddard, Phys. Rev. 12, 1203

(1975).
19J. S. Cogen and B. Schneider, J. Chem. Phys. 61, 3230

(1974).
20S. Iwata, Chem. Phys. 37, 251 (1979).
21K. T. Gillen et al., J. Chem. Phys. 64, 1925 (1976).
22Y. Tanaka, W. C. Walker, and K. Yoshino, J. Chem. Phys.

70, 380 (1979).
23R. P. Saxon and B. Liu, J. Chem. Phys. 64, 3291 (1976).
UR. C. Michaelson and A. L. Smith, J. Chem. Phys. 61, 2566

(1974).
25W. C. Ermler et al., J. Chem. Phys. 69, 976 (1978).
26I. Ya. Fugol', Usp. Fiz. Nauk 97, 429 (1969) [Sov. Phys. Usp.

12, 182 (1969)].
27R. A. Buckingham and A. Dalgarno, Proc. Roy. Soc. 21, 327

(1952).
28R. D. Poshusta and A. Matsen, Phys. Rev. 132, 307 (1963).
29D. R. Scott et al., J. Chem. Phys. 44, 2981 (1966).
30Y. Tanaka and K. Yoshino, J. Chem. Phys. 50, 3087 (1969).
31H. J. Kolker and H. H. Nichels, J. Chem. Phys. 50, 1762

(1969).
32K. W. Chow and A. L. Smith, J. Chem. Phys. 54, 1556 (1971).
33B. Brutschy and H. Haberland, Phys. Rev. A 19, 2232 (1979).
34K. M. Sando and A. Dalgarno, Mol. Phys. 20, 103 (1971).
35B. Brutschy and H. Haberland, Phys. Rev. Lett. 38, 686

(1977).
36R. A. Zhitnikov et al., Zh. Eksp. Teor. Fiz. 71, 1761 (1976)

[Sov. Phys. JETP 44, 924 (1976)].
37V. D. Laptev, Zh. Eksp. Teor. Fiz. 81, 862 (1981) [Sov. Phys.

JETP 54, 460 (1981)].
38A. A. Radtsig and B. M. Smirnov, Spravochnik po atomnoi i

molekulyarnoi fizike (Handbook on Atomic and Molecular
Physics), Atomizdat, Moscow (1980).

39R. Ault and B. S. Andrews, J. Chem. Phys. 64, 3075 (1976);
65, 4192.

40J. Goodman and L. E. Brus, J. Chem. Phys. 65, 3808 (1976).
"j. Tellinghuisen, J. Chem. Phys. 68, 5187 (1978).
42M. Kraus and F. J. Mies, see Ref. 1, p. 20.
43N. W. Winter, C. F. Bender, and T. N. Rescigno, J. Chem.

Phys. 67, 3122 (1977).
44M. F. Golde and A. Kvaran, J. Chem. Phys. 72, 434, 442

(1980).
^T. H. Dunning and P. J. Hay, Appl. Phys. Lett. 28, 649

(1976).
46P. J. Hay and T. H. Dunning, J. Chem. Phys. 66, 1306 (1977).
47J. Tellinghuisen, J. Chem. Phys. 65, 4473 (1976).
48J. Tellinghuisen et al., J. Chem. Phys. 64, 4796 (1976).
48P. J. Hay and T. H. Dunning, J. Chem. Phys. 69, 2209 (1978).
50D. L. Shostak and R. L. Strong, Chem. Phys. Lett. 63, 370

(1979).
51J. Tellinghuisen et al.,3. Chem. Phys. 64, 2484 (1976).
52V. D. Kulagin, Dokl. Akad. Nauk SSSR 241, 571 (1978) [Sov.

Phys. Dokl. 23, 501 (1978)1.
53C. H. Ng et al., J. Chem. Phys. 66, 5737 (1977).
64C. H. Chen et al., J. Chem. Phys. 65, 4028 (1976).
55M. C. Castex et al., J. Chem. Phys. 75, 5006 (1981).
56B. Schneider and J. S. Cohen, J. Chem. Phys. 61, 3240 (1974).
67P. K. Leichner, Phys. Rev. A 8, 815 (1973).
58T. Oka et al., J. Chem. Phys. 61, 4740 (1974).

59R. Boclque and P. Nortier, J. Phys. (Paris) 30, 1905 (1970).
60N. Thonnard and G. S. Hurst, Phys. Rev. A 5,1110 (1972).
61J. W. Keto, R. E. Gleason, and G. K. Walters, Phys. Rev.

Lett. 33, 1365 (1974).
62P. Moerman, R. Boucique, and P. Mortier, Phys. Lett. A 49,

179 (1974).
63H. A. Koehler et al., Phys. Rev. A 9, 768 (1973).
64A. Birot et al.,3. Chem. Phys. 63,1469 (1975).
65P. K. Leichner and R, J. Ericson Phys. Rev. A 9, 251 (1974).
66D. Haaks and K. H. Becker in: Proc. of 5th Intern. Con-

ference VUV Radiation Physics, Montpellier, France (1977).
67G. P. Quigley and W. M. Hughes, Appl. Phys. Lett. 32, 649

(1978).
68Y. Salamero et al.,3. Phys. B 12, 419 (1979).
69H. A. Koehler et al., Phys. Rev. A 12, 968 (1975).
70T. D. Bonifield et al., Chem. Phys. Lett. 69, 290 (1980).
71J. W. Keto et al., Chem. Phys. Lett. 42,125 (1976).
72P. Millet et al.,3. Chem. Phys. 69, 92 (1978).
73P. K. Leichner et al., Phys. Rev. A 13, 1787 (1976).
74M. Ghelfenstein, R. Lopez-Delgado, and H. Szwarc, Chem.

Phys. Lett. 49, 312 (1977); 52, 236.
75T. D. Bonifield et al.,3. Chem. Phys. 72, 2914 (1980).
76G. Thornton et al.,3. Chem. Phys. 71, 133 (1979).
77S. C. Wallace, R. T. Hodgson, and R. W. Dreyfus, Appl. Phys.

Lett. 23, 22 (1973).
78T. G. Finn et al., Appl. Phys. Lett. 36, 789 (1980).
79J. A. Mangano et al., Appl. Phys. Lett. 27, 495 (1975).
80C. H. Chen and M. G. Payne, J. Quantum Electron. 15,149

(1979).
81R. Burnham and S. K. Searles, J. Chem. Phys. 67, 5967

(1977).
82G. C. Eden et al., Appl. Phys. Lett. 32, 733 (1978).
83E. C. Ault, R. S. Bradford, and M. L. Bhaumik, Appl. Phys.

Lett. 29, 426 (1976).
84C. P. Wang, Appl. Phys. 28, 326 (1976).
85J. G. Eden and S. K. Searles, Appl. Phys. Lett. 30, 287

(1977).
86R. Burnham and N. W. Harris, J. Chem. Phys. 66, 2742

(1977).
87C. H. Fisher and R. E. Center, J. Chem. Phys. 69, 2011

(1978).
88J. G. Eden and R. W. Waynant, Opt. Lett. 2, 13 (1978).
89R. Burnham and S. K. Searles, J. Chem. Phys. 68, 2850

(1978).
90D. W. Trainor, 3. H. Jacob, and M. Rokni, J. Chem. Phys.

72, 3646 (1980).
81E. D. Poliakoff et al.,3. Chem. Phys. 72, 1786 (1980).
92T. H. Dunning and P. J. Hay, J. Chem. Phys. 69,134 (1978).
93R. W. Waynant, Appl. Phys. Lett. 36, 493 (1980). '
94R. W. Waynant and J. G. Eden, J. Quantum Electron. 15, 61

(1979).
95A. L. Smith, I. Messing, and B. Gelernt, J. Chem. Phys. 73,

2618 (1980).
96M. C. Castex et al., Chem. Phys. Lett. 70, 106 (1980).
97R. Shuker, Appl. Phys. Lett. 29, 785 (1976).
98G. A. Hart and S. K. Searles, J. Appl. Phys. 47, 2033 (1976).
89J. K. Rice, A. K. Hays, and J. R. Woodworth, Appl. Phys.

Lett. 31, 31 (1977).
1MH. Hemmatt and G. J. Collins, J. Appl. Phys. 51, 2961

(1980).
1MC. H. Chen and M. G. Payne, Appl. Phys. Lett. 32, 358

(1978).
102W. R. Wadt and P. J. Hay, Appl. Phys. Lett. 30, 573 (1977).
103F. K. Tittel et al., Appl. Phys. Lett. 36, 405 (1980).
104K. Y. Tang, D. C. Lorents, and D. L. Huestis, Appl. Phys.

Lett. 36, 347 (1980).
1<BG. Marowsky et al., 3. Chem. Phys. 75, 1153 (1981).
106D. C. Lorents et al.,3. Chem. Phys. 68, 4657 (1978).
107C. H. Chen, M. G. Payne, and J. P. Judish, J. Chem. Phys.

69, 1626 (1978).
108N. G. Basov et al., Pis'ma Zh. Eksp. Teor. Fiz. 26, 20

43 Sov. Phys. Usp. 26(1), Jan. 1983 B. M. Smirnov 43



(1977) tTETP Lett. 26, 16 (1977)1.
109I. N. Konovalov et al., Opt. Spektrosk. 47, 239 (1979) [Opt.

Spectrosc. (USSR) 47,137 (1979)].
110J. A. Mangano et al., Appl. Phys. Lett. 31, 26 (1977).
U1H. C. Brashears, D. W. Setser, and Y. C. Yu. J. Chem.

Phys. 74,10 (1981).
112E. W. Smith et al., 3. Chem. Phys. 66, 5667 (1977).
113L. A. Schlie et al., J. Chem. Phys. 72, 4549 (1980).
114J. G. Eden, Appl. Phys. Lett. 33, 495 (1978).
"5A. Mandl and J. H. Parks, Appl. Phys. Lett. 33, 498 (1978).
116N. Djeu and C. Mazza, Chem. Phys. Lett. 46, 172 (1977).
117R. W. Waynant and J G. Eden, Appl. Phys. Lett. 33, 708

(1978).
118M. Stock et al., J. Chem. Phys. 68, 1758 (1978).
119H. T. Powell, J. R. Murray, and C. K. Rhodes, Appl. Phys.

Lett. 25, 730 (1974).
128V. Ya. Aleksandrov etal., Opt. Spektrosk. 41, 390 (1976)

[Opt. Spectrosc. (USSR) 41, 224 (1976)1.
121A. W. Johnson et al., Kvant. elektron. (Moscow) 3, 914 (1976)

[Sov. J. Quantum Electron. 6, 495 (1976)1.
122B. M. Smirnov, Vozbuzhdennye atomy (Excited Atoms],

Energolzdat, Moscow (1962), p. 6.
123E. C. Zipf, Bull. Am. Phys. Soc. 14, 265 (1969).
124G. Black, R. L. Sharpless, and T. G. Slanger, J. Chem.

Phys. 63, 4546 (1975).
125V. Ya. Aleksandrov, Opt. Spektrosk. 41, 224 (1976) [sic].
"6K. H. Welge and R. J. Atkinson, J. Chem. Phys. 64, 531

(1976).
127T. H. Dunning and P. J. Hay, J. Chem. Phys. 66, 3773 (1977).
128V. N. Kondrat'ev and E. E. Nikitin, Kinetifca i mekhanizm

gazofaznykh reaktsll [Kinetics and Mechanism of Gas-Phase
Reactions], Nauka, Moscow (1974), Sec. 23.

129A. A. Zembekov et al., in: Khimiya plazmy (Plasma
Chemistry), Atomizdat, Moscow (1979), No. 6, p. 3.

130J. E. Velazco, J. H. Kelts, and D. W. Setser, J. Chem.
Phys. 65, 3468 (1976).

131Ch. A. Brau in: Excimer Lasers Ed. by Ch. K. Rhodes,
Springer-Verlag, New York (1979).

132C. H. Chen and M. G. Payne, J. Quantum Electron. 15, 149
(1979).

133G. A. Hart and S. K. SearZes, J. Appl. Phys. 47, 2033 (1976).
134P. Davldovits in: Alkali Hallde Vapors, Ed. by P. Davldo-

vits and D. L. McFadden, Academic Press, New York, p. 331
(1979).

135E. A. Gtslason in: Alkali Halide Vapors, Ed. by P.
Davidovits, D. L. McFadden, Academic Press, New York,
p. 415 (1979).

136M. M. Hubers, A. W. Kleiyn, and J. Los, Chem. Phys. 17,
303 (1976).

137L. D. Landau and E. M. Lifshitz, Kvantovaya mekhanika
(Quantum Mechanics), Nauka, Moscow (1974) (see Ref. 8).

138R. E. Olson, F. T. Smith, and E. Bauer, Appl. Opt. 10, 1846
(1971).

139J. A. Kelts, J. E. Velazco, and D. W. Setser, J. Chem. Phys.
71, 1247 (1979).

1MK. Tamagake, J. H. Kolts, and D. W. Setser, J. Chem. Phys.
71, 1264 (1979).

U1A. V. Phelps and J. P. Molnar, Phys. Rev. 89, 1202 (1953).
W2A. V. Phelps, Phys. Rev. 114,1011 (1959).
143A. H. Futch and F. A. Grant, Phys. Rev. 104, 356 (1956).
144A. V. Phelps, Phys. Bev.99,1307 (1955),
14BE. E. Benton et al., Phys. Rev. 127, 206 (1962).
146G. F. Sauter and H. J. Oskam, Techn. Publication

Announcements 2, 942 (1962).
147K. H. Ludlum, L, P. Larson, and J. M. Caffrey, J. Chem.

Phys. 46, 127 (1967).
148R. W. Huggins and J. H. Cahn, J. Appl. Phys. 38, 180 (1967).
148K. H. Ludlum, J. M. Caffrey, and L. P. Larson, J. Opt. Soc.

Am. 58, 269 (1968).
15(>I. Ya. Fugol", O. N. Grigorashchenko, and D. A. Myshkis, Zh.

Eksp. Teor. Flz. 60, 423 (1971) [Sov. Phys. JETP 33, 227

(1971)].
151F. W. Lee and C. B. Collins, J. Chem. Phys. 65, 5189 (1976).
152R. Deloche et al., Phys. Rev. A 13, 1140 (1976).
153G. Meyers and A. J. Cunningham, J. Chem. Phys. 67, 247

(1977).
154E. Ellis and N. D. Twiddy, J. Phys. B 2, 1366 (1969).
155J. LeCalve and M. Bourene, J. Chem. Phys. 58,1446 (1973).
156W. Wieme and J. Lenaerts, Phys. Lett. A 47, 37 (1974).
157M. Bourene, O. Dutult, and J. LeCalve, J. Chem. Phys. 63,

1668 (1975).
158C. H. Chen et al., J. Chem. Phys. 65, 4028 (1976).
169R. Boucique and P. Moerman In: Proc. of 12th Intern.

Conference on lonization Phenomena In Gases, Vienna, p. 13
(1977).

160P. K. Lelcher and M. D. Thleneman; Bui. Am. Phys. Soc.
12, 1322 (1977).

161J. H. Kolts and D. W. Setser, J. Chem. Phys. 68, 4848 (1978).
162J. Galy et al., J. Phys. (Paris) C 41, 9 (1980).
163W wieme an(j j. Lenaerts, J. Chem. Phys. 74, 483 (1981).
164J. H. Kolts and D. W. Setser, J. Chem. Phys. 68, 4848

(1978).
165R. Turner, Phys. Rev. 158, 121 (1967).
166C. J. Tracy and H. J. Oskam, J. Chem. Phys. 65, 1666

(1976).
167R. T. Ku et al., Phys. Rev. A 8, 3123 (1973).
168A. Barbet, N. Sadeghl, and J. C. Pebay-Peyroula, J. Phys.

(Paris) B 8, 1776 (1975).
169E. S. Ault, R. S. Bradford, and M. L. Bhaumik, Appl. Phys.

Lett. 27, 413 (1975).
170J. K. Rice and A. W. Johnson, J. Chem. Phys. 27, 413

(1975).
171P. Millet et al., J. Chem. Phys. 69, 92 (1978).
172M. D. Baranov et al., Kvant. Elektron. (Moscow) 5, 1084

(1976) fete].
173P. R. Timpson and J. M. Anderson, Can. J. Phys. 48, 1817

(1970).
174C. G. Freeman, J. Chem. Phys. Lett. 10, 530 (1971).
175W. Wleme, J. Phys. B 7, 850 (1974).
176C. J. Tracy, R. C. Brlndle, and H. J. Oskam, J. Chem.

Phys. 68, 4321 (1978).
177R. Atzmon et al., Chem. Phys. Lett. 29, 310 (1974).
178R. E. Gleason et al., J. Chem. Phys. 66, 1589 (1977).
179A. O. McCoubrey, Phys. Rev. 93,1249 (1954).
180A. E. McCoubrey and C. G. Matland, Phys. Rev. 101, 603

(1956).
181M. Stock et al., J. Chem. Phys. 67, 2463 (1976).
182W. Wleme and J. Lenaerts, J. Chem. Phys. 72, 2708 (1980).
18SR. A. Phaneuf, J. Skonleczny, and L. Krause, Phys. Rev. A

8, 2980 (1973).
mA. B. Callear and D. R. Kendall, Chem. Phys. Lett. 70, 215

(1980).
185J. Le Calve, M. Bourene, and O. Dutuit in: Proc. of 3rd

Eur. Study Conference on Atomic and Molecular Physics of
Ionized Gases, Innsbruck, p. 7 (1974).

186R. F. Firestone, T. Oka, and J. Takao, J. Chem. Phys. 70,
123 (1979).

187R. Brodmann and G. Zimmerer, J. Phys. B 10, 3395 (1977).
188R. Brodmann and G. Zimmerer, Chem. Phys. Lett. 56, 434

(1978).
189R. P. Benedict, D. L. Drummond, and L. A. Schlie, J. Chem.

Phys. 70, 3155 (1979).
190M. Roknl et al., Appl. Phys. Lett. 31, 79 (1977).
191J. A. Mangano etal., Appl. Phys. Lett. 31, 21 (1977).
192V. H. Shul, Appl. Phys. Lett. 31, 50 (1977).
193V. H. Shul and C. Duzy, Appl. Phys. Lett. 36, 135 (1980).
194D. Kllmek and J. C. Hsla, J. Appl. Phys. 52, 5361 (1981).
195P. Burlamacchl and R. Salimbeni, Opt. Comm. 26, 233

(1978).
196M. Roknl et al., Phys. Rev. A 16, 2216 (1977).
197D. W. Tralnor, J. H. Jacob, and M. Rokni, J. Chem. Phys.

72, 3646 (1980).

44 Sov. Phys. Usp. 26(1). Jan. 1983 B. M. Smirnov 44



198M. Rokni et al., Appl. Phys. Lett. 30, 458 (1977).
199J. G. Eden and R. W. Waynant, J. Chem. Phys. 68, 2850

(1978).
200J. J. Thomson, Phil. Mag. 47, 334 (1924).
201B. M. Smirnov, Atomnye stolknoveniya i elementarnye

protsessy v plazme (Atomic Collisions and Elementary
Processes in Plasma), Atomizdat, Moscow (1968).

202B. M. Smirnov, Vvednie v fiziku plazmy (Introduction to
Plasma Physics), Nauka, Moscow (1975).

203H. C. Brashears et al., Chem. Phys. Lett. 48, 84 (1977).
204S. P. Bazhulin et al., Kvant. Elektron. (Moscow) 5, 684

(1978) [Sov. J. Quantum Electron. 8, 402 (1978)].
205C. Roxlo and A. Mandl, J. Chem. Phys. 72, 541 (1980).
2<K5J. H. Kolts and D. W. Setser, J. Chem. Phys. 82, 1776

(1978).
207H. C. Brashears and D. W. Setser, Appl. Phys. Lett. 33,

821 (1978).
208J. Tellinghuisen and M. R. McKeever, Chem. Phys. Lett.

72, 95 (1980).
209S. T. Pratt and P. M. Dehmer, J. Chem. Phys. 76, 3433

(1982).
210G. Black etal.,3. Chem. Phys. 75, 4840 (1981).
211T. D. Dreiling and D. W. Setser, J. Chem. Phys. 75, 4360

(1981).
a2N. Noewering, R. Sauerbrey, and H. Langhoff, J. Chem.

Phys. 76, 3524 (1982).
^'F. K. Tittel et al., 3. Quantum Electron. 17, 2268 (1981).
214G. Inoue, J. K. Ku, and D. W. Setser, J. Chem. Phys. 76,

733 (1982).
215C. G. Bender and H. F. Schaefer, Chem. Phys. Lett. 53, 27

(1978).
a6F. K. Tittel etal.,3. Quantum Electron. 17, 2268 (1981).
217G. Marowsky et al., J. Chem. Phys. 75, 1153 (1981).
218W. L. Wilson et al., 3. Chem. Phys. 77, 1830 (1982).

Translated by M. E. Alferieff

45 Sov. Phys. Usp. 26(1), Jan. 1983 B. M. Smirnov 45


