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The informative—theoretical analysis is applied in order to study the nanosecond gain dynamics in
a short—pulse KrF laser. The analytical exploration describes the effect of KrF vibrational relaxation
on the laser characteristics. Simple formulas are obtained for the internal efficiency of the laser—
level production and the rate of the gain recovery. Though several low vibrational levels of KrF(B)
contribute to the light amplification, the energy transfer processes between these levels are found

not to affect the laser characteristics noticeably.
Key words: KrF, excimer, molecular dynamics.

PACS number(s): 33.70.Fd, 42.55.Gp, 82.20.Rp, 33.10.Gx

I. INTRODUCTION

The KrF laser is a widely used UV laser emitting emis-
sion with a wavelength of 0.248 pm [1]. At present, the
interest to this coherent emission source increased drasti-
cally due to its application in the world’s semiconductor
industry for integrated circuits production.

This research was stimulated by the fact that inves-
tigators of the excimer lasers did not sometimes under-
stand the relations between the measured laser charac-
teristics and fundamental kinetic parameters. One of the
important laser characteristics is the nanosecond time of
the gain recovery ¢, after the saturation of the laser am-
plifier by a short light pulse [2]. The first detailed study
of this quantity was fulfilled by Corcum and Taylor [3]
for the XeCl laser. It was presumed that, according to
the balance condition, s was equal to the excimer life-
time 7,. However, paper [9] stated parameter ¢ to be
the inverse function of the rate constant of vibrational
relaxation kyt: s = 7, = (kv [M])~ 1, here [M] is the
volume density of the buffer gas. However, application of
the Fokker—Planck approach yielded the equality t; = 7,
to be valid for the XeCl excimers [10,11].

As to the KrF laser, its upper laser level is a cluster of
several vibrational levels of electronic state B. The study
of the gain recovery in KrF laser was fulfilled in [12] with
a numeric code 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 account by two additional kinetic equations.
It was found that the recovery time f; was independent
of the rate constant of vibrational relaxation. However, a
relation of t; with kinetic parameters of the KrF molecule
was not determined.

In this paper, the net small-signal gain coefficient ¢ is
calculated from nonstationary vibrational distributions
of excimers. The vibrational distributions are found from
the Fokker—Planck equation. In the KrF laser, several
low vibrational levels contribute to the light amplifica-
tion [13-15]. Of course, the contribution to the gain coef-

ficient from each vibrational level must be taken into ac-
count. These contributions however are not only known
with insufficient accuracy but also are changing during
light pulse amplification, in accordance with the change
of emission line width. To discover the most general
regularities of the light amplification, the informative—
theoretical analysis can be applied. In general, this
method consists in the following. Definite dependences
on vibrational energy are assumed to be known for some
kinetic parameters. These dependences include however
surprising parameters, A;. An analytical solution of the
kinetic equation dependent on A; can thereby be found.
It 1s used further to compare the predicted and experi-
mental quantities and better understand the molecular
kinetics.

This paper is organized as follows. The method for the
analytical treatment of the electronic—vibrational relax-
ation is described in Sec. II. In Sec. 11, the informative—
theoretical analysis is applied to determine the temporal
dependence of the gain coefficient, g(¢). The predicted
dependence of g(#) is discussed and compared with ex-
perimental data in Sec. IV. In Sec. V|, we determine the
peculiarities of the upper laser level production in KrF
laser. Finally, concluding remarks are given in Sec. VI.

II. THEORY OF KrF VIBRATIONAL
RELAXATION

Below the model of vibrational relaxation [16,17] is de-
scribed briefly. The central point of the model is calcula-
tion of the distribution function f(e, t) of excimers in the
collisionally mixed electronic states. Here € is the vibra-
tional energy and ¢ denotes time, the B and C electronic
states are treated as a single state since collisional con-
version of energy between these states has a rate about
the rate of gas—kinetic collisions. For known f, the pop-
ulation of any vibrational level of state B can be found

1 1
as n,(cm™?) = §f(ev,t) hw, where €, ~ hw (v + 5)’ hw

is the KrF(B) vibrational quantum.
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The distribution function can be found for from the
Fokker—Planck equation

of 0 . 1T,
54-&](6,15)‘1‘;]:—7“(5’75) (1)
where j = —?(g—{—l— %) is flow, j(0,¢) = 0, j(e —

o0,t) =0, f(e,t > —0) = 0; 1, and 7, are the times
of vibrational relaxation and electronic deexcitation, re-
spectively, T 1s the temperature, r is the pumping rate
per unit of e. Rate 7, 1 is the sum of the rates of radiation
and collisional quenching.

The general solution of (1) is

r=g ey
<exp(==) Y ealt) exp(-n 2) (), (@)
where ¢y (t) = / dt exp((n + k) iv) /d€ r(e,t)Ln(%),

K= TU/TU, L, 1s the Laguerre polynomial.

III. THE LONG-TERM GAIN RECOVERY

To study recovery of the gain coefficient g(t) the fol-
lowing approximations are accepted in this paper

g(t) = 0'/791(6) fle t) de, (3)

ﬁlzexp(— < )

A1€/
and
AN
r(e,t) = ro(e) — Va(€) d(2) o (4)
9y = {/\2 (1—¢/)t =2 0< €/< €,
0, €> ¢,

where ¢ is the stimulated emission cross section, ¢ =
n hw, n is the number of vibrational levels available to
laser transition ( n = 3 according to [14] and n = 5 ac-
cording to [13,15]), ro(e€) is the stationary pumping rate,
AN is the number of excimers depopulated by a short
pulse, A1 and A, are surprising parameters ( the rigorous
way to introduce the surprising parameters 1s described
for example, in [18,19]). The choice of equations (3) and
(4) means that excimers on a few low vibrational levels
contribute to light amplification and are depopulated by
a short light pulse. The parameters Ay, As seem to be
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about unity. Examples for the dependencies of ¥#; and
¥ on € are presented in Fig. 1.
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Fig. 1. Dependences ¥;(€) (curve 1) and 92(e) (curve 2)
with ¢ = 1650 cm_l7 A1 = 0.9, A2 = 0.6. The filled circles
are the spectral Einstein coefficients at A = 248 taken from

Table 1 of [13].

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

6/

eat) = e+ AN F(—n, 14 A, T)’

g(t) = go — o AN exp(—t/7,) S (1-1- /\i,)_ , (5)

where

o !
SEZF(—n,l—I—/\z,%) a”,

n=0
AN
a = exp(—t/m) (1 + A1 T) ,

(0)

coeflicients ¢;, ” are attributed to the stationary pumping,
go is the net stationary small-signal gain coefficient (see
Appendix A), F is degenerate hypergeometric function
of the first kind. According to the calculations presented
in Appendix, the stationary gain coefficient gy depends
on A; weakly. Moreover, the same formula for gy has been
obtained in [16,17] for the Heavyside J-function used in-
stead function (3).

Sum S depends on parameters A, Ay weakly too. To
illustrate this dependence, we present S in Table 1 for
various values of Ay. The values Ay = 0, 1, and 2 corre-
spond respectively to linearly increasing, constant, and
decreasing dependences of ¥, on €. Because ¢ > T and
therefore a < 1, the following approximation can be used
for any moment of time

S(1+ A1€,)‘1 ~ 1. (6)
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As follows from formula (5) with term (6), the long—
time recovery of the gain can be described by the simple
exponential low,

9= 90— Ag exp(—t/mu), (7)
where Ag = 0 AN. Thus, the time of the KrF gain re-
covery or the energy storage time ¢; equals the time of
KrF* electronic deexcitation 7,

ts =1,

The value of ¢; is hence determined by excimer B —
X and C — A radiation and quenching collisions of ex-
cimers with atom and plasma electrons.

—a

Table 1. Sum S = ) F(—n,14+ X, z)a”.

n=0

IV. EXPERIMENTAL AND CALCULATED
RECOVERY TIMES

The time of the gain recovery ¢; has been measured
for various electron—beam excited media. These data are

presented in Table 2. To compare the theory with ex-
perimental data, corresponding values of 7, have been
calculated. Two sets of kinetic parameters have been
used. Set I in Table 3 is taken from the tabulation of
rate constants for the He—buffer electron—beam—excited
KrF laser [12]. The numerous theoretical results obtained
with these rate constants were in accord with experimen-
tal data [14-17]. An analogous set of parameters has also
been used for the Ar—buffer electron—beam—excited laser

[23].

N |Mixture composition measu- |calculated 7,
redt, | I I

1 [6 mbar F5, 150 mbar Kr, 19 118] 26
and He®

2 15.5 mbar Fy, 137.5 mbar Kr,| 1.8 ¢ (2.2 2.7
550 mbar Ne, and He®

3 |4 mbar Fy, 110 mbar Kr, 2.0 9 (2.2 3.2
70 mbar He, and Ne

413 torr Fo, 100 torr Kr, 34 137 5.6
and 500 torr Ar

Table 2. The measured energy storage times t. and
the KrF* lifetimes 7, calculated with two sets of kinetic
parameters. a) Total pressure p = 2.5 bar; b) determined
from Fig. 5 of Ref. [5] which represents experimental data of
Ref. [4]; c) Ref. [6]; d) Ref. [7].

New kinetic parameters have been reported by Setser
et al. [24]. Those were obtained from the observations
of the KrF* fluorescence decay. The new parameters are
presented in Table 3 as set II. Note that even the effec-
tive radiative lifetimes of Sets I and II differ by a factor
of two.

Process Parameter Units
Set 1 Set 11

KrF* — KrF + hv 15.18 25 ns
KrF* + Fo» > Kr+ F 4+ Fy 7.8-1071%(3.0- 10710 em3 /s
KrF* + 2Kr — KrlF3 + Kr 6.7-1073116.0- 1073 |em® /s
KrF* + Kr + Ar — KrF; + Ar 6.5-10731 5.5 - 1073 |em® /s
KrF* + Kr 4+ He = F 4 2Kr + He|5- 10731 9)[4.6 - 1073 |em® /s
KrF* + Kr 4+ Ne = F 4 2Kr + Ne|5- 107319 (4.9 - 1073 |em® /s
KrF* + 2He — Kr + F + 2He 5-107329)| neglected |cm®/s
KrF* + 2Ne — Kr + F + 2Ne 5-10732%) | neglected |cm®/s
KrF* + 2Ar — ArKrF* + Ar 710732 | neglected [cm®/s
KrF* + Kr - 2Kr + F 2.0-10712 (4.0 - 10712 |em3 /s
KrF* + Ar - Kr + F 4+ Ar 1.8-1071212.9-10712|cm3/s
KrF* + He — Kr + F + He neglected [2.5- 10712 |em3 /s
KrF* + Ne — Kr + F + Ne neglected [2.1- 10712 |cm3/s

Table 3. The radiative lifetime and the rate constants for KrF* quenching by heavy particles. a) Ref. [21]; b) estimated value.
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According to Table 2, the calculations of 7, with the
conventional set of parameters, (Set I), are in good agree-
ment with the experimental data. The lifetimes found
with the second set of parameters agree with measured
ts worse. Both the calculations do not take into account
the KrF* quenching by plasma electrons. This quench-
ing is characterized by the rate constant equal to 2-1077
em?/s [1,22]. For the typical electron density of 2 - 1014
cm?®/s [16,17], a theoretical value of 7, equalling 2.5 ns
should be reduced to 2.3 ns. This nearly 10 % reduction
of the lifetime would lead to the excellent agreement of 7,
calculated with the conventional set of parameters with
the measured ¢,.

The measurements of [23] were fulfilled in pressure in-
terval of 50 to 200 Torr. The KrF* reactions with two
buffer-gas atoms were therefore neglected. The three—
body quenching is however important at high buffer gas
pressure of 2.5 bar. Indeed, the three-body quenching
rate constant of 5 - 10732 ¢cm®/s would give a quench-
ing rate of 2 - 10® s~!. This rate reduces the values of
7., calculated with the second set by a factor of 2. The
reduction of ¢; will close the predictions of the second
model to those of the first one. Thus, in accordance with
the above notices, no discrepancies can be found between
the values of ¢, measured and calculated with two sets
of parameters.

V. POPULATION OF UPPER LASER LEVEL

The net small-signal gain coefficient can be related
with the effective volume density N, of active molecules
which contribute to the light amplification, g = o N,.
For a stationary pumping

r(e€)=R Zﬁ, Sle—¢)),

where | = 1, we have according to A endix 1 and
’ g PP
{

[16,17]
Ng=n9N
€
de
n=) Gm,  m=exp|-n [ — . (8§
1 U
where N = R, is the total volume density of elec-

tronically excited molecules, 7 is the fraction of excited
molecules which reach the low vibrational levels available
for the laser transition.

Under nonstationary condition, the following formula
for dN,/dt can be determined from (7)

dN, N,
o =Rnp-——. (9)

Tu
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This equation describes population kinetics of the KrF
upper laser level. It 1s clearly seen that due to kinetic pro-
cesses in very high vibrational states, the rate of laser—
level pumping is lower than the excimer pumping rate
by the quantity 7. This factor was usually neglected in
common computer models [12,20].

VI. CONCLUSIONS

The informative—theoretical analysis has been per-
formed in order to understand the nanosecond gain dy-
namics in a KrF laser amplifier. It was shown that the
effective population of the energy levels which contribute
to the light amplification, N,, can be calculated with
Eq.(9). (Multiplication of N, by the stimulated emission
cross section gives the net small signal gain coefficient.)
In accordance with Eq. (9), the pumping rate of the up-
per laser level is lower than the rate of generation of
excimers by a factor of 1, Eq.(8).

The time of repumping of the upper laser level, deter-
mined by vibrational relaxation, equals the time of KrF*
deexcitation 7,. The calculations of 7, with the conven-
tional set of parameters [12,16,17,14] are in accord with
experimental data [5-7]. The use of the new parameters
of [24] calls for the determination of the rate constants
for the KrF* quenching by two inert-gas atoms.

It was found that the process of vibrational relaxation
in the region of low vibrational levels does not noticeably
affect the gain dynamics.
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APPENDIX A: SMALL-SIGNAL GAIN AT
STATIONARY PUMPING

This section presents details of calculation of the sta-
tionary net small-signal gain. Let us consider the sta-
tionary pumping of very high vibrational levels:

r=Rd(e—¢€") (A1)

here R is the pumping rate. Substituting (A1) into (2)
one obtains the following expressions

=R Ty

n
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oQ

> o Lale) L) = L(6) i, 1) Glw L), (2 < )

n=0

where F' and G are the degenerate hypergeometric functions of the first and the second kinds. At €* > 7', it can be

applied the asymptotic formula for G :
& & [
=) ~|= A
6 (m1%) = (%) (A3)

Calculating the net small-signal gain coefficient with Eqs.(A2) and (3), we get

7\t
go=cRm, (1 + /\16/) So, (A4)
where
> 1 t " e* n\" € 7 1 [ € "
Sy = —_— Ly(=)=1[1+- I'(r) G 1,=2) — dz 2" — -z
0 Z_%n—i—lﬁ? <t+1) <T) ( +t) (K:) (K’ ’T) / ZZ <T+Z) [ ;
n= te* /T

T
where ¢ = SWE At € > M > T, equation (A4) takes the following form
1€

so= (141 16 (1S
0 — 1 K K”T ’

where (G can be expressed with Eq. (A3). If A; be near unity and « < 1, the following approximation can be used
T(1+r)(L4+80) TN ~1.

Equation (A4) can hence be written as follows

E*

Jgo=0Rmyn, n=exp _Tv/

/
€

de

€Ty

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

1, e<é,
79(6_6/):{0 >
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IHOCOPMAIIIMHO-TEOPETUYHUNIA AHAJII3 HAHOCEK YHIHOI IUHAMIKU
KOE®INICHTA IIIICUJIEHHS CBITJIA B JIASEPHOMY IIIOCHUJIIOBAYI HA KrF

B. B. Hamrox
Kuiscoxuti ynicepcumem imens Tapaca Hlesvuenxa, dizuvrudi daxyrvmem,
6y.n. Boaodumupeoxa, 64, Kuis, 01033, Vipaina

IIpamz posBuBae Teopito KOMMBAJIBHOI pestakcalli ekcuMepHux Mosekya y KrE jrazepi. 3momenboBaHo auHa-
MIKY 3aceJleHHd BEPXHBOTO JIA3€PHOIO PIBHA IMCJs MPOXOKEHHA Yepe3 aKTUBHE CepelIoBHUINe KOPOTKOTO CBITJIO-
BOTO IMIIYJIbCY, IO HacH4ye JasepHuii macmiaroBad. OcobimBicTio jgasepa Ha KrF e Te, 1o BHECOK y IMICHTEHHS
CBiTJIa HalOTh AeKiIbKa HIDKHIX KoJMBHUX piBHIB Mostekysu KrF(B). Bacesenocti mux pisHiB ofuncieno 3sa mo-
nomororo piBHaHHA Pokkepa—Ilnanka. OgHak mapaMerps 1bOTO OUgePEHIIHHOr0 PIBHAHHA He € IeBHO BU3HAYe-
aumu. Tomy y mparn 3acTocoBaHo iHopMaliiiHo—Teopernarnii aHa 3. Takuil maxia Jo3BOJINMB 3HaATH HAOUHMMA
3aKOH 3MIHI KoedilieHTa MACUJIEHHA CBIT/Ia, AKAH MoxKe Oy TH IepeBipeHuil ekcriepuMenTabHo. OTprMano ¢hop-
MYJIN JUTA IapaMeTpiB 3HAIeHOro PIBHAHHA: BHY TPINIHBOI ebeKTUBHOCTHU 3aceIeHHA BEPXHBOTO JIA3€PHOTO PIBHA
Ta Yacy BIIHOBJIeHHs KoedilleHTa IMICHIeHHs cBiTa. [lobymoBaHa KiHeTHYHA MOMAEJb I00pe Y3romKy€EeThCA AK
3 pe3yJabTaTaMH €KCIIEPUMEHTIB, TakK i 3 IHIIMMHA TEOPETHYHUMHU NOCIIIKEHHAMU — OHHAKOBO 1 MPHU PO3B A3KY
OUHAMIYHOI 3adadl, 1 B KBa3iCTAI[lOHAPHUX YMOBax.
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