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1.9 SUMMARY

The overall objective of this program has been the investigation of the
fundamental physical mechanisms of electrically excited, high pressure
rare gas halide excimer laser systems, such as KrF, which are based
upon bound-free transitions. The specific purpose of this study was to
attain a theoretical understanding of the KrF system in order to opti-
mize efficiency and output extraction in present devices and to predict
scalability to higher powers and larger devices. This requires an under-
standing of the kinetic reaction scheme and determination of the appro-
priate rate constants, and to obtain this information a wide range of
experimental and theoretical work is needed, some of which is currently
in progress. For the present program, efforts have been concentrated
on theoretical kinetic modeling and experimental measurements of small
signal gain coefficients. During the period of investigation, the follow-

ing specific tasks were performed:

1) The small signal gain coefficient for KrF in a high
pressure, e-beam excited mixture of Ar/Kr/F has
been measured at different pressures using an oscil-
lator-amplifier configuration. The value for the
small signal gain coefficient was found to vary from
0. 13 to 0,35 cm-1 over the range of parameters

investigated.

2) Kinetic modeling of the electrically excited KrF
laser system has been carried out using a sophis-
ticated and comprehensive computer analysis which
couples molecular and electron kinetics, radiative
extraction, and external driving circuit. All rele-
vant reactions and species which are currently

believed to contribute to the kinetics have been
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3)

included in this analysis, and the best current
estimates of corresponding rate constants are

used,

Comparisons of the results of kinetic modeling
with small signal gain measurements have been
made, and reasonable agreement is obtained.
The sensitivity of the reactions included in the

kinetic scheme has been investigated.




2.0 INTRODUCTION

The recent success of the KrF laser represents a breakthrough in the
attainment of high power uv visible lasers. By pumping a dye laser
with the newly developed KrF laser, a blue-green laser appears feasi-
ble with output in the multikilowatt range with an overall efficiency
exceeding 1%. The development of this dye laser will represent a two
orders of magnitude improvement in laser output over present devices

at these wavelengths,

In order to realize the full potential of the KrF laser, the mechanism
of operation must be understood. Different mechanisms have been
proposed to explain the KrF laser operation in a high pressure e-beam
pumped system., To elucidate the reactions which form KrF*, the
small signal gain has been measured for various conditions and com-
pared with a sophisticated computer model which predicts the gain for

these conditions,

Experimental measurement of the gain utilized simultaneous excitation
of the oscillator and amplifier cavity by the same e-beam to avoid the
problem of synchronizing short pulses, Details of the experiment are

discussed in Section 3. 1.

In addition, a computer analysis of the KrF system has been carried
out. In general, the straightforward attempt to write the subroutines
which define molecular kinetics for a complicated reaction scheme is
a difficult task, and the resulting computer program would have little
flexibility for analysis of any system except those in a very limited
class. Having anticipated the necessity for a powerful and general

analytical capability, a much more sophisticated approach was taken,




Under IR&D funding, a generalized computer code was developed which
itself synthesizes all the necessary subroutines for kinetics analysis,
Details of the capabilities of this code and its application to the present

program are discussed in Section 3, 2.

-
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3.0 TECHNICAL REPORT

The small signal gain is an essential parameter for predicting the
scaling of the KrF laser. The mechanism of operation may also
be best understood by comparing measured small signal gain with
the results of kinetic modeling. The experiments and computer pre-

dictions are presented in the following sections.

3.1 KrF Gain Measurements

The experiments were carried out using two independent gas cells

(1 c:m2 x 10 cm extracted optical volume) stacked side by side and
simultaneously pumped with a Pulserad 110A e-beam which provides
an output of ! MeV for 20 ns at 500 A/cmz. Each cell was fitted with
AR windows, one cell was used as oscillator with external optics
while the other served as an amplifier. The output from the oscil-
lator was directed into the amplifier with a prism after 10% was
split off by a beam splitter and measured with a F4000 UVG S-1
photodiode. After pdssing through the second cell, the amplified

signal was measured by a second photodiode.

Both photodiodes had a 10X neutral density filter and quartz diffuser
over the photo cathode. The pair of diodes were calibrated at 249 nm
on a relative basis with radiation from the oscillator using several
shots. The amplifier photodiode was placed 1 m from the amplifier
output to reduce the detection of spontaneous emission. The addition

of various neutral density filters to the oscillator beam allowed the
power into the amplifier to be varied over a wide range. A schematic

layout of the experiment is shown in Figure 1.

Gain measurements were taken over several mixture ratios and pres-

sure ranges. A typical data run is shown in Figure 2. For each of
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Figure 2. Typical KrF Gain Data




2
the following cases, with 500 A/cm  beam current, the Kr partial
pressure held constant while the FZ partial pressure was varied and

vice versa,

The gain was also calculated from the kinetics code described in the
next section for the pressures indicated in Tables I, II, and III.
From the data, the optimum mixture is Ar:Kr:F2(1965:105:4.5 Toryt)
with a measured gain of 0. 35 cm-l. More Kr causes KrF™ loss
while less inhibits KrF ™ production. The best amplifier performance
also coincides with the best laser performance. That is, the mix-
ture with the highest gain as an amplifier is also the best mixture for

the oscillator.

3.2 KrF Kinetic Modeling

In order to theoretically model the KrF laser, it is necessary to
construct a coupled analysis containing electron and molecular kinetics,
optical radiation fields, and an external driving circuit. However,
KrF is only one of a broad class of several promising schemes for
uv or visible lasers which are currently under investigation (or
which will be pursued in the future), and it is impraétical to con-
struct new computer codes for the analysis of each new kinetic re-
action scheme. The straightforward approach to write the rate sub-
routines which define the molecular kinetics for a complicated re-
action scheme is a time consuming task, and the resulting computer
program has little flexibility for analysis of any system except those
in a very limited class. Furthermore, as understanding of the
reaction scheme evolves, addition of new reactions (or deletion of
old reactions) may be required in addition to simple modification of
rate constants. Thus, such a code would itself have to be revised
in a continuing manner, rather than merely executed with revised

input values for rate constants.




Table I, KrF Gain Measurement Data at Constant

Kr Pressure (207 Torr) for various F_ Pressures

2
FZ Ar Measured Calculated
Torr Torr Gain (cm'l) Gain (cm'l)
9.0 1860 0.30 0.27
4.5 1860 0.33 0.26
2 1655 0.29 Q.22




TablelI. KrF Gain Measurement Data at Constant

1-"2 Pressure (4.5 Torr) for Various Kr Pressures

Kr Ar Measured Calculated
Torr Torr Gain (cm'l) Gain (cm‘l)
105 1965 0.35 0.34
207 1860 ' 0.33 0.26
415 1655 0.27 0.17
10




TableIll, KrF Gain Measurement Data Constant for
Various Total Pressures as a Function of Kr and FZ Pressures

Ar Kr F, Measured Gain
Torr Torr Torr (cm'l)
1654 415 9.0 0.24

1654 415 4.5 Q.27 E
1965 105 9.0 0. 32 i
1965 105 4.5 0.35 ;
931 105 4.5 0.31 |
931 105 2.2 0.30

414 105 2.2 0.24

414 105 L. 0.18

982 52 4,5 0.25

982 52 2.2 0. 28

465 52 2.2 0..19

465 52 Lol 0. 15

491 25 2yl 0.16

491 25 I.1 Q.13

L1




Therefore, in order to obtain a more powerful analytical capability,
a generalized code which itself synthesizes a coupled analysis

(as described above) has been developed. This code automatically
generates its own subroutines for analysis of the molecular kinetics
by translating symbolic reactions into computer-coded equations.
Thus, for the most complicated reaction scheme containing an arbi-
trary number of kinetic collision processes and interacting species,
it is possible to construct the complete computer code required with
virtually no effort. All that is required is to provide an input deck,
arbitrarily long, consisting of pairs of cards, the first containing a
reaction, followed by the second containing the forward and reverse
rate constants. The syntax for the reactions is very flexible, with
a free format that specifies the reaction just as it would normally
be written. The content of each reaction is analyzed, and the
appearance of each new species is recognized and its name stored.
The syntax of each reaction is subjected to numerous tests to detect
errors. If the reaction is determined to be acceptable, it is trans-
lated into appropriate expressions in the generation of synthesized
subroutines. Otherwise, diagnostic comments are produced. Pro-
gram generation and execution are protected by automatic exit

(by input request) if specified error conditions are encountered.

There are several obvious advantages to this approach. First of
all, there is simplicity and the minimization of the possibility of
error. For example, approximately 70 reactions are currently
believed to contribute to the KrF reaction kinetics, and to write
subroutines for such a complicated system would not be a simple

task. Secondly, the program diagnoses error conditions in the

12
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reaction syntax which may not have been noticeable or which may be
overlooked. For example, duplicate reactions are detected (even when
written backwards), charge particle and heavy particle conservation
is insured, detail balance relations for binary collision processes are
enforced, and miscellaneous other error conditions are detected.
Secondary electron collision processes are recognized and properly
coupled to the electron kinetics analysis, except for the case with no
discharge, in which case their rate constants can be defined by input.
Finally, the subroutines are constructed in such a way that null oper-
ations are completely eliminated (e.g., if no input rate constant is
provided, no translation of the corresponding term occurs), and in

such a way as to optimize execution efficiency.

For a given system, the required analysis includes the coupled system
of equations consisting of 1) the Boltzmann transport equation for the
electron energy distribution function to describe electron kinetics,

2) the master equations for the population densities of the electrons,
ions, neutrals, excimers, and 3) circuit equations to describe the
external driving circuit. It is usually the case that rate constants
involved in molecular kinetic reaction schemes can vary over several
orders of magnitude, and therefore, the resulting master equations
become a ''stiff'' system of differential equations. Therefore, the
approach which has been taken is to employ a multistep integration
technique developed by Gear for solution of such equations. This
method automatically adjusts the integration step size as the solution
proceeds, in such a way that required accuracy conditions are main-
tained. The Gear method requires subroutines not only for the rates
of change of the population densities, dn;j/dt, but also for the Jaco-
bian, § (ﬁi) / dnj, as a function of time. Because numerical evalu-

ation of the Jacobian is not satisfactory, it is necessary to generate

13




both such subroutines symbollically in the synthesis section of the
program, where the reaction scheme is translated into computer-

coded equations.

Figure 3 presents a schematic flow diagram of the present approach.
The rate constants initially assumed in the generation of the program
can be changed in the subsequent execution, if desired. The main
purpose of the rate constants in the initial input deck is to define
whether the forward and/or reverse process is to be included, for

if a zero rate constant is entered for other than secondary electron
collisions, no translation of the forward (or backward) term occurs
in the generated subroutines. If correct values of the rate constants
are known, they may be entered for once and for all in the original

reaction input data deck.

After the kinetics code has been synthesized, initial conditions and
experimentai parameters are entered and the analysis is executecd.
The entry of control parameters, experimental parameters, revised
rate constants, initial conditions, etc., is quite flexible, and permits
the code to be executed for a variety of situations of interest. In
pure e-beam excitation cases, rate constants for secondary electron
processes default to zero, but can be specified by input if desired.
This makes it possible to use the same general code for both dis-
charge and e-beam excitation conditions. The integration of the
coupled set of equations over the total pulse length is carried out
with the Gear technique which automatically adjusts its step size.
However, the total pulse length is divided into 50 subintervals at
which time the electron kinetics are updated, and a variety of output
options can be specified. Sample output from a typical run is

presented below, where comparison with experimental data is made.

14




f

GENERALIZED SYNTHESIS LASER KINETICS CODE

READ: Symbolic reactions, |
(Initial) rate constants. |
|
EDIT reaction syntax to detect errors,
b

TRANSLATE symbolic reactions into computer -coded equations.

)

'

COMPILE synthesized kinetics subroutines; combine with
other subroutines required for coupled analysis.

;

CATALOG resulting binary file for subsequent calculations

based on the input reaction scheme.

Y

READ: Experimental parameters,
I nitial conditions,
Rate modifications.

¥

EXECUTE the complete analysis, with output as specified.

Figure 3 Laser Kinetics Code Flow Diagram

15




The molecular kinetic processes required for the KrF system are
summarized in Figure 4, which is a reproduction of the input data
deck which defines the reaction scheme. Figure 5 is a reproduc-~
tion of output summarizing details and comments about the reaction
scheme generated during synthesis of the subroutines for the rates,
and Figure 6 presents the results of an edit of the reaction scheme.
The KrF kinetic processes include excitation of excited states and
ions of Ar and Kr by secondary and high energy e-beam electrons,
fluorine attachment, formation and quenching of several excimers,
charge transfer, electron and negative F~ion recombination with
positive ions, miscellaneous replacement reactions, a variety of
energy transfer collisions and quenching processes, spontaneous
radiative decay, and stimulated emission and absorption in the
active gain medium. Figure 7 illustrates the input data deck for
execution of the analysis, and Figure 8 summarizes the modified
rate constant input data. Input parameters have been chosen to
make comparison with experimental data for an Ar/Kr/FZ--
1965/105/4.5 Torr mixture pumped with a 500 A/crn2 e-beam
(nominally 1 MeV). Effective cross sections for electron-beam
excitation of excited states and ions of Ar and Kr are taken to be

those of Berger and Seltzer, defined by

5
4 o a
O.ff <u> N/M = 1.4 MeVecm™/g

where <u>~26 eV is the average energy loss in an ionizing col-
lision, No = 6 x 1023 is Avogodro's number, and M is the molecular
weight of the gas. (The effective cross section for excited states
is taken to be a factor of 3.5 smaller.) The stimulated emission

cross section for KrF™ has been taken to be

16
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