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The informative{theoretial analysis is applied in order to study the nanoseond gain dynamis in

a short{pulse KrF laser. The analytial exploration desribes the e�et of KrF vibrational relaxation

on the laser harateristis. Simple formulas are obtained for the internal eÆieny of the laser{

level prodution and the rate of the gain reovery. Though several low vibrational levels of KrF(B)

ontribute to the light ampli�ation, the energy transfer proesses between these levels are found

not to a�et the laser harateristis notieably.

Key words: KrF, eximer, moleular dynamis.
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I. INTRODUCTION

The KrF laser is a widely used UV laser emitting emis-

sion with a wavelength of 0.248 �m [1℄. At present, the

interest to this oherent emission soure inreased drasti-

ally due to its appliation in the world's semiondutor

industry for integrated iruits prodution.

This researh was stimulated by the fat that inves-

tigators of the eximer lasers did not sometimes under-

stand the relations between the measured laser hara-

teristis and fundamental kineti parameters. One of the

important laser harateristis is the nanoseond time of

the gain reovery t

s

after the saturation of the laser am-

pli�er by a short light pulse [2℄. The �rst detailed study

of this quantity was ful�lled by Corum and Taylor [3℄

for the XeCl laser. It was presumed that, aording to

the balane ondition, t

s

was equal to the eximer life-

time �

u

. However, paper [9℄ stated parameter t

s

to be

the inverse funtion of the rate onstant of vibrational

relaxation k

VT

: t

s

= �

v

� (k

VT

[M℄)

� 1

; here [M℄ is the

volume density of the bu�er gas. However, appliation of

the Fokker{Plank approah yielded the equality t

s

= �

u

to be valid for the XeCl eximers [10,11℄.

As to the KrF laser, its upper laser level is a luster of

several vibrational levels of eletroni state B. The study

of the gain reovery in KrF laser was ful�lled in [12℄ with

a numeri ode allowing for populations of the 10 lowest

vibrational levels of KrF(B and C). The sum populations

of the higher vibrational levels of KrF(B and C) were

taken into aount by two additional kineti equations.

It was found that the reovery time t

s

was independent

of the rate onstant of vibrational relaxation. However, a

relation of t

s

with kineti parameters of the KrF moleule

was not determined.

In this paper, the net small{signal gain oeÆient g is

alulated from nonstationary vibrational distributions

of eximers. The vibrational distributions are found from

the Fokker{Plank equation. In the KrF laser, several

low vibrational levels ontribute to the light ampli�a-

tion [13{15℄. Of ourse, the ontribution to the gain oef-

�ient from eah vibrational level must be taken into a-

ount. These ontributions however are not only known

with insuÆient auray but also are hanging during

light pulse ampli�ation, in aordane with the hange

of emission line width. To disover the most general

regularities of the light ampli�ation, the informative{

theoretial analysis an be applied. In general, this

method onsists in the following. De�nite dependenes

on vibrational energy are assumed to be known for some

kineti parameters. These dependenes inlude however

surprising parameters, �

i

. An analytial solution of the

kineti equation dependent on �

i

an thereby be found.

It is used further to ompare the predited and experi-

mental quantities and better understand the moleular

kinetis.

This paper is organized as follows. The method for the

analytial treatment of the eletroni{vibrational relax-

ation is desribed in Se. II. In Se. III, the informative{

theoretial analysis is applied to determine the temporal

dependene of the gain oeÆient, g(t). The predited

dependene of g(t) is disussed and ompared with ex-

perimental data in Se. IV. In Se. V, we determine the

peuliarities of the upper laser level prodution in KrF

laser. Finally, onluding remarks are given in Se. VI.

II. THEORY OF KrF VIBRATIONAL

RELAXATION

Below the model of vibrational relaxation [16,17℄ is de-

sribed briey. The entral point of the model is alula-

tion of the distribution funtion f(�; t) of eximers in the

ollisionally mixed eletroni states. Here � is the vibra-

tional energy and t denotes time, the B and C eletroni

states are treated as a single state sine ollisional on-

version of energy between these states has a rate about

the rate of gas{kineti ollisions. For known f , the pop-

ulation of any vibrational level of state B an be found

as n

v

(m

�3

) =

1

2

f(�

v

; t) �h!, where �

v

' �h! (v +

1

2

); �h!

is the KrF(B) vibrational quantum.
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The distribution funtion an be found for from the

Fokker{Plank equation

�f

�t

+

�

��

j(�; t) +

1

�

u

f = r(�; t) (1)

where j � �

T�

�

v

�

�f

��

+

f

T

�

is ow, j(0; t) = 0; j(� !

1; t) = 0; f(�; t ! �1) = 0; �

v

and �

u

are the times

of vibrational relaxation and eletroni deexitation, re-

spetively, T is the temperature, r is the pumping rate

per unit of �. Rate �

�1

u

is the sum of the rates of radiation

and ollisional quenhing.

The general solution of (1) is

f =

1

T

exp

�

�

�

T

�

� exp

�

�

t

�

u

�

1

X

n=0



n

(t) exp

�

�n

t

�

v

�

L

n

�

�

T

�

; (2)

where 

n

(t) =

t

Z

�1

dt exp

�

(n+ �)

t

�

v

�

D

Z

0

d� r(�; t)L

n

�

�

T

�

;

� � �

v

Æ

�

u

; L

n

is the Laguerre polynomial.

III. THE LONG{TERM GAIN RECOVERY

To study reovery of the gain oeÆient g(t) the fol-

lowing approximations are aepted in this paper

g(t) = �

1

Z

0

#

1

(�) f(�; t) d�; (3)

#

1

= exp

�

�

�

�

1

�

0

�

and

r(�; t) = r

0

(�)� #

2

(�) Æ(t)

�N

�

0

; (4)

#

2

=

�

�

2

(1� �=�

0

)

1��

2

; 0 < � < �

0

;

0; � > �

0

;

where � is the stimulated emission ross setion, �

0

=

n �h!; n is the number of vibrational levels available to

laser transition ( n = 3 aording to [14℄ and n = 5 a-

ording to [13,15℄), r

0

(�) is the stationary pumping rate,

�N is the number of eximers depopulated by a short

pulse, �

1

and �

2

are surprising parameters ( the rigorous

way to introdue the surprising parameters is desribed

for example, in [18,19℄ ). The hoie of equations (3) and

(4) means that eximers on a few low vibrational levels

ontribute to light ampli�ation and are depopulated by

a short light pulse. The parameters �

1

; �

2

seem to be

about unity. Examples for the dependenies of #

1

and

#

2

on � are presented in Fig. 1.

Fig. 1. Dependenes #

1

(�) ( urve 1 ) and #

2

(�) ( urve 2 )

with �

0

= 1650 m

�1

, �

1

= 0:9; �

2

= 0:6: The �lled irles

are the spetral Einstein oeÆients at � = 248 taken from

Table 1 of [13℄.

On inserting term (4) into solution (2) we get



n

(t) = 

(0)

n

+�N F

�

�n; 1 + �

2

;

�

0

T

�

;

g(t) = g

0

� ��N exp(�t=�

u

)S

�

1 +

T

�

1

�

0

�

�1

; (5)

where

S �

1

X

n=0

F

�

�n; 1 + �

2

;

�

0

T

�

a

n

;

a � exp(�t=�

v

)

�

1 + �

1

�

0

T

�

�1

;

oeÆients 

(0)

n

are attributed to the stationary pumping,

g

0

is the net stationary small{signal gain oeÆient (see

Appendix A), F is degenerate hypergeometri funtion

of the �rst kind. Aording to the alulations presented

in Appendix, the stationary gain oeÆient g

0

depends

on �

1

weakly. Moreover, the same formula for g

0

has been

obtained in [16,17℄ for the Heavyside #{funtion used in-

stead funtion (3).

Sum S depends on parameters �

1

; �

2

weakly too. To

illustrate this dependene, we present S in Table 1 for

various values of �

2

. The values �

2

= 0, 1, and 2 orre-

spond respetively to linearly inreasing, onstant, and

dereasing dependenes of #

2

on �. Beause �

0

� T and

therefore a� 1; the following approximation an be used

for any moment of time

S

�

1 +

T

�

1

�

0

�

�1

' 1: (6)
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As follows from formula (5) with term (6), the long{

time reovery of the gain an be desribed by the simple

exponential low,

g = g

0

��g exp(�t=�

u

); (7)

where �g = ��N: Thus, the time of the KrF gain re-

overy or the energy storage time t

s

equals the time of

KrF

�

eletroni deexitation �

u

,

t

s

= �

u

:

The value of t

s

is hene determined by eximer B !

X and C ! A radiation and quenhing ollisions of ex-

imers with atom and plasma eletrons.

� S

0

1

1� a

exp

�

�

xa

1 � a

�

1

1

xa

�

1� exp

�

�

xa

1� a

�

�

2 2

1� a

(xa)

2

�

exp

�

�

xa

1� a

�

� 1 +

xa

1� a

�

Table 1. Sum S =

1

P

n=0

F (�n; 1 + �; x)a

n

.

IV. EXPERIMENTAL AND CALCULATED

RECOVERY TIMES

The time of the gain reovery t

s

has been measured

for various eletron{beam exited media. These data are

presented in Table 2. To ompare the theory with ex-

perimental data, orresponding values of �

u

have been

alulated. Two sets of kineti parameters have been

used. Set I in Table 3 is taken from the tabulation of

rate onstants for the He{bu�er eletron{beam{exited

KrF laser [12℄. The numerous theoretial results obtained

with these rate onstants were in aord with experimen-

tal data [14{17℄. An analogous set of parameters has also

been used for the Ar{bu�er eletron{beam{exited laser

[23℄.

N Mixture omposition measu- alulated �

u

red t

s

I II

1 6 mbar F

2

, 150 mbar Kr, 1

b)

1.8 2.6

and He

a)

2 5.5 mbar F

2

, 137.5 mbar Kr, 1.8

)

2.2 2.7

550 mbar Ne, and He

a)

3 4 mbar F

2

, 110 mbar Kr, 2.0

)

2.2 3.2

70 mbar He, and Ne

a)

4 3 torr F

2

, 100 torr Kr, 3

d)

3.7 5.6

and 500 torr Ar

Table 2. The measured energy storage times t

s

and

the KrF

�

lifetimes �

u

alulated with two sets of kineti

parameters. a) Total pressure p = 2:5 bar; b) determined

from Fig. 5 of Ref. [5℄ whih represents experimental data of

Ref. [4℄; ) Ref. [6℄; d) Ref. [7℄.

New kineti parameters have been reported by Setser

et al. [24℄. Those were obtained from the observations

of the KrF

�

uoresene deay. The new parameters are

presented in Table 3 as set II. Note that even the e�e-

tive radiative lifetimes of Sets I and II di�er by a fator

of two.

Proess Parameter Units

Set I Set II

KrF

�

! KrF + h� 15.18 25 ns

KrF

�

+ F

2

! Kr + F + F

2

7:8 � 10

�10

3:0 � 10

�10

m

3

/s

KrF

�

+ 2Kr ! KrF

�

2

+ Kr 6:7 � 10

�31

6:0 � 10

�31

m

6

/s

KrF

�

+ Kr + Ar ! KrF

�

2

+ Ar 6:5 � 10

�31

5:5 � 10

�31

m

6

/s

KrF

�

+ Kr + He ! F + 2Kr + He 5 � 10

�31 a)

4:6 � 10

�31

m

6

/s

KrF

�

+ Kr + Ne ! F + 2Kr + Ne 5 � 10

�31 b)

4:9 � 10

�31

m

6

/s

KrF

�

+ 2He ! Kr + F + 2He 5 � 10

�32 a)

negleted m

6

/s

KrF

�

+ 2Ne ! Kr + F + 2Ne 5 � 10

�32 b)

negleted m

6

/s

KrF

�

+ 2Ar ! ArKrF

�

+ Ar 7 � 10

�32

negleted m

6

/s

KrF

�

+ Kr ! 2Kr + F 2:0 � 10

�12

4:0 � 10

�12

m

3

/s

KrF

�

+ Ar ! Kr + F + Ar 1:8 � 10

�12

2:9 � 10

�12

m

3

/s

KrF

�

+ He ! Kr + F + He negleted 2:5 � 10

�12

m

3

/s

KrF

�

+ Ne ! Kr + F + Ne negleted 2:1 � 10

�12

m

3

/s

Table 3. The radiative lifetime and the rate onstants for KrF

�

quenhing by heavy partiles. a) Ref. [21℄; b) estimated value.
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Aording to Table 2, the alulations of �

u

with the

onventional set of parameters, (Set I), are in good agree-

ment with the experimental data. The lifetimes found

with the seond set of parameters agree with measured

t

s

worse. Both the alulations do not take into aount

the KrF

�

quenhing by plasma eletrons. This quenh-

ing is haraterized by the rate onstant equal to 2 �10

�7

m

3

/s [1,22℄. For the typial eletron density of 2 � 10

14

m

3

/s [16,17℄, a theoretial value of �

u

equalling 2.5 ns

should be redued to 2.3 ns. This nearly 10 % redution

of the lifetime would lead to the exellent agreement of �

u

alulated with the onventional set of parameters with

the measured t

s

.

The measurements of [23℄ were ful�lled in pressure in-

terval of 50 to 200 Torr. The KrF

�

reations with two

bu�er{gas atoms were therefore negleted. The three{

body quenhing is however important at high bu�er gas

pressure of 2.5 bar. Indeed, the three{body quenhing

rate onstant of 5 � 10

�32

m

6

/s would give a quenh-

ing rate of 2 � 10

8

s

�1

. This rate redues the values of

�

u

alulated with the seond set by a fator of 2. The

redution of t

s

will lose the preditions of the seond

model to those of the �rst one. Thus, in aordane with

the above noties, no disrepanies an be found between

the values of t

s

measured and alulated with two sets

of parameters.

V. POPULATION OF UPPER LASER LEVEL

The net small{signal gain oeÆient an be related

with the e�etive volume density N

a

of ative moleules

whih ontribute to the light ampli�ation, g = �N

a

.

For a stationary pumping

r(�) = R

X

l

�

l

Æ(�� �

�

l

);

where

X

l

�

l

= 1; we have aording to Appendix 1 and

[16,17℄

N

a

= �N

� =

X

l

�

l

�

l

; �

l

= exp

0

B

�

��

v

�

�

l

Z

�

0

d�

� �

u

1

C

A

: (8)

where N = R�

u

is the total volume density of ele-

tronially exited moleules, � is the fration of exited

moleules whih reah the low vibrational levels available

for the laser transition.

Under nonstationary ondition, the following formula

for dN

a

=dt an be determined from (7)

dN

a

dt

= R� �

N

a

�

u

: (9)

This equation desribes population kinetis of the KrF

upper laser level. It is learly seen that due to kineti pro-

esses in very high vibrational states, the rate of laser{

level pumping is lower than the eximer pumping rate

by the quantity �. This fator was usually negleted in

ommon omputer models [12,20℄.

VI. CONCLUSIONS

The informative{theoretial analysis has been per-

formed in order to understand the nanoseond gain dy-

namis in a KrF laser ampli�er. It was shown that the

e�etive population of the energy levels whih ontribute

to the light ampli�ation, N

a

, an be alulated with

Eq.(9). (Multipliation of N

a

by the stimulated emission

ross setion gives the net small signal gain oeÆient.)

In aordane with Eq. (9), the pumping rate of the up-

per laser level is lower than the rate of generation of

eximers by a fator of �, Eq.(8).

The time of repumping of the upper laser level, deter-

mined by vibrational relaxation, equals the time of KrF

�

deexitation �

u

. The alulations of �

u

with the onven-

tional set of parameters [12,16,17,14℄ are in aord with

experimental data [5{7℄. The use of the new parameters

of [24℄ alls for the determination of the rate onstants

for the KrF

�

quenhing by two inert{gas atoms.

It was found that the proess of vibrational relaxation

in the region of low vibrational levels does not notieably

a�et the gain dynamis.
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APPENDIX A: SMALL{SIGNAL GAIN AT

STATIONARY PUMPING

This setion presents details of alulation of the sta-

tionary net small{signal gain. Let us onsider the sta-

tionary pumping of very high vibrational levels:

r = RÆ(�� �

�

) (A1)

here R is the pumping rate. Substituting (A1) into (2)

one obtains the following expressions



(0)

n

= R�

v

1

n+ �

exp

�

(n+ �)

t

�

v

�

L

n

�

�

�

T

�

;

f

0

(�) =

1

T

exp

�

�

�

T

�

�R�

v

1

X

n=0

1

n + �

L

n

�

�

T

�

L

n

�

�

�

T

�

:

(A2)
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1

X

n=0

1

n+ �

L

n

(x)L

n

(y) = �(�)F (�; 1;x)G(�; 1; y); (x < y);

where F and G are the degenerate hypergeometri funtions of the �rst and the seond kinds. At �

�

� T , it an be

applied the asymptoti formula for G :

G

�

�; 1;

�

�

T

�

'

�

�

�

T

�

�

(A3)

Calulating the net small{signal gain oeÆient with Eqs.(A2) and (3), we get

g

0

= � R�

v

�

1 +

T

�

1

�

0

�

�1

S

0

; (A4)

where

S

0

�

1

X

n=0

1

n+ �

�

t

t+ 1

�

n

L

n

�

�

�

T

�

=

�

1 +

1

t

�

�

2

6

4

�(�)G

�

�; 1;

�

v

T

�

�

1

Z

t�

�

=T

dz z

� -1

�

�

�

T

+ z

�

��

e

�z

3

7

5

;

where t �

T

�

1

�

0

. At �

�

� �

1

�

0

> T , equation (A4) takes the following form

S

0

=

�

1 +

1

t

�

�

�(�)G

�

�; 1;

�

�

T

�

;

where G an be expressed with Eq. (A3). If �

1

be near unity and � < 1; the following approximation an be used

�(1 + �) (1 + t)

�-1

�

1

�

' 1 :

Equation (A4) an hene be written as follows

g

0

= �R �

u

�; � = exp

0

B

�

��

v

�

�

Z

�

0

d�

� �

u

1

C

A

:

The same formula has been obtained in [16,17℄ with the Heavyside funtion used in equation (3)

#(�� �

0

) =

�

1; � � �

0

;

0; � > �

0

:
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�NFORMAC��NO{TEORETIQNI� ANAL�Z NANOSEKUNDNOÕ DINAM�KI

KOEF�C��NTA P�DSILENN� SV�TLA V LAZERNOMU P�DSIL�VAQ� NA KrF

V. V. Da�k

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

vul. Volodimirs~ka, 64, KiÝv, 01033, UkraÝna

Pra� rozviva teor�� kolival~noÝ relaksa�Ý eksimernih molekul u KrF lazer�. Zmodel~ovano dina-

m�ku zaselenn� verhn~ogo lazernogo r�vn� p�sl� prohod�enn� qerez aktivne seredoviwe korotkogo sv�tlo-

vogo �mpul~su, wo nasiqu lazerni� p�dsil�vaq. Osobliv�st� lazera na KrF  te, wo vnesok u p�dsilenn�

sv�tla da�t~ dek�l~ka ni�n�h kolivnih r�vn�v molekuli KrF(V). Zaselenost� ih r�vn�v obqisleno za do-

pomogo� r�vn�nn� Fokkera{Planka. Odnak parametri ~ogo diferen��nogo r�vn�nn� ne  pevno viznaqe-

nimi. Tomu u pra� zastosovano �nforma��no{teoretiqni� anal�z. Taki� p�dh�d dozvoliv zna�ti naoqni�

zakon zm�ni koef��nta p�dsilenn� sv�tla, �ki� mo�e buti perev�reni� eksperimental~no. Otrimano for-

muli dl� parametr�v zna�denogo r�vn�nn�: vnutr�xn~oÝ efektivnosti zaselenn� verhn~ogo lazernogo r�vn�

ta qasu v�dnovlenn� koef��nta p�dsilenn� sv�tla. Pobudovana k�netiqna model~ dobre uzgod�ut~s� �k

z rezul~tatami eksperiment�v, tak � z �nximi teoretiqnimi dosl�d�enn�mi | odnakovo � pri rozv'�zku

dinam�qnoÝ zadaq�, � v kvaz�sta�onarnih umovah.
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