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The first systematic account is presented of the current status of the problem of inverse electronic
relaxation under the conditions of multiphoton excitation with infrared laser radiation, which
converts a strong vibrational excitation of a molecule into an electronic excitation and gives rise to
ultraviolet or visible radiation. This review deals with the fundamental principles of the
appearance of inverse electronic relaxation in isolated molecules. An analysis is made of the
characteristics of visible radiation generated by this relaxation process. Current ideas are used in a
detailed investigation of those characteristics of infrared multiphoton excitation which determine
inverse electronic relaxation. An account is given of the recently developed experimental methods
for attribution of the observed radiation to a specific particle (molecular fragment). These
methods include time-of-flight spectroscopy and separation of successive stages of the emission
process in accordance with the laser radiation energy density. A critical analysis is made of the
numerous experimental observations of collisionless visible radiation resuiting from multiphoton
excitation by infrared laser radiation. Some of the most thoroughly investigated molecules are
used to consider the cases of inverse electronic relaxation resulting from multiphoton excitation
of specific molecules and radicals, particularly SO, and OsQ,. Apart from inverse electronic
relaxation, attention is given to another nonadiabatic process occurring in the case of infrared
multiphoton excitation, which is the detachment of electrons from molecular ions induced by
CO, laser radiation. The review covers the work published up to September 1986.
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1. INTRODUCTION tional energy into electronic energy and its consequences. It

The present review deals with a recently discovered
process which occurs in isolated polyatomic molecules and
is due to the coupling between the electronic and nuclear
motion: this process is collisionless relaxation of the vibra-

has become possible to investigate this process because of the
appearance and development of a universal method for the
preparation of isolated vibrationally excited molecules in the
ground electronic state, which is multiphonon excitation
(MPE) by infrared laser radiation'~ (for reviews see Refs. 4
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and 6 and a monograph on the subject’).

It is well known that the nonadiabatic or spin-orbit cou-
pling between different electronic terms gives rise to nonra-
diative conversion of electronic into vibrational excitations
in isolated molecules.®® When an ultraviolet #iwy,y or visible
radiation photon is absorbed, a molecule is raised to an excit-
ed electronic state S,, which can decay either by a spontane-
ous transition to the ground electronic state S, accompanied
by the emission of a luminescence photon fiw,,,,, or by direct
relaxation of the electronic energy into the vibrational ener-
gy of the ground electronic term S:
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The result of this transfer of the electronic excitation energy
to the relative motion of atoms is a strong vibrational excita-
tion of the molecule in its ground electronic state S¥ and
reduction of the quantum efficiency of the appearance of an
additional nonradiative decay channel.

It has been clear for some time that under certain condi-
tions the coupling between the electronic and nuclear mo-
tion should result in the inverse process of transformation of
the vibrational into the electronic energy (see, for example,
Ref. 10). However, a universal method for the preparation
of isolated vibrationally highly excited molecules has be-
come available only recently. Infrared MPE makes it possi-
ble to prepare molecules with practically any average vibra-
tional energy which, depending on the size of the molecule, is
limited to a variable extent by its dissociation decay chan-
nel.®” Consequently, a new opportunity has become avail-
able for the investigation of the effects of the nonadiabatic
(or spin-orbit) interaction in an isolated molecule which is
in a strongly excited vibrational state. The observable phys-
ical consequence of such molecular excitation is the lumines-
cence emitted in the visible or ultraviolet parts of the spec-
trum, i.e., visualization of infrared (IR) laser radiation is
achieved: .
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In both cases described by Egs. (1.1) and (1.2) the straight
lines correspond to radiative transitions and the wavy lines
represent nonradiative transitions.

The most frequently used name for the process of trans-
formation of the vibrational into the electronic excitation as
a result of infrared MPE is inverse electronic relaxation
(IER)."

We must mention at the outset that the present review
will not deal with the rapidly growing subject of chemilu-
minescence and collisional vibrational-electronic (V-E) en-
ergy transfer when collisions are a necessary stage in the
preparation of excited particles and in the initiation of tran-
sitions (see, for example, the review in Ref. 12).

The first investigations of inverse electronic relaxation
involved the search for the relaxation of excited molecules
themselves. '*~'> However, later investigations have shown
that the main difficulty is interpretation of the observed visi-
ble radiation. This is because a sufficiently strong infrared
laser field dissociates a molecule into fragments and many of
these may be excited by the same laser radiation pulse and
they can also luminesce. More recent experimental methods
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can be used to identify that a particular luminescence be-
longs to the molecule or its fragments. The result has been to
show that a sufficiently strong infrared laser field can induce
during one infrared radiation pulse a whole chain of the pro-
cesses creating luminescence: IER-multiphoton dissociation
(MPD) of the molecule itself, IER-multiphoton dissocia-
tion of the primary fragment, etc. In the case of some mole-
cules a particular luminescence stage may be missing. It
should also be mentioned that IER (after infrared MPE)
may excite electronic states direct one-photon transitions
into which are strongly forbidden.

The problems of theoretical interpretation of the main
experimental results on IER are discussed quite thoroughly
in the present review. We have developed simple models by
means of which we can calculate the dependences of the in-
tensity of the observed luminescence on the main parameters
of laser radiation.

Another nonadiabatic process discussed in the present
review, which can now also be investigated as a result of
infrared MPE, is the detachment of an electron from a nega-
tive molecular ion. Dissociation of many such ions requires a
higher energy than that needed to detach an electron. In
such cases it is found, by analogy with IER, that the detach-
ment of an electron requires the lowest vibrational activation
of an anion by infrared laser radiation and if the electronic
and nuclear motions are coupled, this occurs before multi-
photon dissociation.

The multiphoton infrared excitation is at present the
only method which can be used to “prepare” isolated highly
excited molecules for the investigation of IER. It should be
mentioned in this connection that there is also an inverse
relationship between IER and MPE. In particular, it is the
observation of visible radiation after infrared excitation that
provided the first proof of the existence of collisionless
MPE.! Moreover, studies of the luminescence properties
provide a useful instrument for the determination of various
characteristics of MPE itself. For example, the excitation
spectrum of visible luminescence is related directly to the
spectral parameters of infrared excitation.

Such close and fairly general relationship between MPE
and IER has been largely responsible for the organization of
the present review. We shall present the experimental meth-
ods and theoretical models relating directly to intramolecu-
lar relaxation and luminescence and to the characteristics of
infrared MPE governing the observed characteristics of
IER.

In our opinion, not all the opportunities for investigat-
ing IER after MPE have yet been utilized experimentally.
This applies to other molecules for which IER may be ob-
served and also to extracting detailed information on the
intramolecular interactions from the dependences that are
investigated. In this review we would like to give a compre-
hensive account of the avatlable experimental results, meth-
ods, and the available theory in order to draw attention to
new vistas in the traditional field of the physics of intramole-
cular relaxation.

2. DIRECT RELAXATION OF ELECTRONIC ENERGY INTO
VIBRATIONAL ENERGY OF AN ISOLATED MOLECULE

Before we turn directly to the proper subject of our re-
view, we must recall some of the fundamentals of the theory
of nonradiative transitions in polyatomic molecules.** For
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the sake of clarity, we shall confine ourselves to the simplest
model case.

We shall assume that an isolated vibrational level of an
excited electronic state |s) is coupled by the electronic-vibra-
tional nonadiabatic interaction v, to high-lying vibrational
states |/ ) of the ground electronic term. The wave functions
|/) (eigenstates of the complete molecular Hamiltonian) can
be written in the form

|j>=a,,|s)+21a,,|z>. (2.1)

Selection of a special basis {|s),|/ ) } for expansion is conven-
ient because the initial nonstationary state |#(¢ = 0)} = |s)
can be created by optical excitation. At any moment in time,
we have

1P (2)) = 25 aze” Ea ), (2.2)
7

and the probability P, {#) of finding a molecule in a state |5)
atatimet>0is

P, (t)=‘2 lagy|2 e ES M2, (2.3)

The problem of the nature of the initial state and the ways of
exciting it are discussed in greater discussed in greater detail
in Ref. 8.

Depending on the ratio of the parameters (which are
the average matrix element v, and the density of levels p, ),
we can have qualitatively different time dependences P, (¢).
For example, if v,p, ® 1, the initial exponential decay of
P_(¢) with a characteristic time 7,, changes to recovery after
along time T (Refs. 8 and 9). The recovery time is governed
by the density of levels p, of the ground state |/ ):

T > 2nkip,. (2.4)

The expression for 7, in terms of the parameters of the inves-
tigated molecular system can be found using a specific mod-
el. In particular, one of the simplest Bixon-Jortner models'’
gives
R
Tn = Tl

(2.5)

and the inequality (2.4) is transformed into the exact equa-
lity. In this model it is assumed that the matrix elements v,,
of the interaction are identical and equal to v.

We can speak of relaxation of the initially prepared
states |s) only if the process is irreversible, i.e., if there is no
return of the excitation to |s).* Such irreversibility appears,

{s/>)

166>

molecular -
states

BO states
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for example, when the level |s) is coupled to the continuum
of states |/ ) (T = o ). However, if in reality the time for the
observation of a molecular system 7, is for some reason
limited and we have

Tmax K 7T, (2.6)

the escape of excitation from the |s) level is also perceived by
the observer as an irreversible process. In the latter case it is
usual to speak of practical irreversibility. Therefore, a direct
or inverse relaxation process can occur if two conditions are
satisfied: 1) the initially prepared state should be nonstation-
ary; 2) the irreversibility of the transition should be ensured.

3. INVERSE ELECTRONIC RELAXATION

We shall now assume that the group of high-lying vibra-
tional levels of the ground electronic state |/ ) is excited by
multiphoton infrared laser radiation. We can easily see that
the main conditions for relaxation of the vibrational excita-
tion are now satisfied: 1) MPE prepares states which are
known to be nonstationary (infrared transitions are possible
between vibrational levels of the same term, which after
allowance for the nonadiabatic interaction are not eigen-
states of the molecular Hamiltonian); 2) irreversibility of
the process may be ensured by the loss of vibrational excita-
tion because of electronic relaxation, i.e., because of the
emission of a visible photon from a state |s).

Depending on the formulation of the problem, we can
select (as in the direct relaxation case) one of the equivalent
methods of describing IER: in terms of the Born-Oppenhei-
mer states or using the language of the exact molecular
states. Figure 1 shows the schemes of energy levels which
appear when one of the bases is selected initially (see also
Ref. 11). Here, the states {|j)} are the eigenstates of the
molecular Hamiltonian H,;, = H gy + V, where Vis the in-
teraction operator; {|Ga) } and {|S3 ) } are the eigenstates of
the Born-Oppenheimer Hamiltonian H g, corresponding to
the ground |G ) and excited |S ) electronic states. The lower
molecular states |j) (E; < E,) are nearly identical with the
Born-Oppenheimer states {|Ga) }. These states can be excit-
ed by infrared laser radiation, but spontaneous decay to the
ground state |G 0) accompanied by the emission of one pho-
ton is forbidden, i.e., the rate of such a transition is ; = 0.
Beginning from the energy E, corresponding to the limit of
the upper electronic term, the molecular states represent lin-
ear combinations of {|SB)} and {|Ga)}. The nature of an
admixture of the states {|SB ) } to {|Ga) } is governed by the

FIG. 1. Explanation of inverse electronic relaxation in terms of
molecular and Born-Oppenheimer (BO) states.
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magnitude of the matrix element of the interaction operator
V. In the simplest case when only one state, for example
|S0), is mixed with the vibrational quasicontinuum {|Ga) },
the distribution of the admixture |$ 0) is Lorentzian with its
center at E, and a half-width at midamplitude A (Ref. 11).
In view of the fact that the molecular states are mixed in the
range E>E,, a spontaneous one-photon transition from
these states to the ground state |G 0) is possible at a finite rate
¥; > 0. In terms of the Born-Oppenheimer states, the situa-
tion can be described as follows: electronic-vibrational levels
of the excited state {|SB )} may decay radiatively to the
ground state |G 0) atarate ', but the interaction ¥ between
the terms alters this decay rate so that it becomes y; <T',.

We shall now consider the connections between these
two quantities. When the interaction of each individual vi-
brational level of an excited electronic state (for example,
|$0)) with a vibrational quasicontinuum of the ground elec-
tronic state {|Ga)} can be regarded in isolation, an
allowance for the interaction ¥ creates instead of |[SO0) a
certain Lorentzian broadened profile of width
A =27(S0|V|Ga)’p.;, wherep is the density of the vibra-
tional levels of the ground electronic state'' (see Fig. 1).
Such broadening redistributes the oscillator strength of the
investigated transition, corresponding to the radiative rate
I, of decay of the state, between all the states in the Lorent-
zian profile and this reduces the radiative decay rate by the
same factor. The number of such states N in a Lorentzian
profile can be estimated by replacing this profile with a
rectangle of width A equal to the width of the profile. We
then have

N = 27 (SO|V|Gay? pd. (3.1)

This is known as the dilution factor. Consequently, the ob-
served rate of radiative decay is now

T
VR 5 (3.2)

This estimate is valid if in the region of interaction between
the ground and excited electronic states the density of levels
of an excited electronic state is sufficiently low so that
psb <l

In the opposite case when ps A> 1, we have to consider
the interaction of two vibrational quasicontinua correspond-
ing to the ground and excited electronic states. In this case
the dilution factor is governed by the statistical ratio of the
densities of vibrational levels of the relevant electronic
states:

N = ps+ 0 ~ 86 (3.3)

pPs Ps
since we usually have pg >ps. A redistribution of the
strength of an electron transition due to mixing of the Born-
Oppenheimer states belonging to different terms alters the
luminescence time. The rate of spontaneous radiative transi-
tions of an exact state is approximately N times less than the
rate of decay of an electronically excited Born-Oppenheimer
state. The resultant increase in the duration of the lumines-
cence is one of the main criteria of IER in the case of colli-
sionless MPE. The luminescence time itself can be compared
with: 1) characteristic times of electronic transitions in
moelcules without mixing of the terms; 2) a time which is
expected on the basis of the integrated absorption intensity
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in an electronic band of the molecule itself. In the case of
IER the duration of luminescence may be many orders of
magnitude longer than either of these two times, which are
typically ~ 10 ns (Table I).

Experimental investigations are concerned not only
with the duration of the luminescence but usually also with
various dependences of the peak intensity of the observed
luminescence, i.e., of the amplitude of the peak of the lumi-
nescence pulse, on various parameters. The peak intensity of
the luminescence 7, is governed not only by the radiative
rate of the transition, but obviously also by the populations
of the relevant vibrational sublevels. For example, if
psA>1, then

Iy, = nTs S s (BE—B) ¢ pyaE, (3.4)

2, oc (E)
where 7 is the total number of molecules excited vibrational-
ly by an infrared laser field; E, is the energy separating the
ground and excited electronic states; f () is the function
representing the vibrational distribution of molecules after
the action of an infrared laser pulse.

It follows directly from Eq. (3.4) that in order to ob-
serve visible luminescence as a result of IER, we have to
select the molecules so that the factor ps /p is not too small.
These molecules include primarily those with few (between
three and five) atoms.

4. PREPARATION OF VIBRONICALLY HIGHLY EXCITED
MOLECULES BY MULTIPHOTON EXCITATION WITH
INFRARED LASER RADIATION

In Sec. 4 we shall consider those aspects of MPE of
molecules by infrared laser radiation which are essential for
the understanding and theoretical interpretation of the ob-
served characterisitcs of ultraviolet or visible luminescence
which appears as a result of IER. They include primarily the
following:

1) universality of the vibrational activation of isolated
molecules as a result of MPE, based on the general property
of higher vibrational states of molecules (formation of a vi-
brational quasicontinuum);

2) ability to describe MPE theoretically and to predict
on its basis the resultant distribution of molecules between
the vibrational states;

3) the degree of maximum possible excitation of mole-
cules, limiting the energy range in which electronically ex-
cited terms needed in IER may be observed;

4) the influence of monomolecular decay of a molecule
{multiphoton dissociation) as a result of IER.

Since typical frequencies of vibrational and electronic
transitions obey the familiar relationship o, €., the nec-
essary condition for the observation of IER (£, ~fiw,, )
can be satisfied only as a result of absorption of a large num-
ber of infrared photons N g > 1 (N g @, ~@¢ ). In the case
of molecules for which the experimental data on IER are
described below the value of ¥ was 20—40.

We shall now consider the characteristics of the states
excited as a result of MPE and the nature of the vibrational
distribution function f; (E) of Eq. (3.4) which is then ob-
tained.
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4.1. Vibrational Hamiitonian and properties of eigenstates

High values of N make it possible to divide vibrational
states or molecules into several specific regions (Fig. 2). The
lowest levels are those employed in infrared spectroscopy
and they are characterized by specific occupation numbers
of the individual modes. We shall now write down the Ham-
iltonian of a molecule which interacts with an external in-
frared field of amplitude &:

H=H, —ugcosQt; 4.1)

here,
N

Hop = Hyt Vo = 3) o (ala, + 5 )+ Vs (4.2)
i=1

where w; are the frequencies of normal vibrations; ¢;* and g,
are the photon creation and annihilation operators for the
ith mode; V,,, is the anharmonic term of the vibrational
Hamiltonian. In the dipole approximation the interaction
with the field is ensured by the operator u = u,,(a, + a;t)
and we shall assume specifically that the first mode is in-
frared-active.

The ability to represent the zeroth-order approxima-
tion Hamiltonian of a molecule by a set of harmonic oscilla-
tors depends on the smallness of the anharmonic interaction
Ve in Eq. (4.2):

Vi = o 30 Vi (a; 4 af) (2, + @) {an -+ ab)

b

g 2 Vithi (@ @) (ay+a3) (an+ab) @+ a) + ...

Here, the nth order anharmonicity constants V[ ... de-

crease on increase in # approximately in a geometric pro-
gression, the denominator of which can be regarded (to the
nearest order of magnitude) as the Born-Oppenheimer pa-
rameter.

The lower vibrational states (N ;g S 3-5 for molecules
with five to seven atoms) are usually described satisfactorily
by the harmonic approximation. Each vibrational state is
characterized by a specific set of vibrational quantum
numbers {v,}. In most cases the anharmonicity is a small
perturbation, since typical frequencies of vibrations are
{w) ~100-1000 cm ~ ' and the main anharmonic third-order
constantsare {¥®) ~1-10cm ™. Asusual, such a perturba-
tion shifts the vibrational levels and gives rise to small cor-
rections to the harmonic wave functions. These corrections
are responsible for the familiar appearance of weak overtone
and combination vibration bands in the infrared spectra.

Even in the case of the lower vibrational levels this anal-
ysis is not always correct. If there is a Fermi resonance (for
example, v, = 2v, in the CO, molecule), perturbation theory
does not work and the interacting levels are pushed apart by
anamount 2V, and the corresponding wave functions rep-
resent linear combinations of the harmonic functions with
approximately the same coefficients, which corresponds to
complete mixing. The condition of such mixing is
[ann | R [Ag |, where A is the detuning from the Fermi res-
onance. However, in the case of the lower levels the Fermi
resonance is quite rare and in most cases the anharmonicity
is simply a small correction.

The increase in the vibrational energy E,;, has two ef-
fects: on the one hand, it increases the density of the vibra-
tional states with the effect that for each level there are many

Ez; ___{AE

&

Multiphoton excitation

v by infrared-

(4.3)
Vnad \l
Ewbl E |
/ - o | —_—
Vann < Excited
] Vel electronic state
- | Visible
Juminescence
a —
;

laser radiation

vge

Ground efectronic

O Ground electronic state
las
state

Reservoir
representing
other modes

Excited mode

Molecular states

FIG. 2. Multiphoton excitation of a molecule by infrared laser radiation and subsequent inverse electronic relaxation. The frequency of infrared laser
radiation §),,, is tuned to a resonance with an absorption band corresponding to a normal vibration. The first few vibrational levels are overcome with the
aid of the structure of the lower molecular states. Beginning from a certain limit E, ., which is the boundary of a vibrational quasicontinuum, an
anharmonic interaction with the reservoir (represented by the remaining modes) causes mixing of the vibrational states resulting in a redistribution of
the oscillator strength of the excited mode between many vibrational states, which can then be used for resonance excitation of the molecule to this range
of energies £, . An admixture of luminescing electronically excited states to high vibrational levels of the ground electronic state (for example, that due
to the nonadiabatic interaction V4 ) makes it possible to observe visible luminescence as a result of multiphoton excitation of some molecules by infrared
laser radiation. We can then set three important boundaries associated with qualitatively different physical processes occurring at certain vibrational
energies E,;, stored in the molecule: E, . is the boundary of the vibrational quasicontinuum (E.;, > E,. is the range of vibrational intramolecular
relaxation), E, is the boundary of an electronically excited term (E,;, > E, is the range of inverse electronic relaxation), and D representing the
dissociation limit (E.;, > D is the range of monomolecular decay of a molecule into its fragments as a result of multiphoton dissociation).
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other levels with a similar energy and, on the other, it in-
creases V,,,,. Consequently, the mixing condition is readily
satisfied by many levels. The Fermi resonances cease to be
accidental and they in fact form true molecular states [E ), so
that these states include comparable contributions of many
harmonic states with energies close to |E ):

|Ey =2} (w] By D). (4.4)

Mode “mixing” takes place. The range of energies where this
happens is called the vibrational quasicontinuum. ‘'*'* Mode
mixing should be described in terms of decay of a mode
pumped by infrared excitation: a vibration may decay into
two or more other vibrations, each of which is linked to the
next modes and then each of these decays in turn and so on.

4.2. Vibrational intramolecularrelaxation and the condition of
validity of a statistical description

The magnitude of the perturbing anharmonic interac-
tion is much less than the eigenfrequencies of the Hamilto-
nian f,. Therefore, the evolution of the non-equilibrium pa-
rameters of the system (such as the energy carried by a given
mode) can be described conveniently as a relatively slow
process against the background of fast motion characterized
by ~@~'. Under mixing conditions (Sec. 4.1) this process is
called intramolecular vibrational relaxation, implying the
feasibility of a thought experiment in which a certain super-
positionof the | E ) states, for example a harmonic state |v), is
excited initially. The evolution of this state [or, in an equiva-
lent approach,'® the properties of the eigenstates of Eq.
(4.4)] can be described completely analogously to nonra-
diative conversion of the electronic to the vibrational energy
[see Egs. (2.1)-(2.3)]. The only difference is in respect of
the interaction causing the mixing. In the case of electronic-
vibrational nonradiative transitions the Born-Oppenheimer
adiabatic approximatior Lcreaks down because of the nona-
diabatic component V,,,,, whereas in the case of intramole-
cular vibrational relaxation the harmonic approximation of
independent modes is invalid because of the anharmonic in-
termode interaction ¥, . Continuing this analogy, we read-
ily conclude that the condition for going over to a statistical
description of intramolecular vibration relaxation is an ex-
cess of the anharmonic interaction over the intermode reso-
nance defect. In the theory of nonradiative transitions (see,
for example, §9 in Ref. 8) this criterion is formulated for the
effective states (in the case of intramolecular vibration re-
laxation the corresponding states are coupled by an inter-
mode resonance). When the above condition is satisfied, i.e.,
if

Vi) > (Aw), (4.5)

evolution of the observed quantitites obeys the Markov re-
laxation equations.?® For example, in the case when a specif-
ic oscillator of the ith mode is coupled to the remaining vi-
brational degrees of freedom, which act as a reservoir linear
in respect of the ith coordinate of the molecule, we find that
relaxation of the energy &; to its equilibrium value (¢, ) is
described by?!

%‘ = __‘Z% (8, —(&))-
The expression for the relaxation constant ¥, is in the form of
the Fermi golden rule. At high energies the order of magni-
tude of this constant is given by

(4.6)
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i T (Myg,, m—~ m
Y= B 5 T ), @)
m

where V™7 is the mean-square value for the mth order
interaction and 7 is the average occupancy number of vibra-
tional modes. By analogy with the rate of nonradiative tran-
sitions proportional to the density of the effective states,® Eq.
(4.7) contains the density of intermode resonances which
include the mode w; . The quantity p{77’ is readily calculated
either by a simple sampling of the frequencies for a specific
molecule or with the aid of expressions that allow for the
“accidental nature” of the frequency distribution.?’ An im-
portant feature of Eq. (4.7) is that the value of p{2’ is finite
for any energy, whereas the density of the vibrational states
can reach very high values. For example, in the case of the

- CF;I molecule (@, mode) the density of the resonances is

p~2x10721/cm™'and p{&) ~5x 1072 1/cm ™!, where-
as the density of the vibrational levels is p(E) ~3x 10° 1/
cm™ ! for E~20X10° cm ™',

It is very difficult to provide a satisfactory description
of the region of transition from the lower near-harmonic
levels to a vibrational quasicontinuum. The self-consistent
solution for y, given in Ref. 19 represents a phase transition:
wehavey, = Ofor E<E,,., 7 « (E— E,.)'"*for ExE,,,
and finally for E> E, . the energy dependence of y; is given
by Eq. (4.7).

An experimental proof of the existence of intramolecu-
lar vibrational relaxation and, consequently, of mode mixing
in a molecule was provided by the observation of collision-
less conversion of energy from one mode to other vibrations
under MPE conditions (see Ref. 22). For some molecules
with between five and seven atoms the vibrational quasicon-
tinuum limit is E,,. ~ (4-8) X 10> cm ™",

4.3. Infrared spectra of absorption from excited states

Resonance excitation of high vibrational levels by an
infrared laser field is possible if the intermode interaction
V.na ensures such a modification of the infrared absorption
spectrum which compensates the anharmonic shift. A com-
plete transformation of the spectrum of the excited molecule
can occur at such high energies that (V™) ~ (). In this
hypothetical case the vibrational spectra lose completely the
individual modes observed for unexcited molecules. In rea-
lity, a resonance of MPE can be ensured by a much weaker
condition, which disturbs the approximation of independent
oscillators (V" '(E)) ~ (Aw'™"), where {Aw'”’) is the aver-
age defect of an nth order resonance.

If one of the modes w, is active in the infrared range, it
follows from the expansion represented by Eq. (4.4) that an
oscillator strength is either concentrated at one
{n,1) = |n, + 1,7) transition below E, . or it is redistribut-
edbetweenmany |E ) — |E’) transitions, where | E ') isaset of
states with an energy close to £ + #iw, + AE,,,, and AE,,,
is the average anharmonic shift of a band described by the
constants X ;; of intramode and intermode anharmonicity.
Such a redistribution of the strength of the transition, i.e.,
broadening of the spectrum, can be called homogeneous
bearing in mind-that for each separate eigenstate |E ) we can
have many transitions within the limits of the absorption
band in the vibrational quasicontinuum.

The experimental confirmation of the qualitative trans-
formation of the spectrum at high energies was obtained al-
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ready in the first investigations of MPE. This was contained
in the following estimate. If we assume that the anharmonic
shift in a mode is A~3 cm ™', we find that the condition for
effective excitation of an anharmonic oscillator is that the
defect A should be exceeded by the field broadening:
Qg =10,& /2% A. For typical values of 5, ~0.1 D we ob-
tain the required intensity 72 10 GW/cm? On the other
hand, MPE is observed already in the range /S 1 MW/cm2
This is an indirect confirmation that the spectra of the transi-
tions are transformed when the rate of excitation is suffi-
ciently high.

At low energies, i.e., when the values of (¥,, ) are also
low, allowance for the interaction of Eq. (4.3) results in a
small shift of levels and the appearance of weak satellities in
the absorption spectrum (combination bands). The intensi-
ty of the satellites is much less than that of the main peak
(Fig. 2). This limitation on the relaxation constant
(y; €w;) yields also a similar relationship between the
width of the absorption spectrum and the frequency of the
infrared-active vibration. When the frequency shift of the
maximum of the cross section representing a transition from
a given state depends only on the total energy in the system
formed by a mode and the reservoir of the remaining vibra-
tions, the absorption spectrum is Lorentzian and the absorp-
tion cross section (corresponding to up transitions) is given
by

g (E) — Sy i (E)

- (n (E)+1)W , (4.8)

where S, is the total absorption cross section which is inde-
pendent of E (after allowance for the up and down transi-
tions) and 8, (E) is the detuning from the center of the ith
band. At high energies the shift §; (E) rises linearly with the
energy. However, the energy dependence of the width of the
spectrum ¥; (E) is governed by the order m of intermode
resonances {Eq. (4.7)]:

m —2

Yy E (4.9)

4.4, Multiphoton excitation in the region of the
quasicontinuum

It follows from the values of E, . given above that the
range of resonant nonadiabatic mixing of the ground and
excited electronic terms of polyatomic molecules is located
as a rule already in the vibrational quasicontinuum states of
the ground term.

The fact that the eigenstates of a molecule are anhar-
monic is insufficient to determine the nature of states excited
as a result of MPE. If the excitation rate is sufficiently high,
then intramolecular vibrational relaxation is not completed
during a pulse. The exact criterion of statistical equilibrium
excitation of the eigenstates |E ) is the condition

Qr &K Vvee, (4.10)

where (1 is the field broadening and . is the characteris-
tic broadening in the vibrational quasicontinuum.

Excitation in the vibrational quasicontinuum region for
any intensity of an external field limited only by the condi-
tion Iy <€w; is described by the generalized Bloch equa-
tions.?® If the condition of Eq. (4.10) is satisfied, these equa-
tions are transformed into rate equations for the populations
z, in narrow bands of vibrational states near the energy nfiA
(Refs. 23 and 24):
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(i:t" =L{s}= — (08 +05) {2, + 04112,y + Onr1fzm0y,
(4.11)
where I is the infrared radiation intensity (pho-
tons-cm ~'-s~') and o represents the stimulated absorption
and emission cross sections related by
Ontt _ Pn_ (4.12)
al Pn+1

wherep, are the density of vibrational states with the energy
n#iQd. Breakdown of the condition (4.10) clearly occurs only
in a few cases?>?® when picosecond lasers are used for MPE.
In the majority of cases the vibrational distribution function
in the quasicontinuum [fg (E, )=z, /#AQ] can be found
from the condition of balance of the populations described
by Eq. (4.11).

At energies above the 0-0 transition in the lower excited
electronic state the distribution f5 (E) determines the ob-
served IER characteristics [ Eq. (3.4)]. The existence of the
IER channel at a sufficiently high vibrational energy of the
ground term does not alter the qualitative nature of MPE,
because decay via IER and subsequent emission of visible or
ultraviolet photons is a process which is slow compared with
the duration of infrared radiation pulses.

The system of equations (4.11) has been solved numeri-
cally for various types of cross sections>*?">*"and analytic
solutions have been obtained in some cases. In particular, it
has been shown that a good approximation to f (E) is pro-
vided by the Poisson distribution.*® Naturally, in each spe-
cific case a rigorous calculation is needed for a detailed com-
parison with the experimental results. An example of such a
calculation for the OsO, molecule will be given in Sec. 7.3.

4.5. Overexcitation above the dissociation limit

The system of equations (4.11) ignores the decay pro-
cess which can occur above the dissociation limit. Monomo-
lecular decay quenches the luminescence and can alter qual-
itatively the nature of the dependence I, (), where ® is the
infrared radiation energy flux. A special feature of pulsed
excitation of a molecule is the possiblity of overexcitation
above the dissociation limit D. Such an overexcitation is
readily estimated. The hypothesis of the existence of a vibra-
tional quasicontinuum is an essential part of all the statisti-
cal theories of decay. In one of the theoretical variants
(RRKM) the dissociation rate k, (z, = L{z} — k,z,) is
defined as follows®":

. QR N*(Ep)

b= L G w
where . is a symmetry factor; Q 7 /Qp is the ratio of the
rotational partition functions of an activated complex and
an excited molecule; N " (E, ) is the number of states in an
activated complex up to the energy £, — D. Monomolecular
dissociation in the case of a statistical distribution of the
energy between the molecular modes is a consequence of
fluctuations in which energy is accumulated at the weakest
bond. Therefore, the larger the molecule, the longer the life-
time for a given degree of overexcitation above D, because
the probability of a decay configuration of the vibrating nu-
clei is lower. This is clearly supported also by an estimate of
the rate described by Eq. (4.13) if we use the classical
expression for the density of states:

(4.13)
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(4.14)

EE) = A (Z32)7,

E
where A is a constant of the order of the characteristic vibra-
tion frequency and s is the number of vibrational degrees of
freedom. The dependence of the overexcitation E — D = AE
on the size of the molecule has also been confirmed experi-
mentally. For example, the value AE= (2-4) X 10 cm ™' is
reported in Ref. 32 for a series of pentatomic molecules and
under approximately the same excitation conditions it has
been found®? that AE ~20x 10°cm ™' ~ D for the (CF,),CI
molecule.

Another factor which governs the degree of overexcita-
tion AF is the radiation intensity 7, because AE can be esti-
mated from the condition of equality of the excitation and
decay rates:

6 (D + AEYT ~k (D + AE). (4.15)

Therefore, at a high infrared field intensity and particularly
in the case of large molecules we can expect IER resulting
from MPE to occur also in electronic states above the disso-
ciation limit of the ground term.

The above discussion of the vibrational activation of
isolated molecules by infrared laser radiation shows that the
range of vibrational energies (E> £, ), most important
from the point of view of IER, can be described satisfactorily
by the existing theory. A theoretical model of the process of
MPE in a range of low-lying levels (£ < .. ) requires solu-
tion of the Schrédinger equation [Eq. (4.1) ], i.e., as a mini-
mum it requires the knowledge of the full set of actual spec-
troscopic constants of a molecule governing H,_ . Such
modeling attempts have been made only for a few mole-
cules. ¥

5. SEARCH FOR AND EXPERIMENTAL INVESTIGATIONS OF
INVERSE ELECTRONIC RELAXATION

The universality of MPE of molecules by infrared laser
radiation, the relative simplicity and availability of sources
of such radiation (in the form of pulsed CO, lasers)? have
all been responsible for the rapid development of this meth-
od and accumulation of experimental data on vibrational
excitation of molecules in the ground electronic state. In the
last decade the interest in this subject has been maintained
mainly by two circumstances: 1) the absence of full under-
standing of the MPE mechanism; 2) the feasibility of practi-
cal utilization of MPE in the separation of isotopes of var-
ious elements.>**” As a result, several hundred polyatomic
molecules have by now been investigated in considerable de-
tail by the MPE method.>~” In about one-tenth of the investi-
gated compounds the process of MPE is accompanied by
visible luminescence.'®

What is the nature of this luminescence and how can
one identify those cases when the visible luminescence is due
to IER? Before considering the specific luminescence, we
shall formulate several general requirements that must be
satisfied by the luminescence associated with IER.

The first condition is that the process should be mono-
molecular. In other words, the appearance of the lumines-
cence must be related to a single molecule. This monomole-
cular nature is readily checked experimentally on the basis of
the linearity of the dependence of the luminescence intensity
on the gas pressure, which makes it possible to exclude colli-
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sional chemiluminescence.

The second condition is related to the dilution (dis-
cussed in Sec. 3) of vibrational states of an electronically
excited term because of the interaction with high-lying vi-
brational levels of the ground electronic state. It follows
from Eqgs. (3.2)-(3.3) that such dilution should consider-
ably lengthen the radiative luminescence time. Therefore,
from the point of view of search for IER one should concen-
trate first on the luminescence characterized by a relatively
long radiative lifetime.

It should also be mentioned that the simplest way of
searching for IER involves detection and investigation of the
visible luminescence of the molecules themselves under the
action of infrared laser radiation. In fact, in the case of the
majority of molecules the process of IER resulting in the
appearance of the visible luminescence can only be associat-
ed with electronically excited terms located below the disso-
ciation limit of the ground electronic state. Consequently,
IER in the molecule itself is the process requiring the mini-
mum vibrational activation by infrared laser radiation, i.e.,
it precedes monomolecular decay of a molecule into frag-
ments. In spite of this, low-lying electronic terms of mole-
cules have been investigated much more thoroughly than
those of radicals, which makes it easier to identify the specif-
ic electronically excited states coupled with the ground elec-
tronic term and leading to luminescence. For these reasons
the authors of the first investigations of IER searched for the
luminescence of the molecules themselves. Methods for
identifying luminescing particles were developed later and
this has made it possible to study the process of IER also in
the case of fragments formed in the course of successive
breakup of molecules during a laser pulse.

Table I lists a number of coupounds which, when excit-
ed with CQ, laser radiation, emit luminescence in the visible
ultraviolet parts of the spectrum. In fact, there is a much
larger number of such molecules which emit visible lumines-
cence as a result of infrared MPE.'® This table lists only
those cases which satisfy the two conditions formulated
above. In all cases the luminescence process is monomolecu-
lar. The radiative luminescence time 7,4 is in the range 5-
1500 us, which is considerably longer than 7,4 for dipole-
allowed electronic transitions characterized by 107°-10~2
Us.

The simplest case from the point of view of identifica-
tion of the luminescence is the triatomic molecule SO,. How-
ever, in the case of triatomic molecules there is a difficulty
associated with the preparation of vibrationally highly excit-
ed molecules in the course of MPE. The density of the vibra-
tional states p( E) of such molecules is relatively low even at
high vibrational energies E. For example, in the case of the
SO, molecule we have p~1 1/cm™ ' for E~3Xx10* cm ™"
Therefore, the vibrational quasicontinuum ensuring reso-
nant excitation of molecules at relatively large values of £ is
absent. As a consequence it is necessary to use extremely
high infrared laser radiation intensities to excite triatomic
molecules. In the case of the SO, molecule this difficulty has
been overcome successfully by MPE with the aid of short
CO, laser pulses of duration amounting to 0.5 ns (the dura-
tion of the peak of the usual CO, laser pulse is ~ 100 ns at
midamplitude). Later visible radiation of SO, was induced
also employing longer pulses emitted by multifrequency in-
frared lasers.*’
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5.1. Inverse electronic relaxation in the SO, molecule

The ground electronic state 'A, of the SO, molecule is
characterized by a fairly high dissociation limit
D =4.5x10*cm~". Below this limit there is a series of sing-
let ‘A,, 'B,, and 'B, and triplet *B,, *A, electronic terms.®
The terms of this molecule of greatest interest in the case of
TER are the lowest electronically excited terms 'A, and 'B,
with the vibrational levels coupled by the nonadiabatic inter-
action to high vibrational states of the ground electronic
term. Such coupling is manifested by a strong perturbation
of the luminescence spectrum induced by ultraviolet radi-
ation and by the nature of radiative luminescence times.*®
Estimates indicate that in this case the magnitude of the ma-
trix element of the interaction may reach 10cm~"* (Ref. 38).

The ultraviolet luminescence induced by CO, laser ra-
diation in the SO, molecule was first observed under colli-
sional conditions.*® The v, mode of this molecule was excit-
ed by a CO, laser radiation pulse of 100 ns duration. This
excited luminescence in the ultraviolet part of the spectrum
and the main characteristics of this luminescence are listed
in Table I. A detailed analysis of the process of MPE of this
molecule demonstrated*®: 1) luminescence appeared at laser
radiation energy densities at which there was no dissociation
of the molecule in the channel characterized by the lowest
energy (SO, —-S0 + 0),1.e., the appearance of this ultravio-
let luminescence was preceded by decay (breakup) of the
molecule and required the minimum vibrational activation
of the SO, molecule; 2) luminescence with similar spectral
and time characteristics was induced also by ultraviolet laser
radiation. For example, the luminescence spectrum induced
by laser radiation with a wavelength A = 282 nm was found
to be similar to the luminescence spectrum excited by CO,
laser radiation.*® These two circumstances led the authors of
Ref. 38 to the conclusion that the appearance of the visible
luminescence as a result of infrared MPE of the SO, mole-
cule was due to IER. Collisions mainly facilitated the pro-
cess of MPE itself, although to some extent they could in-
duce collisional mixing of vibrational states of the ground
'A, and excited ('A,, 'B,) electronic terms in the range
EZ3x10*cm ™' and thus ensure IER.

A later investigation of MPE of the SO, molecule dura-
tion 0.5 ns (Ref. 39). This resulted in MPE under collision-
less conditions and proved unambiguously that in the case of
infrared MPE the energy of the vibrational excitation of the
SO, molecule was converted into the electronic excitation
because of IER. Figure 3 shows the dependence of the frac-
tion of the luminescing molecules on the laser radiation in-
tensity.>® The luminescence appeared only above a certain
threshold. The required laser radiation intensity was found
to be very high: 12 30 GW/cm?

The use of two-frequency infrared laser radiation made
it possible to reduce by about two orders of magnitude the
threshold intensity of laser radiation and to observe IER
under collisionless conditions when the SO, molecule was
excited by CO, laser pulses.*’

5.2. Visible luminescence emitted as a result of infrared
multiphoton excitation of isolated molecules

Further investigations of the cases of emission of visible
luminescence (Table I) showed that as the molecule became
more complex, the main problem in the investigation of IER
was identification of the visible radiation.

F,CO. The luminescence emitted by this molecule was
identified by comparing the luminescence spectrum induced
by CO, laser radiation with the chemiluminescence spec-
trum due to the reaction O,('A) + C,F,—~F,CO(S,)

+ F,CO(S,) (Ref. 15). It was concluded there that the lu-
minescence appeared as a result of IER. An estimate of the
luminescence intensity indicated that only =~ 107 mole-
cules of their total number in the irradiated volume partici-
pated in the process (¥ =~ 50 J/cm?, 7, =250 ns). A detailed
investigation of the IER process in this molecule has not yet
been carried out.

0s0,. The most detailed experimental investigation of
the visible luminescence as a result of MPE was carried out
on the OsO, molecule excited using single-frequency and
two-frequency infrared laser radiation of energy density be-
low 2 J/cm? (Refs. 13, 28, and 41-44). A theoretical model
describing the experimental results®® satisfactorily was de-
veloped on the assumption of MPE and of IER in the OsO,

TABLE L

Characteristics of luminescence Experimental conditions

time spectral
laser radi- Ref
Molecule ation ener-| pressure range, er.
Taar| g ps= Awass\ A4, nm |8y densi-| Torr
HS nm ty*', J/em®
Torr !
S0, ~ 200 2 ~ 320|270—470} 5:200) | (8—B0).10-3 9) 38-40
¥,CO 94| 5,6+0,8 |~290|240—460| ~ 50 |10-2—7,5.101 15
0s0, 1500 | 10,54-0,5 |~ 500]340—700(0,4—2m) | 40-1—2.10-1 [ 13, 28, 41-45
Cr0,Cl, 160 6,5 ~ 670 |500—800| ~ 4 1) < 0,1 11, 404
VOClg 29 4,3 460 [ 350—700| =10 10-2—10~1 &0
Sili,Cl, 4,5 2,6 33012504701 =50 2-10-2--1071 51
C,I,CN 1821 4,54+0,5 390 | 300—550
> 900 | 550—900 1 30—150 10~5—10-1 h2=54
8:C,F, — 41 500 | 300—800| 1—10 10-1—1 o
*The excitation was provided by the usual CO, laser pulses: 7, = 100 ns at midamplitude.
bThese results are given for the excitation by a 0.5-ns pulse of a CO, laser.*®
*Two new types of luminescence were observed*’ at laser radiation energy densities in the ranges
~ 8-50 and 50-1000 J/cm’.

9 Luminescence of a different type was observed at higher laser radiation energy densities.***°
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FIG. 3. Dependence of the fraction of luminescing SO, molecules on the
intensity of CO, laser radiation.*” The parameters of laser radiation were
as follows: pulse duration 0.5 ns, frequency 1080 cm™'. The SO, gas pres-
sure in the cell was 40 mTorr.

molecule itself. An investigation carried out in a wide range
of laser radiation energy densities (2 <® <1000 J/cm?)
showed that the luminescence emitted by the OsO, molecule
was generated in three stages.*® Each stage was character-
ized by its own appearance threshold in terms of the laser
radiation energy density and was applicable to the OsO,
molecule itself or to its fragments formed as a result of MPE
(see Sec. 7).

Cr0,Cl,. The visible luminescence resulting from MPE
of the Cr0O,Cl, molecule is also of major interest.'**® The
structure of the lower electronic terms of this molecule has
been investigated thoroughly.>” The terms A, and B, are the
lowest singlet electronically excited states of this molecule
and are located below the dissociation limit (D=~2.3x 10*
cm™'). Their 0-0 transitions have frequencies 16 970 cm ™'
and 17 248 cm !, respectively. The density of the vibration-
allevels of the ground electronic state ' A | in the region of the
0-0 transition is 6.5 X 10° 1/cm ™. In the region of emission
of a CO, laser there are two modes: v, = 995 cm ™' and
v, = 1002 cm ' (valence vibrations A, and B, of the Cr-O
bonds). In the first investigations the visible luminescence
was attributed to the CrO,Cl, molecule itself.'**¢ However,
more detailed investigations showed that at laser radiation
energy densities @ = 4-15 J/cm? the main luminescing ob-
ject was the fragment CrO,Cl, whereas at & 220 J/cm’®
there was an additional luminescence due to the fragment
CrO,. There was only indirect evidence that the visible radi-
ation observed in the range ® =4 J/cm? was due to the
CrO,Cl, molecule itself.**

VOCI,. Excitation of the V-O valence vibration of the
VOCI, molecule at 1042 cm ™' (mode v,) by CO, laser radi-
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ation induced visible luminescence with the main character-
istics listed in Table I. A special feature of this molecule
compared with the other cases discussed above is the absence
of electronically excited terms located below the dissociation
limit of the ground electronic state to which transitions are
dipole-allowed. In fact, the dissociation limit of VOCI, is
located at 2.9 x 10*cm ™ '. The energy of the 0-0 transition of
the longest-wavelength band (4 = 333 nm) isalso located in
this region.>® This makes it unlikely that IER should occur
inthe VOCI,; molecule itself. Detachment of one Cl atom as a
result of MPE of this molecule may result in the interaction
of the V-O valence vibration of the VOCI, fragment with a
laser pulse, which makes the process of IER very likely for
this fragment. Spectral investigations made it possible to at-
tribute the observed visible luminescence to the VOCI, frag-
ment.*°

SiH,Cl,. The longest-wavelength electronic band in the
absorption spectrum of SiH,Cl, is due to transitions to Ryd-
berg states lying in the region of 151 nm (Ref. 59). The
dissociation energy of this molecule is less than the energy of
the 0-0 transition of the corresponding electronically excit-
ed term.>' When the vibration v,(a,) of the SiH, group in
the SiH,Cl, molecule is excited by CO, laser radiation, ultra-
violet luminescence is observed (Table I) and it can be at-
tributed to the 'B, —'A, transition in the SiCl, radical. This
radical (fragment) does not exhibit hf vibrations that could
coincide with the laser radiation frequency (v = 948 cm ™).
In fact, the frequencies of the normal vibrations have the
values v, = 512.5cm™ ', v, =202.2 cm ', and v, = 501.4
cm™ ', This led the authors of Ref. 51 to the conclusion that
an electronically excited SiCl, fragment is formed directly as
a result of MPE of the SiH,Cl, molecules by CO, laser radi-
ation although the mechanism of this process is not yet clear.
However, we cannot exclude the possibility of IER as a re-
sult of MPE of SiCl, in the long-wavelength wings of the
bands of the 2v, and 2v, overtones.

C,H,CN. The reason for the appearance of the lumines-
cence emitted by this compound is not yet clear. However,
recent experiments carried out using supersonic molecular
beams demonstrated that only two fragments—C,HCN and
C,CN—can be responsible for the observed luminescence.>*
The most probable luminescence mechanism assumed in
Ref. 54 is a sequence of processes of fragmentation of the
C,H;CN molecule by MPE producing C,HCN or C,CN and
IER of these fragments in the course of the same CO, laser
pulse.

S,C,F,. In the case of this molecule the authors of Ref.
55 proposed no mechanism to account for the visible lumi-
nescence. In our opinion one could not exclude here MPE by
infrared laser radiation resulting in the formation of two
SCF, fragments and subsequent 1ER of these fragments.

Anthracene. Excitation with CO, laser radiation gener-
ated delayed luminescence in the (1.8-2.7)X 10* cm ™!
range.® The authors of Ref. 60 assumed that this lumines-
cence was due to anthracene molecules in the singlet state S,.
However, in the case of such large molecules the lumines-
cence intensity should be very low [Eq. (3.3)-(3.5)].

The above analysis of the specific cases of the lumines-
cence induced by infrared laser radiation shows that the
main problem in the study of IER is identification of the
luminescing object. In the case of triatomic molecules (for
example, SO,) it is relatively easy to identify the fragments,
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but the task becomes gradually more difficult on increase in
the size of the molecule. The luminescence spectra are wide
and structure-free. In the case of many polyatomic mole-
cules it is found that successive fragmentation occurs
throughout the laser pulse and this gives rise to a large num-
ber of particles capable of emitting visible radiation. All
these problems require first of all suitable experimental
methods for separating the luminescing particles. Some of
the principal universal luminescence identification methods
will be described below.

6. METHODS FOR IDENTIFICATION OF VISIBLE
LUMINESCENCE GENERATED BY MULTIPHOTON
EXCITATION WITH INFRARED LASER RADIATION

6.1. Time-of-flight spectroscopy of luminescing particles

The method which can be used to distinguish the lumi-
nescence of a molecule and its fragments is based on the
difference between the energies of their translational mo-
tion.*' The translational energy £, of a molecule is governed
by the gas temperature 7:

to= 5 My ) =37, (6.1)

where M, is the mass of the investigated molecule and
(v2)"/?is the rms velocity of the molecule. On dissociation of
the molecule by infrared laser radiation there is an addi-
tional contribution of an energy ~AE,/s, to the transla-
tional motion of the resultant fragments and the heaviest
fragment with a mass M, takes away a smaller proportion of
the energy, which is given by

AE, My—M,

Agy= . T (6.2)

This correction to the translational energy of a fragment of
mass M| has the effect that the rms velocity measured in the
laboratory coordinate system {v?)'/? exceeds the value for
the molecule itself, so that*'**

% 2 A —
G-t

3 s,kT M, *
We shall estimate the order of magnitude of the ratio
(¥?)/{1}), for example, in the case of MPE of a pentatomic

(6.3)
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molecule with s, = 9. Let us assume that the molecule splits
into two fragments with the same masses. The energy of
overexcitation of the pentatomic molecule above the disso-
ciation limit is usually equal to several CO, laser photons
(#Q = 1000 cm '), as demonstrated by Eq. (4.25). If in
these estimates we assume that AE, = 3000 cm ™', we find
from Eq. (6.3) that ({v})/{v3))"?=1.5. This estimate
shows that the difference between the velocities of the frag-
ments and the molecules themselves is quite large and can be
used as the basis for identifying the luminescence emitted by
the investigated molecule or its fragments.

The method of determination of the velocity distribu-
tion function of the luminescing particles was developed in
Ref. 41. Use was made of an experimental arrangement
shown in Fig. 4. The essence of the method was the excita-
tion of a near-point source of radiation at the center of a
spherical cell and the subsequent observation of the kinetics
of quenching of the luminescence at the walls. The gas en-
closed in this spherical cell was excited with two-frequency
infrared laser radiation (Fig. 4). This ensured smallness of
the size of the luminescence zone, compared with the radius
of the cell, and localization of the center of the sphere. This
was due to the fact that in the case of two-frequency excita-
tion it was possible to select the frequencies and energy den-
sities of the laser fields so that the intensity of the lumines-
cence in the region of intersection of the two beams exceeded
considerably the intensity of the luminescence from the zone
which interacted with just one of the beams.®!%2

Excitation was followed by collisionless flying apart of
luminescing molecules from the two-frequency excitation
zone (when the pressure of the investigated gas was selected
so that 1>R..,, where A is the mean free path and R.,,, is the
radius of the cell). An analysis of the observed visible radi-
ation was carried out using a photomultiplier through a win-
dow of the spherical cell or, when the cell was transparent to
the radiation being analyzed, directly across its wall ar-
ranged in such a way that the whole internal volume of the
cell was within the field of view of the photomultiplier.

An analysis was made of the time dependence of the
intensity of the visible luminescence in the course of its relax-
ation and quenching by the cell walls:

FIG. 4. Time-of-flight measurements of the distribution of the
velocities of luminescing particles characterized by long radia-
tive times. The infrared absorption spectrum of the OsO, mole-
cule (showing the v; mode) is plotted on the right and it identi~
fies the laser radiation frequencies (£},, ©,) optimal for the
formation of a point luminescence source at the center of a
spherical cell.
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T

here, I; (0) is the intensity of the luminescence at the mo-
ment 7 = 0; 7, is the relaxation time of the luminescence at
a fixed pressure of the investigated gas inside the cell; f2°(r)
is the time-of-flight distribution function of the velocities of
the luminescing particles, which in the specific case of the
Maxwellian distribution

4 '\ 2 2,32
AP (1) = == (£) emm

Vv v

(6.5)

[ (D= (2kT /m)''* is the most probable velocity of the lu-
minescing particles] is of the form

lab 4 T4 Ty
= () e

(6.6)

where 7 =/ /U is the average time of flight, /= R, is the
transit length, and

@t
‘o

(6.7)

Figure 5 shows the dependence 7, () plotted in accor-
dance with Eq. (6.4) (Fig. 5a) and the experimental oscillo-
gram I, (7) obtained for the OsO, molecule (Fig. 5b)*'. In
the case of sufficiently short lifetimes 7 €7, before the lumin-
escing particles reached the wall, the reduction in I was
entirely due to the relaxation term of Eq. (6.4):

I (1) & I (0) e 7™ (6.8)

here, 7' = 7,4 + k,p, where 7, is the radiative time, k,
is the quenching rate constant, and p is the pressure of the
investigated gas in the cell. If 7> 7, then Eq. (6.4) becomes

A ;4/5 (;)3 e, (6.9)

Iy(7) = I.(0)

FIG. 5. a) Time dependence of the luminescence intensity during its re-
laxation and quenching on the cell walls (Fig. 4).*' b) Experimental oscil-
logram of I, (¢) obtained for the OsO, molecule at a gas pressure of
1.2 10~ Torr in a spherical cell 75.5 mm in diameter.*'
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An analysis of a luminescence pulse in the interval r<7
makes it possible to determine r,,. Differentiation of the
function I, (1) exp(7/7,,) with respect to time gives
fR°(7) and, consequently, £2°(|v|), so that

R (v) dt =72 (v ) dv. (6.10)

The function ££°(|v]), is in its turn related to the re-
quired velocity distribution function of the fragments in the
center-of-mass (c.m.) system by the expression

A ) = § I (v)) 3 (v = vo) Vo= fu (vg) # & (v),
(6.11)

i.e., fi2(y) is simply a convolution of the distributions
Sfm(vy) and fC™ (v).

It therefore follows that the experimental method de-
scribed above can be used to find the distribution function of
the velocities of the luminescing particles on the basis of its
maximum and this involves determination of the most prob-
able velocity of these particles and a comparison with the
thermal velocity of the original molecules, so as to identify
the origin of the luminescence. Two-frequency excitation is
not essential in such time-of-flight experiments. It is possible
to use one-frequency excitation of a gas and the usual cylin-
drical cell.*” The main shortcoming of such a method is re-
striction of the luminescence duration. It is clear from Eq.
(6.4) that this method can be used if the radiative lumines-
cence time is sufficiently long, i.e., if 7, £ 7. For example, in
the experiments on the OsO, molecule described in Ref. 41
the cell radius was R, = 3.8 cm and 7= 250 us. However,
there are many molecules (see Table I) for which 7, is
considerably less than this value. One can naturally reduce
the size of the cell somewhat, but it is necessary to satisfy the
condition of smallness of the radius of the luminescence zone
R, compared with the cell radius: R, >R .

The method of determination of the velocities of the
luminescing particles suitable for the determination of short
luminescence times ~ 1-10 us was developed in Refs. 43 and
45. The method is based on an analysis of the expansion of a
luminescence zone with a diode array of an optical multi-
channel analyzer. Figure 6 is a simplified schematic of the
experimental arrangement. Radiation from a CQ, laser is
focused in a cell with an excited gas and it induced visible
luminescence. A small cylindrically symmetric lumines-
cence zone is projected by a lens onto a diode array of a
scanning optical multichannel analyzer. Variation of the de-
lay between the laser pulses and a scan makes it possible to
study the evolution of expansion of the luminescence zone.
A typical pattern obtained by projection of this zone onto the
diode array of the optical multichannel analyzer is shown in
Fig. 7 for the case of MPE of the OsO, molecule by CQO, laser
radiation.

The distribution of the luminescing particles revealed
by such an array at different moments in time is governed by
two factors: 1) expansion of the luminescence zone in the
cell because of flying apart of molecules or fragments; 2)
projection of the luminescence zone onto the diode array.
One can show that, allowing for the cylindrical symmetry,
the density of the gas at a given pointr at a given moment t is

p(r, )= __ED_Hﬁ__e\

Ritviz P ( T ORI ) (6.12)
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FIG. 6. Experimental arrangement used in determination of the velocities
of luminescing particles.

It is assumed here that the initial radial distribution is Gaus-
sian and the radius is Ry; U = (2kT'/m)'/? is the most prob-
able velocity and p, is the initial concentration of the lumin-
escing particles. It is clear from Eq. (6.12) that at an
arbitrary moment in time the radial distribution is charac-
terized by a radius

R2(t) = R} + v2 (6.13)

when the total number of the luminescing particles in a cy-
lindrical column of unit length is

N= 5 o (r, t)-2nr dr =R},
0
Projection of the radial distribution f{(7) can be described by

an integral
(r2-xn1/a
f@=2 |
0
where x is the horizontal coordinate on the screen of an opti-
cal multichannel analyzer (Fig. 6). In the case of a Gaussian
distribution p(r, t) of Egs. (6.12) and (6.15) we have
- V; P}
@)= viayn

(6.14)

f(di, (6.15)

2
L e ). (6.16)

It therefore follows from Eq. (6.16) that if we adopt the

Gaussian approximation for the initial distribution, we find
that the radius of the projection of the distribution of Eq.
(6.16) determined directly is equal to the radius of the initial
distribution described by Eq. (6.12). It therefore follows
that if we measure R(¢) at different moments in time (Fig.
7), we can use Eq. (6.16) to determine directly the velocities
of the luminescing particles. A detailed analysis of this meth-
od can be found in Ref. 54.

There are also beam variants of time-of-flight methods
based on different distributions of the directions of the veloc-
ity vectors of the molecules themselves and their fragments
formed as a result of MPE in a molecular beam.**%

6.2. Separation of successive stages of luminescence

Time-of-flight spectroscopy of luminescing particles
makes it possible to distinguish the luminescence of the mol-
ecule itself and of its fragments. However, in many cases this
task is complicated by the fact that during a laser pulse there
are several stages of fragmentation of a molecule and, in ad-
dition to the primary fragments, secondary fragments (radi-
cals) may form and so on until MPE of the individual frag-
ments by laser radiation becomes impossible. The multistage
fragmentation of a molecule and the consequent feasibility
of IER in the case of many fragments greatly complicates the
task of identification of the luminescence and it demands a
method capable of separating possible successive stages of
such luminescence. A simple method for such separation is
proposed in Ref. 45. In this method the likely consecutive
processes in the case of MPE can be separated on the basis of
the vibrational activation energy require for realization of
these processes. In fact, if IER of a molecule does occur, it is
characterized by the lowest vibrational energy E,. This
means that as the vibrational energy is increased, we should
observe first IER of the molecule itself. The next process—
dissociation of the molecule-—requires an energy D (it is
usually found that E, < D, see Sec. 4). The process of IER of
a primary fragment”’ requires formation of the fragment and
then excitation to the limit of the upper electronic term E {,
i.e., theloss of an energy E > (D + E}), and so on for IER of
subsequent fragments. Therefore, each of the postulated
processes (IER as a result of MPE of the molecule itself,
IER as a result of MPE of a primary fragment, and IER asa

focal zone image

4, rel. units

1,01~

0,51
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FIG. 7. Evolution of the projection of the luminous zone of
0s0O, molecules onto a diode array of an optical multichan-
nel analyzer (MCA), determined using the arrangement in
Fig. 6.
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result of MPE of a secondary fragment) occurs at an increas-
ing threshold energy of laser radiation. Another important
circumstance is that in this sequence of processes we can
expect MPE always to quench the luminescence which re-
sults from IER. In other words, if we assume the possibility
of all the consecutive processes in the case of MPE, then an
increase in energy density of laser radiation can result in
appearance of molecular luminescence and then in its disap-
pearance. This should be followed by the appearance of the
luminescence of the primary fragments and its quenching by
dissociation, etc.

A convenient experimental method for obtaining such
dependences in a wide range of energy densities ® is a direct
analysis of the spatial distribution of the luminescence re-
corded by focusing CO, laser radiation in a cell containing
the investigated gas. The laser beam is focused in the cell so
that the CO, laser radiation energy density is spread out
along the beam with its maximum at the center of the lens
caustic. The resultant longitudinal spatial distribution of the
luminescence can be recorded directly with an optical multi-
channel analyzer so that after a suitable treatment of the
results (see Ref. 45), it is possible to obtain the complete
dependence of the luminescence intensity on the laser radi-
ation energy density. Such measurements can be carried out
during a single CO, laser pulse. In a qualitative estimate of
the existence of various stages of luminescence it is possible
to replace a diode array of an optical multichannel analyzer
with an ordinary photographic plate. Photographs of the
visible luminescence induced by CO, laser radiation are re-
produced in Fig. 8 for the OsO, molecule. These photo-
graphs show clearly bright and dark regions representing
enhancement and subsequent quenching of the lumines-
cence as the laser radiation energy density is increased ap-
proaching the focus of the lens at z = 0. The bright spot
between two dark regions represents a given luminescence
stage. Replacement of a photographic plate with a more sen-
sitive diode array has made it possible to distinguish three
stages of the luminescence of the OsO, molecule and to ob-
tain the dependences of its intensity on the laser radiation
energy density.

Laser beam l

F1G. 8. Method for separation of successive stages of luminescence.** The
photograph shows the two strongest luminescence stages (Il and III)
observed by fousing CO, laser radiation (f= 17.5 cm) in an OsO, cell at
gas pressures (Torr): 1) 7.5x1077% 2) 22X 1077 3) 7.5X 1077 4)
1.5x107".
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The experimental results reported in the present section
could, together with the traditional spectra, be used to study
effectively and identify the visible luminescence which ap-
pears as a result of multiphoton excitation of molecules by
infrared laser radiation. Specific applications of this method
to the visible luminescence of the OsO, molecule will be con-
sidered below.

7. VISIBLE LUMINESCENCE EMITTED BY THE OsO,
MOLECULE DUE TO EXCITATION WITH CO, LASER
RADIATION AND INVERSE ELECTRONIC RELAXATION

7.1. Lower electronic terms of the OsO, molecule

The OsO, molecule belongs to a large class of isoelec-
tronic tetrahedral oxygen compounds (see Fig. 9).%”7 The
electronic energy levels of such compounds have been calcu-
lated on many occasions by a variety of methods (see, for
example, Refs. 68 and 69). The general scheme of molecular
orbitals accepted at present is shown in Fig. 9. The excited
electronic states with the lowest energy 'T, and 'T, corre-
spond to a transition of an electron from a completely filled
orbital £,, which behaves basically as a nonbonding 2p orbi-
tal of the oxygen atom, to a partly filled orbital 2e consisting
mainly of the d orbitals of the metal atom. An electronic
spectrum of such oxygen complexes begins with a strong
band corresponding to the dipole-allowed transition
IT,(t]2e") «'4,(152¢”) (in the case of the OsO, molecule
the energy of the 0-0 transition is ~3.1X 10* cm™—see
Refs. 68 and 70). Somewhat lower on the energy scale we
have the singlet time 'T, (Fig. 9) and the transition to this
term from the ground electronic state 'A | is forbidden.”’ The
two-singlet terms correspond to the triplet states *T, and
*T,. The singlet-triplet splitting was calculated in Ref. 69 for
a range of oxygen complexes. For example, in the case of the
RuO, molecule (transition 2e —t,) it amounts to ~0.8 eV.
For OsO, the corresponding value is not known, so that the
triplet terms in Fig. 9 are represented at nominal positions
with an approximately the same splitting as in the case of the
RuO, molecule.

The dissociation energy of the OsO, molecule had been
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FIG. 9. Molecular orbitals of tetrahedral oxygen complexes (on the right)
and lower electronic terms of the OsO, molecule (on the left). The photon
energies are also shown for the most widely available ultraviolet N, XeCl,
and KrF lasers. )
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determined by a variety of methods.”>”"* Its most probable
value 3.8 X 10* cm~! agrees with the results of experiments
involving ultraviolet excitation of OsO, by radiation from
N,, XeCl, and KrF lasers (the laser radiation photon ener-
gies are given in Fig. 9).

The tetrahedral oxygen complexes have a number of
shared luminescence properties. An investigation of the low-
temperature luminescence of oxygen complexes
(VO3}~, CrO%~, MoO?%~, WO; ) in solid-state matrices
had shown that in all cases the excitation of the strong
'T,—'A, band results in the luminescence from the triplet
levels T, and >T,. The observed luminescence is character-
ized by long radiative times (7,4 ~ 1-10 ms) and wide struc-
ture-free spectra shifted strongly toward the red range rela-
tive to the investigated electronic luminescence band.

7.2. Main characteristics of visible luminescence emitted by
the 080, molecule as a result of excitation with CO, laser
radiation

Excitation of the OsQ, molecule by CO, laser radiation
in the infrared absorption band of the v,(T,) mode™ " gives
rise to visible luminescence. Figure 10 shows typical evolu-
tion of the visible luminescence in time when the OsO, mole-
cule is excited by CO, laser pulses of energy density ®~0.7
J/cm?. Selecting suitably the excitation conditions, we can
readily separate the collisionless luminescence stage. Excita-
tion at the center of the P branch gives rise to not only the
collisionless but also to the collisional luminescence. This
behavior is due to a special feature of the infrared MPE pro-
cess itself, discussed in detail in Refs. 62, 77, and 78.

Luminescence with similar time and spectral character-
istics (Fig. 11) can be induced by N, laser radiation
(A = 337 nm) under conditions such that the peak intensity
of the luminescence depends linearly on the laser radiation
intensity and, consequently, the processes associated with
multiphoton absorption of ultraviolet radiation can be ig-
nored.”*! The radiative luminescence lifetime in the case of
ultraviolet excitation (7,,4 =~ 1.5 ms) and the rate constant
of the collisional luminescence quenching (kK ~' =95 + 10

CO, laser pulse
o
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Coliisionless Luminescence - \icional

1_\,,\,“_,._/‘”— £, Torr [C/ MI
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.'-’ 15‘ ‘.,9.
5 M [
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FIG. 10. Evolution of visible luminescence emitted by the OsO, molecule
as a result of excitation with the CO, laser radiation.” ® = 0.7J/cm’. The
infrared absorption spectrum of OsO, (v, mode) is shown below and the
frequencies employed are identified.
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FIG. 11. Luminescence (a) and luminescence relaxation times (b) ob-
tained by excitation of OsO, with CO, laser radiation (continuous curve,
symbol 1) and N, laser radiation (dashed curve in Fig. 11a, symbol 2).7*

ns. Torr) are in good agreement with the corresponding pa-
rameters of the luminescence induced by CO, laser radiation
with an energy density in the range ® 2 J/cm? (Table I).**
The time-of-flight measurements of the distribution of the
velocities of the luminescing particles (see Sec. 5.1) demon-
strate that they agree quite accurately with the Maxwellian
distribution of the OsO, molecules themselves.*' These ex-
periments have led to the conclusion that the visible lumines-
cence which appears as a result of interaction with CO, laser
radiation of low energy density (P 2 J/cm?) is due to the
osmium tetraoxide molecule itself and the most probable
process which can result in the luminescence is IER,'*?%4!

7.3. Theoretical model of multiphoton excitation and inverse
electronic relaxation of the 0sQ, molecule

A complete theoretical description of the process of
MPE of molecules is not yet possible since there is no satis-
factory theory that can describe the excitation of the lower
vibrational states of molecules characterized by E<E,,
(see Sec. 4). However, in many cases the process of IER can
be simulated in the range of vibrational energies lying above
the limit of the vibrational quasicontinuum and in this range
we can calculate the parameters of MPE quite readily using
simple rate equations (see Sec. 4.4). Therefore, in such cases
we can describe IER simply by limiting ourselves to the
range £> E ;. and ignore the lower vibrational states. A
strong inhomogeneity of the vibrational distribution, which
appears in the case of MPE of OsQO,, makes it possible to
separate arbitrarily the population of the lower vibrational
levels from the vibrational quasicontinuum by specifying the
fraction of the molecules ¢ which are excited in this quasi-
continuum.”” The factor g describing the processes of inter-
action of infrared laser radiation with lower vibrational lev-
els can be excluded by measuring not only 7, (¥, ), but
also the average energy absorbed per molecule of the excited
gase(P, (1) (Refs. 28 and 82). Then, in the first approxima-
tion (ignoring the gradual shift of the molecules to the vibra-
tional quasicontinuum during a laser pulse), we have

][‘: qli‘“cv &= un\IL (71)

where 7 and £ are the quantities calculated for the vi-
brational quasicontinuum using the rate equations (4.11). A
comparison with the experimental results of a quantity rep-
resenting the quantum efficiency of MPE
I, (@. @
= eL(Ep, Q))' :
makes it possible to determine the parameters of the quasi-

(7.2)
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continuum [i.e., of the cross section in the system (4.11)]
and the fraction of the excited molecules g:

g=——. (7.3)

£

This approach is self-consistent only if the result obtained in
the form of the dependence g(®) is a slow function of ®. In
the case of OsO, this is indeed true.”® There are also indepen-
dent experimental methods for the determination of the frac-
tion g of the excited molecules.”’

After selection of the quantum efficiency of Eq. (7.2),
which can be determined experimentally under collisionless
excitation conditions and can be compared with the calcula-
tions, we still have to find the cross sections ¢ ¢ in the system
of equations (4.11) in order to determine the parameters of
MPE and IER. The simplest way for specifying cross sec-
tions in terms of two parameters so as to allow for the shifts
and broadening of the relevant bands in the vibrational qua-
sicontinuum is to select a Lorentzian profile of o ;, as was
done in Refs. 27 and 28 (see Sec. 4). In the case of the OsO,
molecule the dependence ¥ (E) is selected to be quadratic
because of the presence of good intermode fourth-order re-
sonances of Eq. (4.9):

; E 2
V(E) =V (457)
The second parameter X, determines the linear shift of the
maximum of the absorption band in the vibrational quasi-
continuum:
V(E) =vi—X, (=) - (7.5)

Ivg

(7.4)

The integral strength of the band is found from the known
value of the dipole moment of the transition in the v; mode:
oy = 0.17 + 0.02 D (Ref. 76). The third independent pa-
rameter is the energy of the 0-0 transition E,; representing an
electronically excited state from which transitions take place
giving rise to the observed visible luminescence.

A comparison of the calculations with experimental re-
sults carried out in a wide range of ® and Q has made it
possible to find the following values of the parameters of the
model in the case of the OsO, molecule®®

Vo=0,1cm!, X,=45cm', E,=10% cm~",

(7.6)

These parameters were obtained from the experimental re-
sults on one-frequency excitation of the molecule. They de-
scribe satisfactorily the results obtained in two-frequency
excitation [, (®,, ®,, Q,, Q,) if the second laser field is
detuned sufficiently far from the linear absorption band and
does not shift new molecules to the vibrational quasicontin-
uum. Figure 12 shows the calculated vibrational distribution
functions f (E) and the relative efficiency of the lumines-
cence of the individual levels pg (E — Ey)fg (E)/pg (E)
=/f*(E). When the laser radiation energy density is in-
creased, the distributions become broader and their maxima
shift toward higher vibrational energies. The luminescence
intensity increases (Fig. 13) until £ < D. At high energy
densities ® a considerable fraction of the molecules reaches
the dissociation limit D and monomolecular decay of mole-
cules, OsO,— OsO; + O, takes place resulting in quenching
of the visible luminescence (Fig. 13).
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FIG. 12. Calculated distribution of the OsO, molecules between the vibra-
tional states (curve 1) and the effective population of the luminescing
levels (curve 2).%* The calculation was carried out for ,,, = 947.7 cm ™'
and ® = 0.27 J/cm>.

7.4. Multistage nature of the emission of visible
luminescence. Inverse electronic relaxation of the 0sO,
molecule and its fragments

A theoretical model of MPE and IER in the case of the
0sO, molecule, based on the parameters obtained from a
comparison with the experimental results at relatively low
energy densities ® & 2 J/cm?, makes it possible to predict the
behavior of the luminescence of the OsO, molecule itself in
any range of ® (see Fig. 13) and in particular the nature of
the quenching of the luminescence of the OsO, molecule it-
self and the appearance of the OsO, radical fragment. The
fragment OsO; contains the heavy osmium ion and naturally
has an approximately the same frequency of the Os-O va-
lence vibration as the molecule itself, so that this fragment
can also absorb the radiation from the same laser pulse. The
additional energy transferred to the vibrational degrees of
freedom of the OsO, fragment as a result of monomolecular
decay of OsO, (see Sec. 4.5) broadens the vibrational spec-
trum and this improves the conditions for MPE in the case of
this fragment. The characteristic structure of the electronic
terms and the dissociation energy of OsO; are governed by
the orbitals of the same atoms. We can therefore expect that
below the dissociation limit of the fragment there are also
electronically excited states which shift together with the
ground electronic term. Consequently, if the laser radiation
energy density is sufficiently high, we can expect a different
luminescence associated with IER of the OsO; fragment.
This applies equally to another fragment OsO, formed next
as a result of multiphoton dissociation of OsO,.

The luminescence of OsO, was investigated at laser ra-
diation energies right up to 10 J/cm? using a method of
separation and analysis of the consecutive stages of the lumi-
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FIG. 13. Calculation of the dependence of the luminescence intensity 7,
(curve 1) and of the dissociation yield S (curve 2) on the energy density
of laser radiation ® interacting with the OsO, molecule.
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nescence (see Sec. 6.2).* It was found that in the case of the
0s0O, molecule there were three different luminescence
stages, depending on the energy density of infrared laser ra-
diation. Each of these stages has a definite threshold of the
appearance depending on ® and the characteristic lumines-
cence spectrum. Different stages are characterized also by
different velocities of the luminescing particles. The ob-
served luminescence stages are described by a sequence of
processes occurring during one infrared laser radiation
pulse: IER following multiphoton dissociation of the OsO,
molecule (stage I); IER following multiphoton dissociation
of the primary fragment OsO, (stage II); IER following
multiphoton dissociation of the secondary fragment OsO,
(stage IIT). Such a chain of the processes is clearly a fairly
general mechanism of the appearance of the luminescence
and, depending on the actual molecule subjected to infrared
laser radiation, the molecular luminescence or that emitted
by one of the fragments may be absent.

Figure 14 shows typical dependences of the lumines-
cence intensity on the laser radiation energy density ob-
tained by the method of longitudinal focusing (see Sec. 4.2)
in the excitation of the v; molecule of OsO, at various CO,
laser radiation frequencies. A characteristic feature of these
curves is the presence of three clear luminescence stages.
Within each stage the dependence I (P) ischaracterized by
the following features: the threshold nature of the appear-
ance of the luminescence during the initial part of each stage
and the subsequent reduction in the slope of the curves on
increase in ® until they reach saturation or even quenching.
The dependences I () for the stages I and II are described
in Ref. 45 by postulating and justifying a model of ““similar-
ity’ of the luminescence of the molecule and its fragments
from which it is found that the overall luminescence intensi-
ty is described by

I, (@) = I (D)

CD
+ 1@ @) 2 [ @— 0],
0 rad

(7.7)

702

7 70 702 70°

FIG. i4. Dependences of the intensity £, of the visible luminescence in-
duced by CO, laser radiation in an OsO, gas on the laser radiation energy
density, determined by the method of separation of consecutive lumines-
cence stages.*’
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/

where the indices m and f refer to the molecule and the frag-
ment, respectively; /8 is the dissociation efficiency; (o™)

are the characteristic absorption cross sections in the vibra-
tional quasicontinuum. The experimental results are com-
pared in Fig. 15 with the calculations describing two lumi-
nescence stages corresponding to MPE of OsO, and OsO,.
These models cannot be used to calculate the intensity of the
luminescence observed as a result of MPE of the OsO, frag-
ment (stage III) because in the case of triatomic fragments
we cannot speak of a quasicontinuum even in the range of
vibrational energies close to the dissociation limit since the
density of the vibrational levels is too low.

7.5. Velocities of luminescing particles

The time-of-flight measurements (see Sec. 6.1) provide
an additional illustration of the multistage nature of the ob-
served luminescence. After multiphoton dissociation of mol-
ecules some of the overexcitation energy (in excess of the
dissociation limit) is transferred to the translational degrees
of freedom of the fragments. The degree of overexcitation
AE; (the index i =0, 1, and 2 applies to OsO,, OsO,, and
Os0,, respectively) can be estimated from the relationship
equating the decay and absorption rates [Eq. (4.20)]. In
estimating the decay rate in the form of Eq. (4.19), it was
found in Ref. 45 that the values of AE; are related by

1 AE MY 4 AEj st

& (35 =5 ()

(7.8)

where s; is the number of the vibrational degrees of freedom
of the molecules and its fragments. The translational degrees
of freedom receive an energy AE, /s, as a result of each frag-
mentation event and the increase in the kinetic energy Ag;,
for the heavier fragment is relatively small {see Eq. (6.2)].
We can use Eqs. (6.2) and (7.8) to determine the average
corrections to the velocities of translational motion of the
fragments as a result of multiphoton dissociation. Figure 16
shows the results of calculations of the most probable veloc-
ities of the luminescing particles expected for different de-
grees of overexcitation AE; above the dissociation limit of
the OsO, molecules itself. The experimental values (repre-
sented by black dots in Fig. 16) were obtained by a method

-z, rel. units
o
107
L
702_—
10;
t @®, J/cm?
bl o
7 70 70

FIG. 15. Comparison of the experimental and calculated dependences
I, (&) obtained for the luminescence stages I and II in the OsO, gas.
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FIG. 16. Relative changes in the velocities of luminescing particles plotted
as a function of @ (Ref. 45). The experimental velocities (represented by
black dots) are reduced to the value ¥, at ® =5 J/cm” (stage 1). The
continuous lines represent the velocities calculated for various degrees of
excess of the vibrational energy in OsQ, over the dissociation limit: AE,/
#Q,.. =1,3,5and 7.
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described in Sec. 6.2. The value of the parameter
AE, = 5%10% cm™! is in agreement with typical degrees of
overexcitation in the case of MPE of pentatomic mole-
cules.*> Moreover, the dependences of the velocities of the
luminescing particles on the energy density also demon-
strate the threshold nature of the change in the velocity on
transition to the range of energy densities ® corresponding
to the stage I1. The time-of-flight measurements therefore
confirm the main assumption about the consecutive compe-
tition of the luminescence and dissociation process in the
case of OsO,, OsO,, and Os0O,.

The case of the OsO, molecule demonstrates the full
range of possible processes: IER after multiphoton dissocia-
tion of the OsO, molecule itself and of its two fragments
0s0, and Os0,. As pointed out already in Sec. 5, one of the
important tasks in the study of IER is the search for specific
electronic states associated with this process. In the case of
the OsO, molecule these states are most probably the lowest
triplets. One should mention here also the similarity of the
spectral and time characteristics of the OsO, luminescence
with those reported for other tetraoxygen complexes (see
Sec. 7.1).

8. DETACHMENT OF AN ELECTRON INDUCED BY INFRARED
LASER RADIATION

Other objects which are affected significantly by the
nonadiabaticity in the interaction with infrared laser radi-
ation are negatively charged complexes formed as a result of
attachment of electrons to molecules and radicals. As a rule,
the electron affinity of these complexes is less than 3 eV,
whereas the binding energy of most of the compounds is 3-5
eV (Refs. 83~85). This means that the electronic terms of
the neutral molecule, transition from which may result in
detachment of an electron, lie below the dissociation limit of
the ground electronic state of many negative ions. In fact,
photodetachment of an electron by ultraviolet or visible ra-
diation is a thoroughly investigated process.*> A new pro-
cess, which has become accessible to experimental study as a
result of infrared MPE, is photodetachment induced by in-
frared laser radiation.®® This process is closely analogous to
IER described above. We are dealing here again with con-
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version of vibrational into electronic energy. The only differ-
enceis that the vibrational energy is transferred to the trans-
lational energy of a freely moving electron, i.e., that the
photodetachment of an electron induced by infrared laser
radiation is determined by the coupling of the vibrational
quasicontinuum of the ground electronic state to the elec-
tronic continuum.

Experiments on detachment of an electron by infrared
laser radiation have been carried out using a pulse spectrom-
eter for investigating cyclotron resonance of ions. The re-
quired ions were generated, confined, and detected in special
ion traps at pressures of ~107° Torr (Refs. 86-89). These
ions were excited by CO, laser radiation pulses which were
applied approximately 500 ms after an electron beam pulse
which generated the initial anions. The photodetachment by
infrared laser radiation was deduced from a change in the
anion concentration due to the interaction with CO, laser
pulses. A more detailed description of these experiments can
be found in Refs. 86-89.

Table II lists a number of compounds for which the
detachment of an electron induced by infrared laser radi-
ation has been observed experimentally. We shall consider
the acetone enolate anion by way of example.?® In the case of
this compound the electron-detachment and dissociation
limits were E; = 1.45x10* cm ™! and E, = (2-2.2) x 10*
cm™'. When MPE was due to CO, laser radiation with an
energy density ~ 1 J/cm?, it was found that an electron was
detached preferentially, but when © was increased to 2 I/
cm?, both an electron was detached and the radical anion
was dissociated into H-C=C-0O~ and CH, fragments, and
the probabilities of these processes were approximately
equal.

The nonadiabaticity operator resulting in the observed
detachment of an electron has the familiar form (see, for
example, Ref. 90):

Vin = 2 [ 23 Gn 1 92 1)

]

+:4_i(‘l7h | Vo 19 VQJ, (8.1)
where ¢, (x, Q) are the electronic wave functions dependent
on the coordinates of the electrons x and nuclei @, and their
summation over / extends to all the nuclei. In the case of
photodetachment we have to consider electronic states of the
A7 anion |¢, _ (x, @)) and the electronic states of the neu-
tral molecule A” together with a free electron with a wave
vector k, which are |#,., (x, @)). Then, the probability of
the photodetachment is easily estimated using the first order
of perturbation theory:

2a -
Wi =" 1V o 5 am 120 (ET—EY, (8.2)
where £ and E J(-’ are the vibrational-rotational states of
A~ and A®, respectively; p, is the density of the translational
states of a free electron with the kinetic energy
E =E; — E} which is of the form

8m )3/2 44 (8.3)

pe(E):("ﬁ—z‘ - EV2.
Since p. (£) increases slowly on increase in E, the main in-
fluence on W, ; comes from the matrix element of the nona-
diabatic interaction. A detailed analysis of this influence can
be found in Ref. 91.
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TABLE II. Anions from which an electron is detached as a result of multiphoton excitation with

infrared laser radiation.

Electron affinity,| Ref

Anion Chemical formula eV
1 Benzyl 7z N CH; 86, 87
1 Allyl H,C=CH—CHy 0,55 87
2,4-Hexadienyl CH,CH=CH—-CH=CH—CH;y 0,9 87
1,3-Cycloheptadienyl 7N\ 0,9 87
; N/
li 7N NE- 1,15 &
v Anilide N NH ,
Acetone enolate 0- 1,8 8o
|
C
7\
H,C CH,

If should be pointed out that, even before the discovery
of the feasibility of preparing vibrationally excited molecu-
lar ions by MPE by exposure to infrared laser radiation, it
has been known that such anions can be generated by the
processes

A-+ B —[AB-]* -~ AB + e, (8.4)

AB + e~ = [AB-)* 5> AB + e-. (8.5)

In many cases it is found that decay of a vibrationally excited
[AB™]*anionis followed by the formation of a neutral mol-
ecule and an electron. In the case described by Eq. (8.4) this
process is known as associative ionization®*“* and the case
described by Eq. (8.5) is the familiar resonance scattering of
electrons by molecules (Feshbach resonances).®® During
the stage of decay of a vibrationally excited complex these
two processes obviously represent the photodetachment of
an electron by infrared laser radiation.

9. CONCLUSIONS

This review has dealt with nonradiative processes
which occur in the case of collisionless MPE of the vibration-
al levels of the ground electronic state by infrared laser radi-
ation. This excitation method and the opportunity for inves-
tigating IER and infrared photodetachment of an electron
have become possible because of the discovery and the devel-
opment of the method of MPE by infrared laser radiation.

However, it should be pointed out that whereas vibra-
tional activation of the molecules in the ground electronic
state has been discovered relatively recently, vibrational ex-
citation of the upper electronic terms has been known for a
long time. In fact, interaction with an ultraviolet or visible
photon #w can be used to generate a molecule in an electroni-
cally excited state with a vibrational energy reserve
E = #(w — 0, ) (w, is the frequency of the 0-0 transition).
The probability of absorption of a photon of energy #iw is
governed by the relevant Franck-Condon factor which lim-
its the possible range of vibrational energies in the upper
electronic state.”

In the case of excitation we find that IER has its own
analog known®® as ““delayed fluorescence.” In this case the
parameters of the luminescence obtained from an electroni-
cally excited state are influenced by the adjacent electroni-
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cally excited terms (for example, triplets). The additional
excitation of molecules by infrared laser radiation in the trip-
let electronic states has provided a new opportunity for in-
vestigating this delayed fluorescence.”’°

An analog of infrared photodetachment in electronical-
ly excited states is vibrational autoionization of the Rydberg
molecular states'%!:

A+ hvgy > A* > A+ -, 9.1)
This process is also being investigated extensively at present.
New opportunities for a study of the nonadiabaticity using
MPE by infrared laser radiation have helped to understand
better also these interesting processes. \

The process of IER supplements the class of the pro-
cesses involving intramolecular migration of energy between
the electronic and vibrational degrees of freedom. Although,
as demonstrated above, there arestill various unsolved prob-
lems in the interpretation of the IER experiments, studies of
the characteristics of the luminescence emitted as a result of
IER has become the standard probing method for the investi-
gation of MPE itself.!%%!93 This is due to the fact that, on the
one hand, the observed characteristics of the visible or ultra-
violet luminescence are governed by the vibrational distribu-
tion function formed as a result of infrared MPE [see, for
example, Eq. (3.4)]; on the other hand, we now have suffi-
ciently simple and sensitive methods for recording the lumi-
nescence in the relevant spectral range.

The influence of IER on luminescence observed as a
result of excitation of large (with 20-50 atoms ) molecules in
the ultraviolet range was discussed recently in Ref. 104 in
connection with astrophysical investigations and the obser-
vation of polycyclic aromatic hydrocarbons in space. Under
vacuum conditions in space when the time between colli-
sions is of the order of 5x 10° s, the main relaxation channel
is cooling as a result of infrared luminescence (£{3°'~3s). A
new and unusual hierarchy of the constants makes possible
the following process: after absorption of an ultraviolet pho-
ton and direct nonradiative transition a molecule may emit
in the infrared and also (after inverse electronic transition)
in the visible range. The effective luminescence rate is gov-
erned by the statistical ratio of the densities of states {see
Egs. (3.2) and (3.3)]. When the initial excitation is suffi-
ciently strong, the visible luminescence may be emitted sev-
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eral times, i.e., the quantum efficiency of the luminescence
may exceed 100%. The authors of Ref. 104 are of the opinion
that this mechanism can account for the red luminescence
observed in many regions of interstellar space.'®

Further investigations of IER should develop in the di-
rection of exact identification of the excited terms of both
stable molecules and radicals responsible for the observed
luminescence. It would undoubtedly be of interest to use
picosecond and subpicosecond infrared excitation and to
study (with the same time resolution) the dynamics of tran-
sitions between the various electronic terms of isolated mole-
cules.

The authors are grateful to V. S. Letokhov and M. V.
Kuz’'min for reading the manuscript and their comments.
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