
Abstract. A review of the vibrational relaxation of excimers is
presented. Various kinetic models used in the literature to inter-
pret experimental data and to model excimer lasers are dis-
cussed. Of these, those based on the Fokker ± Planck diffusion
equation are the most general due to the essentially nonequili-
brium population of the hundreds of high vibrational levels and
because of the multiquantum nature of the transitions involved.
Numerous manifestations of these important kinetic features
are analyzed. The diffusive relaxation concept has led to an
overestimate of the influence of vibrational relaxation on ex-

cimer laser parameters, the saturant light flux and quantum
yield expressions departing considerably from those commonly
used. To gain insight into relaxation physics, considerable at-
tention is given to the determination of kinetic parameters cap-
able of adequately describing the electronic-vibration kinetics.
Rate constants for excimer vibrational relaxation are also gi-
ven.

1. Introduction

Developments in laser physics during the last decades have
been crowned with the advent and further improvement of
excimer lasing systems, the most powerful and effective of all
UV lasers [1 ± 12]. At present, great efforts are being made to
improve the KrF excimer light amplifier to be used in a laser
thermonuclear fusion facility [13 ± 17]. The Rutherford
Appleton Laboratory [15] has already achieved a radiance
of order 1020W cmÿ2 srÿ1 and demonstrated the possibility of
raising it to 1022 W cmÿ2 srÿ1. For a light intensity of
1021 W cmÿ2, the electric field strength is approximately
1014 V mÿ1. This is 100 times greater than the strength of the
Coulomb field binding an electron in a ground-state hydro-
gen atom. Harnessing such high-power radiation has had
revolutionary effect on the progress in atomic and plasma
physics since the late 80s [18].
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The advent and development of excimer lasers has been
supported by extensive investigations of excimers, i.e.
diatomic molecules (dimers) stable only in the excited state
[4]. A wealth of data has been obtained from experimental
studies of luminescence spectra and the kinetics of electro-
nically excited states of rare-gas halides (RgX). However,
some theoretical aspects of excimer kinetics have not yet been
adequately described. Specifically, there is a gap in the
understanding of the kinetics of vibrational relaxation of
excimers.

Investigations of vibrational relaxation in excimer laser
modelling were frequently substituted by simplified approx-
imations, one of the most widely employed being the concept
of an equilibrium molecular distribution over vibrational
levels. However, this approach ignores a number of experi-
mental and theoretical findings. It was shown back in 1979
that a part of the KrF(B) excimers in a KrF laser populate
high vibrational levels and do not contribute to light
amplification [19 ± 21]. Many phenomenological models of
active media, taking into consideration vibrational relaxa-
tion, make use of VT-relaxation rate constants which are in
fact adjustable parameters of these models [9, 10, 22]. It is
generally accepted that there are universal kinetic parameters
for excimers such as quenching rate constants KQ and
effective radiative lifetimes tre. In other words, it is believed
that the time tre for a molecule measured in one experiment
must be just the same in another experiment. However, the
Einstein coefficients for spontaneous RgX(B,C) phototransi-
tions are known to depend on the vibrational energy [23 ± 25];
therefore, tre must be a function of the vibrational distribu-
tion of molecules.

Also, it should be emphasized that theoretical interpreta-
tions of experimental findings are sometimes conflicting.
Here is an example illustrating the discrepancy. Studies [14,
26, 27] on active media of XeCl excimer amplifiers revealed a
nanosecond recovery for the gain coefficient following
propagation of a short saturant light pulse through the active
medium. The experimental results [26] were explained in two
mutually exclusive ways [26, 28]. It was first supposed that the
measured time ts of the gain recovery approximately equals
the XeCl� quenching time [26]. Later, however, it was
concluded that ts is equivalent to the vibrational relaxation
time of XeCl� [28].

It is clear from the above discussion that the distribution
of excimers over vibrational levels needs to be thoroughly
investigated. It is worthwhile to note that the Soviet school of
physics has made a fundamental contribution to the develop-
ment of the vibrational relaxation theory [29 ± 46]. Some of
these results are used in the present review. Specific features of
excimer relaxation include a markedly nonequilibrium
molecular distribution over vibrational energy levels and
multiquantum character of transitions. Some approaches to
the construction of vibrational relaxation models are con-
sidered in Section 2. The validity of a method for studying
relaxation kinetics certainly depends on the knowledge of the
vibrational relaxation rate constants kVT. The corresponding
values for excimer molecules are summarized in Tables 2 ± 4
(Section 4). When using these constants, it should be borne in
mind that the term vibrational relaxation rate constant is
employed to define parameters having essentially different
physical meanings. Section 3 discusses characteristic features
of typical quasi-steady-state distributions of excimers
throughout vibrational energy levels. Section 5 deals with
the influence of vibrational relaxation kinetics on the

performance of excimer lasers. Effects of plasma electrons in
excimer lasers on the kinetics of relaxation processes are
considered in Section 6. Moments of the vibrational energy
distribution function calculated in Section 7 are harnessed to
estimate deviations of vibrational populations from equili-
brium for both time-averaged or steady-state processes
(Section 7.1) and vibrational relaxation kinetics in the case
of pulse excitation (Section 7.2). Section 8 illustrates the
application of the diffusion approximation. The intensity of
experimentally observed nonstationary I2�D 0 ÿA 0� lumines-
cence is computed in Section 8.1. Section 8.2 analyzes
experimental results on the dynamics of the gain recovery in
an excimer amplifier of UV radiation. Section 9 is concerned
with the effect of amplifying far IR radiation by RgX
excimers arising from the nonequilibrium population of
high vibrational levels. And, finally, Section 10 gives
evidence that effective radiative lifetimes and the quenching
rate constants of excimers should not in fact be regarded as
constants. In the Conclusions, the importance of the physical
phenomena reviewed in this paper is emphasized.

2. Vibrational relaxation models

Studies of excimer vibrational relaxation have employed
several model representations. The simplest and most widely
used models took advantage of the phenomenological
approach. In these models, the set of all highly excited
vibrational levels was considered as one energy state. More
rigorous investigations required the electronic state to be
divided into blocks of 4 to 20 vibrational levels each.
Populations of such groups of levels were evaluated by
means of numerical solution of level-to-level kinetic equa-
tions. Simple models allowing for correct analytical studies of
different kinetic problems were constructed, based on the
diffusion approximation.

It should also be emphasized that early studies [47, 20]
have estimated the characteristic time-scale of vibrational
relaxation without computing the population of selected
vibrational levels. For example, the excitation of an I2=Ar
mixture by an electron beam of less than 40 ps duration
resulted in the nonstationary luminescence of I2�D 0� mole-
cules [47]. Examination of the spectral and kinetic character-
istics of this luminescence allowed the vibrational relaxation
time tv and radiative lifetime of I2�D 0� to be determined. The
value of tv was derived from the comparison of quenching of
luminescence with two light wavelengths, l1 � 342 and
l2 � 323 nm. It is known that emission with l1 corresponds
to the phototransition from the ground vibrational level of
I2�D 0�, while emission with l2 to that from the high
vibrational level (the ninth one as according to Ref. [48]).
Ref. [47] reports measurement of decay times t�l� for the two
types of luminescence. The vibrational relaxation time was
found from the following relation

tÿ1v � tÿ1�l2� ÿ tÿ1�l1� : �1�

This formula was also used in Ref. [20]. Evidently, the
involvement of many vibrational levels in the relaxation
process accounts for the dependence of the relationship
between t�l2� and t�l1� on several kinetic parameters.
Therefore, the observed value of tv (1) may be considered as
a very rough estimate of the vibrational relaxation rate.
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2.1 Phenomenological models
In 1979, Jacob and co-workers [19, 21] measured intensity of
KrF�B! X� fluorescence in the direction perpendicular to
the axis of a KrF laser. The measurements were performed in
the presence and absence of a laser radiation field. The results
of the experiments indicated that a part of the KrF(B)
molecules occupied high vibrational levels but failed to
contribute to the stimulated laser emission. A simple
phenomenological model was suggested to account for this
observation.

The model considers the upper RgX� laser level to be a
combination of two sublevels, 1 and 2, which mix up as a
result of collision with a buffer gas [10]. Sublevel 1 is normally
the ground vibrational level of RgX(B) excimer, whilst
sublevel 2 makes the set of all high vibrational levels of
RgX(B,C) which do not contribute to light amplification. It
is supposed that excimers are generated at sublevel 2. The two
sublevels are subject to spontaneous and collisional decay. In
addition, sublevel 1 decays due to field-induced transitions.
The probability of transition from sublevel 1 to sublevel 2 per
unit time is assumed to be �1=tv��1ÿ y0�, whereas the
probability of reverse transition equals �1=tv�y0. Here, tv is
the adjustable parameter called the vibrational relaxation
time, and

y0 � exp

�
ÿ e0
T

��X
v

exp

�
ÿ ev
T

��ÿ1
is the Boltzmann factor, ev is the energy of the vth vibrational
level, and T is the gas temperature in energy units.

This phenomenological approach allows the population
of a vibrational level involved in laser generation to be
estimated from an equation of the form

dn0
dt
� ÿ n0 ÿ y0N

tv
ÿ n0

tu
ÿ sF

hn
n0 : �2�

Here, N is the molecular concentration which can be derived
from the following equation

dN

dt
� ÿN

tu
� Rÿ sF

hn
n0 : �3�

Equations (2) and (3) include tu Ð the lifetime of an excimer,
F (in W cmÿ2) Ð the light flux in the active medium, sÐ the
stimulated emission cross-section, and hn Ð the photon
energy.

Equations (2) and (3) as well as their variants provided the
basis for several studies [7 ± 10, 22, 49 ± 55]. Modified
phenomenological models took into consideration the follow-
ing processes: the contribution of a few low-lying KrF(B)
vibrational levels to stimulated emission [22, 8, 53 ± 55, 11],
collisional mixing between RgX(B) and RgX(C) electronic
states [51, 22, 9, 54, 55, 11], and interaction between
RgX(B,C) excimers and plasma electrons [51, 55, 56].

2.2 Level-to-level kinetic models
In 1981, Dreiling and Setser [23] studied XeCl(B ±X) and
XeCl(C ±A) emission spectra arising from the interaction of
Xe�3P2 or

3P1� atoms and Cl2, CCl4, COCl2 in the presence of
He, Ne, Ar and N2 at 0.1 ± 15 mbar. In the majority of the
experiments, the upper vibrational levels of excimers
XeCl(B, C) were more fully populated than lower ones. The
vibrational relaxation rate constants and energy conversion
rates between B and C states were derived from the
dependence of vibrational populations on the buffer gas

pressure:

kR � k0P
R
ij ; kT � k0P

T
ij : �4�

Here, k0 is the gas-kinetic collision rate constant, PR
ij and PT

ij

are the probabilities of transitions in a single collision of a
XeCl molecule with a buffer gas atomM:

RgX�B; j� �M ÿ!
PR
ij

RgX�B; i� �M ;

RgX�C; j� �M ÿ!
PR
ij

RgX�C; i� �M ; �5�
RgX�B; j� �M ÿ!

PT
ij

RgX�C; i� �M ;

RgX�C; j� �M ÿ!
PT
ij

RgX�B; i� �M : �6�
A similar approach was used in Ref. [25], which demon-

strated the quasi-stationary chemiluminescence of KrF� and
XeCl� molecules. In this experiment, the effective relaxation
rate constants were determined, taking into account both
relaxation due to transitions between electronic states B and
C, and VT transitions within the B state.

The use of an improved chemiluminescence technique is
exemplified by a study on XeCl molecules [57]. The experi-
ment was designed to populate certain vibrational levels,
XeCl�B; v � 0� and XeCl�C; v � 0; 1�. An exact population
for a given vibrational level was achieved using photoassocia-
tion reactions between Xe and Cl atoms in the laser radiation
field and also by laser excitation of the van derWaals XeCl(X)
molecule. The recorded XeCl(B ±X) and XeCl(C ±A) fluor-
escence spectra proved to be time and wavelength resolved.
The data obtained were applied to calculating rate constants
for VT relaxation and mixing between electronic states B and
C as well as radiative lifetimes and quenching rate constants
of XeCl(B, C) states.

A theoretical examination of KrF� relaxation in Ref. [24]
was based on the numerical solution of level-to-level kinetic
equations for the populations of all KrF(B) vibrational levels.
The kinetic equations took into account recombination of
Kr� and Fÿ ions which led to the population of the highest
KrF(B) levels, vibrational VT transitions, spontaneous
emission, collisional quenching, and stimulated emission
from low-lying KrF(B, 04 v4 4� vibrational levels (Fig. 1).
VT relaxation constants were obtained using a theoretical
model of symmetric charge exchange between a Kr atom of
the buffer gas and a Kr� ion of the KrF(B) molecule with
ionic bonding. This model predicts a high rate of vibrational
excitation loss in KrF(B): VT transitions are multiquantum
(Fig. 2) and characterized by rate constants
kVT 5 10ÿ10 cm3 sÿ1. In spite of this, vibrational relaxation
proceeds so slowly, in compliance with the numerical solution
of kinetic equations, that a part of the electron excitation is
lost as a result of spontaneous emission and collisional
quenching. Numerical calculation data [24] gave an insight
into the effect of vibrational relaxation on the light generation
process in a KrF laser [21].

To summarize the results of level-to-level kinetic studies,
the following features of vibrational transitions need to be
emphasized. In a single collision with a buffer gas atom, the
RgX(B,C) molecule loses many vibrational quanta at once,
and vibrational transitions may occur with a change of
electronic state, i.e. from B to C or vice versa. By way of
illustration, Table 1 shows the mean vibrational energy of
XeCl��v � 100� lost in a single collision. The hDeRi values
correspond to transitions without a change in the electronic
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state (5), while hDeTi values to transitions proceeded by state
alteration (6). The table also presents estimates of average
changes in the number of vibrational quanta of XeCl� in a
single act of reaction (5) or (6). The value of hDvi varies from 4

to 23 depending on the specific features of the process and the
type of buffer gas.Analogous quantities are displayed inFig. 2
illustrating the results of modelling collisions between KrF �

and Kr atoms [24]. It follows from Table 1 and Fig. 2 that
vibrational relaxation of excimers is associated with multi-
quantum transitions and requires many collisions with buffer
gas atoms. The excitation flow over vibrational levels of
molecules can be described using the diffusion approxima-
tion.

2.3 Diffusion approximation
Vibrational transitions of molecules can be obviously
regarded as the motion of excitation in a vibrational energy
space. Modelling vibrational relaxation is possible using the
Fokker ± Planck diffusion equation [58, 35, 43, 44]. This
equation has the form

qf
qt
ÿ q
qe

B�e� r�e�
�
q
qe

f

r
� f

Tr

�
� tÿ1u �e� f � r�e; t� : �7�

Here, f�e; t� is the distribution function introduced in such a
way that it stands for the number of molecules within the
vibrational energy range �e; e� de� at the point in time t. f�e; t�
normally describes the vibrational excitation in a cluster of
collisionally mixed states. For instance, in the relaxation of
inert gas halidesRgX, B andC states are usuallymixed up [20,
22, 25, 53, 59 ± 62]. In this case, the vibrational distribution
within one electronic state i is described by the function
fi�e; t� �

ÿ
gi=
P

i gi
�
f�e; t�, where gi is the electronic degen-

eracy of i state. Specifically, for RgX(B,C) excimers i � B, C
and gB � gC � 2.

Equation (7) contains the diffusion coefficient B�e� and
the vibrational state density r�e�. In the region of low
vibrational levels, the following approximate equality holds
[36]:

B�e� � Te
tv
; �8�

which is used to determine the vibrational relaxation time tv
or rate constant kVT, tÿ1v � kVT[M], where [M] is the
concentration of molecules (atoms) in the buffer gas M. The
frequency tÿ1u �e� in Eqn (7) is a sum of probabilities of
radiative and radiationless deexcitation of molecules (see
Fig. 1). The generation of electronically excited molecules is
characterized by the pumping rate r�e; t�.

The Fokker ± Planck equation is applicable when the
molecular distribution over vibrational energy levels can be
described by a smooth function e:

1

f

q
qe

f

r
5 1 :

According to Refs [44, 35], the Fokker ± Planck equation
for multiquantum processes shows a much higher generality
compared with equations describing vibrational relaxation
through one-quantum transitions. An advantage of diffusive
relaxation models consists in the possibility of a simple
analytical study of various kinetic problems. Specifically,
the use of Eqn (7) allowed a number of known physical
effects to be explained and new ones to be predicted [63 ± 72].
In particular, the impact of vibrational relaxation on the
excimer laser efficiencywas analyzed. Also, thesemodels were
used to examine characteristics of excimer luminescence in the
case of pulse excitation and the recovery of the gain
coefficient in a pulse laser amplifier. It was demonstrated

0 2 4

0.4

0.2

10

5

0

hDei, eV hDvi

Vibrational energy, eV

Figure 2. Mean energy transferred in the course of Kr�KrF � collisional
events as a function of initial KrF � vibrational energy [24].

Table 1. Some characteristics of reactions (5) and (6) involving
XeCl��v � 100�, averaged over all collisions [23].

M hDeRi, eV hDvRi hDeTi, eV hDvTi
He
Ne
Ar
Kr

0.09
0.13
0.23
0.39

3.8
5.5
9.9
16.4

0.22
0.28
0.36
0.54

9.1
11.7
15.1
22.8

Internuclear distance

e�

E
n
er
gy

e0
0

Excitation

Vibrational relaxation

Collisional
deexcitation

Emission

Figure 1. Schematic representation of excimer electronic terms and

principal kinetic processes.
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that light amplification in active media of excimer lasers can
be observed in both the UV and far IR regions [68].
Moreover, it was understood [72] why measuring one and
the same kinetic parameter frequently yields different results
depending on the measuring technique, the energy of
generated electronically excited molecules, and the gas
mixture composition.

3. Distribution of electronically excited
molecules over vibrational energy levels

3.1 Characteristics of vibrational distributions
The most general problem of the vibrational relaxation
theory centres around the computation of the function
f�ev; t�, which describes the molecular distribution over
vibrational energy levels. The distribution function can be
found either numerically, by the solution of the system of
level-to-level kinetic equations, or analytically, from the
Fokker ± Planck equation (7).

It seems appropriate to recall here some typical features of
excimer relaxation essential for further discussion. The length
of a pumping pulse (ca. 100 ns) in active media of excimer
lasers is significantly longer than electronic-vibrational
relaxation times; in particular, tu is of order 3 ns. Therefore,
we may originally confine ourselves to the examination of
quasi-stationary distributions of molecules over e. By virtue
of kinetic peculiarities, excimers are normally formed at high
vibrational levels with the energy e� of order 5 eV. For this
reason, we will be largely interested in the molecular
distribution within a broad range of e.

Both level-to-level kinetic models and the diffusion model
predict similar patterns for the molecular distribution over
vibrational energy levels. A typical vibrational distribution
foundwith the help of themodel for discrete vibrational levels
[24] is presented in Fig. 3. The figure shows that the quasi-
stationary distribution displays two silent features. On the
one hand, the distribution in the region of high vibrational

states is described by a smooth function of e. On the other
hand, the distribution ofmolecules over low vibrational levels
is close to the high-temperature Boltzmann distribution.

It ensues from the diffusion model that the vibrational
distribution in the region of high vibrational states with e4T
is described by a smooth function of e [63]:

f�e� � RT

B�e� exp
�
ÿ
�e�
e

T de
tu�e�B�e�

�
: �9�

Here, R is the rate of formation of molecules with energy e�,
r�e� � Rd�eÿ e��. Specifically, approximations B�e� � Te=tv
and tu � const being fulfilled, the distribution function (9)
varies as e1ÿtv=tu . Therefore, the molecular distribution over a
broad range of high vibrational states is substantially
different from the equilibrium one.

3.2 Vibrational temperature
Let us consider relative populations of KrF(B) vibrational
states in the limit of small vibrational energies e5D, shown
in Fig. 3 (D is the dissociation energy of a molecule). For the
semilogarithmic scale of the figure, the Boltzmann distribu-
tion is represented by a straight line (the dotted line in Fig. 3
corresponds to the equilibrium distribution with
Tv � T � 300 K). It follows from Fig. 3 that the distribution
of molecules over low-lying vibrational levels is close to the
Boltzmann distribution with Tv > T. Calculations made in
Ref. [24] for buffer gas pressures p � 0:5, 1 and 2 bar, indicate
thatTv decreases with increasing pressure, but the vibrational
temperature markedly exceeds T at any p.

The diffusion model of vibrational relaxation predicts
that the distribution function at low vibrational energies
�e5D� can be approximated by the function [72]

f�e� � N

T
Zv exp

�
ÿ e
Tv

�
; �10�

where

Tv � T

�1ÿ tv=tu� ; �11�

Zv � exp

�
ÿ
�e�
T

Tde
tu�e�B�e�

�
: �12�

It will be shown below that the factor Zv takes into account the
loss of molecules upon relaxation from high to low vibra-
tional levels. In other words, the molecular distribution over
low-lying vibrational states may be characterized by the
Boltzmann function (10) with vibrational temperature
Tv > T.

The inference of similarity between the molecular
distribution over low-lying vibrational levels and the
Boltzmann distribution agrees with the results of experi-
mental studies on the luminescence spectra of XeCl(B ±X)
[59, 73] and KrF(B ±X) [62, 74]. However, at a moderate
buffer gas pressure (p � 1ÿ3 bar), the observed emission
spectrum of RgX(B ±X) was reported to resemble the
calculated spectrum for Tv � T � 300 K [73, 62, 74]. On the
other hand, Ref. [26] reported an experimental study of the
spectral distribution of the gain coefficient g in the active
medium of a XeCl laser at a helium pressure of p � 3 bar. The
authors evaluated the contribution of transitions
XeCl�B; v 0 � 1� ! XeCl�B; v 00 � 1� and XeCl�B; v 0 � 0� !
XeCl�B; v 00 � 1� to g and determined Tv ' 600 K. Other
studies of well-resolved XeF(B ±X) luminescence spectra

0

T � 300K

0.5 1.0

Vibrational energy, eV

1.5 2.0
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9

8

7
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g
N
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n
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s

Figure 3. KrF(B) vibrational populations vs. vibrational energy [24]. The

buffer gas (Kr) pressure constitutes 1 bar.
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over a broad pressure range of helium and neon [75, 76] also
demonstrated the lack of thermalization of the XeF(B)
distribution over vibrational levels right up to the buffer gas
pressure of p ' 4 bar.

There is every reason to conclude that the approximation
(10) obtained both analytically [72] and numerically [24] is in
good qualitative agreement with experimental findings. At
the same time, Tv values found experimentally when record-
ing phototransitions from low vibrational levels of XeCl(B)
and KrF(B) turned out to be different. This may be related to
a weak dependence of the spectral profile for emission B! X
on Tv, at least for the KrF excimer. In fact, for bound-free
transitions of the type KrF�B; v! X�, a rise in v from 0 to 4
does not result in an apparent variation of the spectral density
of the Einstein coefficient [24], whereas the Boltzmann factor
exp
�ÿ�ev ÿ e0�=T

�
is reduced from 1 to 2� 10ÿ3.

To summarize the analysis of f�e�, it should be emphasized
that formula (10) is applicable only to the low vibrational
level region at tv < tu. As the vibrational energy rises,
function (10) smoothly transforms to a power-like function
(9). At low buffer gas pressures between 0 and 30 mbar, the
inequality tv > tu holds, i.e. vibrational relaxation proceeds
more slowly than spontaneous emission. In this case, low
vibrational levels are usually less populated than high ones
[23], namely, population inversion occurs.

4. VT-relaxation rate constants

The reliability of a vibrational relaxation model is to a great
extent dependent on the validity of the relaxation rate
constants in use. Such constants for selected excimers are
listed in Tables 2 ± 4, which show their striking variations in

similar kinetic processes. A more careful examination of the
tables leads to the conclusion that the vibrational relaxation
rate constants have different physicalmeanings. It is therefore
important to know not only a kVT value but also the formula
which contains the given constant.

4.1 Peculiarities of defining VT-relaxation rate constants
The scientific literature on modelling excimer lasers gives
evidence of a few typical usages of the term vibrational (VT)
relaxation rate constant. Firstly, this term is applied to the
parameters of Eqn (2). Secondly, rate constants of transitions
between vibrational levels of RgX(B, C) molecules (4) are
sometimes called VT-relaxation rate constants. Thirdly, kVT
rate constants are introduced in the same way as in the
diffusion model of vibrational relaxation [43]. Fourthly,
certain studies designed to estimate kVT (or tv) use measure-
ments which show independence from the rates of transitions
(5) and (6). For example, in Ref. [83] and later in Refs [22, 8,
53, 25] the termVT-relaxation timewas employed for the time
ts of the gain coefficient �g� recovery following propagation
of a short light pulse through a KrF laser. However, the
experiment [83] as well as modelling g�t� with the aid of type
(2) kinetic equations [22] and the vibrational relaxation
diffusion model [84] demonstrated that ts is identical to the
lifetime tu ofKrF(B, C) excimers and does not depend on kVT.

When using vibrational relaxation rate constants in
phenomenological models, the following must be taken into
account. On the one hand, the kVT may be considered as
adjustable parameters, neglecting molecular redistribution
over high vibrational levels upon a change in the gas mixture

Table 2. VT-relaxation and VT-transition rate constants kVT,
10ÿ11 cm3 sÿ1.

Excimer ® kVT Parameter Ref.

ArF(B) Ne 20 Parameter of Eqn (2) [52]

Cl2(D 0) He 0.12 Reaction rate constant of
Cl�2 �He! Cl2�v � 0� �He

[77]

HgBr(B) He
Ne
Ar
N2

Xe

2.0
2.0
7.7

15.3
28

Parameter of Eqn (7) [78]

I2(D 0) Ar 2 Parameter of expression (1) [47]

Ar
SF6

CF4

C3F8

C5F12

2
4

10
22
36

Parameter of Eqn (7)

Parameter of Eqn (7)

[64]

XeBr(B) Ar 2ÿ100 kBB
v;v 0 , v � 30ÿ150 [79]

XeF(B)

He

Ar

N2

He

Ar

N2

0.6

2

5

0,4

2

8

kBB
v;vÿ1 � vk0,

kBC
v; v 0 � k1 exp

�ÿ�eBv ÿ eCv 0 �=T
�

k0

k1

[80]

XeF(B, C) He
Ne

0.1 Thermalization rate constant
for low vibrational levels

[76]

Table 3. VT-relaxation and VT-transition rate constants of KrF(B, C).

® kVT, 10ÿ11 cm3 sÿ1 Parameter Ref.

He 0:6� 0:3 Parameter of expression (1) with
l1 � 248:5 nm and l2 � 247, 246 nm

[20]

Ar

Kr

5

4

4

5
8

Parameter of Eqn (2)

Parameter of ten (2)-type equations
for
�
KrF�B;C; v � 0ÿ4��

Parameter of Eqn (2)

[21]
[50]
[10]
[81]
[53]
[22]

[53]
[10]

Kr

10
10 ë 100

The sum of reaction rate constants
over v 0 for
Kr�KrF ��v� ! KrF ��v 0� �Kr

ev � 0ÿ2 eV
ev � 2ÿ4 eV

[24]

He

Ne

Ar

0:8� 0:5
2:5� 0:5
3:0� 0:7
4:0� 1:2
1:2� 0:5
2:5� 0:8
3:5� 0:8
42� 12

42� 23

58� 12

42� 17

k 0�j� � kBB
iiÿ1 � kBC

iiÿ1, where i is
the block of 9 vibrational levels
k 0�v � 13�
k 0�v � 22�
k 0�v � 31�
k 0�v � 40�
k 0�v � 13�
k 0�v � 22�
k 0�v � 31�
k 0�v � 13�
k 0�v � 19�
k 0�v � 22�
k 0�v � 31�

[25]

Ar
Kr

4
10

Parameter of Eqn (7) [66]
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composition, laser emission field, etc. The authors of Ref. [22,
p. 4314] maintain that `... the kinetic equations should not be
thought to describe exact physical processes of vibrational
energy transfer ...'. Also, they further emphasize that the kVT
values found in their study are valid only for the sole concrete
kinetic model.

On the other hand, it is easy to find the condition which, if
fulfilled, ensures that the parameter tÿ1v in Eqn (2) is related to
the probabilities of elementary processes of energy transfer.
This condition requires that the populations of vibrational
levels with v 6� 0 be

nv � exp

�
ÿ ev ÿ e0

T

�
y0�Nÿ n0�
1ÿ y0

: �13�

Indeed, calculation of the rate of transitions between the
ground �v � 0� and all other �v 6� 0� vibrational levels, taking
into account (13), gives

1

t0

X
v

�Pv 0 n0 ÿ P0v nv� � 1

tv
�n0 ÿ y0N� ;

where t0 is the excimer free path time in the gas, andPv 0v is the
probability of transition from the vibrational level v to
vibrational level v 0 in a single collision with a buffer gas
atom (molecule), and, finally,

tv � �1ÿ y0�t0
�X

v

Pv 0

�ÿ1
:

Thus, the application of Eqn (2) is well-founded in the case of
the Boltzmann distribution of molecules (13) over high
vibrational levels which fail to contribute to light amplifica-
tion.

Using kVT parameters in level-to-level kinetic models
requires consideration of the ambiguity in assessing kinetic
parameters. This problem was discussed in Refs [23, 25] and
lies in the fact that the same experimental data can be
interpreted based on different sets of parameters of Eqns (4).
Such a problem is always encountered whenever the number
of independent variables exceeds that of equations containing
these variables.

Now, let us calculate parameter kVT of the diffusion
equation (7). In the general theory of vibrational relaxation
of diatomic molecules [43, 36], all information about their
vibrational transitions is contained in the diffusion coefficient
B�e�. For multiquantum excimer transitions, B�e� must be
derived from the relationship [70]

B�e� � k0�M�T

�De�� ; �14�

where

�De�� is the average energy lost by a RgX(B, C)

molecule in one collision with a buffer gas atom. At a buffer
gas pressure p5 0:1 bar, collisional mixing between B and C
states proceeds much faster than other relaxation processes,
and


�De�� should be calculated from the formula [70]
�De�� � 1

2

�X
v 0

PBB
v 0v �ev ÿ ev 0 � �

X
v 0

PCC
v 0v �ev ÿ ev 0 �

�
X
v 0

PBC
v 0v �ev ÿ ev 0 � �

X
v 0

PCB
v 0v �ev ÿ ev 0 �

�
:

The quantity kVT is determined using Eqn (14) and the
approximation of B�e� by Eqn (8) in the region of low
vibrational levels. Specifically,


�De�� was calculated in Ref.
[70] using probabilities (5) and (6) from Ref. [23]. The ev-
dependence of


�De�� thus obtained could be approximated
by the linear function at v � 16ÿ60, viz.
�De�� � kVT

k0
e : �15�

The vibrational relaxation rate constants derived from this
relationship are presented in Table 4.

An indirect verification of kVT values obtained from (15)
was performed based on the vibrational relaxation theory for
anharmonic oscillators [36]. According to this theory, the e-
dependence of the diffusion coefficient B in the case of non-

Table 4. VT-relaxation and VT-transition rate constants of XeCl(B, C).

® kVT, 10ÿ11 cm3 sÿ1 Parameter Ref.

Ar 10 ë 15
5

Parameter of Eqn (2) [49]
[51]

He
Ne
Ar
Kr

He
Ne
Ar
Kr

0.15 ë 1.1 ë 2.5 ë 4.4
0.5 ë 2.9 ë 6.2 ë 9.5
2.5 ë 13 ë 25 ë 35
0.6 ë 2.7 ë 5.5 ë 7.3

0.5 ë 1.8 ë 2.5 ë 2.5
0.7 ë 2.6 ë 3.5 ë 3.5
3.0 ë 11 ë 15 ë 15
3.0 ë 11 ë 16 ë 16

kR�j� �
X
i<j

kBBji �
X
i<j

kCCji ,

where j; i is the block of 4 vibrational
levels

kR�4� ÿ kR�30� ÿ kR�70� ÿ kR�130�

kT�j� �
X
i<j

kBCji �
X
i<j

kCBji

kT�4� ÿ kT�30� ÿ kT�70� ÿ kT�130�

[23]

Xe
20

5.3

Reaction rate constant for
XeCl��v � 2� �M

! XeCl��v � 1; 0� �M

XeCl�B; v � 1� �M

! XeCl�C� �M

[57]

Ne 0:3ÿ0:5 kBB1;0 ÿ kBB0;1 [28]

Ar

17� 5

31� 9

43� 13

k 0�i� � kBBiiÿ1 � kBCiiÿ1, where i is the
block of m vibrational levels,
m � 20, 16, 11
k 0�v � 33�
k 0�v � 60�
k 0�v � 75�

[25]

Ar
10

16

Reaction rate constant for
XeCl�B� �Ar

! XeCl�B; v � 0� �Ar

XeCl�B� �Ar

 XeCl�B; v � 0� �Ar

[82]

Ne

Xe

7.7

2.3

3.0

20

11

Reaction rate constant for

XeCl�� �Ne

! XeCl�B; v > 1� �Ne

XeCl� �Ne

! XeCl�C; v > 2� �Ne

kBBv>1; v�0, k
CC
v>2; v�0;1, k

BC
v>1; v>2,

kBCv�0; v�0;1
kBBv>1; v�0, k

CC
v>2; v�0;1

kBCv>1; v>2, k
BC
v�0; v�0;1

[11]

He
Ne
Ar
Kr

0.8
2
5
6

Parameter of Eqn (7) [71]
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adiabatic collisions of the Morse oscillator with rare gas
atoms is defined by the formula

B�e� � 2TD

tv

������������
1ÿ e

D

r �
1ÿ

������������
1ÿ e

D

r �
;

where

1

tv
� 4

t0

Mp

m
l2m ;

D is the dissociation energy, Mp is the reduced mass of an
atom and oscillator, m is the reduced oscillator mass, and lm is
the parameter depending on the atom to oscillator mass ratio.
In the framework of this model, kVT�M�m=�k0�M�Mp� must
be independent of the kind of the inert gas M. According to
the calculations performed in Ref. [70] for XeCl, the value of
kVTm=�k0Mp� is 0.08 forHe, Ar and 0.06 for Ne, Kr. Thus, the
calculated values of kVT�M�m=�k0�M�Mp� actually display a
weak dependence on M.

Tables 2 ± 4 show that one and the same term was applied
to define the parameters of different kinetic equations. For
this reason, it should be borne in mind, when using the
constants kVT, that different kinetic models are likely to
provide different interpretations of the same experimental
findings. This inference is illustrated by the following
example.

4.2 Intensity of excimer lateral luminescence
In order to study active media of lasers, certain authors have
observed the luminescence of electronically excited molecules
in the direction perpendicular to the laser axis [7]. The
patterns of this so-called lateral luminescence were first
explained with the help of a phenomenological model of
vibrational relaxation [21]. In the framework of this model,
the formula was derived for the ratio of the luminescence
intensity �I� of an electron band with and without laser
generation:

I

I0
� N�F�

N�0� � 1ÿ
�
1ÿ 1

b

�
F

F� F 0s
: �16�

Here

F 0s � Fs
1� tu=tv

1� y0 tu=tv
; �17�

andFs � hn=�stu� is the saturant light flux foundwith the use
of the simple two-level laser scheme [7, p. 46], and

b � 1� y0
tu
tv
: �18�

The luminescence spectrum of XeF(B ±X) shows lines
corresponding to transitions from certain XeF(B) vibrational
levels. Therefore, for the population ratio at the vibrational
level with energy e0, the following formula was derived:

n0�F�
n0�0� � 1ÿ

�
1ÿ 1

b0

�
F

F� F 0s
; �19�

which is analogous to (16). Here, b0 is the parameter
depending on the lifetimes of the upper and lower laser
levels, their vibrational relaxation times, and population
distributions [7, p. 376].

Formulae (16) and (19) were used many times in treating
experimental data and later estimating the excimer laser
efficiency. For example, I=I0 was measured in active media
of excimer KrF [21, 53], XeCl [49], and ArF [52] lasers, while
n0�F�=n0�0� was measured in a XeF laser [85]. In accordance
with (18), the parameter b exhibits a linear dependence on the
vibrational relaxation rate constant kVT. Therefore, this
parameter was measured to assess the vibrational relaxation
rate constants in the framework of phenomenological models
[21, 53, 49, 52].

Formulae resembling (16) and (19) were also obtained
with the help of the diffusion model of vibrational relaxation
[70]. In this case, however, the dependence of F 0s and b on
parameters of electronic-vibrational relaxation kVT, tu turned
out to be essentially different. That is, the saturant light flux
F 0s was defined by the formulae presented in Table 5, whereas
parameters b and b0 were given by expressions

1ÿ 1

b
� ZstZl ; 1ÿ 1

b0
� Zl :

Here, Zsp�e0� and Zst�e0� are the quantum yield of spontaneous
emission and the ultimate quantum yield of stimulated
emission from the vibrational level with energy e0, respec-
tively. These parameters will be determined in the next
section. Factor Zl takes into account stimulated phototransi-
tions from a lower laser level to an upper one. The quantity Zl
depends on t (the effective time of depopulation of a lower
laser level), tul (the time of RgX transition from an upper to a
lower laser level in consequence of spontaneous emission and
radiationless deexcitation), and d (the probability of I2
transition from the upper electronic state D 0 to a lower laser
level [86]) (see Table 5). According to the diffusion model of
vibrational relaxation, the quantity Zst is approximately equal
to the parameter Zv (12), which may be estimated as
�T=e��tv=tu to an order of magnitude. Therefore, taking into
accountmolecular distribution over vibrational levels leads to
a more complicated dependence of b on kVT and tu than
follows from (18). Moreover, b shows a dependence not only
on kVT, tu and t, but also on the energy of formation e� of
electronically excited molecules.

To summarize, the phenomenological [21] and diffusion
[70] models offer similar formulae for the dependence of
lateral luminescence intensities on the light flux F. However,
the definitions of the saturant light flux F 0s and other
parameters of Eqns (16) and (19) in Ref. [70] are essentially
different from those generally accepted, (17) and (18) [7 ± 10,
21, 22, 49 ± 55].

Table 5. Parameters of formulae (16), (19), and (21){.

Para-
meter

RgX�B! X� laser I2�D 0 ! A0� laser

F 0s
Fs

Zl

g
g 0

Zst
Zsp

tu
tr

�
1ÿ t

tul
� t
tr

Zst
Zsp

�ÿ1
�
1ÿ t

tul

��
1ÿ t

tul
� t
tr

Zst
Zsp

�ÿ1
1ÿ t

tul

Zst
Zsp

tu
tr

�
1� t

tr

Zst
Zsp

�ÿ1
�
1ÿ d

tr

t
Zsp

��
1� t

tr

Zst
Zsp

�ÿ1
1ÿ d

tr

t
Zsp

{ tÿ1r �
ÿ
gi=
P

i gi�Aiÿl, Aiÿl is the Einstein coefficient for the transition

between electronic states i and l, Zsp � Zsp�e0�, and Zst � Zst�e0�.
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5. Quantum yields of spontaneous
and stimulated emission

The process of relaxation of electronically excited molecules
from high to low vibrational levels is associated with the loss
of a part of the excited molecules. This loss results, among
other things, in a lower efficiency or the impossibility of light
generation in the active media of lasers. Computation of the
laser efficiency is therefore one of the most important
applications of the theory. On the other hand, there is a
wealth of data concerning excimer laser efficiency. These
experimental findings can be employed in verifying theore-
tical approximations.

5.1 Quantum yield of spontaneous emission
Effect of vibrational relaxation on the efficiency of excimer
lasers in the framework of the diffusion model was evaluated
in a number of papers [63 ± 66, 68 ± 70]. In doing so Ref. [63]
defines the quantum yield of spontaneous emission Zsp�ev� as
the ratio of the number of photons spontaneously emitted
from the vth vibrational level of the ith electronic state to the
number N of the molecules produced. The calculation of Zsp
showed it to be of the same order of magnitude as the product
of two cofactors, �tu=tr� and Zv.

The most important corollary of the theory is the
predictable nonmonotone dependence of Zsp on the buffer
gas pressure p. Indeed, the factor Zv exhibits a strong
dependence on the parameter K � tv=tu. Excimer quenching
in collisions with two molecules (atoms) of the buffer gas M
being neglected, the value of K approximately equals

kM
kVT
� 1

kVTtr

1

�M� ;

where kM is the rate constant of excimer quenching by M
particles, and tr is the radiative lifetime. This means that
parameter K decreases with growing [M], while the factor
Zv�K� ' T=e�� �K increases until saturation at �M�4 �kMtr�ÿ1.
At the same time, another [M]-dependent cofactor,
tu=tr ' 1=�1� kMtr�M��, is a decreasing function of [M].
Hence, the nonmonotone p-dependence of the product of Zv

and tu=tr comes to light. The predictable dependence of Zsp on
the buffer gas pressure is illustrated in Fig 4. This figure shows
Isp�p� � Zsp�p�R, i.e. the intensity of spontaneous I2(D

0 ±A0)
emission in gas mixtures excited by incoherent UV radiation
at a pumping rate R which is independent of p. Commenting
on the p-dependence of Zsp, it is appropriate to emphasize the
importance of three-body quenching reactions with rates
kMM�M��M� for rare-gas halide excimers. In this case

K ' kM
kVT
� �kVTtr�ÿ1 1

�M� �
kMM
kVT
�M� ;

hence, the factor Zv is a nonmonotone function of p.

5.2 Ultimate quantum yield of stimulated emission
An important laser characteristic is the ultimate quantum
yield of stimulated emission Zst. This parameter was intro-
duced as a maximally feasible ratio of the number of
coherently emitted photons to that of the molecules pro-
duced [63, 64]. The ultimate quantum yield Zst corresponds to
the saturation of the laser transition, a zero population of the
lower laser level, and the absence of absorption in the active

medium. The formula for Zst can be written as

Zst�ev� �
Zv

G�a; 1; ev=T� ; �20�

where G is a degenerate hypergeometric function of the
second kind [88].

The ultimate quantum yields Zsp and Zst are of the same
order of magnitude as Zv. However, Zst can be several-fold
higher than Zsp. This property is illustrated by Fig. 5 in
which Zst�p� and Zsp�p� correspond to the transition
I2(D

0; v � 0! A0) [64].
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Figure 4. Computed (curves) [64] and observed (points) [87] dependences

of spontaneous luminescence intensity I2�D 0 ! A0� on the buffer gas

pressure. Curve 1 and & ÐCF4, 2 and * ìC3F8, 3 and 4ìC5F12.
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Figure 5. Quantum yields of spontaneous Zsp (curve 1) and stimulated Zst
(20) (curve 2) emission for the I2�D 0; v � 0! A0� transition. Experimen-
tal values correspond to the parameters of an I2�D 0 ! A0� laser [89].
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5.3 Quantum yield of excimer laser emission
In a recent study [70], amore detailedmodel was proposed for
the vibrational relaxation of electronically excited molecules
in the active media of electronic-transition molecular lasers.
This model took into consideration the saturation of the gain
coefficient and the finite time of laser lower level depopula-
tion. The quantum yield of laser emission Z was computed as
the ratio of the specific number of laser photons leaving the
resonator per second to the pumping rate for the excited
molecules. The solution of the kinetic equation gave Z in the
form

Z � Zst�e0�ZlZem : �21�

Here

Zem �
F

F� F 0s
ÿ 1

g 0
F
F 0s

:

Table 5 presents formulae for Zl, F
0
s=Fs and g 0=g, where g is

the ratio of the weak signal gain coefficient
g0 � RsAiÿl�gi=

P
i gi�Zsp to the light loss coefficient a.

Therefore, the quantum yield of emission may be
presented as the product of three factors. The factor Zst
takes into account effects of excitation, VT-relaxation, and
quenching of molecules in an upper electronic state. The
factor Zem is referred to as the quantum yield of the optical
extraction and takes into account the dependence of Z on F
and g. The factor Zl reflects stimulated phototransitions from
the lower to higher laser level. Although the formula for Zem
has a well-known form [7], the parameters F 0s and g 0 depend
on the rate of electronic-vibrational relaxation in a higher
electronic state and also on the population and depopulation
kinetics of the lower laser level. F 0s values were measured in a
number of experiments.

It is worthwhile to note that in early studies, experimental
data were treated using other definitions of the saturant light
flux:F 0s � Fs and (17). This qualitative difference is due to the
preliminary assumptions about the molecular vibrational
level distribution patterns in models [7, 21]. In fact, when
only one level of the upper electronic state is populated, then
hn=�stu� has to be used as F 0s . Formula (17) has been derived
with the help of the phenomenological relaxation model [21].
In this model, changes of vibrational distributions in the
region of high vibrational levels are disregarded (see the
previous section).

It follows in particular from the formula for Zem that the
optimal mirror reflection coefficient for the extraction of laser
beam is characterized by

F � F0 � F 0s
ÿ ����

g 0
p

ÿ 1
�
: �22�

At F � F0, the quantum yield Z reaches its maximal value

Zmax � Zst�e0�Zl
�
1ÿ 1����

g 0
p

�2

: �23�

These formulae were used to study the dependence of Z on
the depopulation time of the lower laser level [70]. Considera-
tion of the effect of t on Z is of special importance for a
XeF(B ±X) laser. In such a system, the lower laser level
presents a bound state with a dissociation energy D ' 1200
cmÿ1 [90]. Since the rate of XeF(X) dissociation grows with
increasing T, the active medium of the laser has to be heated

[85, 91 ± 94]. This results in a rise of internal efficiency of the
laser Zint related to Z by the equality Zint � �hn=E� Z, where hn
is the energy of an emitted photon, and E is the energy
expended on generating one electronically excited molecule
(Table 6).

In the majority of studies, the emission spectra of XeF
lasers at T � 300 K show the most prominent line with
l � 353 nm corresponding to the transition B; v 0 � 0!
X; v 00 � 3. At T ' 450 K, the laser output energy is almost
equally distributed between the line with l � 353 nm and two
lines corresponding to transitions B; v 0 � 0! X; v 00 � 2 and
B; v 0 � 1! X; v 00 � 4 with l � 351 nm. For this reason, in
estimating Z we can use the calculated [90] depopulation time
of the XeF(X) fourth �v 00 � 3� vibrational level for t. It
appears from the kinetic study [90] that the product of t
with the neon atomic concentrationN is 4.5 ns atm atT � 300
K and 1.2 ns atm at T � 450 K.

Taken together, these Nt values and results of XeF laser
studies [85] allow estimation of the parameter Zl. It has been
shown in Ref. [85] that the main reason for XeF(B)
deexcitation is its interaction with electrons, and tu � 3:8 ns,
tul � 4:4 ns. The approximate equality tr=tu� � Zsp � 0:8Zst
being fulfilled over a broad range of K � 0:2ÿ0:4, one finds
Zl � 0:65 at T � 300 K. Taking into consideration only
radiative transitions between the higher and lower laser
levels, i.e. assuming tul � tr � 16 ns, the calculation yields
the same value, Zl � 0:57. In other words, the efficiency of a
XeF laser is impaired approximately two-fold at T � 300 K
due to incomplete depopulation of its lower level.

The quantity Zl rises with increasing temperature of the
active medium. For example, the calculation atT � 450K for
tul � 4:4 ns gives Zl�450 K�=Zl�300 K� � 1:53 (at tul � tr,
Zl�450 K�=Zl�300 K� � 1:36). This rise in Zl agrees fairly well
with the experimentally found temperature dependences of
Zint (see Table 6). It is worthy of note that a rise in T alters not
only Zl but also the absorption coefficient a of UV radiation
[7]. Moreover, Zst also depends on T. In the model of interest,
the characteristic time t enters not only the formula for Zl but
also definesF0 (the light flux optimal for radiation extraction)
and g 0 [see Eqns (22), (23)]. This may in part account for a fall
of Zint as T rises above 450 K in experiments with fixed R (see
Table 6).

The formulae for Zsp, Zst and Z have been used in
investigating active media of variety of excimer lasers. A
theoretical study of I2�D 0 ! A0� luminescence provided the
parameters kVT and kQ for the I2�D 0� molecule [64], which
were further used to calculate the quantum yield of stimulated
emission in an I2�D 0 ÿA0� laser. The optical properties of

Table 6. Temperature dependence of the internal efficiency of a XeF laser
at a gas pressure p � 3 bar.

Mixture
Zint, %
(T � 300K)

T, K Zint�T�, %
Zint�T�

Zint�300 K�
Ref.

NF3 ëXe ëNe

NF3 ëXe ëNe
F2 ëXe ëNe
NF3 ëXe ëNe
NF3 ëXe ëNe

1.8

ì
2.0� 0.1
2.0
4.7

450
500
500
450
450
425
475

5.5
5.2
ì
3.5� 0.3
3.2
6.0
5.7

3.1
2.9
1.5{
1.7
1.6
1.3
1.2

[91]

[85]
[93]
[93]
[94]

{ Found from (19) by measuring the lateral luminescence intensity
for the transition B�v 0 � 0� ! X�v 00 � 3� with l � 353 nm.
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KrF(B) excimer were evaluated in a similar way. In other
studies, the efficiency ofKrF lasers was estimated analytically
[66, 68] and the gain coefficient in a KrF amplifier calculated
[69]. The dependence of Z on depopulation time of the lower
laser level was illustrated by the temperature dependence of
XeF laser efficiency [70].

An important feature of an excimer laser is a sharp
decrease in the efficiency of populating low vibrational
levels observed upon reduction of the buffer gas pressure p.
This property is well apparent from Figs 4 and 5.
Specifically, the diffusion model of vibrational relaxation
predicts that the efficiency of upper level formation in a
KrF(B ±X) laser sharply decreases at a buffer gas pressure of
around 0.1 bar. This conclusion is in agreement with recent
measurements of the KrF(B ±X) emission gain coefficient in
Kr/F2 mixtures excited either by an electron beam at
p � 50 ± 200 mbar [95] or by a longitudinal electric dis-
charge at p � 130 ± 530 bar [96].

Simplified models of excimer vibrational relaxation are
well-described in numerous papers [7 ± 10, 19, 21, 22, 49 ± 55].
In these models, vibrational relaxation is taken into con-
sideration by means of introducing an additional adjustable
parameter kVT. However, using this phenomenological
approach for estimating the quantum yields of spontaneous
and stimulated emission leads to the neglect of a number of
important physical effects. Specifically, the simplified models
fail to adequately describe the dependence of quantum yields
of emission on the pressure, temperature, and gas composi-
tion. They cannot, in principle, describe various mechanisms
of generating electronically excitedmolecules. In other words,
it is sometimes crucial to model excimer relaxation kinetics
with due regard for the consecutive population of a large
number of vibrational states.

6. Electron-induced transitions
in rare-gas halide excimers

6.1 Interaction between excimers and electrons
Formation of the active medium in an excimer laser is
accompanied by the interaction between excimers and
electrons of the plasma generated by an electric discharge or
electron beam. Plasma electrons are involved in several
relaxation processes, the principal one being excimer quench-
ing by electron impact [97]:

e�RgX�B;C;D� ÿ!Ke
e�RgX�X;A;A0� : �24�

Quenching rate constants Ke for ArF�, KrF� and XeCl� were
determined in experiments [98,49,99] to be of the order of
10ÿ7 cm3 sÿ1. The calculated Ke values were obtained
employing several theoretical models.

The order of magnitude of the rate constant Ke can be
estimated using the Born approximation [100, 101, 2]. It gives
an overestimated cross-section of inelastic electron scattering
if the transition energy is comparable with the electron kinetic
energy. Such an energy ratio does occur in the plasma of
excimer lasers. For this reason, amore accurate calculation of
electron scattering cross-sections for reaction (24) was under-
taken [102] using a modified impact parameter method and
electron wave functions of KrF and XeF molecules.

Based on the semiempirical computation of the cross-
section of exciting optically allowed states by electron impact
[103], the quenching rate constant was determined by the

expression [97]

Ke � 1:1 �cmÿ1=2� l
7=2

tnm
;

1

tnm
� gm

gn

fmn8p2e2

mcl2
: �25�

Here, l, fmn are the wavelength and the oscillator strength of
the transition, respectively, and tnm is the lifetime. Expression
(25) is applicable provided the electron kinetic energy is small
comparedwith the transition energy. TheKe values calculated
by different methods and obtained in experiments are
correlated in Table 7. It can be seen from this table that the
experimental and calculated values disagree. The discrepancy
was accounted for by the existence of an additional quenching
mechanism [97]. Studies [104, 105] concerned the formation
of an electron ±molecule bound state, followed by Penning
ionization:

e�RgX� $ �RgX��ÿ ;
�RgX��ÿ ! Rg�X� e : �26�

The formula given below was derived for the quenching rate
constant in reactions (26) [97]:

Ke �
�
2p
m

�3=2
�hG1����
T
p

o
exp

�
ÿU0

T

�
; �27�

where �ho is the vibrational quantum of the autoionization
state, U0 is the excitation energy of the lower autoionization
state, G1 is the width of the autoionization level correspond-
ing to its decay into an electron and RgX�. By selecting the
appropriate G1 value, it is possible to establish a correspon-
dence between experimental and theoretical Ke values.

A more precise analysis of experimental and theoretical
findings was performed for the KrF� excimer in Ref. [106]. It
was concluded that the measured [98] and calculated [102]
quenching rate constants of reaction (24) are virtually
identical: Ke�E=N� � �3ÿ6� � 10ÿ8 cm3 sÿ1, where E=N is
the electric field strength to particle concentration ratio.

In the active media of excimer lasers at XeF and XeCl
transitions, electrons may play a positive role as well by
accelerating the depopulation of the lower laser level in
RgX(X) dissociation and vibrational relaxation reactions
[107].

Plasma electrons markedly affect the vibrational distribu-
tion of stable molecules. This effect is apparent in salient
features of active media kinetics. Specifically, taking into
consideration the cascade population of HCl vibrational
levels with v � 0ÿ3 during collisions with electrons provided
theoretical explanation of experimental data available for the
XeCl laser [82, 108 ± 113]. Similarly, an ArF laser model [114]
took into account electron-induced vibrational excitation of
F2 and electron attachment to vibrationally excited F2

Table 7. Rate constants of excimer quenching by electrons.

RgX Ke, 10ÿ8 cm3 sÿ1

Experimental
data [98, 49, 99]

Calculations
[102]

Calculated from
(25)

ArF
KrF
XeF
XeCl

23
20{
40
ì

ì
3{
7
ì

0.9
1.1
1.8
1.4

{Amore accurateKe lies in the range �3ÿ6� � 10ÿ8 cm3 sÿ1 (see the text).
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molecules. The effect of the dependence of the dissociative
attachment rate constant on the degree of vibrational
excitation leads to an attachment-vibrational instability of
the discharge [115].

Apart from the quenching reactions (24), (26), electrons
induce transitions between electronic and vibrational states in
the RgX(B,C,D) molecules.

In the numerical XeCl-laser simulation [51], the vibra-
tional relaxation of XeCl(B, C) excimers by electrons was
taken into consideration. Specifically, the populations of
XeCl(B) and XeCl(C) low-lying vibrational states were
calculated with the aid of equations like (2), the right-hand
sides of which contained terms of the formÿkVene�n0 ÿ yeN�,
where ne is the electron concentration, and

ye � exp

�
ÿ e0
Te

��X
v

exp

�
ÿ ev
Te

��ÿ1
:

The adjustable parameter kVe was usually called the Ve-
relaxation rate constant. The numerical value of
kVe�XeCl� � 5� 10ÿ6 cm3 sÿ1 was obtained by computing
the luminescence intensity ratio of XeCl�B! X� to
XeCl�C! A� measured in Ref. [49]. A similar approach
was employed in modelling the vibrational relaxation of
rare-gas halide excimers [56]. Comparison of experimentally
[116 ± 118] and theoretically [56] found quantum yields of
excimer laser generation allowed the Ve-relaxation rate
constants to be defined as kVe�KrF� � �2ÿ3� � 10ÿ7 cm3 sÿ1,
and kVe�XeCl� � 5� 10ÿ7 cm3 sÿ1.

Analysis of electron effects on vibrational and electronic
�B;C$ D� transitions in RgX excimers was conducted in
Ref. [71] using no adjustable parameters.

6.2 Effect of electrons on vibrational relaxation kinetics
The electron kinetic energy in an excimer laser plasma ismuch
higher than the energy of the excimer vibrational transition
�homn. Therefore, the Bethe ±Born approximation may be
used to calculate the cross-section of inelastic electron
scattering by molecules. With this approach, the rate
constant of the transition from the m state with energy Em to
the n state with energyEn will be proportional to the square of
the transition dipole moment mmn [71]:

kmn � 16
���
p
p

m2mn

3a
�������������
2Teme

p exp

�
Em ÿ En

2Te

�
KO

�jEm ÿ Enj
2Te

�
: �28�

Here, a is the Bohr radius,me is the electron mass, and KO�x�
is the modified Bessel function; also, it is assumed that the
electrons have a Maxwellian velocity distribution with
temperature Te.

Formula (28) is applicable at low values of the Massey
parameter d � omnl=v [100], where l is the characteristic
molecular size and v is the velocity of a particle striking a
molecule. In an excimer laser plasma, the criterion d5 1 is
satisfied for electrons. The calculation of d for ion scattering
under the same conditions yields d4 1. As a result, the effect
of an ion on amolecule in excimer laser plasma resembles that
of a corresponding neutral particle. It should be emphasized
that formula (28) takes into account only the interaction
between the electron and the molecular dipole moment. At
present, the quadrupolar and polarization interactions are
practically impossible to consider for the lack of necessary
data. In principle, it is conceivable that the mechanism of
vibrational relaxation in electronegative RgX molecules is

triggered through the autoionization state of a negative
(RgX��ÿ ion [97, 101].

Formula (28) allows the evaluation of the impact of
plasma electrons on the kinetics of transitions with small
energy transfer. Specifically, Eqn (28) was used to study the
role of electrons in excimer vibrational relaxation kinetics.

Vibrational relaxation equation (7) is easy to generalize
for the case when relaxation is caused by the collisions of
molecules not only with buffer gas atoms (molecules) but also
with electrons. Evidently, in this case, the particle flux

j � ÿB�e;T�r�e�
�
q
qe

f

r
� f

Tr

�

in (7) should be substituted by j� je, where

je � ÿkVeneTee r
�
q
qe

f

r
� f

Ter

�
; �29�

and kVe is the rate constant of vibrational relaxation by
electrons. In interactions between RgX� excimers and
electrons, the probabilities of forward �v! vÿ 1� and back
�v vÿ 1� transitions are very similar because Te is much
greater than the vibrational quantum �ho of amolecule. In this
case, kVe should be calculated using the expression [36, 43]

1

2

X
n

�en ÿ em�2kmn � kVeemTe �em 5D� : �30�

By way of example, let us consider vibrational relaxation
of a XeCl molecule by electrons. To begin with, the
transitions between vibrational levels of a single electron
state should be analyzed:

XeCl�B;v� � e! XeCl�B;v� Dv� � e ;

XeCl�C;v� � e! XeCl�C;v� Dv� � e ;

where Dv � 1; 2; 3. The mmn values necessary for the calcula-
tion were found in Ref. [71] using the theoretical approach
described in Ref. [119]. For transitions between neighbouring
XeCl(B, C) vibrational levels, Ev ÿ Evÿ1 � �ho ' 0:02 eV and
m2v; vÿ1 ' 0:2vD2 (1D � 10ÿ18 CGS units). For a typical value
of Te � 3 eV, the rate constants of these transitions are
kv; vÿ1 ' k1 0v, where k1 0 ' 2� 10ÿ8 cm3 sÿ1. The Ve-relaxa-
tion rate constant which is a parameter of formula (29)
defined by expression (30), differs from k10. The numerical
value of KVe may be estimated through

kVe ' �ho
Te

k1 0 : �31�

In the example being considered, kVe � 2:5� 10ÿ10 cm3 sÿ1

for the electronic state C and 3:2� 10ÿ10 cm3 sÿ1 for the state
B of XeCl. For the collisionally mixed states B and C (at a
buffer gas pressure p5 0:1 bar), one finds kVe � 2:9� 10ÿ10

cm3 sÿ1 [71].
Comparison of this rate constant with those derived when

modelling XeCl luminescence shows that the adjustable
parameters [56, 51] exceed the value from Ref. [71] by three
and four orders of magnitude, respectively. Similar to the rate
constants kVT in Tables 2 ± 4, the constants kVe are different
due to their use in different kinetic models. The rate constant
kVe from Ref. [71] must enter kinetic equation (7), while the
constants kVe from Refs [56, 51] are equations of type (2).
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Studies [56, 71] were designed to evaluate the role of
electrons in excimer vibrational relaxation. Following [71],
let us find the degree of plasma ionization a � ne=�M� at
which the electron impact on vibrational relaxation kinetics
can be neglected. In the framework of the diffusionmodel, the
unknown values of a must be obviously defined by the
condition

j jej5 j jj ; �32�

where je is the electron flux (29), and j is the flux found
without regard for electron effects.

In the region of high vibrational levels �e4T�, the
distribution function (10) remains smooth and satisfies the
approximate equality [63]

1

f

df

de
' Kÿ 1

e
:

As a result, inequality (32) takes the form a5 kVT=kVe. In the
region of low vibrational levels, it follows that

1

f

df

de
� ÿ 1

Tv
;

according to (10). Hence, a more rigorous condition for a
must be met:

a5
T

Te

kVT
kVe
' T

�ho
kVT
k10

: �33�

The above data indicate that the kVT=kVe ratio is of the
order of 10ÿ1 at T=Te ' 10ÿ2. Normally, in excimer laser
plasma a � 10ÿ6ÿ10ÿ5 [7]; therefore, criterion (33) is met.
For this reason, plasma electrons have no appreciable effect
on the kinetics of excimer vibrational relaxation.

However, it is worthwhile to note that in recent experi-
ments [120,121] formation of excimers occurred in plasma
with a ' 0:1. Under these conditions, the rate of excimer
vibrational relaxation by electrons was comparable with or
even higher than the rate of excimer VT-relaxation by buffer
gas atoms.

6.3 Transitions between B, C, and D states of RgX
The Bethe ±Born approximation furnishing (28) was also
employed to study the kinetics of electronic-vibrational
transitions involving electronic B, C, and D states of RgX
upon collisions between molecules and electrons. The
Em ÿ En and m2mn � m2qv 0v 00 quantities necessary to calculate
kmn [qv 0v 00 is the Franck ±Condon factor �

P
v 00 qv 0v 00 � 1�] were

found in Ref. [122] based on the data reported in Refs [119,
123]. The estimated values are shown in Table 8. In excimer
laser active media, states B and C are collisionally coupled;

therefore, for transitions from these states, one obtains
kB;C!D � �kB!D � kC!D�=2. Specifically, for a XeCl mole-
cule, kB;C!D ' 0:8� 10ÿ8 cm3 sÿ1 [71]. This theoretical value
agrees with the experimental one [124].

The rate constant kB;C!D is used to estimate the effect of
electrons on the D-state population in RgX excimers. The
simplest kinetic model for the computation of populationsN1

in RgX(D) and N2 in RgX(B,C) takes advantage of the
following balance equations [124]:

�A1 �Q1 � K12�N1 ÿ K21N2 � R1 ;

ÿ K12N1 � �A2 �Q2 � K21�N2 � R2 : �34�

Here, A1 is the Einstein coefficient for the D! X transition;
A2 is the half-sum of the Einstein coefficients for transitions
B! X and C! A;Q1,Q2 are the probabilities of radiation-
less deexcitation of RgX(D) and RgX(B,C) molecules per
second; K21 � kB;C!D ne and K12 � K21 exp�DE=Te�
( DE � TD ÿ TB, DE � 1:3 eV for RgX�XeCl ) are the
probabilities of forward and back transitions
RgX�B;C� � e$ RgX�D� � e, and, finally, R1, R2 are the
population rates for RgX(D) and RgX(B,C), respectively.
According to Eqn (34), one obtains

N1

N2
� b

A2 �Q2 � K21�1� 1=b�
A1 �Q1 � K12�1� b� ; �35�

where b � R1=R2 is the fraction of RgX molecules generated
in the state D.

Equation (35) shows that plasma electrons of excimer
lasers at typical ne concentrations of order 10

15 cmÿ3 [7, 124]
induce a population of the RgX(D) state; in this case, the ne-
dependence of [RgX(D)] cannot be neglected at any b. For
example, in an activemedium [20] with electron concentration
ne � �2ÿ3� � 1016 cmÿ3, the concentration of KrF(D) was
15 ± 20% of the [KrF(B)].

7. Vibrational distribution moments

7.1 Mean vibrational energy
An advantage of the analytical solution to the kinetic
equation (7) is the simplicity of computing distribution
function moments such as

heni �

�D
0

de
�1
ÿ1

dt en f �e; t��D
0

de
�1
ÿ1

dt f �e; t�
: �36�

Indeed, it is sometimes necessary to know he ni rather than the
function f �e; t� itself since the numerical values of the first and
second moments hei and he2i clearly indicate to what extent
real vibrational distributions deviate from the equilibrium
distribution.

In excimer vibrational relaxation studies, the e-depen-
dences of B and tu are as a rule unknown. However, it has
been demonstrated that measured values normally exhibit a
weak dependence on the specific shape of B�e� and tu�e� [65,
69]. This makes it possible to neglect the e-dependences of tu
and r and approximate B�e� with the linear function (8). The
use of these approximations allows the analytical solution of
the Fokker ± Planck equation to be found in the form of an

Table 8. Excimer/electron interaction reactions.

RgX Transition Em ÿ En,
eV

m, D q00 kmn,
cm3 sÿ1

KrF

XeF

XeCl

B; v 0 � 0! D; v 00 � 0

C; v 0 � 0! D; v 00 � 0

B; v 0 � 0! D; v 00 � 0

C; v 0 � 0! D; v 00 � 0

B; v 0 � 0! D; v 00 � 0

C; v 0 � 0! D; v 00 � 0

ÿ_0.73
ÿ_0.63
ÿ_1.35
ÿ_1.30
ÿ_1.35
ÿ_1.28

0.59
0.26
1.01
0.48
0.71
0.31

0.82
0.93
0.76
0.75
0.88
0.88

1:1� 10ÿ8

2:6� 10ÿ9

1:9� 10ÿ8

4:5� 10ÿ9

1:1� 10ÿ8

2:2� 10ÿ9
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expansion in Laguerre polynomials:

f�e; t� � exp

�
ÿ e
T

�X
n

an�t�Ln

�
e
T

�
:

Moments hei and he2iwill be expressed through the expansion
coefficients a2 and a1. Specifically, for the pumping rate

r�e; t� � N0������
2p
p

te
exp

�
ÿ 1

2

�
t

te

�2 �
d�eÿ e�� ; �37�

it follows [72] that

hei � Ke� � T

1� K
; he2i � K e�� �2

2� K
� 4 Ke� � T� �T
�2� K��1� K� : �38�

Let us compare these moments with the corresponding
characteristics of the high-temperature Boltzmann distribu-
tion

fB�e� � N

Tv
exp

�
ÿ e
Tv

�
: �39�

The computation of the mean en by (39) gives

hei0 � Tv ; he2i0 � 2T 2
v : �40�

The values of hei defined by the formulae (40) and (38)
frequently differ from each other by an order of magnitude.
This difference is illustrated by the following estimates. In a
recent experiment [59], the pulse formation of XeCl(B, C)
molecules with a vibrational energy of e� ' 1:2 eV was
observed. Evaluating the contribution of selected vibrational
levels with v � 0ÿ5 to the time-averaged XeCl(B!X)
luminescence spectrum allowed a determination of
Tv � 500 K. It should be noted that the real distribution
(10) has the same shape as the Boltzmann distribution (39),
but formula (10) is applicable over a narrow range of e. If
parameter Tv is known, formula (11) may also be used to
derive the tv=tu value. In the example being examined,
K � 0:4. Furthermore, it follows from (38) that
hei � 0:34 eV. This value of hei is 8 times that of the measured
vibrational temperature Tv � 500 K and hei0.

Even higher hei values are characteristic of excimers
formed in the active media of excimer lasers. In fact, excimer
laser active media are excited either by an electron beam or
electric discharge. With this pumping mode, RgX molecules
are largely formed near the dissociation limit with
e� ' D ' 4ÿ5 eV. For a characteristic value of K � 0:3,
hei ' 1 eV. Therefore, the calculation of hei indicates that, in
reality, a significant part of the excimers populate high
vibrational levels.

7.2 Vibrational distribution dynamics in the case of pulse
excitation
Let us now examine the vibrational distribution dynamics
under pulse excitation of high vibrational levels in more
detail. To this effect, it is necessary to analyze the results of
calculating [67, 72] time-dependent moments

en�t� �

�D
0

en f�e; t� de�D
0

f�e; t� de
: �41�

Using the same approximations as in Section 7.1, it is easy to
find for the pumping rate

r�e; t� � N0������
2p
p

D0

exp

�
ÿ 1

2

�
eÿ e�

D0

�2�
d�t�

that

e�t� � T�1ÿ z� � e�z ;

e2 ÿ �e�2 � D�t� � T 2�1ÿ z�2 � 2Te��1ÿ z�z� D2
0z

2 ; �42�
where z � exp�ÿt=tv�. At t � 0, formulae (42) correspond to
the initial distribution parameters e � e� and D � D0. At
t � tm � tv ln�e�=T� and e�4T, e�4D0, we have e � 2T
and D � ���

3
p

T. The value of �e thus found is only twice the
equilibrium value, i.e. T. At t � 2tm, the deviation of
e � T�1� T=e�� from Tmay be neglected. In other words, in
the course of time, molecules in the electronically excited state
achieve the Boltzmann vibrational distribution with Tv � T.
The relaxation dynamics of the vibrational distribution is
illustrated in Fig. 6.

Taken together, the above estimates and Fig. 6 make it
possible to estimate the characteristic time necessary for
vibrational equilibrium to be established under pulse pump-
ing. Evidently, it equals tm. Let us compare this quantity with
other characteristics of the vibrational relaxation process.
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Figure 6. Nonstationary vibrational distributions computed for

e� � 120 �ho, T � �ho and tv � 0:3tu. Diagram 1 corresponds to t � 0,

2 to t � tv ln 2, and 3 to t � tv ln�e�=T�. The solid line is the envelope for
time-integrated populations

�1
0 nv�t� dt=�2tu�.
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The objective of a KrF(B ±X) laser study [69] was to
examine, among other parameters, the time-dependent
characteristics of the gain coefficient g�t�. A salient feature
of KrF excimers is that a few vibrational levels of the
electronic state B contribute to the light emission with
l � 248 nm. For this reason, the gain coefficient is expressed
through the sum

g�t� � s
�ho

X2
v�0

f �ev; t� :

In Ref. [69], a delay between pumping (37) and gain (Fig. 7)
pulses was found to equal

td � hti � tu � tv ln
e�

e 0
;

where e 0 � 3�ho, and

ht ni �

�1
ÿ1

t ng�t� dt�1
ÿ1

g�t� dt
:

Moreover, the luminescence pulse length tb was calculated to
be

t2b � ht 2i ÿ hti2 � t 2e � t2u :

The value characterizing g�t� asymmetry,

�tÿ hti�3� � 2t3u,

was obtained in a similar manner. Comparing the formulae
for td and tb shows that the function g�t� has a maximum at
t ' tm.

In addition to the KrF(B ±X) laser, the luminescence of
other molecules was also studied. For example, Refs [67, 72]
report the luminescence intensity Iv for the radiative transi-
tion from the vth vibrational level. According to these
findings, to be discussed in more detail in the next section,
the function I0�t� has the maximum at

tmax � tv

�
ln

e�

T
� ln

tu
tv

�
; �43�

when excimers are excited by a short pumping pulse. Formula
(43) is applicable at e�4T.

Thus, the pulse luminescence intensity Iv�t� for transitions
from low vibrational levels peaks at t ' tv ln�e�=T� (e�4T).
It has been mentioned above that at this point in time the �e
value obtained from (42) is approximately twice as large as T
and much smaller than the time-averaged vibrational energy
hei determined by (38).

This inference is interesting to compare with experimental
findings. Thus, Ref. [59] reports the excitation of a Cl2/Xe
mixture with a partial pressure of 100 mmHg by a light pulse
as long as te � 6ÿ8 ns. As noted above, the vibrational
temperature Tv was determined from the time-averaged
luminescence spectrum of XeCl(B!X). Time-averaging
was performed for three time intervals: 0 ± 30 ns, 30 ± 150 ns,
and 0 ± 150 ns. The calculation of tu for the said gas mixture
using kinetic parameters [59] yielded tu � 14 ns. Therefore,
we obtain tv � 6 ns at K � 0:4, while tmax � 27 ns, in
accordance with (43). The computed point in time t ' 30 ns
at which the luminescence intensity I0�t� is highest, agrees
fairly well with the measured value [59]. For the time of the
luminescence spectrum averaging between 0 and 30 ns, the
observed temperatureTv was in excess of 500K but below 800
K. It was approximately 300 K but lower than 500 K for the
averaging time from 30 to 150 ns. The mean temperature Tv

(for t � 0ÿ150 ns) was equal to 500K.At t � tmax,�e � 420K,
according to Eqns (11) and (42). Thus, the formula for �e�t� is
consistent with the dynamics of the XeCl(B) distribution over
low vibrational levels observed in Ref. [59].

8. Some applications of the diffusion model

8.1 Pulse luminescence kinetics
The diffusion model of vibrational relaxation was used not
only to determine he ni, e n�t� and ht ni, but also to directly
compute the luminescence intensity of excimers. For example,
the authors of Ref. [67] investigated I2(D

0 !A0) pulse
luminescence arising from subnanosecond excitation of an
I2/Armixture [47]. A simple analytical solution of Eqn (7) [67]
was found with coefficient (8), constant tu and r, and

r�e; t� � N0 d�eÿ e�� d�t� : �44�

In particular, the distribution function f �e� at e < T was
approximated by the function

f �0; t� � N

T
zK�1ÿ z�ÿ1 exp

�
ÿ e�

T

z

1ÿ z

�
; �45�

where z � exp�ÿt=tv�.
The analytical solution of the Fokker ± Planck equation

provided an explanation for the results of an experiment in
which I2(D

0 ! A0) luminescence was observed at two
wavelengths, l1 � 342 and l2 � 323 nm, and at different
buffer gas pressures (150, 300, and 700 mm Hg). Figure 8
shows the Iv�t� dependence for v � 0 (transition with l1) and
v � 9 (transition with l2) [48], while Fig. 9 presents the
dependence of I0�t� estimated and measured at an argon
pressure of 150, 300, and 700 mm Hg. It follows from Figs 8
and 9 that the theoretical and experimental dependences are
in good agreement at t < 30 ns.

The calculations reported in Ref. [67] made use of the
following set of parameters: kVT � 2� 10ÿ11 cm3 sÿ1,
tu � tr � 6:7 ns, e� � 0:5 eV, where tr is the effective
radiative lifetime. This set was deduced from the comparison
of theoretical and experimental Iv�t� dependences. Moreover,
the same values of parameters were used earlier for calculat-
ing the I2(D

0 ! A0) luminescence quantum yield [64].
It can be seen from Fig. 9 that the concord between

theoretical and experimental I0�t� curves is not so good at
t > 30 ns. This discrepancy can be accounted for by the use of

0 td

te

tb

Time

r; g
r

g

Figure 7.Comparison of KrF excimer excitation and amplification pulses.
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formula (44), which describes the formation of I�2 in the
reactions of electrons with I2(X) molecules. In other words,
slower processes of energy transfer from the excited Ar�

atoms and Ar �2 molecules to I2(X) as well as the ion ± ion
recombination processes were disregarded [125].

Formula (45) allows for the comparison of pulse lumines-
cence dynamics predicted by different kinetic models. The
phenomenological approach described in Sections 2.1 and 4.2
was frequently used in modelling excimer kinetics. In a
simplified kinetic model [21], the population n0 of the ground
vibrational level is derived from Eqns (2) and (3). It follows
from these equations that in the case of instantaneous
formation of vibrationally excited N0 molecules
�R � N0 d�t�� the population n0 must be changing in accor-
dance with the law

n0 � N0y0z K�1ÿ z� ; �46�

where K � tv=tu.
In the diffusion model of vibrational relaxation, it follows

from (45) that

n0 � N0
giP
i gi

�ho
T

zK�1ÿ z�ÿ1 exp
�
ÿ e�

T

z

1ÿ z

�
: �47�

Let us compare (46) and (47) on the assumption that
parameters tv and tu are identical in the simplified and
diffusion models, and e�4T. Function (46) has the max-
imum at t � tmax, where

tmax � tv ln

�
tu
tv
� 1

�
: �48�

The maximum of function (47) is reached later [cf. (43)].
Accordingly, it will be �e�=T�K times smaller than the
maximum of (46). Therefore, the model taking into account
the nonequilibrium population of many vibrational levels
predicts substantially heavier relaxation losses of excited
molecules. For instance, at tv � tu, one finds
n0�tmax� ' �1=4�N0 in accordance with Eqns (46) and (48),
whereas Eqns (47) and (43) predict n0�tmax� to be of order
�T=e��N0 (the T=e� ratio is usually close to 0.01).

8.2 Dynamics of the gain recovery in active media of
excimer lasers
Peculiarities of the vibrational relaxation kinetics of electro-
nically excited molecules make themselves evident in the
dynamics of the gain coefficient g�t� in excimer lasers. The
g�t� dynamics was first minutely examined in a XeCl
excimer amplifier [26]. These experiments demonstrated the
recovery of g following the passage of a saturant picosecond
light pulse through the active medium. It was also
discovered that at t > 0:2 ns the gain coefficient varies
according to

g�t� � g0 ÿ Dg exp
�
ÿ t

ts

�
; �49�

where the parameter t � 2:5 ns was referred to as the energy
storage time. Here, time t � 0 corresponds to the passage of
the saturating pulse. At 0 < t < 0:2 ns, the recovery of g
depends on rotational relaxation and collisional mixing of
XeCl(B) and XeCl(C) molecules and also on XeCl(X)
dissociation [26, 27].

0

1.0

0.5

a

0 10 20 30 40

1.0

0.5

c

Time, ns

0

1.0

0.5

b

In
te
n
si
ty
,r
el
.u

n
it
s

In
te
n
si
ty
,r
el
.u

n
it
s

In
te
n
si
ty
,r
el
.u

n
it
s

Figure 9. Luminescence intensity of the I2�D 0; v � 0� transition with

l � 342 nm as a function of time. The Ar pressure was set at the following

values: (a) 700 mmHg, (b) 300 mmHg, (c) 150 mmHg. The points denote

experimental values, while the solid lines were calculated from formula

(45) [67].
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Figure 8. Time dependence of the luminescence intensity for transitions

from I2�D 0; v � 0�with l � 342 nm (a) and I2�D 0; v � 9�with l � 323 nm

(b) at a buffer gas pressure of 700 mmHg. Curve 1 shows the experimental

dependence [47]; curve 2 is calculated using the diffusive relaxation model

[67].
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A theoretical examination of g�t� nanosecond dynamics
was undertaken using a diffusion model of vibrational
relaxation [67]. In the case of steady-state pumping of high
vibrational levels, the instantaneous deexcitation of DN
molecules populating the vibrational level with energy e0
was simulated by the function

r�e; t� � r0�e� ÿ DNd�eÿ e0� d�t� :

The analytical solution of the Fokker ± Planck equation for
such an r�e; t� dependence was found to be [67]

f�e; t� � f0�e� ÿ DN
T

exp

�
ÿ e
T

�
exp

�
ÿ t

tu

�
�
X1
n�0

exp

�
ÿn t

tv

�
Ln

�
e0
T

�
Ln

�
e
T

�
; �50�

where f0 is the stationary distribution function. In the case of
zero population of a lower XeCl-laser level, the gain
coefficient can be defined as g�t� � s f�e0; t��ho, where
e0 � 0:5T for the ground vibrational level of a XeCl(B)
excimer [26]. It follows from Eqn (50) that the function g�t�
is practically independent of tv at t5tv and equality (49) is
fulfilled, where ts � tu and Dg � sDN��ho=T� exp�ÿe0=T�.

Therefore, the recovery time ts of the gain coefficient is
close to the quenching time tu for electronically excited
molecules.

This inference is in agreement with the results of
measuring g�t� (49). Indeed, for a mixture with partial
pressures of HCl, Xe and Ne equal to 3, 15 and 5 mm Hg,
respectively, and an electron concentration of 9� 1014 cmÿ3,
the recovery time ts of the gain coefficient turned out to be
2.5 ns. Calculations of tu using a theoretical model of a XeCl
laser [99] yield a similar value of 2.4 ns.

9. Amplification of far IR radiation by rare gas
halides

An important corollary to the vibrational relaxation theory is
the nonequilibrium population of high vibrational levels,
confirmed by a wealth of experimental data. This property
of excimers provided the basis for the theoretical prediction of
a new physical phenomenon [126]. Namely, it has been shown
(1) that population inversion for certain vibration ± rotation
levels of excimer species does exist, and (2) that laser IR
generation is feasible in the active media of excimer lasers.

9.1 Criteria for population inversion in vibration ± rotation
transitions
Let us consider the excimer distribution over vibrational
energy in the region of high vibrational levels. The following
stationary distribution function was found for the pumping
rate of type r � Rd�eÿ e�� with regard for vibrational
anharmonism [63]:

f0�e� � Rtv
�ho
2D

�
1ÿ �1ÿ e=D�1=2�Kÿ1�
1ÿ �1ÿ e�=D�1=2�K r�e� ; �51�

where r�e� is the density of vibrational states for the Morse
oscillator. In an atmosphere of light inert gases, the
characteristic value of tv is 102t0, where t0 is the excimer
free path time in the gas. At the same time, the rotational
relaxation time tRT is of order t0 [26, 127, 75, 27, 128, 129, 76,

46]. Therefore, the conditions

tRT 5 tu ; tRT 5 vÿ1tv �52�

being satisfied, the excimer distribution over rotational levels
will be of Boltzmann type with gaseous temperature T.

The inequalities (52) impose constraints on the rare gas
pressure and the vibrational quantum number v. They being
met, the inversion density at the vibration ± rotation transi-
tion v; j! vÿ 1; j� 1 is given as

Dv; jvÿ1; j�1 �
�
� j

j 2max

ÿ 1ÿ K
v

� �2j� 1�B
T

exp

�
ÿ j�j� 1�

T

�
f �ev�
r�ev� ;
�53�

where B is the excimer rotational constant, ev is the energy of
the vth vibrational level, and jmax � �2B=T�ÿ1=2 is the number
of the maximally populated rotational level. Full inversion
occurs at K > 1 [130]. Light amplification is possible for all
transitions within P-branches of the vibration ± rotation
spectrum and those transitions within R-branches for which
j < j 2max�Kÿ 1�=v. At K < 1, a partial inversion occurs, and
light amplification is likely only for P-branch transitions with
j 2max�1ÿ K�=v < j < j 2max�ho=T [126].

9.2 Coefficients of light amplification by RgX excimers in
the far IR spectral region
The gain coefficient by the v; j! vÿ 1; j� 1 transition is
routinely expressed through the matrix element of the dipole
moment of the v! vÿ 1 transition [130]. It is well-known
that rare-gas halide excimers possess ionic bonds. The dipole
moments of such molecules exhibit an approximately linear
dependence on the internuclear distance. For this reason,
optical transitions between neighbouring vibrational levels in
rare gas halides are allowed. In order to calculate the cross-
section sv; j of stimulated IR radiation it is necessary to know
the dependence of the molecular dipole moment on the
internuclear distance. This dependence was calculated for
RgF molecules, where Rg � Ne, Ar, Kr, Xe, and XeX
molecules in which X � F, Cl, Br, I [119, 123]. The collisional
width of the IR radiation line may be assumed to be 4 GHz
atmÿ1 [127]. The calculated parameters of IR transitions for
selected excimers are presented in Table 9 [126]. In this table, l
is the radiation wavelength corresponding to transitions from
v � 10 up to v � 50, A1 is the Einstein coefficient for the
transition v � 1! v � 0, and p is the buffer gas pressure
reported in atmospheres.

The gain coefficient for IR radiation is expressed through
the inversion density

av; jvÿ1; j�1 � sv; jD
v; j
vÿ1; j�1

and depends on the excimer generation rate R. The gain
coefficient can also be expressed through the excimer
concentration N � �D0 f0�e� de. For transitions from a maxi-

Table 9. Parameters of excimers showing optical activity in the IR spectral
region.

Excimer KrF XeF XeCl

l, mm
A1, sÿ1

s1; jmax
p, 10ÿ16 cm2 atmÿ1

35 ë50
0.8
0.5

35 ë 60
0.9
0.6

55 ë 70
0.2
0.3
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mally populated rotational level, it follows that

av; jmax

vÿ1; jmax�1 �
�
� 1

jmax
ÿ 1ÿ K

v

��
K���

e
p

jmaxv

��
ev
e�

�K

N ;

according to Eqns (53) and (51).
The N values can be deduced from experimentally

examined spontaneous UV radiation powers. In one such
study, a mixture of F2 : Kr : He � 2 : 5 : 100 was excited in a
3 cm3 cell by a longitudinal electric discharge at p � 0:05 atm
and T � 300 K [131]. The total energy of spontaneous UV
radiation of KrF was 32 mJ at an emission pulse length
around 100 ns. Hence, the total excimer concentration
constituted approximately 3� 1015 cmÿ3. In the active
medium of interest, K ' 1, e� ' 1:8 eV, and the first criterion
in (52) is met. For a KrF(B) excimer at the vibration ±
rotation transition v � 25; jmax � 22! v � 24; j � 23 with
a radiation wavelength l � 40 mm, one finds
a � 2� 10ÿ3 cmÿ1. For the transition v � 50; jmax � 22!
v � 49; j � 23 with l � 50 mm, a � 4� 10ÿ3 cmÿ1. The
absorption coefficient for IR radiation by plasma electrons
at a concentration of 10ÿ14 cmÿ3 is close to 10ÿ4 cmÿ1 [132],
i.e. it is an order of magnitude smaller than the gain
coefficient under the same conditions.

To summarize, the activemedia of excimer lasers allow for
the amplification of bothUV and IR radiation. In compliance
with the vibrational relaxation theory, population inversion
and amplification of IR radiation occur in many vibration ±
rotation transitions. Due to RgX vibrational anharmonism,
the effect must be apparent over a broad range of light
wavelengths from 30 to 50 mm.

10. Electronic relaxation parameters of excimers

10.1 Electronic relaxation equation
As a rule, electronic relaxation of excimers is described by an
integral equation for the total particle concentration. This
equation represents in fact the vibrational relaxation equa-
tion (7) integrated over e:

dN

dt
� Rÿ 1

tre
Nÿ

X
Q

KQ�Q�Nÿ
X
Q;M

KM
Q �Q��M�N : �54�

Here, N � � f �e; t� de is the excimer concentration and
R � � r�e; t� de is the total pumping rate. The parameters of
Eqn (54) are the effective radiative lifetime tre �P

i gi=
P

i; l gihAiÿli and the rate constants KQ � hkQ�e�i,
where kQ�e� is the rate constant of deexcitation of an excimer
with an energy e during collisions with the particle Q.We shall
use the notation h. . .i with the same meaning as in the
definition of (41), which coincides with (36) in the case of a
quasi-stationary excimer formation. KQ values are normally
obtained by measuring luminescence quenching. Therefore,
KQ is called the quenching rate constant of electronically
excited molecules.

10.2 Variation of kinetic parameters
Measurements of one and the same kinetic parameter may
yield significantly different results. For example, the follow-
ing rate constants of XeCl excimer quenching by HCl
molecules were obtained: 1:4� 10ÿ10 [133], 7:7� 10ÿ10

[134], 1:7� 10ÿ9 [49], 6:3� 10ÿ10 [57], 6:3� 10ÿ10 [10],

2:25� 10ÿ9 [82], 7:3� 10ÿ10 [60], and 8� 10ÿ10 cm3 sÿ1

[107]. The rate constant KF2
of KrF quenching by F2

molecules took the following values: 7:8� 10ÿ10 cm3 sÿ1

[135] (this constant is used in excimer laser simulation models
[136 ± 141, 22, 53, 10]), �5:7� 0:5� � 10ÿ10 [142],
�4:8� 0:3� � 10ÿ10 [143], �2:8� 0:2� � 10ÿ10 [61], and
�3:0� 0:3� � 10ÿ10 cm3 sÿ1 [62].

In order to account for the uncertainty of the kinetic
parameters, two groups of factors should be considered. They
may be arbitrarily referred to as technical and physical. The
former appears to be responsible for the difficulty of
determining the exact composition of a gas mixture during
KQ measurements, due to the high chemical activity of
halogens, especially that of F2. Moreover, RgX� relaxation
kinetics can be markedly affected by quenching impurities
such as CO2, O2, CO, NO, N2O and halogenated compounds
[60, 62].

The fact that neither KQ nor tre is a constant provides the
physical basis for the different KQ measured. Indeed, the
parameters of Eqn (54), KQ and tre, depend on the molecular
distribution over vibrational energy. A rise in the rate
constants of quenching the electronic state D 0 of halogen
and interhalogen molecules by rare gas atoms while decreas-
ing the store of vibrational energy in this state was first
reported in Refs [144 ± 147].

Let KQ�e� or tre�e� be approximated by the function
j � a0 � a1e� a2e2. Then for the vibrational distribution
found from the Fokker ± Planck equation (7) with para-
meters (8), tu � const, r � const, and (37), the mean j can
be written as [72]

hji � �1� K�ÿ2
�
j�0� � K�2� K�j

�
1� K
2� K

e�
��

: �55�

In other words, if kQ and Aiÿl are functions of e, then the
kinetic parametersKQ and tre will depend on e� and the partial
gas pressures (via K). Moreover, in a study of nonstationary
processes, KQ may vary with time because

KQ �
�
kQ�e� f �e; t� de�

f�e; t� de

by definition.
The dependence of a quantity being measured on the

molecular distribution over vibrational energy was evalu-
ated in Ref. [72]. The study was designed to analyze the
intensity ratio Ib=In of the broad (C! A, B! A0) band to
narrow (B! X) band XeCl luminescence. In so doing the
authors managed to make the analysis using no adjustable
parameters. It is worthwhile examining the Ib=In variation
in more detail bearing in mind the importance of the
problem in question and the discovery of certain surprising
properties.

The following radiative transitions are known to be
allowed for a XeCl excimer: B! X, C! A, and B! A0.
The Einstein coefficients Aiÿl of these transitions depend on e
[23 ± 25]. In order to determine the functions Aiÿl�e�, one may
take advantage of the results of ab initio calculations done on
an all-electron configuration interaction in an RgX molecule
with regard to the spin-orbit interaction in a semiempirical
way [119]. The following parameters were calculated in Ref.
[72] proceeding from the data reported in Ref. [119]: the
Einstein coefficient A�e� � � a�n; e� dn; the mean transition
wavelength l�e� � cA=

�
na dn; the linewidth of the bound-
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free electronic-vibration transition

Dl � l
�� �ln=c�2a dn

A
ÿ 1

�1=2
;

here a�n; e� is the probability of spontaneous light emission
with frequency n by a XeCl(B, C) molecule having vibrational
energy e, and c is the speed of light in vacuum. The data
obtained are presented in Fig. 10.

The calculated transition wavelengths l are shorter than
the observed ones. For example, the emission B! X for the
transition from the ground vibrational level possesses a
wavelength of 308 nm, while the calculated l�0� value is
295 nm. Nevertheless, the radiative lifetime for
XeCl(B, v � 0!X) and XeCl(C, v � 0!A) transitions,
tB � 11:1� 0:2 and tC � 131� 10 ns [57], are in good
agreement with the calculated values of
tB � 1

�
ABÿX�0� � 11 and tC � 1

�
ACÿA�0� � 120 ns, respec-

tively. It follows from Fig. 10a and formula (55) that

hABÿXi ' �1� K�ÿ2tÿ1B ; hACÿAi ' �1� K�ÿ2tÿ1C ;

hABÿA0 i � �1� K�ÿ2
�
ABÿA0 �0� � K�2� K�ABÿA0

�
e�
1� K
2� K

��
;

�56�

where e�5 1 eV.
It can be seen fromFigs 10b and 10c that the narrow-band

emission by XeCl corresponds to the B! X transition. The
intensity of this transition is

In � 1

2
hABÿXiN � 1

tBÿX
N : �57�

According to Refs [148, 149] and Fig. 10, the emission bands
C! A and B! A0 overlap in such a way that they cannot be
separated. Therefore, the intensity of broad-band emission is
Ib � �1=2�

ÿhACÿAi � hABÿA0 i
�
N. Division of Ib by In yields

the ratio # � Ib=In, which is

# � #0 � K�1� K�tBABÿA0
�
e�

1� K
2� K

�
; �58�

where #0 � tB=tC � tBABÿA0 �0�. The least possible value of #
calculated for a XeCl excimer is #0 � 0:15.

Let us compare (58) and # found on the assumption of
equilibrium populations of XeCl(B) and XeCl(C) vibrational
levels [148 ± 150]:

# � kC � tBk
Q
BC�kC � kB��Q�

kB � tCk
Q
CB�kC � kB��Q�

: �59�

It is implied here that the buffer gas pressure p > 70 mbar.
Parameters kB and kC were called RgX(B) and RgX(C)
generation rates and kQBC and kQCB rate constants of collisional
mixing between B and C states.

Formula (58) describes the nonmonotone dependence of
# on the buffer gas pressure p. At low p, the parameter K is
approximately equal to �tr=kQVT��1=�Q��; hence, #�1=p� is a
linearly decreasing function of 1=p. The minimum of # occurs
at a buffer gas concentration Q close to

�Q�min '
ÿ
kQQtr

�ÿ1=2
: �60�

At high buffer gas pressures, the parameter K�p� grows as

K ' kQ�0�
kVT

� kQQ�0�
kVT

�Q� :
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Therefore, the #�p� ratio must smoothly increase with
increasing p.

Formula (59) describes the monotonic p-dependence of #.
The # ratio varies from #l ' kC=kB at low p to
#h ' �tB=tC��kQBC=kQCB� in the limit of infinitely high pres-
sures.

The nonmonotone p-dependence of # predicted by
formula (58) agrees fairly well with a number of experimental
findings. Figure 11 taken from Ref. [150] shows the # ratio
measured over a broad range of Ar, He, and Ne pressures.
For all buffer gases #5 0:15 in accordance with the #0 value
found from (58).

The quantitative validation of Eqn (58) was carried out by
computing the #�e�; K� value, which corresponds to that
obtained in an experiment in which e� and K were fixed and
# was measured. In Ref. [59], XeCl(B) molecules with
e� � 1:2 eV were generated in the process of two-photon
absorption of laser radiation in a mixture of Cl2 (2 mbar) and
Xe (136 mbar). The vibrational temperature Tv � 500 K was
determined from the shape of the time-integrated
XeCl�B; v � 0ÿ3� emission spectrum. According to
Eqn (11), this Tv value corresponds to K � 0:4. Substitution
of e� and K into (58) gives # � 0:24 [72], in conformity with the
measured value of # � 0:29� 0:05.

Comparing theoretical and experimental # values in the
above example suggests that the calculated result [72] shown
in Fig. 10a underestimates ABÿA 0 �e� at e > 0:6 eV on evidence
derived from Ref. [119]. In this case, there must be a
considerable variation of # values measured under different
conditions. In the active media of electron-beam and electric
discharge lasers, high-energy (e� � D) excimers are largely
produced. Therefore, the parameter # must have a higher
value in these media. Moreover, the #�p� function must grow
smoothly at high p. When XeCl with low energy #� are
formed, the # value must be close to #0 and show a weak
dependence on p.

This inference is in excellent agreement with experimental
data. In the case of an electric dischargeXeCl laser [151], a rise
in the Ne pressure from 0 to 8 bar led to an increase of # from
0.25 to 0.35. At an Ne pressure of between 10 and 15 bar, #
depended on the Xe pressure and varied over the range 0.32 ±
0.38. In another study [149], XeCl molecules appeared to have
low energy e�. The value of # fell in the range 0.17 to 0.20

under changes of the buffer gas (Ar) pressure from 0.13 to 1
bar.

Evidently, #�p� measurements can be used to estimate
kinetic parameters. For example, it follows from the position
of �He�min and �Ne�min minima in Fig. 11 and Eqn (60) that

kHe
He > kNe

Ne : �61�

This inequality is at variance with the expected ratio of
quenching rate constants for RgX. In an excimer laser
model [99], for instance, the measured value kNe

Ne �
1� 10ÿ33 cm6 sÿ1 [133] was used and the estimate was
submitted for kHe

He � 5� 10ÿ34 cm6 sÿ1. However, other
authors [152] reported a value of kHe

He � 5� 10ÿ32 cm6 sÿ1

[153], which is two orders of magnitude higher and conforms
to (61).

The above analysis has demonstrated that the broad-band
to narrow-band luminescence intensity ratio # can be found
with the aid of a diffusion model of vibrational relaxation. In
this model, # depends on the energy e� of generated molecules
and the buffer gas pressure p. There must be a similar
dependence for the effective radiative lifetime tre and
quenching rate constants KQ. It is worthwhile emphasizing
some interesting variations of tre and KQ inherent to rare-gas
halide excimers.

10.3 Effective radiative lifetimes
The parameter tre arises when the electronic relaxation
equation (54) is derived. Evidently, for rare gas halides, it is
defined as

tÿ1re �
1

2

ÿhABÿXi � hACÿAi � hABÿA0 i
�
: �62�

The last formula can be rewritten as

tÿ1re �
1

2
hABÿXi�1� #� : �63�

The right-hand side of (63) contains the parameter #�e�; K�. In
order to find hABÿXi�e�; K� in an actual case of KrF, XeCl
relaxation at e� ' D, it is possible to use the first expression of
system (56). Thus, both terms in the right-hand side of Eqn
(63), and hence tre, depend on e� and K.

The following definition was generally accepted in
modelling physical-chemical kinetics in the active media of
excimer lasers [62, 59, 22, 61, 53, 148, 150, 154]:

tÿ1re �
tÿ1B � Keqtÿ1C

1� Keq
; �64�

where Keq � exp
��TeB ÿ TeC�=T

�
; TeB ÿ TeC is the energy

separation between states B and C, and tÿ1B and tÿ1C are the
Einstein coefficients for the spontaneous transitions
B; v � 0! X, and C; v � 0! A, respectively. This expres-
sion for tre is based on the hypothesis of an equilibrium
population of RgX(B) and RgX(C) vibrational levels, which
allows for the transition B! A0 in (64) to be neglected, since
ABÿA0 �0�5ACÿA�0�.

Formula (64) contains the parameter TeB ÿ TeC in the
right-hand side. This being so, it should be possible to find its
value from a kinetic study of RgX electron relaxation.
Certainly, it would be wrong to use (64) and similar formulae
for the intensity ratio of broad- to narrow-band RgX
luminescence at e�4T. This accounts for the difference of
the TeB ÿ TeC values reported in the scientific literature and

Ar

0 0.03 0.06 pÿ1, mbarÿ1

0.25

#

0.20

0.15

Figure 11. Intensity ratio # for XeCl(B, C) luminescence as a function of

argon (*), neon (�), and helium (4) inverse pressure.
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found in RgX(B,C) kinetic studies from those measured by
precise spectroscopic methods. For example, a spectroscopic
evaluation yielded TeB ÿ TeC � 90� 2 cmÿ1 for a XeCl
molecule [155], whereas kinetic studies gave the following
values: ÿ5:4� 25 [156], 128� 35 [149], 180 [157, 158],
220� 40 [150, 148], 85 [57], ÿ22 [159] and 280 cmÿ1 [151].

10.4 Quenching rate constants
A few problems are encountered in the determination of the
quenching rate constants KQ. To begin with, let us suppose
that it is possible to neglect the dependence of quantities being
measured on the shape of the function f�e; t�, when the buffer
gas pressure varies over a relatively broad range. In this case,
the intensity of RgX(B!C) luminescence (57) must be
related to the molecular concentration [Q] by the Stern ±
Volmer relationship [160, 161]:

R

In
� 1� #� tBÿX

X
Q

�
KQ �

X
M

KM
Q �M�

�
�Q�N : �65�

Here,R, #, tBÿX,KQ, andK
M
Q are supposed to be independent

of [Q]. Item # in the right-hand side of (65) takes into account
RgX(C!A) and RgX(B!A0) emissions.

It should be appropriate to characterize the quenching of
XeCl(B) luminescence in an atmosphere of Ne by the rate
constantKNe � �0:76� 0:15� � 10ÿ12 cm3 sÿ1 measured from
the decay of XeCl(B!X) luminescence [59].

From the relaxation equation (54), it is easy to find an
expression similar in form to equality (65) using no simplified
propositions:

R

In
� 1� #� f �� tBÿX� f �

X
Q

�
KQ� f � �

X
M

KM
Q � f ��M�

�
�Q�N :

�66�

The last expression takes into account that the parameters of
Eqn (54) depend on the behaviour of the distribution function
f �e; t� with respect to vibrational energy. In principle, the
parameters #, tBÿX,KQ,K

M
Q of the generalized Stern ±Volmer

equation (66) may depend on [Q]. Indeed, the data shown in
Fig. 11 at �Ne�5 3:3� 1019 cmÿ3 can be presented in the form
[72]

# � #l � tBÿXK �Ne�Ne� ; �67�

where K �Ne � �0:8� 0:4� � 10ÿ12 cm3 sÿ1. Substituting (67)
into (66) and comparing terms linear in [Ne] with the
corresponding items in the dependence R=In��Ne�� (65), we
arrive at

�0:8� 0:4� � 10ÿ12 cm3 sÿ1 � KNe

� �0:76� 0:15� � 10ÿ12 cm3 sÿ1 :

Hence, the excimer deexcitation rate constant hkNei � KNe

may be disregarded in comparison with the measured
quenching rate constant for XeCl(B!X) luminescence,
KNe � 0:76� 10ÿ12 cm3 sÿ1. It should be noted that we
compare the parameter hkQi in the relaxation equation (54)
with the parameterKQ of the Stern ±Volmer equation (65). In
the scientific literature, excimer deexcitation rate constants
are usually referred to as quenching rate constants so as to
emphasize that the parameter hkQi of molecular kinetics does
not in any way differ from the KQ constant which char-
acterizes the quenching of luminescence.

This example shows that the use of this commonly
accepted terminology may be regarded as an implicit
assumption which does not have to be fulfilled. Therefore,
considering the dependence of kinetic parameters on the form
of function f�e; t� is important for understanding the physical
nature of the phenomena observed.

Let us examine here the distinction between two widely
applied techniques for the measurement of KQ � hkQi.
Measuring KQ by the Stern ±Volmer approach yields time-
averaged quantities. In this case, the distribution function
possesses the properties described in Section 3. When kQ�e� is
a sufficiently smooth function, hkQi can be estimated from
expression (55). In the general case, for kQ�e� �

P
n ane

n it is
found that

hkQi �
X
n

anheni : �68�

Here, heni is a quantity of order K�e��n. Thus, the result of KQ

measurement by the Stern ±Volmer method is essentially
dependent on the energy e� of the molecules created and the
gas mixture composition �K�.

Another common approach to the evaluation of KQ is
based on the measurement of the pulse luminescence decay
time as a function of [Q]. It was shown in Section 8 that at the
instant themeasurement is taken the function f �e; t� is close to
the equilibrium distribution function (39) with Tv � T and
N � N0 exp�ÿt=tu�. For such a distribution, the moments
heni constitute quantities of order T n [see Eqn (40)]. There-
fore, it follows from (68) that

KQ � hkQi � kQ�0� : �69�

Hence, the result of the measurement of KQ is related to
neither e� nor K, and the luminescence quenching rate
constant KQ thus found will be identical to the rate constant
kQ�0� of low vibrational level deexcitation in excimers.

Let us compare the rate constants KQ measured by the
above two methods. When the excimers created during
measurements using the Stern ±Volmer method have low e,
both the techniques produce a similar result (69). Let the
energy of the molecules being formed be e� � D. In this case,
the results of measurements according to (66) will depend on
the shape of the function kQ�e�. Let us further analyze this
dependence on the assumption that kQ�e� is either a decreas-
ing, constant or increasing function of e. For simplicity, we
shall suppose that the first equality in (56) can be used in
calculating



ABÿX�e�

�
.

Let kQ�e� be a decreasing function of e similar to the
function ABÿX�e�. Then kQ�e� is smaller than (69), viz.

hkQi ' 1

�1� K�2 kQ�0� : �70�

The factor �1� K�ÿ2 for active media of excimer lasers
normally varies between 0.5 and 0.7. Interestingly, Eqn (66)
includes the product

tBÿX�K�KQ�K� � 2
kQ�0�

ABÿX�0� ;

which is independent of both e� and K.
Let us assume kQ to be independent of e. In this case, the

luminescence quenching rate constant KQ will be certainly
defined by the equality (69). However, the value of tBÿXKQ
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measured by the Stern ±Volmer method will depend on the
gas mixture composition:

tBÿX�K�KQ � 2�1� K�2 kQ�0�
ABÿX�0� :

The variation of KQ will be especially well apparent when
kQ�e� is an increasing function of e. The higher e� the larger
KQ as compared with (69). Evidently, the constantsKQ found
according to (66) and from nonstationary luminescence decay
will be different. This inference can be illustrated by the
following examples.

In a series of experiments (see Table 10) [143, 163, 162], the
vibrationally excited KrF(B,C) molecules were generated by
photodissociation of KrF2 molecules:

KrF2 � hc

lp
! KrF � � F : �71�

Photolysis of KrF2 vapors using a broad-band radiation with
lp � 110ÿ180 nm [162] resulted in the appearance of a
structureless absorption band with a maximum at 162 nm
and a half-width of 21 nm. Measurements taken in a pure
KrF2 vapor (p < 1 mbar) yielded a KKrF2

tre product of
�19:7� 1:4� � 10ÿ18 cm3. After a buffer gas (N2) with
p � 66 mbar was added to the KrF2, the vibrational
excitation of KrF� decreased and the KKrF2

tre value was
decreased two-fold to �10:2� 1:4� � 10ÿ18 cm3 (see Table 10).

Excitation of pure KrF2 vapors by ArF(B ±X) radiation
with lp � 193 nm resulted in a one order of magnitude
smaller value of KKrF2

tre � 9:5� 10ÿ19 cm3, so that KKrF2
�

1:4� 10ÿ10 cm3 sÿ1 [143]. A salient difference between the
two experiments [162] and [143] consisted in pumping with
different lp. It is clear that the KrF � molecules generated by
the process (71) at lp ' 162 nm must have an energy e�

approximately 1.3 eV higher than in the case of KrF2

photolysis by radiation with lp � 193 nm. Therefore, the
discrepancy between the measurements of KKrF2

tre �
hkKrF2

itre should be attributed to a rise in kKrF2
�e� with

increasing e. If this explanation is correct, then the measure-
ment of KKrF2

tre at lp ' 162 nm and buffer gas pressure of a
few bars should lead to KKrF2

tre 5 10ÿ17 cm3 sÿ1. Such an
experiment has just been reported in Ref. [163].

The study [163] was organized as a series of three
experiments on the excitation of KrF2-based mixtures by
broad-band radiation from an open high-current discharge.
The luminance temperature of the pumping source in the
spectral region 150 ± 180 nm amounted to 35 kK. The first
experiment was designed to excite a mixture of KrF2

(2.2 mbar) ±CF4 (0.33 bar) ±N2 (0.4 bar) ±He (1.26 bar). In
the second one, a mixture of KrF2 (2.2 mbar) ±CF4

(0.33 bar) ±Kr (0.15 bar) ±He (1.51 bar) was excited, and
the third experiment was concerned with the excitation of a

KrF2 (2.2 mbar) ±CF4 (0.33 bar) ±N2 (0.4 bar) ±Kr
(0.15 bar) ±He (1.11 bar) mixture. By comparing the Kr2F

�

luminescence intensities in the three experiments, the rate
constant KKrF2

� 6:2� 10ÿ10 cm3 sÿ1 corresponding to
KKrF2

tre � 4:2� 10ÿ19 cm3 was found.
It can be seen from above findings that the introduction of

a diluting gas with p � 2 bars into the test mixtures invariably
resulted in an almost 50-fold decrease of KKrF2

tre despite a
similar mechanism of KrF � formation.

Active media of excimer lasers are normally excited by an
electron beam or electric discharge. Such pumping produces
excimer species with e� � D largely by ionic recombination.
For XeCl and KrF molecules, D is 4.2 and 5.3 eV,
respectively. In excimer laser models, the following rate
constants are used: KHCl � 1:7� 10ÿ9 cm3 sÿ1 for XeCl
luminescence quenching by HCl molecules [99, 49], and
KF2
� 0:8� 10ÿ9 cm3 sÿ1 for KrF luminescence quenching

by F2 [135, 22, 53, 139, 141, 140]. These rate constants are
several times higher than the characteristics of decaying
luminescence (69) in so far as KHCl � 7:3� 10ÿ10 cm3 sÿ1

for XeCl [60] and KF2
� 3� 10ÿ10 cm3 sÿ1 for KrF [61].

To summarize, the theory of vibrational relaxation
suggests one possible cause for the extremely broad varia-
bility of results of different measurements of one and the same
kinetic parameter KQ. In both experimental studies and
excimer electronic relaxation modelling, it is necessary to
take into consideration the dependences of KQ and tre on the
mean vibrational energy hei. In turn, the value of hei shows a
dependence on the inner energy e� of the molecules produced
and the parameter K, i.e. on the gas mixture composition.
Moreover, it should be borne in mind that the values of
KQ �



kQ�e�

�
and (63), which characterize time-averaged and

quasi-stationary processes, may differ from the correspond-
ing values of (69) and (64) measured from nonstationary
luminescence decay [62, 59 ± 61].

11. Conclusions

This review is concerned with the vibrational relaxation of
electronically excited molecules. It presents a comparative
analysis of different relaxation models along with experimen-
tally obtained values for the vibrational relaxation rate
constants used in these models. Through the progress made
in modelling excimer electron-vibration kinetics such phe-
nomena as the dependence of quantum yields of spontaneous
and stimulated emission on the vibrational relaxation rate
were understood as well as the luminescence kinetics of
electronically excited molecules.

It should be emphasized that several questions related to
the dynamics of electronic and vibration transitions were
investigated rather poorly. Thus the scientific literature fails
to include data permitting rigorous determination of vibra-
tional-energy-dependence of relaxation rates. This particu-
larly concerns the excimer collisional deexcitation rates.

Despite the marked difficulty in the theoretical examina-
tion of the problem, the following most essential features of
vibrational distributions have been established rather reli-
ably. To be exact, the low vibrational levels of excimers are
most densely populated in the active media of lasers, with
vibrational distributions close to the Boltzmann ones. In the
region of high vibrational energy levels, however, the
distribution has a plateau shape. It is crucial that the mean
energy of real vibrational distributions is much higher than
the thermal energy. In other words, a high proportion of

Table 10. Changes of KKrF2
tre for the KrF(B,C) excimer.

p, mbar Mixture KKrF2
tre, 10ÿ18 cm3 Ref.

< 1

66
0.26 ë 1.7
2000

KrF2

KrF2 ëN2

KrF2

KrF2 ëCF4 ëN2 ëHe
KrF2 ëCF4 ëKr ëHe
KrF2 ëCF4 ëN2 ëKr ëHe

19.7� 1.4
10.2� 1.4
0.95
0.42

[162]

[143]
[163]
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molecules populate a large number of upper vibrational
levels.

To summarize, the results presented in this review make it
possible to better understand specific features of molecular
relaxation stemming from the nonequilibrium population of
vibrational levels. On the other hand, the kinetic peculiarities
studied may be of value in current and future investigations
with the object of further improving the performance of
excimer lasers.

The authors wish to thank A V Eletski|̄ for discussing the
diffusion model of vibrational relaxation. We are also
grateful to D W Setser, F P SchaÈ fer, M J Shaw, S Szatmari,
V S Zuev, I P Vinogradov, and A N Oraevski|̄ for general
advice on many problems touched upon in this review.
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