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The ways to model vibrational relaxation in the rare gas halide ex
imer lasers are analyzed. The

phenomenologi
al approa
h applied 
ommonly to understand the mole
ular kineti
s is 
ompared

with more stri
t level{to{level and Fokker{Plan
k models. The validity 
onditions of the models

as well as de�nitions of the kineti
 parameters are dis
ussed. The quantum yield of stimulated

emission, the time delay between the pumping and emission pulses, the gain re
overy after fast

depletion of the upper laser level are examined. Prin
iple 
ontradi
tions between the models are

stressed using diagrams.
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I. INTRODUCTION

The progress in laser physi
s during the two past

de
ades was asso
iated with the 
onstru
tion and de-

velopment of the ex
imer lasers, the most high power

gaseous lasers of the UV spe
tral range [1{10℄. Current

studies of these lasers are 
aused by a number of te
h-

nologi
al appli
ations in
luding 
hip produ
tion in the

world's semi
ondu
tor industry using the UV lithogra-

phy. The development of the ex
imer lasers stimulated

extensive resear
h of the ex
imers, the rare gas halide

(RgX) diatomi
 mole
ules. This paper is devoted to the

understanding of some experimental and theoreti
al data

a
hieved during the ex
imer laser resear
h. Namely, the

goal of the study is to 
ompare all the known 
on
epts

of vibrational relaxation.

Kineti
s of the RgX ex
imers is an interesting exam-

ple of the multiparametri
 problem. Indeed, most ex-


imers are typi
ally formed near the disso
iation limit

of the RgX(B) and RgX(C) ele
troni
 states. Collisions

of the ex
imers with bu�er gas atoms result in the en-

ergy 
onversion between the RgX(B) and RgX(C) ele
-

troni
 states and vibrational{to{translational (VT) en-

ergy transfer. In a series of these multiquantum tran-

sitions the vibrational ex
itation 
ows from the highest

vibrational levels to the lowest ones. This relaxation pro-


ess is 
on
omitant with radiative and 
ollisional deex-


itation of the ele
troni
ally ex
ited states. Thus, popu-

lations of hundreds of vibrational levels should be taken

into a

ount [11℄. To simulate the population of any vi-

brational level it is ne
essary to de�ne a variety of kineti


parameters. The 
hara
teristi
 feature of the relaxation

is that rates of vibrational transitions are 
omparable

with the rates of ele
troni
 dea
tivation. Therefore, the

assumption about near{equilibrium vibrational distribu-

tion of the ex
imers appears not to be a proper approa
h.

In order to simulate vibrational relaxation, one has

(i) to 
hoose one of several modeling methods and (ii)

to determine reliable values of the rate 
onstant of vi-

brational relaxation, k

VT

. This paper is basi
ally 
on-


erned the �rst part of the problem. Namely, we des
ribe

and 
ompare phenomenologi
al, numeri
al, and analyti-


al approa
hes. As to kineti
 parameters k

VT

, their nu-

meri
al values, reported in various papers, di�er by the

orders of magnitude [18℄. In part, this 
an be due to that

those parameters have di�erent physi
al senses in the

above{mentioned models.

In the next se
tion, we give an histori
al overview of

the methods whi
h were applied for modeling the relax-

ation kineti
s. We show that phenomenologi
al, numeri-


al, and analyti
al models both use di�erent de�nitions

of the relaxation parameters, and assume distin
t valid-

ity 
onditions for the kineti
 equations. The main goal of

this paper is to 
ompare predi
tions of di�erent kineti


models, as is done in Se
. III. Con
luding remarks are

given in Se
. IV.

II. AN HISTORICAL OVERVIEW

A. Phenomenologi
al Models

In the literature several approa
hes were applied to

simulate kineti
s of vibrational relaxation of the ex-


imers. The most 
ommon approa
h was proposed by

Ja
ob et al in 1979 [19,20℄. In paper [20℄ KrF(B) sidelight


uores
en
e of the 249{nm B ! X transition was moni-

tored in the a
tive medium of the KrF laser. Comparing

the signals observed in the presen
e and absen
e of stim-

ulated emission, the ability of the laser photons was eval-

uated to depopulate the upper laser level. The 
on
lusion

from these experiments was that some of the KrF popu-

lation was at higher vibrational levels and 
ould not be

e�e
tively extra
ted by stimulated emission at the nor-

mal laser operating wavelength.

In the ex
imer lasers the upper laser level is typi
ally

the zeroth vibrational level of the RgX(B) state. In or-

der to determine the population of this level n

0


ompar-

atively to its equilibrium value n

0e

Ja
ob et al proposed

the following rate equations:
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dn
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dN

dt

= �

N

�

u

+ R�

��

h�

n
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= �

0

N; �

0

� exp

�

�

�

0

T

� Æ

X

v

exp

�

�

�

v

T

�

is

the Boltzmann fa
tor, �

v

is the energy of v{th vibra-

tional level, T is the gaseous temperature in the energeti


units, N =

P

v

n

v

and �

u

are 
orrespondingly the number

and the lifetime of the ele
troni
ally ex
ited mole
ules,

�

v

is 
alled the time of vibrational relaxation, it is re-

lated to the rate 
onstant of vibrational relaxation k

VT

�

�

v

�1

= k

VT

[M℄; where [M℄ is the density of the bu�er

gas M

�

; � is the light 
ux in the a
tive medium, � is

the 
ross se
tion of stimulated emission, h� is the photon

energy, R is the pumping rate for produ
ing the ele
tron-

i
ally ex
ited mole
ules.

Equations (1) and (2), as well as their modi�
ations,

were applied in a number of papers [3,6{8,10,21{30℄.

The modi�ed models took into a

ount 
ontribution to

the stimulated emission of several vibrational levels of

KrF(B) [25,6,27,29,30℄, 
ollisional mixing between the

RgX(B) and RgX(C) states [23,25,7,29,30℄, and inter-

a
tion of the RgX(B;C) ex
imers with plasma ele
trons

[23,28,30℄. The reliability of any model of 
ourse depends

on the way of determining the parameter �

v

:

On the one hand, any parameter �

v

(M ) of Eq. (1) is in

fa
t an adjustable parameter of a spe
i�
 kineti
 model.

A

ording to Kannari, Obara, and Fujioka [25℄, it 
an-

not be thought that Eq. (1) des
ribes the exa
t physi
al

pro
esses of the vibrational energy transfer. Otherwise

stated, the parameter �

v

found in the framework of 
er-

tain phenomenologi
al model is valid only for this model.

On the other hand, the 
ondition under whi
h the rate

�

v

�1

of Eq. (1) is related with the rates of elementary en-

ergy transfer pro
esses 
an be found. The appli
ation of

Eq. (1) 
an be proved as follows.

B. Level{to{Level Models

In the most general 
ase, n

0


an be found from the

system of the rate equations of level{to{level kineti
s:

dn

v

dt

= �

1

�

0

X

v

0

(P

v

0

v

n

v

� P

v v

0

n

v

0

)

�

n

v

�

u

�

��

h�

Æ

v 0

n

0

: (3)

Here P

v

0

v

is the probability of transition from the v{th

vibrational level to level v

0

during one 
ollision with a

bu�er{gas atom, �

0

is the time of a free passing of the

ex
imer in the gas, �

0

�1

= k

0

[M℄; k

0

is the rate 
onstant

of gas{kineti
 
ollisions. Equation (1) obviously follows

from system (3) if one sets the populations n

v

to be equal

n

v

= exp

�

�

�

v

� �

0

T

�

�

0

(N � n

0

)

1� �

0

(v 6= 0); (4)

and de�nes k

VT

as

k

VT

= k

0

(1� �

0

)

�1

X

v

P

v 0

: (5)

Consequently, equation (1) will be a proper one under

Boltzmann distribution (4) of the mole
ules on vibra-

tional levels whi
h do not 
ontribute to the light ampli-

�
ation.

Be
ause of the importan
e of vibrational relaxation

several advan
ed kineti
 models based on the rate equa-

tions of state{to{state relaxation (3) were developed.

In 1981 Dreiling and Setser examined the XeCl(B�X)

and XeCl(C � A) emission spe
tra obtained from the

rea
tion of Xe

�

3

P

2

or

3

P

1

�

with Cl

2

; CCl

4

; and COCl

2

in the presen
e of He, Ne, Ar, and N

2

bath gases [31℄.

Due to low bu�er gas pressure varying in the interval of

one tenth to ten torr, the XeCl(B;C) ex
imers predom-

inantly populated high vibrational levels. The dynami
s

of the found vibrational distributions was used to de-

termine the rate 
onstants of vibrational relaxation and

transfer between the B and C states of XeCl [31℄ :

k

R

= k

0

P

R

ij

; k

T

= k

0

P

T

ij

: (6)

Here P

R

ij

and P

T

ij

are the probabilities of the transitions

in one 
ollision of the XeCl ex
imer with a bu�er gas

atom M :

RgX(B; j) +M

P

R

ij

�! RgX(B; i) +M; RgX(C; j) + M

P

R

ij

�! RgX(C; i) +M; (7)

RgX(B; j) +M

P

T

ij

�! RgX(C; i) + M; RgX(C; j) + M

P

T

ij

�! RgX(B; i) +M; (8)

It 
ould be mentioned that the relaxation of vibrational distribution 
an be determined mainly by the energy


onversion between the B and C states (8), but not relaxation transitions (7), if P

R

ij

� P

T

ij

:
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A similar approa
h was used in paper of Kvaran, Shaw,

and Simons [32℄. In this paper the steady{state, 
hemilu-

mines
en
e te
hnique was used to measure the e�e
tive

rate 
onstants for vibrational transitions between blo
ks

of vibrational levels for KrF

�

in 
ollisions with He, Ne,

and Ar and XeCl

�

with Ar. The reported e�e
tive rate


onstants in
luded 
ontributions to relaxation due to in-

tersystem 
rossing between the B and C states, in ad-

dition to dire
t relaxation within the B state. Authors

of [33℄ studied XeF(B) ex
imer and determined the rate


onstants of transitions (7) and (8) between the individ-

ual vibrational levels for He, Ar, and N

2

bu�ers.

Further improvements of the 
hemilumines
en
e te
h-

nique were a
hieved in several experiments ful�lled by

Setser and 
o{workers [34,35℄. Thus, in paper [34℄ de�-

nite low vibrational levels of XeCl(B) and XeCl(C) were

populated due to a laser{assisted photoasso
iation from

the Xe + Cl atoms, as well as photoabsorption from the

XeCl(X) van der Waals mole
ules.

A theoreti
al model assembled by Morgan, Win-

ter, and Kulander [36℄ des
ribed the 
ow of ex
itation

through vibrational levels of the KrF ex
imers. This

model involved numeri
al integration of rate equations

for the populations of all the KrF(B) vibrational states.

They 
al
ulated the populations of 20 low vibrational

levels are and 100 groups of vibrational levels in the

range between v = 20 and the disso
iation limit of the

KrF(B) state (5.3 eV above v = 0). The rate equa-

tions in
luded re
ombination (feeding the highest lev-

els of KrF), VT{transitions, spontaneous emission, 
olli-

sional quen
hing, and stimulated emission from the low-

est levels with 0 � v � 4: The rates of vibrational energy

transfer were 
al
ulated with a model of the symmetri



harge ex
hange rea
tion between the thermal Kr atom

and the Kr

+

ion of the ioni
 KrF(B){state mole
ule.

A

ording to the model, a maximum of 2500 
m

�1

per


ollision is to be removed for a 
ollision of Kr atom with

the KrF(B) ex
imer with �

v

' 2 eV. By solving the ki-

neti
 equations it was found that this rapid vibrational

deex
itation is still slow enough for the ex
itation to be

lost by a spontaneous emission and by 
ollisional quen
h-

ing. The numeri
al simulations demonstrated the e�e
ts

of vibrational relaxation on the saturation 
hara
teris-

ti
s of the KrF(B) state during the extra
tion of laser

light. The results of the 
al
ulations were in qualitative

agreement with the experimental results of [20℄.

The experimental investigations of the state{to{state

relaxation kineti
s showed that the pro
ess of vibra-

tional relaxation is provided with multiquantum tran-

sitions and requires many 
ollisions with the bu�er gas

atoms. To simulate su
h a pro
ess in the most general

way one 
an apply the di�usion Fokker{Plan
k equation

[37{39℄.

C. The Fokker{Plan
k Approa
h

This approa
h to modeling vibrational relaxation

treats the relaxation pro
ess as a motion of the mole
ules

in the energy spa
e. The kineti
 equation has the follow-

ing form

�f

�t

�

�

��

B(�) �(�)

�

�

��

f

�

+

f

T �

�

+

1

�

u

f = r(�; t): (9)

Here f(�; t) is the distribution fun
tion whi
h is intro-

du
ed so that f(�; t) d� is a number of the mole
ules

in the interval of vibrational energy of � to � + d� in

time t: Normally, f(�; t) des
ribes vibrational distribu-

tion of the mole
ules in a 
laster of 
ollisionally mixed

ele
troni
 states. For instan
e, the B and C states of

RgX are mixed by 
ollisions with the bu�er gas atoms

at the pressures of p � 50 Torr [25,27,32,35℄. Un-

der this 
ondition, the vibrational distribution within


ertain ele
troni
 state s is des
ribed by the fun
tion

f

s

=

�

g

s

Æ

P

s

g

s

�

f; where g

s

is the ele
tron degener-

a
y of the state s; � =

P

s

�

s

; �

s

is the density of vi-

brational states in the ele
troni
 state s, 1=�

s

(�

v

) =

�

v+1

� �

v

' �h!; �h! is the vibrational quantum of the

state s. Population n

v

of any vibrational level v of the

ele
troni
 state s 
an be expressed via f(�; t) as follows:

n

v

=

�

g

s

Æ

P

s

g

s

�

f(�

v

; t)

Æ

�

s

(�

v

), here the term g

s

Æ

P

s

g

s

is

due to the 
ollisional mixing of the ele
troni
 states. For

the RgX(B;C) ex
imers, the latter is

�

g

s

Æ

P

s

g

s

�

= 1=2:

In Eq. (9), the term�

�

2

��

2

Bf des
ribes the di�usion as

a result of the energy transfer in random 
ollisions. The

term

�

��

Af; where A(�) = �

B

T

+

1

�

d

d�

B�; takes into a
-


ount the dire
ted motion of mole
ules from the upper

vibrational levels to the lower ones. The parameter A 
an

be regarded as the velo
ity of this motion. The 
ombina-

tion j � �B�

�

�

��

f

�

+

f

T �

�

is the 
ow of the mole
ules

in the energy spa
e. The term r(�; t) in (9) is a genera-

tion rate i. e. the number of ex
ited mole
ules 
reated per

unit interval of � per unit time. The reverse lifetime 1=�

u

is the sum of the probabilities for spontaneous emission

and 
ollisional quen
hing in 1 s. Generally, �

u

depends

on �.

The Fokker{Plan
k equation 
an be applied if f(�) is

a steady fun
tion of �:

�

�

�

�

�

1

X

k=3

(�1)

k

k!

�

k

��

k

h(��)

k

if

�

�

�

�

�

�

�

�

�

�

�

2

X

k=1

(�1)

k

k!

�

k

��

k

h(��)

k

if

�

�

�

�

�

;

(10)

here �� is the energy whi
h transfers one mole
ule to a

bu�er gas atom in one 
ollision, the bra
kets h:::i denote

the averaging over all 
ollisions.

In the 
ase of vibrational relaxation of ex
imers, the

steady{state distribution fun
tion at �� T varies as [40℄

f(�) ' C �

�

v

=�

u

� 1

; (11)
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where C is a 
onstant. Thus, the validity 
riterion (10)

is satis�ed for ex
imer relaxation. It should however be

noted that the Fokker{Plan
k approa
h yields the dis-

tribution fun
tion (11) whi
h is 
ontrary to the above

dis
ussed 
riterion (4).

The important kineti
 pe
uliarity of the rare gas halide

ex
imers is that the vibrational transitions are multi-

quantum. Therefore, the transitions from any vibrational

level v to the higher ones 
an be negle
ted if v � 1: The


oeÆ
ient B(�) of (9) has 
onsequently to be de�ned

from the equation

B(�) = k

0

[M℄T h��i:

The linear approximation of the di�usion 
oeÆ
ient in

the region of low vibrational levels is used to introdu
e

the parameter k

VT

[38℄:

B(�) = k

VT

[M℄T �:

In parti
ular, if the probabilities of rea
tions (7), (8) are

known, then the value of k

VT


an be 
al
ulated as follows

k

VT

= k

0

1

�

v

"

X

v

0

P

T

v

0

v

(�

v

� �

v

0

) +

X

v

0

P

R

v

0

v

(�

v

� �

v

0

)

#

;

(12)

where �

v

lies in the region of low vibrational levels.

Thus, the approa
hes applied to modeling vibrational

relaxation of the ex
imers have di�erent de�nitions (5),

(6), and (12) of the parameter 
alled the rate 
onstant

of vibrational relaxation. Furthermore, a

ording to (4)

and (10), the phenomenologi
al and the Fokker{Plan
k

models have di�erent validity 
onditions whi
h depend

on populations of high lying vibrational levels. In the

next se
tion we 
ompare the results obtained with the

solution of di�erent kineti
 equations.

III. COMPARISON OF THE MODEL

PREDICTIONS

The most general goal of the relaxation theory lies

in 
al
ulating the distribution of the mole
ules over vi-

brational levels. Both the numeri
al and the Fokker{

Plan
k models predi
t similar vibrational distributions

formed under a steady{state pumping. The typi
al vi-

brational distribution found with the level{to{level re-

laxation model [36℄ is shown in �gure 1. Let us 
ompare

the 
urve in �gure 1 with the solution of the Fokker{

Plan
k equation (9).

The Fokker{Plank equation (9) has an analyti
al solu-

tion if the following simplifying approximations are ap-

plied:

B(�) =

T �

�

v

; � = 
onst; �

u

= 
onst; r = RÆ(�� �

�

):

In the 
ase, the distribution is given by the fun
tion

f(�) = C

0

F

�

�; 1;

�

T

�

exp

�

�

�

T

�

; (13)

where the 
onstant C

0

depends, in a known way, on the

pumping rate R; F is the degenerate hypergeometri


fun
tion of the �rst kind, � � �

v

=�

u

: Thus, the 
har-

a
ter of the vibrational distribution depends only on the

parameter �: For KrF ex
imers, the value of � 
an be de-

termined using the rate 
onstants of the Fokker{Plan
k

vibrational relaxation model of [41℄. Cal
ulating the pa-

rameter � for the 0.958/0.04/0.002 Ar/Kr/F

2

mixture at

p = 1 bar, the mixture of [20℄ for whi
h N (�) of Fig. 1

was 
al
ulated in [36℄, one �nds � = 0:2:The dependen
e

(13) at � = 0:2 is presented in Fig. 1 as a short{dash line.

Fig. 1. The KrF vibrational populations vs. vibrational

energy. Bu�er gas (Kr) pressure is 1 bar. The long{dash

line presents the equilibrium 300 K Boltzmann distribution,

the solid 
urve was 
al
ulated in [36℄ with the level{to{level

relaxation 
ode, the short{dash 
urve 
orresponds to the

Fokker{Plan
k relaxation model.

Though we use no adjustable parameters and apply

the simplest analyti
al solution of the relaxation prob-

lem, the 
urves found with the Fokker{Plan
k and the


omplex level{to{level models agree surprisingly well.

The solution f(�) of Eq. (9) 
orrespondent to the

steady{state pumping of high vibrational levels has two


hara
teristi
 features. The fun
tion of vibrational dis-

tribution is 
lose to the Boltzmann one in the region of

low vibrational levels [47℄:

f(�) '

N

T

�

v

exp

�

�

�

T

v

�

; (14)

where �

v

= exp

�

�

�

�

Z

T

T d�

�

u

(�)B(�)

�

; �

�

is the energy of

born mole
ules, T

v

is the vibrational temperature,

277



V. V. DATSYUK, I. A. IZMAILOV

T

v

=

T

1�

�

v

�

u

: (15)

A tail of the distribution fun
tion exists in the region of

high vibrational levels where

f(�) =

RT

B(�)

exp

�

�

�

�

Z

�

T d�

�

u

(�)B(�)

�

; (16)

Thus, the populations of hundreds of high vibrational

levels within a few{eV energy interval essentially deviate

from the Boltzmann ones.

The latter pe
uliarity of vibrational distribution af-

fe
ts a number of kineti
 phenomena whi
h will be stud-

ied below.

It was mentioned in Se
. II of this paper that the pa-

rameter k

VT

of phenomenologi
almodels is an adjustable

parameter. Hen
e, it 
an be applied if nothing is known

about the distribution of mole
ules over high vibrational

levels. However, it would be useful to study whether pre-

di
tions of the phenomenologi
al model are 
orre
t if

operating 
onditions are 
hanged. Se
ondly, it is inter-

esting to study whether one kineti
 parameter 
orre
tly

des
ribes various, for example steady{state and tempo-

ral, kineti
 pro
esses. To study these issues we 
olle
ted

in Table 1 the solutions of the simple kineti
 problems

found with distin
t models.

The �rst problem addresses the 
al
ulation of the ulti-

mate quantum yield of the stimulated emission �

st

: This

important 
hara
teristi
 of laser eÆ
ien
y is introdu
ed

as the maximum available ratio of the number of emit-

ted 
oherent photons to the number of mole
ules born in

the a
tive medium.This parameter 
orresponds to hypo-

theti
al laser operation under saturation of laser transi-

tion and absen
e of any photon absorption in the a
tive

medium. It is seen from Table 1 that the phenomenolog-

i
al and Fokker{Plan
k models yield the formulae for �

st

whi
h are di�erent in essen
e.

In parti
ular, model A does not show any dependen
e

of �

st

on the energy of the born mole
ules �

�

. Let us 
on-

sider the operation regimes of a KrF laser. Under typi
al


onditions, there are two me
hanisms of KrF produ
tion.

Most ex
imers are formed in the ioni
 re
ombination re-

a
tion

Kr

+

+ F

�

+M �! KrF(B; �

�

1

' 5:3 eV) + M: (17)

However, approximately one third of ex
imers are born

on lower vibrational levels due to harpoon rea
tion

Kr

�

+ F

2

�! KrF(B; �

�

2

' 1:8 eV) + F: (18)

A

ording to model A, rea
tion (18) gives no improve-

ment in �

st

in 
omparison with rea
tion (17). This would

be valid if KrF ex
imers were to pass a vibrational energy

interval of 3.5 eV without noti
eable ele
troni
 deex
ita-

tion. At the same time, model C predi
ts that the values

of �

st

di�er by a fa
tor of

�

�

�

1

Æ

�

�

2

�

�

' 1:4: Thus, the de-

penden
e of �

st

on �

�

should be taken into a

ount if new

type of pumping or a
tive medium 
omposition 
hanges

the per
entage of the ioni
 re
ombination and harpoon

rea
tions.

Thus, the predi
tion of the phenomenologi
al model is

unlikely to be 
orre
t under broad variation of the oper-

ating 
onditions.

The se
ond analysed problem is that of the delay of

pulse lumines
en
e with respe
t to a pumping pulse. For

simpli
ity, let us 
onsider an instantaneous pumping pro-


ess whi
h produ
es ex
imers on high vibrational levels

with the energy �

�

at the time t = 0. Due to vibrational

transitions the lowest vibrational level will be populated

at a later time with the maximum population at t = t

d

.

The formulae for t

d

obtained with di�erent kineti
 mod-

els are presented in Table 1.

Let us examine the experimental observation of the

pulse lumines
en
e of XeCl(B) in a 100 Torr Xe mixture

[35℄. In the experiment the XeCl(B;C) mole
ules were

generated due to two-photon, laser{assisted rea
tion be-

tween Xe and Cl

2

: In this work XeCl(B;C) ex
imers were

born on high vibrational levels with �

v

' 1.2 eV during

a short (4{6 ns) time period. The spe
tral analysis of the

XeCl(B�X) emission from v = 0 to 3 vibrational levels

was ful�lled to tra
e down the 
hange of T

v

; the vibra-

tional temperature of XeCl(B), with time. In a 100 Torr

Xe mixture, the XeCl(B) ex
imers a
quired the equilib-

rium vibrational distribution with T

v

= 300 K in 30{150

ns time interval, whereas the averaged T

v

was found to

be about 500 K for the full 0{150 ns time integration

period.

Using the radiative lifetime and the quen
hing rate


onstants from [35℄ we 
al
ulate �

u

= 14 ns for the exper-

imental mixture. In the framework of the Fokker{Plan
k

model we 
an determine �

v

=�

u

= 0.4 from the measure-

ment of T

v

= 500 K and Eq. (15). For the known �

�

=

1.2 eV [35℄ we get t

d

= 27 ns. The observation of the

pulse lumines
en
e was ful�lled in [35℄ for the 0{30 and

30{150 ns time intervals. We hen
e 
on
lude that the es-

timated time s
ale of the relaxation pro
ess, 27 ns, is in

a

ord with the experimental one, 30 ns.

In the framework of the phenomenologi
al model we


an estimate k

VT

(Xe) > 5� 10

�11


m

3

s

�1

a

ording to

[23℄. We then �nd that �

v

< 5 ns and t

d

< 7 ns for �

u

=

14 ns. The later value of t

d

is four times shorter than the


hara
teristi
 transient time 30 ns. Thus, the predi
tion

of the phenomenologi
al model is likely to be in
orre
t if

one studies temporal relaxation pro
esses.

The third analysed problem is a problem of the gain

re
overy in short-pulse laser ampli�er. This problem re-

lates to experimental data obtained with the pump{and{

probe te
hnique [42℄. The measurements of the probe

pulse ampli�
ation after the passage of saturating high

intensity pulse was performed for XeCl [43,13℄, XeF [14℄,

KrF [44,13,16℄, and ArF [45℄. The re
overy of the gain on

a nanose
ond time s
ale was found to be one{exponential

for all these ex
imers.
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Value

a)

Model (A ) Model (C ) Bar Diagram

b)

�

st

�

1 +

1

�

0

�

v

�

u

�

�1

�

T

�

�

�

�

v

�

u


)

0 0.5 1.0

�

st

A

C

t

d

�

v

ln

�

�

u

�

v

+ 1

�

�

v

ln

�

�

u

�

v

�

�

T

�

0 3 6

t

d

Æ

�

v

A

C

g(t) Eq. (20) Eq. (19)

0 0.5 1.0

t

r

(t! 0)

Æ

t

r

(t!1)

A

C

Table 1. Comparison of the predi
tions of the phenomenologi
al (A) and Fokker{Plan
k (C) relaxation models.

a) The parameter �

st

is the ultimate quantum yield of stimulated emission, t

d

is delay of the emission pulse with

respe
t to the pumping pulse, and g(t) is the law of the gain re
overy, t

r

� 1

Æ

d

dt

ln [g

0

� g(t)℄;

b) Numeri
al data 
orrespond to the 
hara
teristi
 values of �

v

= 0:3 �

u

; �

�

= 100 �h!; �

0

=

1

2

�h!; and �h! = T ;


) More stri
t expression for �

st

is �

v

Æ

G

�

�

v

�

u

; 1;

�

0

T

�

, where �

v

is de�ned in the 
omment to Eq. (13), G is the

degenerate hypergeometri
 fun
tions of the se
ond kind, �

0

is an energy of the upper laser level.

This �nding is in a

ord with the theoreti
al predi
-

tions of both the Fokker{Plan
k relaxation model [46℄

and the numeri
al 
ode of [25℄. A

ording to the Fokker{

Plan
k model, the law of the gain re
overy is

g(t) = g

0

��g exp

�

�

t

t

s

�

; (19)

where g

0

is the stationary gain value, g = g

0

� �g at

t = 0; and t

s

= �

u

: Although paper [25℄ applies phe-

nomenologi
al segregation of high and low vibrational

levels, it takes into a

ount populations of ten lowest vi-

brational levels of KrF(B) and KrF(C). In the framework

of this relatively 
omplete model, the dependen
e of g(t)

was found in the form of Eq. (19) with t

s

independent

of �

v

:

If one applies phenomenologi
al equations (1) and (2),

the following law of the gain re
overy will readily be

found:
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g(t) = g

0

��g

�

�exp

�

�

t

�

u

�

+ (1� �)exp

�

�

t

�

v

�

t

�

u

�

�

:

(20)

The value of the parameter � is about 0.6 if �h! ' T;

whi
h is the 
ase for the XeCl ex
imers [48℄. Thus,

� ' 1 � �; and nanose
ond gain dynami
s should be

two{exponential with one re
overy time equaling to �

v

and the se
ond one equal to �

u

: This 
on
lusion is def-

initely in a qualitative disagreement with the wealth of

experimental data.

A

ording to Table 1, none of the analysed problems

brings satisfa
tory agreement between the phenomeno-

logi
al (A) and the Fokker{Plan
k (C) relaxation mod-

els. Sin
e the model C is in a

ord with other level{

to{level relaxation models and multifarious experimental

data [18℄, we 
on
lude that a 
orre
t kineti
 theory must

de�ne distribution of the mole
ules over a broad interval

of vibrational levels [49℄.

IV. CONCLUSIONS

The modelers of the ex
imer lasers 
ommonly used

simple phenomenologi
al approa
h for modeling vibra-

tional relaxation of the ex
imers. This paper 
ompares

predi
tions of this approa
h with other kineti
 theories

and experimental data. The s
ope of the 
onsidered phe-

nomena in
ludes the redu
tion of the quantum yield of

stimulated emission, the time delay between the pump-

ing and emission pulses, the gain re
overy after rapid de-

pletion of the upper laser level. It is dis
overed that the

phenomenologi
al approa
h 
annot des
ribe the whole of

these e�e
ts 
orre
tly. As to spe
ialized 
al
ulation of the

eÆ
ien
y of ex
imer laser, the appli
ation of phenomeno-

logi
al model is likely to be mistaken under untypi
al

experimental 
onditions.
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MODEL�VANN� KOLIVNOÕ RELAKSAC�Õ V EKSIMERNIH LAZERAH

V. V. Da
�k
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, �. A. �zma�lov

2

,

1

KiÝvs~ki� na
�onal~ni� un�versitet �men� Tarasa Xevqenka, f�ziqni� fakul~tet,

prosp. Gluxkova, 6, KiÝv, 03022, UkraÝna

2

�nstitut f�ziki nap�vprov�dnik�v NAN UkraÝni, v�dd�l teoretiqnoÝ f�ziki,

prosp. Nauki, 45, KiÝv, 03028, UkraÝna

Proanal�zovano sposobi model�vann� kolival~noÝ relaksa
�Ý galogen�d�v �nertnih gaz�v v eksimernih

lazerah. Provedeno por�vn�nn� zagal~nov�domogo fenomenolog�qnogo p�dhodu z b�l~x strogimi model�mi,

�k� zastosovu�t~ r�vn�nn� balansu dl� zaselenoste� ener�etiqnih r�vn�v abo r�vn�nn� Fokkera{Planka.

Obgovoreno umovi zastosuvann� modele�, a tako� viznaqenn� k�netiqnih parametr�v.Do kola anal�zovanih

efekt�v uv��xli kvantovi� vih�d zmuxenogo viprom�n�vann�, zatrimka qasu m�� �mpul~sami zbud�enn�

aktivnogo seredoviwa ta viprom�n�vann� sv�tla, dinam�ka ponovlenn� koef�
�
nta p�dsilenn� sv�tla p�sl�

xvidkogo zniwenn� optiqno aktivnih molekul.Prin
ipov� rozb��nost� modele� p�dkresleno za dopomogo�

d��gram.
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