
Abstract. Current spectroscopic data on dimers (molecules con-
sisting of two similar atoms) and their ions are presented and
analysed. Methods for obtaining such data are discussed.

1. Introduction

Collection and analysis of information about the properties
of concrete physical systems, parameters of interactions in
them and transitions occurring between their states occupy a
certain place in the practice of each scientist. In the case of
plasma and gaseous systems this information concerns
partially the parameters of atoms, molecules, and ions, as
well as characteristics of transitions between their states. The
present review is devoted to one of such systemsÐdimers, i.e.
homonuclear diatomic molecules containing atoms of one
element, and also to dimer ions. Notice that for a specialist it
is of importance just as the magnitude of a certain parameter,
so an accuracy and reliability pertaining to this magnitude.
To estimate the accuracy, a closer look at the methods of
parameter determination is called for. Appropriate analysis is
one of the goals of this review.

When examining spectroscopic parameters of diatomic
molecules, mention should be necessarily made of the Huber
and Herzberg classic book [1], which summed up previous
results and elaborated a simple method of representing the
data involved. The material of this book supplemented with
new results forms the basis for various reviews and reference
books concerning the molecular parameters. In particular,
the authors of reviews [2, 3] collected and analyzed informa-
tion about dimer parameters which was drastically updated

during the last decade. In the discussion which follow this new
information is provided with accounting for its accuracy and
reliability. This being so, in the present review we, on the one
hand, concentrate upon methods of obtaining quantitative
information of interest and, on the other hand, consider main
parameters and systems, thus trying to gather uniform data
on dimers.

2. Quantum numbers and parameters of dimers

Let us consider, first, the behaviour of electronic terms of
dimers and their quantum numbers. Quantum numbers of
molecular terms of dimers depend on the rules of summing the
electronic momenta into the total molecular momentum.
They are determined by relationship between three various
interactions in a molecule: Ve Ð the interaction potential
between the orbital angular momentum and molecular axis,
Vm Ð the interaction potential between the orbital and spin
momenta, Vr Ð the interaction potential between electrons
and rotation al motion of the molecule. Depending on the
quantitative relationship between above potentials, one can
rely on a certain method of determining molecular eigen
states [4]. Exhausting different possible relationships between
the above interaction potentials, one can arrive at different
types of so-called Hund's coupling cases. In doing so, a
certain set of molecular quantum numbers is attached to
each Hund's coupling case. Within the framework of this
classical scheme [4 ± 6], we assume the interaction potential
between the electrons and rotational motion of the molecule
to be relatively weak which conforms to not strongly excited
molecules. Then the limitVe4Vm corresponds to theHund's
coupling case `a', whileVe5Vm is consistent with theHund's
case `c'.

In the Hund's coupling case `a', the projection of the
electronic angular momentum onto the molecular axis and
the total molecular spin comprise the quantum numbers of
the molecule. Projections of the electronic angular momen-
tum are denoted by Greek capital letters S, P, D, F, G
pertaining to their absolute values of 0, 1, 2, 3, 4 in units of
h=2p, correspondingly. In the Hund's coupling case `c', the
projection of the total molecular momentum onto its axis
comprises the sole quantum number which is denoted by a
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cipher. If the projection of the appropriate momentum onto
the molecular axis equals zero, there appears one more
symmetry transformation incident to reflection of electrons
in the symmetry plane going through the axis. If the wave
function of electrons conserves the sign under that reflection,
this state is marked by S�, if it changes the sign, the state is
marked by Sÿ.

The dimer as a diatomic molecule consisting of identical
atoms possesses an additional symmetry due to reflection of
electrons in the plane which is perpendicular to the molecular
axis and bisects it. The interaction potential of electrons does
not change as a result of this transformation. If the electronic
wave function conserves the sign as a result of electron
reflection in the symmetry plane, the electronic state is even;
otherwise the electronic state is odd. Since the electronic
Hamiltonian is invariant under inversion of electrons, it is
convenient to connect the electron parity just with the
electron inversion. Then if the electronic wave function
retains its sign under the electron inversion with respect of
the molecular centre, this dimer state is even and is labelled by
`g'(gerade); if the electron inversion changes the sign of the
electronic wave function, this state is odd and labelled by
`u'(ungerade). Below we will rely on this definition of the
dimer parity.

There occurs certain correlation between quantum
numbers of a dimer and states of atoms from which it is
formed. For example, in the Hund's coupling case `a', the
atomic state is characterised by an angular momentum and
the total electronic spin, and interaction between electrons
of different atoms leads to splitting of the energy levels
dependent of the projection of an electronic orbital momen-
tum onto the molecular axis. Interaction of two atoms with
the same quantum numbers causes mixing of these states,
and if the interaction between electrons of different atoms
exceeds remarkably the spin-orbit splitting of atomic levels,
the total spin of electrons and the projection of the total
electronic momentum onto the molecular axis make quan-
tum numbers of interacting atoms. Then interaction
between atoms does not change the total number of states
in this system, but a number of electronic terms, i.e. a
number of states of a various energy, can be different in the
cases of free and interacting atoms. Constructing the
molecular wave functions from atomic ones in the case of
a weak interaction between atoms, one can ascertain the
character of quantum numbers in the molecule, the sym-
metry and number of molecular electronic terms. In
particular, Tables 1, 2 contain electronic terms of the
molecule consisting of two identical atoms for the Hund's
coupling cases under consideration [7, 8].

Let us analyze the character of bond formation in the limit
of a weak atomic interaction in the another context. If atoms
interact weakly, that is, the distance between them is large, the
interaction potential of atoms may be divided into two parts
Ð long-range and exchange ones [9]. A long-range potential is
determined by interaction of electrical momenta of atoms
induced under their relative motion. This interaction respects
usually to attraction forces and its potential energy depends
on the distance between atoms by an inverse power law. The
exchange interaction potential is determined by overlapping
of electron wave functions corresponded to different atoms,
and hence decreases by an exponential law with removal of
atoms. Just this part of atomic interaction is responsible for
making the chemical bond between atoms. The sign of the
exchange interaction depends on the state symmetry. For

example, in the case of interaction between two hydrogen
atoms in the ground state or other identical atoms with a zero
angularmomentum and spin of 1/2, two states of themolecule
are only possible Ð even and odd. The even state has the
symmetry 1S�g in the Hund's coupling case `a' or 0�g for the
Hund's case `c', and the exchange interaction leads to atomic
attraction. In the odd state with the symmetry 3S�u for the
Hund's case `a' or 1u, 0

ÿ
u for the Hund's case `c', a repulsion of

atoms takes place. Hence, a chemical bond exists only in one
of these states. Roughly speaking, one half of electronic terms
for interacting atoms corresponds to bound molecular states.
These states are the object of our consideration. Notice that
the above description of molecules was worked out in
twenties Ð thirties at the dawn of the age of the quantum
mechanics. It forms a basis for methods of analyzing the
molecular parameters.

3. Parameters of diatomics

The emergence of molecular spectroscopy led not only to
certain concepts concerning the molecular properties, but
also to universally recognised notation as well as units in
which the spectroscopic parameters of molecules are

Table 1. Correlation between quantum numbers of two identical atoms
and the dimer which they form in the Hund's coupling case `a' [7, 8]. (A
number of possible electronic terms of a given symmetry is given in
parentheses if it is above one.)

Atomic

state

Molecular state

1S
2S
3S
4S
1P
2P
3P

4P

1D

2D

3D

1S�g
1S�g ,

3S�u
1S�g ,

3S�u ,
5S�g

1S�g ,
3S�u ,

5S�g ,
7S�u

1S�g �2�, 1Sÿu , 1Pg, 1Pu, 1Dg
1S�g �2�, 1Sÿg , 1Pg, 1Pu, 1Dg, 3S�u �2�, 3Sÿg , 3Pg, 3Pu, 3Du
1S�g �2�, 1Sÿu , 1Pg, 1Pu, 1Dg, 3S�u �2�, 3Sÿg , 3Pg, 3Pu, 3Du,
5S�g �2�, 5Sÿu , 5Pg, 5Pu, 5Dg
1S�g �2�, 1Sÿg , 1Pg, 1Pu, 1Dg, 3S�u �2�, 3Sÿg , 3Pg, 3Pu, 3Du,
5S�g �2�, 5Sÿu , 5Pg, 5Pu, 5Dg, 7S�u �2�, 7Sÿg , 7Pg, 7Pu, 7Du
1S�g �3�, 1Sÿu �2�, 1Pg�2�, 1Pu�2�, 1Dg�2�, 1Du, 1Fg,
1Fu, 1Gg
1S�g �3�, 1Sÿu �2�, 1Pg�2�, 1Pu�2�, 1Dg�2�, 1Du, 1Fg,
1Fu, 1Gg, 3S�u �3�, 3Sÿg �2�, 3Pu�2�, 3Pg�2�, 3Dg,
3Du�2�, 3Fg, 3Fu, 3Gu
1S�g �3�, 1Sÿu �2�, 1Pg�2�, 1Pu�2�, 1Dg�2�, 1Du, 1Fg,
1Fu, 1Gg, 3S�u �3�, 3Sÿg �2�, 3Pu�2�, 3Pg�2�, 3Dg,
3Du�2�, 3Fg, 3Fu, 3Gu, 5S�g �3�, 5Sÿu �2�, 5Pg�2�,
5Pu�2�, 5Dg�2�, 5Du, 5Fg, 5Fu, 5Gu

Table 2. Correlation between quantum numbers of two identical atoms
and the dimer which they form in the Hund's coupling case `c' [7, 8]. (A
number of possible electronic terms of a given symmetry is given in
parentheses if it is above one.)

Atom Dimer

J � 0

J � 1=2

J � 1

J � 3=2

J � 2

0�g
1u, 0�g , 0

ÿ
u

2g, 1u, 1g, 0�g �2�, 0ÿu
3u, 2u, 2g, 1u�2�, 1g, 0�g �2�, 0ÿu �2�
4g, 3u, 3g, 2uz, 2g�2�, 1u�2�, 1g�2�, 0�g �3�, 0ÿu �2�
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expressed. Below we shall follow them. Considering not
highly-excited states of molecules, one can assume in the
zero-order approximation of a perturbation theory the
electronic, vibration and rotation degrees of freedom to be
independent, and allow for their interaction as a perturba-
tion. Then a molecular state can be defined by a symmetry of
its electronic term, by a vibrational quantum number v and
rotational quantum number J, where v and J are the integers.
Correspondingly, the molecular excitation energy is given by
the formula

E � Te � G�v� � Fv�J�; �1�
whereTe is the electronic excitation energy of the term,G�v� is
the vibrational energy, and Fv�J� is the rotational energy. The
above formula corresponds to the zero approximation in the
expansion of the molecular energy over a small parameter of
the theory pertaining to a weak interactions between electron,
vibration and rotation sub-systems in the molecule. This
approach makes possible to derive the molecular parameters
whose values will be given in the tables below. In the
framework of this approximation we assume the excitation
energy of the electronic term Te to be independent neither of
the vibration nor of the rotation quantum numbers. The
vibrational energy G�v� does not depend on the rotational
excitation and takes the form:

G�v� � oe

�
v� 1

2

�
ÿ oexe

�
v� 1

2

�2

; �2�

where oe is the harmonic oscillator energy, and oe xe is the
oscillator anharmonic parameter. Of course, these para-
meters are determined by properties of the electronic term to
which they relate. The rotational energy of the molecule is
reported as follows:

Fv�J� � BvJ�J� 1�; Bv � Be ÿ ae
�
v� 1

2

�
: �3�

Here Bv is the rotational constant and the parameter ae
characterises its dependence on the vibration quantum
number. By definition, the rotational constant of the diatomic
molecule is expressed through the moment of inertia of a
rotating molecule with the aid of the formula [4]:
B � �h2=�2mr2�, where �h is the Plank constant=2p, m is the
reduced mass of nuclei, r is the equilibrium internuclear
distance. For the unexcited vibrational and rotational state,
this distance is denoted by re.

Parameters of expansion of the molecular energy refer to
certain quantum numbers. In accordance with the spectro-
scopic method of their determination, all the parameters Te,
oe, oexe, Be, ae are traditionally expressed in units of cmÿ1.
Sometimes additional parameters of the molecule are intro-
duced which take into account further corrections to the
expansion of the energy over a small parameter of the
perturbation theory. These corrections account for the
dependence of the rotational constant on the rotational
excitation or the next in order terms of the energy expansion
over the oscillator anharmonicity. Below we shall restrict
ourselves to the introduced parameters only and entertain the
above scheme of the energy expansion. Note the useful
relationship between the rotational constant and the equili-
brium distance between nuclei which assumes the form :

B � 16:858

mr2
; �4�

where the reducedmass of nuclei m is expressed in atomicmass
units and the distance between nuclei r is given in �A. The
inverse relation between these quantities is

r � 4:1058������
mB
p : �5�

According to formula (2), the distance between adjacent
vibrational levels in a diatomic molecule

DG
�
v� 1

2

�
� G�v� 1� ÿ G�v� � oe ÿ 2oexe�v� 1�

decreases with a rise in excitation of the molecule because the
difference between the widths of potential wells for a real
molecule and the corresponding harmonic oscillator increases
with excitation enhancement for the molecule. In the long run
the quantity DG�v� 1=2� tends to zero that corresponds to
the onset of molecular dissociation. Then according to
formula (2) with an accuracy of the first term of expansion
over the small parameter oexe=oe, the dissociation energy of
the molecule is equal to

D0 � o2
e

4oexe
: �6�

But formula (6) constitutes rough approximation
because expansion (2) is valid for weak excitations when
the anharmonism contribution into the excitation energy is
small. Therefore, it is desirable to rely on the real distances
between neighbouring energy levels in determination of the
molecular dissociation energy. It is put into effect in the
simple and convenient method by Birge and Sponer [10]
which uses the graphical dependence of the variable
DG�v� 1=2� on the vibrational quantum number v. An
appropriate approximation of this dependence into the
region of v where this function becomes zero allows us to
determine a number of vibrational levels for an electronic
term considered. And an area enclosed by the curve at hand
gives the molecular dissociation energy. Fig.1 illustrates this
method as for the hydrogen molecule in the ground state [11].

20 4 6 8 10 12 14

5000

4000

3000

2000

1000

DG�v� 1=2�, cmÿ1

v

Figure 1. Dependence of the energy difference between adjacent vibra-

tional levels on the vibrational number v for the hydrogen molecule [11].
The area enclosed by this curve equals the dissociation energy of the

hydrogen molecule. This illustrates the Birge±Sponer method.
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The Birge±Sponer method is widely practiced for determining
the molecular dissociation energy by processing the spectro-
scopic data. Notice that along with the dissociation energy of
the ground vibrational state of the molecule D0, the quantity
De � D0 � �hoe=2 is used as the molecular parameter which
defines the energy difference between the bottom of the
potential well and the boundary of dissociation. The latter is
a convenient characteristic of the molecular electronic term.

4. Dimers in the ground state

The main information about dimers correspond to the
ground electronic state of the molecules. These data are
given in Table 3. The accuracy of data and methods of
determining the dimer parameters depend on the molecular
sort so that it is convenient to divide dimers into the following
groups. In the first group we include dimers which exist in the
gaseous phase in the form of diatomics under the normal
conditions (as, for example, molecules H2, N2, O2), or these
molecules are formed effectively in the gaseous phase under

near conditions (as the halogenmolecules Cl2, F2, etc.). In this
case dimers in a gas or vapor make up the main or
pronounced part of the substance. It simplifies study of
these dimers, and spectroscopic methods are used in the first
place for this aim. Some additional information concerning
the dissociation energy and other energy parameters can be
obtained on the basis of thermochemical approaches. Meth-
ods of the analysis of these molecules were in progress for any
length of time, and a great body of information was gained.
Data compiled in Table 3 for the homonuclear diatomic
molecules have long been in use, and their revision concerns
the escalated accuracy of parameters which is high enough for
molecules of this group. Hence, within the limits of the
accuracy which corresponds to parameters of other dimers,
data of Table 3 do not differ radically from that of [1].

In the second group we include dimers of rare gas atoms,
and alsoMg2, Ca2, and Hg2 so that these molecules consist of
atoms with the closed electron shell. Then the exchange
interaction of atoms corresponds to their repulsion, and the
bond is supported by a weak long-range interaction of atoms.

Table 3. Spectroscopic parameters of homonuclear diatomic molecules in the ground state. (The reduced nuclear mass m accounts for the natural isotopic
composition of an element and is expressed in atomic mass units (1u=1.66056�10ÿ24 g).)
Dimer Term m, u oe, cmÿ1 oexe, cmÿ1 re, �A Be, cmÿ1 ae, 10ÿ3cmÿ1 D, eV References

Ag2

Al2

Ar2

As2

Au2

B2

Ba2

Be2

Bi2

Br2

C2

Ca2

Cd2

Cl2

Co2

Cr2

Cs2

Cu2

F2

Fe2

Ga2

Ge2

H2

D2

T2

He2

Hg2

I2

In2

K2

Kr2

Li2

Mg2

Mn2

Mo2

N2

Na2

X 1S�g
X 3Pu

X 1S�g
X 1S�g
X 1S�g
X 3Sÿg
X 1S�g
X 1S�g
X 1S�g
X 1S�g
X 1S�g
X 1S�g
X 1S�g
X 1S�g
X 1S�g
X 1S�g
X 1S�g
X 1S�g
X 1S�g
X 1S�g
X 3Pu

X 3Sÿg
X 1S�g
X 1S�g
X 1S�g
X 1S�g
X 0�g
X 1S�g
X 3Pu

X 1S�g
X 1S�g
X 1S�g
X 1S�g
X 1S�g
X 1S�g
X 1S�g
X 1S�g

53.934

13.491

19.974

37.461

98.483

5.405

68.665

4.5061

104.49

39.952

6.0055

20.04

56.205

17.726

29.466

25.998

66.453

31.773

9.4992

27.924

34.86

36.295

0.5040

1.0070

1.5082

ì

100.30

63.452

57.41

19.549

41.90

3.571

12.152

27.469

47.97

7.0034

11.495

135.8

284.2

30.68

429.6

190.9

1059

84.1

275.8

173.1

325

1855

64.9

22.5

559.7

280

470

42.02

266.4

916.6

412.0

158

259

4401

3116

2546

ì

18.5

214.5

111

92.09

24.1

351.4

51.08

68.1

477

2359

159.1

0.50

2.02

2.42

1.12

0.42

15.66

0.16

12.5

0.376

1.08

13.27

1.087

0.4

2.68

ì

14.1

0.082

1.03

11.24

1.4

1.0

0.8

121.3

61.82

41.23

ì

0.27

0.615

0.8

0.283

1.34

2.59

1.623

1.05

1.51

14.95

0.725

2.53

2.47

3.76

2.103

2.47

1.60

4.6

2.45

2.66

2.28

1.24

4.28

5.1

1.99

2.0

1.68

4.65

2.21

1.41

2.02

2.76

2.44

0.741

0.741

0.741

2.97

3.65

2.67

3.14

3.92

4.02

2.67

3.89

2.52

2.2

1.098

3.08

0.049

0.205

0.0596

0.102

0.028

1.216

0.009

0.615

0.023

0.082

1.899

0.047

0.011

0.244

0.14

0.23

0.013

0.109

0.89

0.148

0.063

0.078

60.85

30.44

20.34

ì

0.013

0.037

0.030

0.057

0.024

0.672

0.093

0.097

0.072

1.998

0.155

0.195

0.8

3.64

0.333

0.066

14.0

0.084

81

0.053

0.318

17.8

0.7

ì

2.1

ì

3.8

0.026

0.062

14.1

ì

ì

ì

3.062

1.079

589

ì

ì

0.124

ì

0.165

1.0

7.04

3.78

ì

0.48

17.1

0.874

1.67

0.46

0.012

3.96

2.31

2.8

ì

0.098

2.08

2.05

5.36

0.13

0.040

2.576

0.9

1.66

0.452

1.99

1.66

0.9

1.18

2.5

4.478

4.556

4.591

0.001

0.055

1.542

0.83

0.551

0.018

1.05

0.053

0.79

4.1

9.579

0.731

[16, 23 ë 26, 229, 244]

[27 ë 29, 235]

[22, 30 ë 34]

[35, 36, 240, 242]

[26, 37 ë 39, 229]

[40 ë 42]

[43, 44]

[45 ë 47]

[48ë50, 190, 241]

[51 ë 59, 225]

[60 ë 63, 225, 237]

[64]

[65, 66]

[67 ë 76, 225]

[77, 78, 227]

[79 ë 81]

[82ë87, 226]

[26, 88 ë 92, 230, 245]

[93 ë 96, 225]

[97 ë 100, 227]

[101, 102]

[103 ë 105]

[106 ë 110]

[111 ë 113]

ì

[114 ë 117]

[118 ë 120]

[121 ë 129]

[130, 131]

[132 ë 136, 226]

[22, 137 ë 141]

[142 ë 148]

[149, 150]

[151, 169]

[152]

[153 ë 162]

[163 ë 168, 226]
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Therefore, thesemolecules are ineffectively formed in gases or
vapors whereas a gas or vapor consisting of atoms of these
elements is open to inspection. In this instance information
about parameters of atomic interaction potential can be
gleaned from measurements of gaseous virial coefficients,
critical parameters of gases or vapors, the saturated vapor
pressures and other parameters of gases which are determined
by interaction between atoms. For rate gas systems, a weak
interaction between atoms takes place in their condensed
phase, so that information about pair interaction potentials
of atoms can be extracted from properties of rare-gas crystals
and liquids, and also from parameters of transitions between
these phases. Besides, parameters of atomic interaction in
dimers for this group of elements can be found from
measurements of the total and differential cross sections of
scattering in beam experiments and also by measuring the
transport coefficients, i.e. the coefficients of thermal con-
ductivity and viscosity for these elements. The analysis of
excitation spectra in these dimers is alsoof importance. The set
of such measurements allows us to construct potential curves
of atomic interaction for these elements in the ground states.
In particular, contemporary data for the interaction poten-
tials of two rare-gas atoms are presented in [12] for neon, in
[13] for argon, in [14] for krypton, and in [15] for xenon. As for
He2, in this case the potential well depth is too little and the
He2 dimer does not form in the ground state. Thus, the second
group of dimers is characterised by a shallow well for the
interaction potential of atoms. In due course, the accuracy of
data for these dimers improves but methods of their determi-
nation do not change appreciably.

Dimers of elements from the third group can be formed in
vapors while these elements exist in the solid state under

normal conditions. Then under optimal excitation conditions
the dimers constitute only a small part of a vapor. Never-
theless, spectral investigations allow us to extract those
transitions in dimers which yield required parameters both
for the ground and excited states.

Though spectral methods for dimers of the first and third
groups do not differ, the possibility of determining the dimer
parameters depends both on the character of dimer genera-
tion and on operation characteristics of experimental tools
including an instrumental resolution of spectral equipment.
Hence, improvement of experimental techniques can be of
importance in obtaining the isolated results.

Radiative transitions in some dimers from these groups
are well resolved in excited vapors. It takes place, for example,
in the dimers of alkali metals whose excited states are
generated in a vapor so that spectral lines of separate
electronic-vibrational-rotational transitions are detected and
resolved with high reliability. On the contrary, in the case of
heat-resistant materials, the revision is required both for
methods of dimer generation and resolution of spectral lines
emitted under transitions between states of these dimers.
Because of these troubles, data for dimers of some metals
are characterised by a low accuracy or do not exist yet.

A progress in study of these dimers is observed in the last
decade as a result of creating the contemporary spectral
devices and techniques based on the use of dye lasers. As a
demonstration of possibility of these methods, Fig. 2 gives a
scheme of experimental set-up for the analysis of parameters
in Ag2 [16].

The principal peculiarity of experimental procedures for
these dimers is the generation of the latter in a beam
expanding into a vacuum instead of that in an evaporation

Table 3 (continued)

Dimer Term m, u oe, cmÿ1 oexe, cmÿ1 re, �A Be, cmÿ1 ae, 10ÿ3cmÿ1 D, eV References

Nb2

Ne2

Ni2

O2

P2

Pb2

Pd2

Pt2

Rb2

Rh2

S2

Sb2

Sc2

Se2

Si2

Sn2

Sr2

Te2

Ti2

Tl2

V2

W2

Xe2

Y2

Zn2

Zr2

X 3Sÿg
X 1S�g
X 3Pu

X 3Sÿg
X 1S�g
X 3Sÿg
X 3S�g
X 1S�g
X 1S�g
X 5Du
X 3Sÿg
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cell. Though this technique is more complicated, it allows the
experimenter to escape some distortions due to processes of
vapor excitation and secondary processes in an evaporation
cell. The dimer generation in beams occurs in nonequilibrium
conditions, and for this reason the concentration of dimers in
a beam is higher than that in an evaporation cell. In reality,
the dimer concentration in beams depends on the ratio of time
during which an expanding beam reaches a measurement cell,
to the time of a condensation process which proceeds through
a stage of dimer formation. Changing the pressures of vapor
and buffer gas allows the finding of optimal conditions for the
dimer concentration in the measurement cell.

There exist two methods of dimer generation. In the first
one, which is illustrated in Fig. 2, a high-temperature oven is
used for that generation. For heat-proof metals, the laser
evaporation is more suitable. In so doing, evaporated metal
atoms are trapped by an inert gas flow [17]. Free-jet expansion
of this mixture leads to decrease in its temperature and causes
the vapor condensation with forming the dimers on the first
stage of the process. Hence, methods of dimer generation in
the beams lead to reach high concentrations of dimers as
compared to those in an evaporation cell.

We do not dwell here on spectral techniques which can
encompass the total store of contemporary lasing instruments
[3]. Various laser approaches worked out and intended for
other systems allow improvement of resolution in devices and
enhancement of themeasurement accuracy. The possibility of
employing various contemporary laser technique in over-
coming a certain problem depends on parameters of a given
device and its compatibility with an object under considera-
tion. Notice that combination of beam methods of dimer
generation, laser-based methods of their excitation and
standard spectral analysis allows conceptually the study of
the dimer ground states for any elements which are found in
the solid state under normal conditions.

The analysis of absorption spectra of dimers located
inside a low-temperature inert matrix can give some crude
information about parameters of free dimers. To this end, an
effusion flow of an element under consideration is directed
from aKnudsen cell (a thermostat in which an atomic vapor is

created) to a crystal of an inert gas or to a gaseous crystal
being grown. Atoms and some amount of dimers of this
element are trapped in a crystal lattice of the matrix, and the
subsequent measurement of the dimer absorption spectrum
gives rise to parameters of dimers in the ground state.

These parameters differ from those of free dimers because
of dimer interaction with surrounding atoms or molecules in
the matrix. As a consequence this approach is useful to the
case of strong interaction between identical atoms in the
dimer which far exceeds the energy of interaction with
surrounding atoms in the matrix crystal lattice. The analysis
of measured results for different matrices allows the experi-
menter to exclude partially the influence of a matrix on dimer
parameters. Hence, spectral study of dimers in matrices
makes it possible to derive parameters for free dimers.

There are advanced numerical methods of quantum
mechanics for calculation of dimer parameters. But now the
accuracy and reliability of these methods does not allow them
to compete with spectral ones. Nevertheless, the computer
methods are progressing rapidly and their possibilities vary.
These methods can be applied to dimers of elements with a
complex spectrum if generation of dimers demands high
temperatures. Or especially in cases when it is difficult to
separate spectra for different electronic transitions due to
their mixing. Then calculations can give most reliable
information on the parameters of dimers or help in interpre-
ting the observed spectra.

5. Spectroscopy of molecules

Among different approaches to the analysis of dimer para-
meters, the spectral methods fill a central place, and data
result from handling of dimer spectra in absorption and
emission. Let us consider the peculiarities of radiative
transitions in dimers and restrict ourselves to the dipole
transitions because in the case of other types of radiative
transitions, so-called forbidden transitions, the intensities are
by several orders of magnitude weaker than that of the dipole
ones. The probability per unit time of a radiative dipole
transition is proportional to the square of the matrix element
of the dipole moment operator for the electron subsystem
[18 ± 21]. It allows formulation of the selection rules for dipole
radiative transitions in dimers.

Indeed, the operator of the dipole moment equals

D �
X
j

e rj ; �7�

where e is the electron charge, rj is the coordinate of the j-th
electron. The operator of electronic dipole moment change its
sign under inversion of electrons with respect to the dimer
centre. Then the symmetry of the dipole moment operator
together with the dimer symmetry lead to the following
selection rules at which the matrix element of the dipole
moment operator does not equal zero:

g! u; u! g; � ! �; ÿ ! ÿ : �8�

Because the operator of the electron dipole moment can be
represented in the form of the spherical harmonic with the
unit angular momentum, the following selection rule takes
place for the projection of the angular momentum onto the
dimer axis:

DL � 0; �1: �9�

Ar

1

2

3 4

8 6

5

7
9

Figure 2. Schematics of experimental set-up for the spectral analysis of a

silver dimer: 1Ð the argon flux at the pressure upstream of 3 ± 7 atm; 2Ð

an oven for silver vaporisation at the temperature up to 2000 K and the

silver vapor pressure of 0.01 ± 0.03 atm; 3Ða jet of diameter 60 mm; 4Ða

skimmer; 5 Ð a cell of beam excitation; 6 Ð tuned lasers; 7 Ð a

spectrometer; 8Ð an electron multiplier; 9Ð an ion multiplier.
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This selection rule is valid for both the Hund's coupling case
`a' (for the projection of the angular electronic momentum)
and the Hund's coupling case `c' (for the projection of the
total electronic momentum).

For evaluation of the selection rule in the case of changing
the dimer rotational moment, let us represent the dipole
moment operator in the form of the spherical harmonic and
find its projection onto a fixed axis. Then the probability of
the radiative transition between molecular rotational states
per unit time is proportional to the square of the following
matrix element:

h JM jY1m�#; j�j J 0M 0i;
where #, j are the angles characterising the position of the
molecular axis in the stationary coordinate system, J;M are
the dimer rotational moment and its projection onto a fixed
axis in the initial state, J 0; M 0 are the same dimer quantum
numbers for the final state of the dimer and a given radiative
transition, Y1m is the spherical harmonic for the unit angular
momentum and its projectionm onto the fixed axis. From this
formula it follows that the matrix element of the dipole
moment operator does not equal zero in the following cases:

J 0 � J; J� 1: �10�
Thus, the radiative spectrum for a given electronic

transition constitutes the bands involving spectral lines with
different values of J and J 0. The band for each electronic
transition can include three branches: P-branch with
J 0 � J� 1, Q-branch with J 0 � J, and R-branch with
J 0 � Jÿ 1. If one of the transition state is characterised by
zero projection of the electronic momentum onto the dimer
axis, Q-branch is absent in this dimer spectrum.

It follows from the selection rule (8) that the vibrational-
rotational transitions for the same electronic term are absent
in the case of a dimer whose nuclei make identical isotopes.
Notice that for deduction of the selection rules we assumed
the electric and geometric dimer centres to be coincident, i.e.
dimer nuclei are considered as identical isotopes. If nuclei
refer to different isotopes (as, for example, in the molecule
HD), the vibrational-rotational radiative transition for the
same electronic term is allowed.

The selection rules extract certain electronic terms
between which the dipole radiative transitions are possible.
Figures 3 ± 18 present such radiative transitions for dimers of
alkali metals, halogens, some gaseous molecules, mercury,
sulfur, helium, and also for the diatomic nitrogen ion. From
treatment of the dimer spectra for electronic-vibrational-
rotational transitions one can determined parameters of
excited diatomic molecules. They are given in Table 4 for
some low-excited states of dimers. These spectra allow
determination of the behaviour of electronic terms for dimer
excited states as a function of the distance between nuclei.
These data are presented in Figs 19 ± 22 for some gaseous
molecules and their ions.

Data of Table 4 lists a part of spectroscopic parameters of
dimers. Additional information about radiating states is
required for the analysis of these transitions. Indeed, the
probability of the radiative transition per unit time 1=t is
proportional to the square of the matrix element of the dipole
moment operator so that the expression for this quantity has
the form:

1

t
/
����� cv�R� m�R�jv 0 �R� dR����2 ; �11�
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where R is the internuclear distance, cv�R�, jv 0 �R� are the
wave functions for the vibrational states of the dimer with
given values of the vibrational quantum numbers and a
certain electronic state, m�R� is the matrix element of the
dipole moment operator of electrons taken over electronic

wave functions of the transition at a given distance between
nuclei. If we assume m�R� to be independent of the distance
between nuclei R, the probability of the radiative transition
per unit time is proportional to the square of the integral

Svv 0 �
�
cv�R�jv 0 �R� dR ;

which is named the Frank±Condon factor and is determined
by overlapping of the vibrational wave functions related to
given electronic states. The general problem of determining
the Frank-Condon factors and their values for concrete
molecules are considered in the monograph [21].
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Figure 16.Diagram of allowed transitions between electronic states of the nitrogen dimer.
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Notice that the function m�R� tends to a constant value in the
limit of large R, and this constant is not zero if the radiative
transition is allowed for states of atoms from which the dimer
is formed. When atoms are brought closer together, m�R� is
generally increased. For dimers of inert gases this function
has the maximum at a distance R between nuclei which is
compared to the equilibrium internuclear distance in the
ground state [22]. This leads to a decrease in the lifetime of
the electronically excited diatomic molecule as it suffers
vibrational excitation. Table 5 contains the radiative lifetimes
of some dimers which are found in the lowest-excited

electronic state and in the ground or low-excited vibrational
states.

6. Investigation of dimer ions

Spectral studies of positive and negative dimer ions is based
on the same procedures as those for neutral dimers. Inasmuch
as the concentration of molecular ions in a measuring system
is lower than that of diatomics, these methods allow analysis
of a small number of excited states in molecular ions.
Parameters of the ground-state diatomic molecular ions
with identical nuclei are given in Table 6.

A special problem centres around the measurements of
ionisation potentials of dimers and their electron affinities
which characterise the position of electronic terms in mole-
cular ions with respect to neutral diatomics terms. There is a
simple relationship between the ionisation potentials I for the
dimer and atom, and the dissociation energies of the dimer
and molecular ion, which takes the form

I �X2� �D �X�2 � � D �X2� � I �X�; �12�

where the symbol in parentheses denotes a particle to which a
quantity corresponds. The left hand and right hand sides of
this relationship are the energies which are spent on destruc-
tion of the dimer into an atom, atomic ion and electron. The
similar relationship takes place also for the negative ion of a
dimer:

EA �X2� �D �X2� � D �Xÿ2 � � EA �X�; �13�

whereEA is the electron affinity of a particle which is enclosed
in parentheses. In this case the left hand and right hand sides
of this relationship are the energies which are spent on
detachment of electron from the negative dimer ion and
formation of two atoms if this process proceeds by two
different ways.

The ionisation potential of dimers (see Table 7) can be
obtained by the classical analysis of the dimer ionisation by
electron impact. Then measurement of the final energy of
incident electron, given its initial energy, together with the
energy of a released electron allows us to determine the energy
which is spent on dimer ionisation, i.e. the ionisation potential
of the dimer. This method has drawbacks. First, it gives so-
called vertical ionisation potential. Since in the course of
electron transitions the nuclei remain stationary, the inter-
nuclear distance is conserved under ionisation. If the
equilibrium distances between nuclei are different for the
dimer and its molecular ion, the vertical ionisation potential
differs from its real value, which is defined as the energy of
transition from the ground vibrational dimer state to the
ground vibrational state of the molecular ion formed.
Second, the width of the distribution function for incident
electrons is usually several hundredths of eV. Though it can
be shortened with a decrease of the electron beam intensity,
this fact limits the accuracy of the measured ionisation
potential which is estimated for such measurements to be
on the order of tenths of eV.

A more precise method of measuring the ionisation
potential of dimers is based on the analysis of their Rydberg
levels. These levels comprise the bounded states of a
molecular ion and highly-excited electron. If these levels are
close to the boundary of the continuous spectrum, the
difference in energies for neighbouring levels is
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Table 4. Spectroscopic parameters of homonuclear diatomic molecules in lower-excited states

Dimer Term Te, cmÿ1 oe, cmÿ1 oexe, cmÿ1 re, �A Be, cmÿ1 ae, 10ÿ3 cmÿ1

Ag2

Al2

Ar2

As2

Au2

B2

Be2

Bi2

Br2

C2

Ca2

Cl2

A1S�u
B1Pu

C1Pu

D1S�u
E1Pu

A03Sÿg
a1Sÿg
b1Pu

c1Du
d1S�g
B3Sÿu
A3S�g
a3S�u
b3Pg

A3S�u
B1S�u
C3Pu

c3S�u
e3Du
a3S�u
A01u
A0�u
B01u
B0�g
a5Sÿu
A3Pu

13Pg

23Pg

33Pg

a3S�u
b3Pg

A01Pg

A1Pu

B1S�u
B3S�u
A3S�u
a3Du
A03Pu

A3Pu

B3Pu

a3Pu

b3Sÿg
A1Pu

c3S�u
B1Dg
B01S�g
d3Pg

C1Pg

C01Pg

e3Pg

D1S�u
E1S�g
11Du
a3Pu

A1S�u
B1S�u
A03Pu

A3Pu

B01Pu

22996

35827

37627

39024

40159

517

2547

3343

3503

7182

17120

17270

ì

ì

87458

88210

95034

14495

19915

16680

18115

19668

24024

25686

1750

3500

16497

22885

24558

4843

9557

15985

26265

30283

5480

8245

9860

13320

13905

15903

716

6434

8391

9124

12082

15409

20023

34261

39365

40797

43239

55035

57720

1170

14251

18395

17170

17460

17782

154.6

151.3

172.9

168.2

146.2

350

212

265

288

276

282

350

298

295

265

136.5

68.2

315

330

87.8

224

143

127

180

1204

818

1130

1236

1288

517

387

844

1093

422

134

133

125

151

160

168

1641

1470

1608

2086

1510

1424

1788

1809

1697

1107

1830

1672

1150

67.7

127

137

258

256

257

0.59

0.70

1.1

1.1

1.6

2.0

ì

ì

ì

ì

0.83

2.0

3.0

3.0

3.1

ì

4.6

1.1

0.9

1.7

3.8

0.48

1.2

0.68

9.8

5.6

ì

8.4

9.1

5.0

4.2

13

4.1

15

0.15

0.25

0.57

2.4

1.6

1.9

12

11

12

19

ì

ì

16

16

ì

39

14

40

22

ì

0.72

0.72

4.9

5.1

5.8

2.47

2.62

2.53

2.53

2.57

2.48

2.96

2.75

2.56

2.74

2.59

2.56

2.44

2.49

2.45

2.82

3.59

2.30

2.35

2.44

2.40

2.57

2.57

2.52

1.54

1.74

1.48

1.63

1.49

2.19

2.13

2.0

1.97

2.37

2.86

2.86

2.9

2.68

2.70

2.68

1.31

1.37

1.32

1.22

1.39

1.38

1.27

1.26

1.28

1.54

1.24

1.25

1.44

4.2

3.63

3.8

2.43

2.43

2.43

0.044

0.045

0.050

0.048

0.047

0.202

0.143

0.165

0.191

0.167

0.186

0.191

0.142

0.136

0.141

0.105

0.065

0.817

0.786

0.027

0.029

0.025

0.025

0.026

1.28

1.006

1.39

1.166

1.37

0.783

0.828

0.936

0.963

0.669

0.018

0.018

0.018

0.059

0.059

0.059

1.632

1.499

1.616

1.92

1.45

1.48

1.74

1.78

1.72

1.19

1.99

1.79

1.36

0.047

0.064

0.058

0.163

0.163

0.163

0.219

0.249

0.268

0.282

0.416

1.2

ì

ì

ì

ì

1.3

ì

1.4

ì

ì

ì

1.8

0.35

ì

ì

ì

0.095

ì

0.096

11

17

ì

3.6

ì

52

17

47

7.0

11

0.046

ì

ì

0.50

0.49

0.49

17

16

17

13

ì

ì

16

18

ì

24

20

39

26

ì

ì

0.3

1.5

1.5

1.5
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Table 4 (continued)

Dimer Term Te, cmÿ1 oe, cmÿ1 oexe, cmÿ1 re, �A Be, cmÿ1 ae, 10ÿ3 cmÿ1

Cr2

Cs2

Cu2

Ge2

H2

He2

Hg2

I2

K2

B3Pu

A3S�u
B1S�u
a3S�u
b3Pu

A1S�u
3S�g
21S�g
B1Pu

11Pg

C1Pu

a3S�u
A1S�u
B1S�u
C1Pu

a3Pu

b3S�u
B1S�u
c3Pu

a3S�u
E1S�g
C1Pu

e3S�u
B01S�u
d3Pu

i3Pg

I1Pg

j3Dg
J1Dg
D1Pu

a3S�u
A1S�u
b3Pg

B1Pg

c3S�g
C1S�g
d3S�u
D1S�u
e3Pg

f 3S�u
F 1S�u
f 3Pu

E1Pg

F1Pu

f 3Du
F 1Du
C1u

A0�g
A0ÿg
B1g

D1u

E2g

A03Pu

A3Pu

B3Pu

a3Pu

b3S�g
A1S�u
B1Pu

17809

14240

21753

3140

7850

9627

11602

12114

13044

13913

15948

15350

20431

21758

21866

767

� 90000
91700

95838

95936

100082

100090

107775

111643

112700

113130

113140

113530

113550

113877

144048

146365

148835

149914

155053

157415

164479

165085

165598

165685

165813

165877

165911

165971

166303

166304

27570

29000

29015

30510

31942

33191

10042

10906

15725

4196

9910

11106

15377

260

580

452

50

ì

36.1

ì

23.4

34.3

18.4

29.7

125

192

245

221

308

ì

1358

2467

2665

2589

2444

2196

2039.5

2372

2253.5

2259

2345

2341

2364

1809

1861

1769

1766

1584

1653

1728

1746

1721

1636

1664

1662

1721

1671

1707

1707

ì

144

142

143

133

142

109

92.5

126

90.0

91.9

70.9

74.9

2.7

ì

9.0

ì

ì

0.38

ì

ì

0.076

0.078

0.042

ì

0.35

2.0

1.8

0.5

ì

20.9

63.5

71.6

130

69.5

65.8

83.4

66.3

67.0

78.4

66.6

63.2

69.9

38.2

35.3

35.0

34.4

52.7

41.0

36.1

35.5

35.0

44.4

40

44.8

34.8

40

35.1

35.1

ì

0.4

0.5

ì

0.52

0.5

0.81

1.2

0.76

0.27

0.20

0.17

0.38

2.44

1.65

1.70

4.3

ì

5.29

5.54

5.83

4.85

5.69

4.54

2.48

2.28

2.33

2.26

2.34

0.7

1.293

1.038

0.989

1.012

1.033

1.11

1.119

1.050

1.070

1.069

1.054

1.055

1.049

1.05

1.04

1.06

1.07

1.09

1.09

1.07

1.07

1.08

1.09

1.09

1.09

1.08

1.09

1.08

1.08

2.94

2.84

2.84

2.85

2.5

2.85

3.08

3.3

3.02

3.9

3.88

4.56

4.2

0.162

0.24

0.22

0.013

ì

0.0086

0.0078

0.0071

0.0108

0.0074

0.012

0.087

0.103

0.099

0.105

0.085

68

20.02

31.1

34.2

32.7

31.4

27.3

26.7

30.4

29.2

29.3

30.1

30.1

30.4

7.704

7.779

7.447

7.40

7.005

7.05

7.341

7.36

7.28

7.07

7.1

7.14

7.27

7.16

7.23

7.23

0.03

0.03

0.03

0.03

0.04

0.03

0.28

0.24

0.29

0.057

0.057

0.042

0.049

1.5

ì

ì

ì

ì

ì

ì

ì

ì

ì

0.078

ì

1.4

0.61

0.92

ì

ì

1293

1425

1670

1820

1665

1510

2780

1550

1510

1580

1700

1720

1680

228

217

220

220

310

210

224

218

221

250

250

235

216

230

230

220

ì

ì

ì

ì

ì

ì

0.3

0.1

0.16

0.25

0.17

0.14

0.24
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Table 4 (continued)

Dimer Term Te, cmÿ1 oe, cmÿ1 oexe, cmÿ1 re, �A Be, cmÿ1 ae, 10ÿ3 cmÿ1

Kr2

Li2

N2

Na2

Nb2

O2

P2

S2

Sb2

11Pg

31Pu

C1Pu

A3S�g
B1S�u
C1S�u
a3S�u
b3Pu

A1S�u
13S�g
c3S�g
23S�g
B1Pu

11Pg

A3S�u
B3Pg

W3Du
B03Sÿu
a01Sÿu
a1Pg

w1Du
A05S�u
1S�g
G3Du
C3Pu

a3S�u
b3Pu

A1S�u
B1Pu

A

B

a1Dg
b1S�g
c1Sÿu
A3Du
A03Sÿu
B 03Sÿg
B3Sÿu
a3Sÿu

b3Pg

(
b03Sÿu
A01Sÿu
15S�g
A1Pg

C1S�u
a1Dg
b1S�g
c1Sÿu
A03Du
A3S�u
B003Pu

B3Sÿu
B03Pg

X01u
a3S�u
A3Du
B3Sÿu

15900

22927

22969

74304

80006

85520

8184

11241

14068

16329

16700

20102

20436

21998

50203

59619

59808

66272

68152

69283

72097

77600

85200

86800

89136

5848

13523

17541

20320

14649

14845

7923

13195

33057

34757

35393

48792

49005

18798

28069

28197

28330

28503

28522

31965

34515

46941

4395

7981

20203

20974

21971

30853

31689

36289

836

9474

14991

19068

20.0

ì

61.5

245

220

43.8

65.2

346

256

252

240

139

271

93.4

1460

1733

1501

1517

1530

1694

1569

850

1135

766

2047

152

154

117

124

468

466

1510

1432

795.4

826.2

799

786.2

709.6

565

645

604

ì

393

619

474

702

674

534

488

482

336

434

434

259

206

217

219

0.079

ì

0.13

2.6

2.2

1.8

3.3

2.0

1.6

2.4

2.1

2.0

2.9

1.9

13.8

14.1

11.6

12.2

12.0

14.0

11.9

24.0

6.3

11.9

28.4

0.50

0.45

0.36

0.70

1.4

ì

13.06

13.9

12.7

16.8

12.2

10.7

10.9

2.75

3.2

2.0

ì

3.3

3.0

2.3

3.1

3.4

ì

2.5

2.6

4.2

2.8

2.7

ì

0.55

0.46

0.55

6.2

4.68

4.4

2.21

2.43

3.7

4.17

2.55

3.11

3.06

3.10

3.65

2.94

4.06

1.286

1.212

1.27

1.278

1.275

1.22

1.268

1.55

1.64

1.61

1.148

3.11

3.42

3.64

3.41

2.14

2.15

1.215

1.226

1.518

1.526

1.521

1.91

1.604

2.09

1.97

2.05

ì

2.33

1.99

2.12

1.89

1.91

2.12

1.77

2.16

2.28

2.17

2.08

2.58

ì

2.64

2.48

0.022

0.039

0.044

0.081

0.068

0.029

0.276

0.717

0.497

0.516

0.501

0.420

0.557

0.292

1.454

1.454

1.5

1.473

1.479

1.616

1.498

1.00

0.90

0.93

1.82

0.152

0.151

0.111

0.125

0.081

0.081

1.426

1.400

0.915

0.904

0.910

0.58

0.819

0.25

0.28

0.258

ì

0.202

0.275

0.242

0.293

0.288

0.235

0.228

0.225

0.203

0.224

0.224

0.036

ì

0.034

0.039

0.13

ì

0.165

1.25

0.91

0.82

2.4

5.9

5.4

7.6

6.6

1.4

8.3

ì

18.0

17.8

17.0

16.9

16.6

17.9

16.6

25.0

6.0

16.1

18.7

0.72

0.60

0.55

0.72

1.4

1.5

17.2

18.6

13.6

16.8

14.2

5.0

12.0

1.5

1.8

1.4

ì

2.8

1.7

1.8

1.7

1.8

ì

1.5

1.4

ì

1.8

ì

11

ì

ì

10
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Table 4 (continued)

Dimer Term Te, cmÿ1 oe, cmÿ1 oexe, cmÿ1 re, �A Be, cmÿ1 ae, 10ÿ3 cmÿ1

Se2

Si2

Sn2

Sr2

Te2

Xe2

Zr2

K3Pu

D1S�u
X01g
a01Dg
b1S�g
A3Pu

a1Dg
b1Pu

X01u
F0�g
A1S�u
B1Pu

X01g
a1Dg
b1S�g
A1u

B0�u
B01u
A1S�u
B1Pu

C3Pu

D1S�u

31397

32087

512

4000

8557

574

4123

5395

1806

17688

17358

22173

1975

6500

9600

63089

63796

68200

11508

17120

18615

22916

141

210

387

320

355

448

481

545

204

83.4

85.1

80.4

252

235

229

137

125

5,9

214

260

243

354

1.1

ì

0.96

ì

1.1

2.2

5.5

2.8

0.25

0.035

0.34

1.8

0.52

ì

0.60

1.2

0.94

0.17

ì

ì

ì

ì

2.9

2.8

2.24

2.27

2.3

2.17

2.33

2.16

2.63

3.2

3.95

3.85

2.56

2.7

2.59

3.01

3.02

5.46

2.8

2.4

2.5

2.6

0.028

0.031

0.90

0.90

0.89

0.256

0.229

0.259

0.035

0.023

0.024

0.025

0.0405

0.036

0.039

0.028

0.028

0.009

0.047

0.025

0.059

0.055

21

ì

0.29

ì

0.32

1.6

1.7

1.3

ì

0.26

ì

ì

0.10

ì

0.11

ì

ì

ì

ì

ì

ì

ì

5

0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 R; �A

13

12

11

10

16

15

14

13

15

10

5

12

11

Errors:
<0.02 eV
<0.2 eV

H�2

X 2S�g

D2Pu5pp

D1Pu3pp

D01Pu4pp I 1Pg3pp

J; f1;3Dg3dsi3Pg3dp

d3Pu3pp

m3S�u 4fs

g3S�g 3ds

n3S�g 3ss

B001S�u 4ps

H1S�g 3ss

d3S�g 2ss

B1S�u 2ps

b3S�u 2ps

e3S�g 3ps

E;F 1S�g 2ss� 2ps2

C1Pu2pp

c3Pu2pp

B01S
�
u
3ps

V0Pu4fp

H2

U, 104 cmÿ1 U, eV

Figure 19. Potential curves for interaction of two hydrogen atoms or a

proton and hydrogen atom.
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1.5
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0.5

0

4

3

2

1

0

He�2 X 2S�u

3S�g

3s3S� 7s2 1S

2p1P� 1s2 1S

2p3P� 1s2 1S

(3S�u;g;
3S�u;g)

2s1S� 1s2 1S

(1S�u;g)

2s3S� 1s2 1S

(3S�u;g)

3Du
3Pg
3S�u

9pp 3Pg

8pp 3Pg

7pp 3Pg

6pp 3Pg

5pp 3Pg

3 ds 3Du
3 dp 3Pu

3 ds 3Su

4ps2S�g

3pp3Pg

3s 3S�u

C 1Sg

B 1Pg

b 3Pg

A 1S�u

2sa 3S�u

3psc3S�g

4pp 3Pg

He2 Errors:
<0.03 eV
<0.10 eV
estimated

U,
104 cmÿ1

U,
eV

Figure 20. Potential curves for interaction of two helium atoms.

226 B M Smirnov, A S Yatsenko Physics ±Uspekhi 39 (3)



2Ry=�nÿ d�3, where Ry=13.605 eV is the Rydberg constant
expressed in corresponding units, d is the quantum defect for
this group of levels. Comparison of transition energies for
several highly-excited states from this group allows determi-
nation both the dimer ionisation potential and the quantum
defect of these states. The accuracy of measuring the
ionisation potential is better in the best cases than one
thousandths of eV.

The most precise determination of dimer electron affi-
nities concerns the method of photoelectron spectroscopy

and has the same form as in the atomic case. Indeed, a beamof
atoms and molecules with an admixture of negative ions is
crossed by a laser beam. An interaction with the laser photons
can lead to detachment of electrons from the negative ions.
Then two methods of measuring the electron binding energy
in the negative ion are used. In the first case, the photon
energy is fixed and the energy of released electron is measured
at a certain angle to the beam. The difference between photon
and electron energies gives the electron binding energy in the
negative ion. In the second method, the photon energy is
tuned and the dependence of the flux intensity of released
electrons versus the photon wavelength is found. The thresh-
old for this process deduced by approximating the measured
dependence gives the electron affinity of dimers. Naturally,
the approximation of a measured signal close to the threshold
must take into account the near-threshold dependence of the
photodetachment cross section for the negative ion. These
methods allow determination of the electron affinities of
dimers (see Table 7) with a high accuracy.

7. Conclusions

By this means the revision of data for parameters of dimers
and methods of their determination shows that a remarkable
progress was reached in the last decade for investigation of
metal dimers due to beam techniques of dimer generation,
excitation and detection. In other cases, a slow improvement
of the data accuracy and authenticity is observed using the
traditional methods and approaches.
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Unstable
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Figure 21. Electronic terms for a nitrogen dimer and its molecular ion.
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Figure 22. Electronic terms for an oxygen dimer and its molecular ion.

Table 5. Radiative lifetimes t for lower-excited electronic states of dimers
in the ground vibrational state

Dimer Ground state

term

Lower-excited state
t, ns

Term Te, cmÿ1

As2

Au2

Br2

Cd2

H2

N2

O2

Ti2

Xe2

X 1S�g
X 1S�g
X 1S�g
X 1S�g
X 1S�g
X 1S�g
X 3Sÿg
X 3Dg
X 1S�g

c3S�u
a3S�u
A03Pu

A0�u
B1S�u
A3S�u
c1Dg
3Pu

A1u

14495

16680

13320

30910

91700

50203

7923

10480

63089

1.2�104
75

4�103
840

3.5

2�109
3�1012
5�103
170
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Table 6. Spectroscopic parameters of molecular ions of dimers in the
ground state

Ion Term oe, cmÿ1 oexe, cmÿ1 r, �A Be, cmÿ1

Ag�2
Agÿ2
Al�2
Alÿ2
Ar�2
As�2
B�2
Be�2
Beÿ2
Bi�2
Biÿ2
Br�2
Brÿ2
C�2
Cÿ2
Ca�2
Cl�2
Clÿ2
Cs�2
Csÿ2
Cu�2
Cuÿ2
F�2
Fÿ2
Ga�2
Gaÿ2
Ge�2
H�2
He�2
Hg�2
I�2
K�2
Kr�2
Li�2
Liÿ2
N�2
Na�2
Ne�2
Ni�2
O�2
Oÿ2
P�2
Pÿ2
Pbÿ2
Rb�2
Rbÿ2
S�2
Sÿ2
Se�2
Seÿ2
Si�2
Snÿ2
Sr�2
Xe�2

X2S�g
X2S�u
X2S�g
X4Sÿg
X2S�u
X2S�g
X2S�g
X2S�u
X2S�g
X2Pg

X2Pg

X2Pg

X2S�u
X4Sÿg
X2S�g
X2S�u
X2Pg

X2S�u
X2S�g
X2S�u
X2S�g
X2S�u
X2Pg

X2S�g
X2S�g
X4Sÿg
X4Sÿg
X2S�g
X2S�g
X2S�u
X2Pg

X2S�g
X2S�u
X2S�g
X2S�u
X2S�g
X2S�g
X2S�u
X4Sÿu
X2Pg

X2Pg

X2Pu

X2Pg

X2Pg

X2S�g
X2S�u
X2Pu

X2Pu

X2P�u
X2Pg

X2Pu

X2Pg

X2S�u
X2S�g

118

145

178

335

308.9

430

357

502

620

143.4

152

376

178

1351

1781

119

645.6

277

32.4

28.4

188

196

1073

475

108

197

256

2323

1698.5

91.6

243

73.4

178

263.1

233.1

2207

120.8

586

180

1905

1090

672

640

129

44.5

28.3

806

601

450

330

528

200

86

123

0.05

0.9

2.0

ì

1.66

ì

ì

4.2

ì

0.18

0.53

1.13

0.88

12.1

11.7

ì

3.02

1.8

0.051

0.042

0.75

0.7

9.13

5.1

ì

ì

ì

67.5

35.3

0.301

ì

0.2

0.82

1.61

1.92

16.2

0.46

5.4

ì

16.3

10

2.74

ì

0.2

ì

ì

3.33

2.16

ì

0.86

ì

0.7

0.54

0.63

2.8

2.6

3.2

2.65

2.43

1.9

4.15

2.23

2.3

ì

2.83

2.3

2.81

1.41

1.27

3.7

1.88

ì

4.44

4.8

2.35

2.34

1.32

1.92

3.24

2.56

2.32

1.06

1.08

2.8

2.58

4.6

2.8

3.12

2.8

1.12

3.54

1.75

1.97

1.12

1.35

1.98

1.98

2.81

4.8

4.8

1.82

1.8

2.07

ì

2.19

2.66

3.9

3.25

0.040

0.046

0.122

0.178

0.143

0.125

0.181

0.752

ì

ì

0.020

0.088

0.054

1.41

1.746

0.053

0.265

ì

0.013

0.011

0.096

0.097

1.015

0.47

0.046

0.074

0.086

30.21

7.21

0.021

0.040

0.042

0.051

0.49

0.516

1.932

0.113

0.554

0.148

1.689

1.12

0.276

0.277

0.021

0.017

0,017

0.318

0.32

0.10

ì

0.25

0.040

0.025

0.026

Table 7.Energy parameters of dimermolecular ions. (The dimer ionisation
potential I�X2�, the dissociation energy of the positive D0�X�2 � and
negative D0�Xÿ2 � molecular ions, the electron affinity of the dimer
EA�X2� are depicted.)
X2 I�X2�, eV D0�X�2 �, eV D0�Xÿ2 �, eV EA�X2�, eV

Ag2

Al2
�

Ar2

As2

At2

Au2
�

B2
�

Be2

Bi2

Br2

C2

Ca2

Cl2

Co2

Cr2

Cs2

Cu2

D2

F2

Fe2

Ga2
�

Ge2
�

H2

He2

Hg2

I2
�

K2

Kr2

Li2

Mg2
�

Mo2

Mn2

N2

Na2

Nb2

Ne2

Ni2

O2

P2

Pb2

Pt2

Rb2

Re2

S2

Sb2

Se2

Si2

Sn2

Sr2

Te2

Ti2

V2

Zn2

7.66

4.84

14.5

9.64

8.3

9.2

8.8

7.45

7.44

10.52

12.15

5.2

11.50

6.0

6.8

3.76

7.90

15.467

15.47

6.3

6.5

7.2

15.426

22.22

9.4

9.3

4.06

12.97

5.14

6.7

6.2

6.47

15.581

4.9

6.37

20.4

7.43

12.07

10.56

6.1

8.7

3.9?

ì

9.4

8.7

8.9

7.4

7.38

4.74

8.2

6.0

6.36

9.0

1.69

1.4

1.23

4.11

2.4

0.02

1.9

1.9

1.89

2.96

5.3

1.04

3.95

2.75

1.8

0.61

1.8

2.692

3.34

2.7

1.27

2.91

2.650

2.47

0.96

1.92

0.81

1.15

1.28

1.3

5.0

1.3

8.713

0.98

5.87

1.2

2.35

6.66

5.0

1.7

3.26

0.75

ì

5.4

3.2

4.4

3.24

1.96

1.1

3.5

2.44

3.14

0.42

1.37

2.4

no

2.7

ì

1.9

4.2

2.8

2.8

1.2

8.5

ì

1.26

1.35

0.17

0.45

1.57

ì

1.3

1.6

2.1

ì

ì

2.06

ì

1.05

ì

ì

0.88

ì

ì

ì

ì

0.44

ì

ì

1.81

4.16

4.8

1.37

2.91

0.5

ì

3.95

ì

ì

3.3 [247]

ì

ì

ì

ì

ì

ì

1.03

1.1

no

0.1

ì

1.94

1.7

0.4

1.27

2.55

3.27

ì

2.38

1.11

ì

0.47

0.84

ì

3.08

0.90

1.2

ì

ì

ì

ì

2.55

0.49

no

0.7

ì

ì

ì

no

0.43

ì

ì

0.93

0.45

0.59

1.66

1.9

0.50

1.57 [228]

1.67

ì

1.94

2.19 [246]

ì

ì

1.92

ì

ì

ì

* All values are in eV.
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