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This r eport describes and documents a comprehensive and reasonably general
- 

- computel a nalysis applicable to a bread class of transient, electrically excited
• La ser systems . The theore tical model is formulated, for a spatially homogene-

ous medium , in terms of the coupled set of equations which descr ibe the mole-
cula r kine tics, electro n kinetics, external discha rge circuit, and optical radii-
tive extr action. On. of the unique feature s of the pre sent code is tha t th . mole-
cu.lar kinetic subrou tines for an arbitrary reacti on scheme axe synthesiz ed auto-
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‘ m~tically by translation of an input queue of symbolically expr essed reactions
into computer-coded FORTRAN equations, which are automatically coupled to

• a Boltzmann analysis of electron kinetics.~----
~~-

• The molecular kinetics reactio n scheme is translated into subroutines which pro-
duce the instantaneous rates u-~j  and the Jaco bian 8~~/~~n4 (for the population den-
sities and electrical circuit par ameters) so that a. multl~step Gear technique can
be implemented for integration of the (“ stiff”) system of coupled equations. The
radiation fields fox Laser extraction are formulated in terms of the intricavity
photon density, with a source term from spontaneous noise and amplification ( and
absorp tion) by the excited medium. This approach allows radiation , electrons ,
and all of the other molecular “ species ” to be treated on a para llel basis.

~ ~~The electron kinetics analysis cousisti of numerical solution of the Bolt ’~az~~
equation for the electron energy distribution. The technique for solution per -
mits inclusion of inelastic binary electron—molecule collisions , superela.stic
collisions, electron- electron coLlisions, mornentum transfer (with recoil), a
source term £~$4 -P-S~-s~iz for external creation of electrons (at zero energy
and over a distr ibution of energies) by sources of ionization, and retention of
the term proportional to dn./dt fo~r situations involving a net change in the elec-
tron densi ty. From the elecdo~ enargy dist,ibution , all of the plasma parame-
ters, electron excitation rates, and power partitioning can be obtained.

The general laser kinetics program described has been constructed with consi-
derable emphasis on aexibility and simplicity of usage for the user. In addition
to the instructions for usage described in the present report , the FORTRAN
source decks contain extensive internal COMM ENT card documentation as well.
Even synthesized subroutine s which are generated by translation of the input re-
action queue contain COMMENT card documentation. In addition to the laser
kinetics synthesis and analysis code, an indep endent program for solution of the
Boltzmann equation has been developed , and is also included in the present re-
port. All of the prog ram s and subroutines have been written in FORTRAN IV for
Extend ed Fortran Compilation on the CD(~ 6000 and CYBEP. Series of computers
(which use a 60-bit, lO-BCD display character) word. Extensive modifications
may be required if th ese codes axe to be executed on some other system .

The present programs were develop ed in support of experimental research pro-
jects for the K.rF excimer laser. Therefore , inpt~t and output for analysis of a
KxF system are used for iLlustration. Program listings axe given in Vol. ~ of
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1.0 INTRODUCTION

Northrop Research and Technology Center has been involved in a variety

of research programs which have resulted in significan t contr ibutions to
- - the developmen t of high power laser technology as well as advances in the

understanding of fundamental laser physics. Recent investigations hav e

been focused on uv and visible laser concep ts, with primary emphasis on

the rare gas halide excixner systems such as KrF 1 ~~
. In theoretical sup -

port of these experimental investigations, the present author has devel-

oped a compr ehensiv e computer code which is su.fficiently general that it

would be of substantial futur e benefit for a wide variety of analytical stud-

iee of lasers , chemical kinetics, and electric discharge phenomena.
*This code , which contains far more generality and flexibility than any of

its nominal competitors currently in existence, will be thoroughly dc-

T scribed and documented in the present report in order to make it avail-

able to the general community .

During the past several years , there has been a continuing interest and

extensive effort in theoretical modeling of laser kinetic phenomena. In

support of research directed toward development of new laser concepts,

construction of a computer analysis to model the fundamental physical

4 
mechanisms and microscop ic kinetic processes can provide a valuable

tool for unders tanding the laser opera tion and for optimizing its perfor-

tuance. Such a model is continuously refined as understanding of the La-

ser reaction scheme evolves.

Exploratory resea rch for the developme nt of promising new laser systems

is often a combinatio n of art and science , and typically r equires both cx-

* This code was developed under internal IR&D funding, with part ial
support from the Advanced Researc h Projects Agency of the Depart-
ment of Defense , monitor ed by the Office of Naval Research under
contract N00014-76- C-1100.

1
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perimental and theoretical understanding of several overlapping dieci-

plines such as molecular spectroecopy and kinetics, electron kinetics

and discharge circuitry, fluid dynamics, and laser radiative extraction.

The first step in the disco very of a new laser system is the formulation

of a conceptual mechanism of excita tion and energy transfer for a set of

candidate atomic and molecular species; usually, this is based initially

upon only an intuitive or semiquantitative understanding of the spec tro-

scopy and kinetic processes for the proposed system. Inspiration for a

concept often originates from cur r ent fundamental resear ch in the spec-

troscopy of highly excited states of known molecules or unfamiliar tran s-

ient species, and from studies of collision dynamics and measurements

of energy transfer reaction rates. If initial experimental investigations

confirm that a hypothetical laser concept can be successfully realized,

more detailed studies complemented by theoretical modeling and analysis

are required in order to optimize laser performance and to formulate

quantitative scaling laws for extrapolation to high power, eff iciency, and

volume. For thi s purpose, it is necessary to understand the kinetic and

pumpi ng proc esses which are respons ible for the forma tion and quenching

of the excited species. A theoretical model of the fundamental physical

mechanisms, implemented by a computer code, is a useful asset for the

developme nt and optimization of a practical laser device.

The typical development of a laser kinetic model proceeds by construct-

ing an analysis of a spatially uniform gain medium in a simp le plane par-

allel resona tor wi th an attempt to describe, as completely as possible,

all of the coupled phenomena involving atomic and molecular kinetics,

electron kinetics, discharge circui try, optical radiative extraction, fluid

dynamics , etc. which characterize the laser system. Although the goal

of such an effort is to provide a reliable analytical tool for optimizing

the development of a practical laser device, such a model may also be

F- ;’ useful even wh en the laser may fail to accura tely exhibit the predicted

a
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— behavior in all respects. In such a case, one may still, be able to define
— parame tric trend s which sugg es t the necessary approach for optimization

of the laser device. Even with an incomplete model, it is often possible

to better understand the importance of microscopic processes or excited

spec ies, and/or to eliminate some unimportant factors from further in-

vestigation. In fac t, evolution in the theoretical understanding of the fun-

damental physical mechanisms of the laser proceeds by just such a pro-

cess in which the sensitivity of vario us r4ite constants i.e assessed , the

dependence of observed output on various experimental parame ters is de-

termined, and the kinetic reaction scheme is modified to account for and

to better explain the observed phenomena. Although such a model is co n-

tinually refined as the understanding of the reaction scheme evolves, even

preliminary predictions from the analysis may be sufficiently reliable to
- 

- justify more extensive experimental effort, or to define and narrow the

range of parameters or direction of approach.

The most important theoretical components of the model consist of the

analysis of the fundamental phys ical mechanisms , and in particular , the

refinemen t of the molecular kinetic reaction scheme and estimates of its

rate constants. Simultaneously, attempts at mor e sophistica ted descr ip-

tion of rela ted probl ems such as discharge stability, medium nonuniform-

ity, optical extraction and resonator configuration, flow proper ties , and

mode-medium interactions can be undertaken. In general, all of the lat-
ter refinemen ts are concerned more with an improved description of ef-

fects which result from spatial inhomogeneity rather than with fundainen-

tal physical mechanisms, and are therefore most appropriate only in the

final stages of development of a rea listic engineering model. That is

not to say that these effects are unimportant, for they often present prac-

tical limitations that make it difficult to attain the results predicted for

an idealized homogeneous medium.

3
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Therefore , the scope of the present work was to dev elop a coupled analy-
sis of molecular kinetics, electron kinetics, electric discharge circuit ,
and optical radiative extraction, which form the fundamental bas is fo r
the description of the physics of an electrically excited laser system.
The goal of any such model is to successfully predict, for a spatially
uniform gain medium, the excited state population densities , gain and
saturation parameters , power transfer and extraction rates, electrical
power partition ing, optical conversion efficiency and specific power, op-
tical output power and spectral distribution, etc.

In general, the type of model developed, the detail and approximations
considered, the computa tional sophistication, the input/output flexibility
of the com puter cod e, etc., can vary considerably depending upon the spe-
cific problem and application. There is currently much needless dupli-
cation of effort devoted to laser kinetic modeling . For any specific laser
conc ept, there is often a considerable overlap as well as a frequent lack
of communication between competing investigator s engaged in identical
kinetic analyses. Furthermore, this overlap is even more extensive
when one consider s the work of tho se who have developed essentially the
same analytical models for different systems which (although not identi-
cal) are nev erthel ess memb ers of a broad class of electrically excited
lasers for which a more generally applicable analysis could have been
developed. These concurrently developed computer codes are rarel y,
if ever, documented or intended for distribution. Because they vary con-
siderably in sophistication and approach , are generally written without
regard for user-orienta tion, often lack flexibility in problem scope or
hav e cumbersome input/ou tput structure , and usually require extensive
effort to modify them fo r application to new sys tems , they are essential-
ly useless to anyone but their original authors. As a result, government

- 
- agencies which fund such research often pay for the same product sever-

~
,

4
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al times , and future programs cannot directly build upon or benefi t from
the previous work. It is impractical to construct a new computer code
for the analysis of each new kinetic reaction scheme. If the necessity of
computer programming were substantially eliminated by the availability
of an applicable, user-oriented, existing computer code, a significant 

-

amount of time could be saved and allocated to more productive efforts
to understand the physics of the laser system. 

-

Recognition of the lack of a coherent and unified approach to the problem
of las er kinetic modeling provided the inspiration to undertake the devel-
opment of a generalized computer code which would be applicable to a
broad class of tr ansient, electrically excited laser systems. The pre-
sent code automatically synthesizes, for an arbitrary reaction scheme,
a completely self contained computer code for numerical solution of the
coupled equations which describe the molecular kinetics, electron kine-
tics, external drivin g circu i t , and optical radiative extraction. This
code automatically generates its own subroutines for the analysis of mo-

- lecular kinetics by translating symbolic reactions, provided as input , -

into computer-coded equations. Thus , for the most complicated reaction 
-scheme containing an arbitrary number of kinetic collision processes and

interacting species, it is possible to obtain the complete computer code -

required with virtually no effort . The automatically synthesized molecu-
lar kinetics subroutines are combined with a master executive program
and a.Ll other required subroutines (e. g. for numerical solution of the
Boltzmann transport equation) to form a completely self-contained cou-
pled analysis based upon the specified reaction scheme.

L

_
_ _ _ _ _ _ _ _  

_ _ _ _

With appropriate modifications, this code can be easily adapted to the
a. analysis of related problems in various field s which involve studies of

chemical kinetics. Ite internal subroutines for numerical solution of -

5 
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the Boltzmann equation can be employed for the analysis of transport
proper ties of elec tr ical disch arg es , and a separate program developed
for this purpose will be described in Sec. 3.4 (ci. Vol. II for listing).

The present computer code is completely user-oriented, and for a very
broad class of transient, electrically excited laser systems, it complete-
ly eliminates the necessity for the laborious task of construc’ing new
computer codes. It will do, automatically, work that would requir e sev-
eral months if done manually, and it will provide an input/output flexibi-
li ty for the synthesized analysis surpassing that which typically charac-
terizes existing codes that have been developed for specific systems.

It was felt that documentation and dissemination of this computer code to
those engaged in laser kinetic modeling would provide substantial bene-
fit and economy by the elimination of needless repetition and duplication
of effort. It has been the intent of the author that every effort be made
to maximize the flexibility and simplicity of usage of the code, and that
the desc r iption of the analysis and computational structure be sufficiently
clear and detailed that others shall be able to modify and/or extend the
analysis as they require. The objective has been to reduce mechanical
programming considerations to a minimum, and to provide the user with
(limited) diagnostic assistance as well as some protection by automatic
exit if specified error conditions are encountered during execution.

The present code has been written in an extended version of FORTRAN
IV with syntax and conventions compatible with the CDC 6600 computer.
It makes extensiv e use of a 60-bit, lO-BCD character word size, as well

- - 
as various special features permited by the current CDC FTN compiler ,
so considerable effort may be required if it should be necessary to adap t
it to execute on other machines. However , because the CDC 6600 cur-

6
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rently enjoys widespread usage for scientifi c applications at government ,
industrial, and university research laboratories, it is anticipated that
the code will be suitable for the majority of potential users. In order
that the program may be more easily modified or extended, the source
deck s have been extens ively documen ted with internal COMMENT cards.
Furthermore, even the synthesized subroutines are generated with inter-
nal COMMENT card documentation to make them completely readable and
understandable. The synthesized code is a complete and self-contained
FORTRAN source program.

Obvio usly, because this code has been developed as a research tool in
suppor t of curren t exper imental laser development programs, it is not
possible to guarantee that it will perform perfectly under all conditions
to which it may be applied, although every effort has been taken to in-
sure that it do so. Even programs which are free of logical or program-
ming errors can fail for reasons of numerical ill-conditioning, converg-
ence difficul ties , computational instabilities, accidental division by zero,
etc. Because the present code was developed pr imarily in suppor t of
KrF laser research, the illus trative examples to be pre sented in subse-
quent sections shall apply to that system.

It has been said that ‘1AU computer programs must be assumed to con-

tain bugs until proven otherwise, which is impossible. ” Users who die-
cover suspected “bug s” in the present analysis ar e encouraged to com-
municate them to the author who, in turn, will attempt to offer assistance
to users when necessary. It is hoped that investigators who benefit from
the availability of this code will make appropriate acknowledgments of
its usage in the footnotes or references of their published papers , con-
ferenc e presen tations , or reports.

— - - ~-~-- --~---- ‘-‘-- - ‘~~~~~ - ~~-~~~~~ --- -  —-- __________ _______ 
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2.0 SCOPE AND MATHEMATICAL STRUCTURE OF THE MODEL

The scope of the present work was the development of a comprehensive
and reasonably general computer analysis applicable to a broad class of
transient, electrically excited laser systems. The theoretical model is
formulated, for a spatially homogeneous medium, in terms of the coupled
set of equations which describe the molecular kinetics, electron kinetics,
external discharge circuit, and optical radiative extraction. For each
new laser kinetic scheme, the equation s which define the mol ecular and
elec tron kinetics are different , and the main advantage of the present
comp uter code is that it generates the required analysis automatically by
synthesizing the necessary subroutines. It is especially useful for sys-
tern s characterized by complicated, but relatively unsystematic, kinetic
reaction schemes. Its most appropriate application is to uv and visible
laser systems which involve excitation, energy transfer , and stimulated
emission from electronic states of atoms and molecules.

For infrared laser such as CO, C02, HF, etc., the mechanism of pump-
ing, energy transfer , and rad iative emission involves the excited vibra-
tional levels of the ground electronic state, and for these lasers , the pre- 

-

sent approach (with modifications) would be relativel y inefficient , if not
totally inadequate. For the infrared laser systems , a mor e complicated
treatment of radiation must often be included to allow for possible absor p-
tion and emission for several vibrational-ro tational transitions , ari ~! there
are strong temperatur e effects in the vibratio nal kinetics as weU as in the
radiative proc esses. In its present form, the analysis does not incl ud e
effects of change. in the molecular temperatur e, and there is no provi-
sion for temperature dependent parameters. For such problems , the
const r uction of a mor e specialized analysis which explicitl y recognize.

-
~~~~~~~~~~~ the systematic structur e of the vibr ational- rotational level interactions ,

_ _  

8
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and which can most easily incorporate temperature dependent effects or
other unique features, would probably be more suitable than attempts to
modify, extend , and app ly the present program. It is , of course , anti ci-
pated that there will be situations for which extensions or modifications
of the present code, or of the subroutines which it synthesizes, will be
the optimum approach.

The components of the present model, labeled with some brief descrip-
tive remarks, are summarized in Fig . 2. 1. From the more detailed
discussion of the physics to be given below, it should become more ap-
parent for which problems the present analysis is most applicable. A
discussion of the limitations, approximations , numerical technique., and
range of applicability of the analysis will be provided.

2. 1 Molecular Kinetics

The molecular kinetics are described by the master equation for the pop-
ulation densities of all the atomic and molecular species present in the
electrically excited gas mixture, including electrons, ions , neutrals, ex-
cited states, excimers , etc. For a given set of reactions, the formal
construction of the master equation for the population densities is illus-
trated in Fig. 2. 2. If the species involved are X 1, X2, X3, ... , X , any
reaction in the molecular kinetic scheme can be wri tten

kf+ + + ~ UnXn 1
kr

v1X1 + v2X2 + + ... + v X  +~~E ( 1)

where kf and k are forward and rev erse rate constants (s~~~, cm3 /s ,
crn6 /s, etc.), and M. and V~ are (nonn egative) integer coefficient . (most
of winch are zero or one). The conservation of energy in Eq (1) gives

9
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IL
COUPLED LASER KINETICS ANALYSIS

• MOLECULAR KINETICS

Master Equation for population densities of all atomic and molecular
species (electrons, ions, neutrals , excited states, excimers, etc. ).

• ELECTRON KINETICS

Boltzmann transport equation for the electron energy distribution
to determine plasma parameters, electrical excitation rates, power
partitioning, and discharge efficiency.

- • CIRCU IT ANALYSIS

External circuit equations to describe the electrical power loading in
a low impedance gas discharge, whose conductivity is function of t.

• OPTICAL EXTRACTION

Oscillator analysis, formulated In terms of Intracavity photon density,
with transient build-up of laser mode from spontaneous emission and
subsequent relaxation to quasi-steady condition with gain at threshold.

Fig. 2. 1: Basic components for the theoretical anal ysis of an
- 

- 

electrically excited laser system.

10
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MOLECULA R KINEflCS

Species I: X~~~ . X
2,  

X3, .... X1, .... X~

:- Reactions

1i1(a) X1 + 1J2 (a) X2 + ... + + ...
______  

-
‘kr 

v1(a) X1 + v2 (a) X2 + ... +v 1 (a )X 1 + ...

Rate :
~
j .(

~~~
)

R(a) kf(Q)1X 11 (X 21 1X 1 1 
1

V~ (Q) v .(Q)
- k r ( Q ) I X11 [X 2 l I

Molecular Kinetics Master EQuation :

d t X 1l 
E 

R ( a ) ( v 1 (a) - 
-

dt a

Fig. 2. 3: Construction of the molecular kinetics master equation for the
rate . of change of pop ulation densities for an arbitrary number
of Interacting specie. in a general reaction scheme with colli-
sion processes a.
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an expression for the net energy change ztE:

= E v . E . + A E

The net rate per unit volume (cm 3s 1) R for the forward and reverse

reaction of Eq. (1) is given by

B. = kf [X 1] 
‘{X 2)

2 (X 3) 3 • . . [X )
1
~~

- kr 1)
h
1x2

2
[~c3)

3 
. ..  (2)

where (x .] is the population density (cm 3) of the ith spec ies X1. The

contr ibution that such a reaction makes to the rate of production (or loss)

of the i th spec ies is given by

d/dt [x .] = ( t .’. - 14 )- B.. (3)

Thus, for an arbitrary reaction scheme containing several collision pro-

cesse s (label ed by a), the complete master equation becomes

d/dt [x.) = ~~~(i~.(a) - 14 1(a)) R (a ) (4)

If Eq. (4)  is multiplied by the energy E. of the ith species X1, and then

• summed over i, an equation for the conservation of energy (in terms of

~ 
-.- . power balance) is obtained:

12
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d/dt ~~ E. [ X .] = - ~~R(a) ~E(a) (5)

where

~~E ( a )  = ~~EiL .(a )  - v . ( a ) ]  E . (6)

is the net energy change for reaction a. The sum over i in Eq. (5),

(6) implicitl y excludes secondary electrons e (u), whose contribution

to the total power conservation equation must be expressed as an inte-

gration over the continuum of electron energies u. The formulation of

electrical power balance will be given in Sec. 2. 3 below, where analy-

sis of electron kinetics based upon the Boltzmann equation for the d cc-

tron energy distribution is discussed. The total power balance equa-

tion will be developed in Sec. 2. 5, where the physical interpretation of

various terms corresponding to optical, electrical, and kinetic heating

mechanisms will be given.

We may, for convenience, formally define the parameter E
~ to be zero

for secondary electrons, so that their exclusion from the sums in Eq.

(5) and (6) does not need to be made explicit. To be consistent, it is

then necessary (fo r the purpose of Eq. (5)) to suppress the energy de-

pendence denoting the continuum of electron species e (u) . In doing

this, it should be emphasized that the parameter E1 = 0 for the single
species “ e1ectron~ has no physical significance , and that the power bal-
ance relatio n (5) must ultimatel y be supplemented with the cont r ibu-
tions originating from the electrical processes .

To write the subro utines which define the molecular kinetics for a com-

plicated reaction scheme Is , in general , a difficul t and time-consum ing

13 
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task, and the resulting computer program would have little flexibility
for analysis of any system except those in a very limited class. (For
example, there have been as many as 80 reactions considered to be
of possible importance for modeling KrF laser kinetics.) Furthermore,
as understanding of a laser reaction scheme evolves , addi tion of new
reactions (or deletion of old ones) may be continually requir ed, in addi-
tion to making simple upd ated estimates of the rate constants for the
reactions retain ed. Thus , such a code would itself hav e to be modified
in a continuing manner , rather than merel y executed with revised input
values for the rate constants.

Therefore, in order to provide a more powerful analytical capability
applicable to a wide class of problems , a generalize d code has been de-
veloped which automatically synthesizes the coupled analysis described
in Fig. 2. 1 for an arbitrary reaction scheme. The input to this code is
a sequenc e of reactions and (initial) estimates of ra te constants . The
syntax for the reactions is very flexible , with a free format that accepts
the reaction just as it would normally be written. The content of each
reaction is analyzed , and the appearance of each new species is recog-
nized. The syntax of each reaction is subjected to numerous tests to de-
tect errors. If the reaction is determined to be acceptable, it is decom-
posed and translated into appropriate computer- coded expressions in
order to generate synthetically the required subroutines. Program gen-
eration and execution are protected by diagnostic assistance and auto-
matic exit (according to input requests) if specified er ror conditions are
encountered. A more detailed discussion of the structure of the code
will be given in a subsequent section devoted specifically to program des-
cription.

Fig. 2. 3 presents a schematic flow diagram of the present approach .
The rate constants ini tially assumed In the generation of the program

-A, -
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can be changed in the subsequent execut ion , if desired . The main pur-
pose of the rate constants in the initial input deck is to define whether
the forward and/or reverse process is to be included in the rate expres-
sions. If, during program generation, a zero rate constant is encoun-
tered for any process (other than secondary electron collisions), no
translation of the forward (or backward) term occurs in the synthesized
subroutines. Of course, if the correct values of the rate constants are

known, they may be entered for once and for all in the original input
deck. As Fig. 2. 3 indicates, the synthesized molecular kinetic s sub-
routines ar e automatically combined with the master executive program
and all other required subroutines to form a completely self-contained
coupled analysis based upon the specified reac tion scheme. The section
enclosed in the upper box in Fig. 2.3 is required only when a new reac-
tion scheme is introduced and generation of a new program is required.

For all subsequent calculations based upon the given reaction scheme,

the initial conditions, exper imental parameters, rate modifications (if
any), and I/O and control parameters ar e entered, and the complete
code constructed in the upper box is executed. That is , only the lower
section of Fig. 2. 3 is involved there after.

There are several obvious advantages to this approach . First of all ,
there is the simplicity of automation and the minimization of the pos si-
bility of error in the writing of complicated subroutines . Secondl y, the
program diagnoses error conditions in the reactio n syn tax which may
not have been noticeable or which may have been overlooked. For exam-

ple, duplicate reactions are detected (even when written backwards),
charge particle and heavy particle conservation is insured, detail bal-
ance relations for binary collision processes are enforced, and miscel-

-: laneous other error conditions are detected. Secondary electron colli-

sion processes are recognized and properl y coupled to the electron kine-

15
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GENERALIZED SYNTHESIS LASER KINETiCS CODE

Synthesis :

REA D: Symbolic reactions
(Initial ) rate cDflst3~ts

EDIT reaction syntax to detect errors .

TRANSLATE symbolic reactions into computer -ccded equations. 1

COMPII..E synthesized kinetics subroutines: combine witti~~L other subroutines required for coupled analysis.

CATALOG resulting binary file for subsequent calculations
based on the input reaction scheme.

Analysis : 
________________________________

READ: Experimental parameters,
I nittat conditions,
Rate modifications

I

~(ECUTE the complete analysis, with output as specified. -

Fig. 2. 3: Schematic flow diagram of the functional structure of the
laser kinetics code. A complete FORTRAN source pro-
gram is synthesized by translation of symbolic reactions
into computer-coded equations. Execution of the anal ysis
occurs in the lower box.
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tics anal ysis, excep t for cases without electric discharge (e. g. e -beam
excitation only), in which case their rate constants can be defined by in-
put. Finally, the subroutines are constructed in such a way that null op-
erations (multiplications or additions involving zero) are completely eli-
minated (if no rate constant is provided for the forward or reverse pro-
cess, no translation of the corresponding term occurs), and in such a
way as to optimize computational efficiency (repetitious or unnecessary
multiplications are minimized). Even for relatively simple problems
with uncomplicated molecular kinetic reaction schemes, the availability
of a program which can automatically provide the investigator with a
user-oriented code with good I/O flexibility and simplicity of usage is
of obvious advantage.

It is usually the case that the rate constants involved in molecular kine-
tic reaction schemes can vary over several orders of magnitude, and
therefore, the resulting master equation (4) often becomes a “ stiff” sys-
tem of differential equations. Therefore, the appro ach which has been
taken for integration of these equations is to employ a multistep tech-
nique developed by Gear ~’. This method automati call y adjusts the Inte-
gratio n step size as the solution proceed s, in such a way that required
accur acy conditions are maintained. The Gear method requir es subrou-
tines not only for the rates of change ç = d (x1) /dt of the population

L 

densities , but also for the J acobian , órL / on., as a function of time.
Because numerical evaluatio n of the J acobian is not generall y satisfac-
tory, it is necessary to generate both such subroutines symbolically in
the synthesis section of the program , where the reaction scheme is de-

- 

- 

- 
composed and tr anslated into computer-coded equations .

The entr y of control parameters , experimental parameters , revised rate
constants , initial conditions , output requests , etc , is quite flexible , and

--5-- 17
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permits the code to be executed for a variety of situations of interest.

For example, rate constants for secondary electron collisions are ob-

tam ed self-consistently fr om the coupled Boltzmann analysis for the case

of an electric discharge. For the case of e -beam excitation only, these

rate constants default automatically to zero , but can be specified by in-

put, if desired. This is useful for entering thermal (i. e. room tempera-

ture) values for electron recombination or attachment processes, for

example. Thus, the same general code can be used for both discharge
or e -beam excitation conditions. Likewise, it is possible to apply it

to either an oscillator or amplifier analysis.

The integration of the coupled set of equations over the total specified

pulse length is carried out with the Gear technique, which automatically

adjusts the step size to maintain accuracy and stability. However , the

total pulse length is divided into a finite number (nominally 50) of subin-

tervals, at which time the electron kinetics are updated and a variety of

output option r equests can be supplied . - -

2.2 Radiative Extraction

The basic features of the radiation analysis are summarized in Fig. 2. 4.

Because considerable simplification can be achieved by neglecting com-

plications associated with a rigorous description of the optical fields in

a realistic resonator configuration, a spatially homogeneous medium is

assumed , with an optical resonator formed by two plane parallel mirrors.

The net amplification of the intracavity radiation intensity 1(v) from the

stimulated emission and absorption process

X~ + 1(v) ___  x + 1 (v) ,  (7)
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OPTICAL ~ TRA CTI0N

• Spatially uniform intracavity optical fields .
• Plane parallel optical resonator ( 100%, R) , separation L

~
.

• Spatially uniform gain medium of length Lg.
• Distributed output coupling and loss (‘1) coefficients .
• Cavity threshhold gain coefficient:

a
~h - (“ i + ( 112) I f l ( l/R )J/Lg

• Buildup of optical fields:
Spontaneous emIssion in solid angle 0 defIned by output
coupling aperture and resonator length: A / L~.
Amplification from stimulated emission , offset by the in—
tracavity absorption and output coupling losses .

• Formulation in terms of intracavity photon density :

l / c h v

di, ( t ) I d t  ( 1.. IL )[c[QU) — o~ In (t )  +ph g c  h ph r 4rr

• Cavity buildup time: t~ L~/ L gC~,C

Fig. 2.4: Basic formulation of radiative extraction in terms
of intracavity photon number den sity, with buildup

- 
~~~~~~~~~~ of optical fields from spontaneous emission.

- 
- ~~~ - -
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*corresponding to the laser transition from an excited state X to a lower
state X, as well as by absorption processes such as

°abs~~~ *A + 1(v) -
~~~ A (8)

can be written

dI(t)/dt = c[cr (t) - ath ]I(t), (9)

where a(t) is the instantaneous net gain coefficient in the medium (i.e.

active gain offset by absorption),

a (t )  = (N *(t )  - N(t) ] o- - ~~ flA (t
~~

Tabs(
~~~ (10)

and is the cavity threshold loss coefficient. Actually, (9) applies

only to the situation where the cavity leng th L and the gain gength L

of the active medium are equal; if they are unequal, it must be modified
to read

dI ( t)/ d t = (L
g
/Li

c) c Ccx (t) - a th)I (t )  (11)

The factor L IL has the significance of a contraction in the radiative
g c

time scale to account for the fact that during a round trip cavity time,

the gain medium is encountered during only a fraction (L g ILc) of that

time. Equivalently, if the gain medium were considered to be distribu-

ted uniformly over the entir e cavity length L
~ 

(rather than over the ac-

tual gain length L
8

), then the actual gain would hav e to be reduced by

the factor L
g

/Lc 
to produce an equivalent round trip amplification. It

should also be noted that L IL is the ratio of the active gain volumeg c
to the optical cavity volume, and therefore this factor logically appears
in the formulation of the equation for conservation of power density.

20
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It is convenient to treat stimulated emission and absorption processes

in a manner parallel to that for kinetic collision reactions. Therefore,

the equation for radiative extraction will be formulated in terms of the

photon number density in the cavity, defined by

= I./chv . (12)

This will also facilitate the incorporation of spontaneous emission as a

source term for the buildup of the optical fields from noise. The equa-

tion for the pho ton number density includes the source term from spon-
taneous emission, amplification from stimulated emission, and losses

fr om output coupling andlor intracavity absorption:

dnph /dt = (L
g

/Lc) [N
*IT fl/4~~ + c[a(t) - a

th ) n h] . (13)

= C V + (l/Z)ln(l/R)] /Lg is the threshold loss coefficient expressed

in terms of the intracavity loss per pass y and the output coupling r e-
flectivity R, (Cl /4ir) is the fractional part of the total spontaneous emis-

sion which builds up the laser mode ( taken to be the solid angle 11 sub-
tended by the output coupling mirror viewed from the opposite end of the

cavity), and a (t) is the instantaneous net gain coefficient in the medium

defined by Eq. (10).

Note that transient effects are Included in the present description of the

radiation field. Although a steady state oscillation condition (1. e., for

which the gain and loss coefficients are equal ) will typically occur dur-

ing the time scales of interest, such a condition is not an a priori as-

sumption of the present analysis. This approach allows the radiation in-

tensity to be described for situations where pumping and kinetic times

ai-e comparable to the cavity decay time,

21 
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tc = L
c

/ ( L
g

ca th). (14)

For such situations, gain relaxation effects can be observed in which the

net gain initially overshoots the cavity threshold and subsequently decays
to the steady state gain condition, a ( t )  = a th. Under conditions of high

pumping the overshoot can be significant, since the stimulated emission

from the medium occurs under conditions of high gain.

When formulated in terms of the intr acavity photon density, the radia-

tion equations can be included in a unified way with the other kinetic col-
lision processes of the laser reaction scheme. For example, the stimu-

lated emission process (7) can be descr ibed by the equations

dN*/dt - k
f
N*n

h 
+ k Nn

h = k(N- N*) n
h (15.1)

dN/d t = - dN*/dt (15.2)

dn
Ph

/dt = (L
g

/L
c

) k ( N* - N)n
ph. 

(15. 3)

where k
f = k = k = ca , and o = stimulated emission (and absorption)

cross section (cm2
). Likewise, the contribution of reaction (8) to the

photon field is

dn
Ph /dt - (L

g
ILc

)k abs(A)n A ( t ) n
ph~ 

(16)

where k bs(A)  = C Oabs(M is the rate constant for absorption (cm3 Is).

Although minor modifications are required to incorporate the factors

(fl/4ir) and (L
g

/L
c

) and the term - c 
~ th ~ h in Eq.(13), the similarity

in structure of Eq. (3), (15), and (16) permits the radiation field (pho-
tons) to be treated on an equal basis with the other molecular species In

- 

~~~~~~~~~ the construction of the master equation described earlier.
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2. 3 Electron Kinetics: Boltzmann Equation

The present analysis of an electrically excited laser medium incorpo-

rate s a completely coupled treatment of molecular and electron kine-

tics. The electron kinetics analysis iS based upon the assumption that

the plasma has attained a quasisteady state on the time scales of elec-

trical pumping and inelastic secondary electron collision processes,

so that the electron energy distribution function f (u )  can be obtained

from solution of the time- independent Boltzmann equation as a function

of gas mixtur e and the instantaneous values of E/N and excited state

population densities. The present analysis includes electron-molecule

inelastic collisions, elastic electron-molecule momentum traisfe r col-

lisions (with recoil), electron- electron ( i .e . ,  Coulomb) scattering, and

excitation from an applied (dc) electric field as well as source terms

for electron creation (and resulting energy deposition) from an external

e -beam . Superelasti c electron collisions (i. e., reverse processes in

which electrons gain energy by collisions with excited molecular spe-

cies) are important in situations with high excited state population den-

sities, and ar e included in both the molecular and plasma kinetic equa-

tions. Electron- electron scattering effects , which can become impor-

tant under conditions of high fractional ionization, are included. From

the solution of the Boltzmann equation, all of the electron transport co-

efficients, elastic and inelastic secondary electron collision rates, el-

ectrical power partitioning, etc., can be obtained.

One of the unique features of the present analysis is a self-consistent

treatment of secondary ionization and attachment phenomena by reten-

tion of a quasisteady term proportional to dn e/dt to properly account

for transient plasma effects that occur on the time scale of the molecu-

lar and electron kinetic processes. The usual formulation of the time-
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ELECTRON KINETICS ANALYS iS

• Electron Energy Distribution f0(u): Numer ica l solution of the Boltzmann
transport equation.

• Quasisteady state approximation: the term proportional to dfle/dt is retained
to describe situations for which there is a net creation (or loss) of electrons.

• Source term included to describe external ionization (e.g., electron beam or
photoionization):

S(u) - S0 5(u) + Sb(U).

S0 term provides for the external creation of electrons at ze ro energy.

• Momentum transfer with recoil; elastic heating of the molecular gas.

• Binary inelastic electron -molecule collision processes included; e.g.,
Vib rational Excitation , Electronic Excitation, Secondary
Ionization, Attach ment, Recombi nation, Dissociation , etc.

• Electrons created by secondary ionization assumed to be at zero energy and
included in a source term -~.‘Y~S(u).

• Electron-electron collisions (Coulomb scattering) are included (impo rtant
for high fractional ionization, ~ lO~ ).

• Charged particle interactions between electrons and heavy ions neglected.

• Superelastic collisions , important for excited gas mixtures , are included.

• Electrical parameters , calculated as a function of E!N, gas mixture , and the
excited state population densities:

Mobility, Drift Velocity, Average Energy, Effective Temperature,
Characteristic Energy, Diffusion Coefficient , Plasma Conducti-
vity, Discharge Current Density, Power Densities .
Forward (and reverse) seco ndary electron excitation rates.
Fractional partitioning of electrical Input power into rate of energy
storage and all elastic and inelastic scattering mechanisms.

FIg 2 5 Summary of features of the electron kinet ics anal ysis
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independent Boltzrnann equation assumes that the inelastic processes
* include only binary electron-molecule collisions for which there is no

net creation or loss of secondary electrons. When creation or loss of

electrons occur s by secondary ionization, attachment, recombination,

external sources of ionization, etc., it is necessary to retain the term

proportional to dne/dt in the time-dependent Boltzmann equation in or-

der to properly describe the conservation of electron density. If the

electron energy distribution f(u) were known, the rates of secondary

ionization, attachment, recombination , etc . could all be calculated and

dne/dt could be determined. However, dneldt occurs as a parameter

in the Boltzmann equation, and in order to calculate f (u ) ,  its value must

be known. Therefore, an iterative approach was developed for a self-

consistent determination of dn e/dt . The numerical techniques for solu-

tion of the Boltzmann equation will be described in detail later .

The basic features of the electron kinetics analysis ar e summarized in

Fig. 2. 5. The scope of the present analysis is considered to be quite

comprehensive. In addition to the fact that the present formulation in-

cludes more refinements than many of the Boltzmann analyses current-

ly in usage, the computer subroutine for its numerical implementation

is quite flexible and computationally efficient.

Theoretical Formulation

In general, the electron energy distribution function for the gas mix—

tures and relatively low E/N values typical of electr ic discharge lasers

is highly non- Maxwellian. The increasing availability of extensive cx-

perimental cross section data for elastic and inelastic electron collision

processes for many gases of interest often makes it possible to obtain

a quantitative analysis of electron kinetic s by direct numerical solution

of the Boltzmann equation. If there is no net creation or loss of d cc-

trons by external source, secondary ionization, recombination, or at-
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gas in an external electric field E ( ,  t )  satisfies the Boltzmann trans-

por t equa tion,

[a/a t .i.- .~~.... - (e/m)E(~~t).~~..] f(,~
’,t) = 8 f I B t  (17)

where the collision term on the right hand side includes the effec ts of

all elastic and inelastic scattering processes. A detailed discussion

of the Boltzmann transport equation can be found in works by Holstein~
Allis8, Schkarofsk y e t al9, Frost and Phelps~~, Carleton and Megil~~
and Englehardt ~ ~~l2 , 13 Various approximations and techniques for

its numerical solution and application to the analysis of electric dis-

charge gas laser s hav e been discussed by Nighan et al ’4, Rockwood ’5,
16 . 17 . 18 19

Hancock et al , Elliott et al , Morgan and Fisher , Lowk e et al

Lacina
20

, and others. The present approach is based upon extensions

and generalizations of earlier work2° related to analysis of CO kinetics. 
-

At the gas densities of interest for laser operation, elastic and inelas-

tic electron-molecule collision frequencies are so high, relative to

those for molecular kinetic processes, that the electron distribution

function can be assumed to have adjusted “instantaneously” on the time

scales over which the excited state population densities are evolving.

It follows, therefore, that the first term of Eq. (17) containing the par-

tial time derivativ e can be discarded if the electric field E(r , t )  is as-

sumed to be dc or slowly varying. For a spatially uniform field , it is

similarly possible to neg lect the second term, since the mean free

path ( which is related to the elastic collision cross section and mole-

cular density) is typically small compared to the discharge dimensions.

Thus , the Boltzmann equation (17) becomes

- ( e / m ) E .V ~~f ( )  = 6 f / 8t  
J ~~ 

(18)
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The usual approach for solving this equation begins with an expansion of
f ( )  into Legendre polynomials,

f(;) = f ( v )  + ( / v ) . 7 ( v )  + [3~~~/v2 - Tj:~~~( v) + . . .  ( 1 9 )

(1 and T
~ 

represent dyadic quantities.) Usually, £ can be well approxi-

mated using only the first two terms,

f (~ ) = £ (v) + Cv/v) . 1’ (v). (20)
0 1

Physically, the just ification of a two- term approximation is related to

assumptions about the degree of anisotropy to be expected for the velo-
city distribution. If the electric field is small enough that the directed

speed of the electrons (as measur ed by their drift velocity) is much less

than their random thermal velocities, the small first order perturbation

~~~. ~~ 
from an isotropic distribution (v) should be a good approxima-

tion. For high values of E/N characteristic of self- sustained discharges
21and for certain gases, it has been speculated that the f2 term may be

comparable to the T, term, although no analysi s has yet been undertaken

to include these higher order terms quan titatively. Retention of more
than the first two terms would require knowledge of angular (i. e. differ-
ential scattering) cross section data , which is not generally available.
Typical experimental data gives only integrated cross sections (over all
angles) as a function of the electron energy. Some of the available data
in the literature has been determined indirectly by fitting measured

transport coefficients to synthetic cross sections, using a numerical
Boltzma nn anal ysis based upon the two- term expansion (20) of f ( ).

Thus, consistent use of that data would r equire that the electron kine-

tic s calculations be based upon the two- term approximation. For values

of E I N  typical of e -beam sustained discharges , this approach is justi-

- 

- 
-, - fled, and it is numerically much simpler than would be the case if angu-

— lar calculations were required.
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In the expansion (19), f (v) ,  71(v), 12(v), ... ar e functions only of the

magnitude v =~ 1, since all of the angular dependence has been put cx-
plicitl.y into the spherical harmonic coefficients ~~, (3 ~~ - 1), ... etc.
It can easily be verified that

____ 
2—V f ( ~~) = 

1
~ (d/dv)(v  f ) + (dI / dv) -~ + (v/3)(d/dv)(vf ) .

V 3v  ° 1

(3vv — 1) + ... (21)

where V,, f() has been separated into spherical harmonic terms which
hav e -~~~= 0, 1, 2 symmetry, respectively. If (21) is substituted into (18)
and separated into scalar and vector parts (which correspond s to mul ti-

plying by 1 or and integrating over the spherical solid angle f l ) ,  the

following equations result:

- ( e E / 3 m v
2). (d/dv)(v

2
1
1) = 8f / 6 t 1

- (eE/m) (df /dv) = 8f , / B t J  (22.2)

The most important physical mechanism for reducing the asymmetry in

the distribution function is electron-molecule momentum transfer colli-
— 9sions. The collisional rate of change of f 1 can be approximated by

6f / 8 t  = - ~~~ f , (23)1 c m 1

where LI X(V) = N vQ X (v)  is the momentum transfer collision fr equen-
ui X m

cy for molecules X in terms of the pop ulation density Nx and momentum

transfer cross section Q (  v) . In terms of the electron energy

2u =  mv /2e (24)

(with u In units of eV , e = 1 602 10 ’2 er g/eV = 1 602 1O ’9J/ eV), the

,~
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equation for f (u) become s, after manipulation of Eq. (22) and (23)~

- (E2/3) d/du 
[ 

u df (u)/du = ..~~~~~~. 
~~~~~ 

( 

. (25)

~~ 

N~~Q (u) c

Expressions for the collision term of 0 I 8 t  
1 

on the right hand side of

Eq. (25) have been derived by Holstein7, Allis8, Schkarofsky e t al 9,

Frost and Phelps 10, and numerous others. It shall not be the purpose 
-

of the present discus sion to repeat these extensive and rigorous den-

vations here.

However , it may be useful at least to motivate the form of the results

for inelastic binary collisions characterized by an isotropic scattering

cross section. For an inelastic scattering process, the collision term

is defined simply as the net flux of electrons scattered into, and out of ,

a reg ion ~~~ , ; + ~~~ of velocity space. The electrons scattered into

[ ,  ‘+ 
~~~~~~~ ]  

originate from all volume elements (
~

, ‘
~ + L~V~] for which

energy is conserved:

( 1/2) mv ’
2 

= ( 1/2) rnv 2 
+ eu  (26.1)

or,

= u + u , (26 . 2)
0

where u0 is the inelastic energy loss (eV) for the scattering process,

and Eq. ( 24) was used . Under the assumption of isotropic scattering,

Eq. (26) uniquely defines z~~ ’ for an arbitrary choice of ~ and A~~ for

we can set — v 2 A v , ó~~ v ’
2Av ’, and invoke Eq. (26) to obtain

- 
~~~~ Av ’ /Av = v/v t . Therefore, it follows that

29
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= (v ’/v)Av. (27)

The rate (cm 3s l) at which electrons are scattered out of 
~~~~~~~~~~~ 

+& ‘)
is given by f ( ”)A~~ N v ’ Q(v ’), where Q(v ’) is the scattering cross sec-

tion and N is the neutral molecule particle density. Recall that f ( ~ ’)~~ ’

represents the spatial density of electrons (cm 3) in the velocity reg ion

( ‘ , ‘ + a’), and that N v ’ Q (v ’) has the significance of collision fre-

quency (s l
)• In order to obtain an expression for the total flux of elec-

trons scattered into [
~

, + A ]  from ( ‘ ~ ‘+ Av ’], it is necessary to

sum the contributions from all velocities ‘ which satisfy the conserva-

tion of energy condition. The required “sum” over the continuum of

velocities~~~, restricted by Eq. (26), can be expressed as an integral

- - over d~ ’, weighted by a density func tion

F(u ’) = 8(u ’ - u - u )  / 
f 

dv” 8(u ” - u - u ) .

It is easy to show that F(u ’) dv ’ = du ’ 8(u ’ - u - u ) ,  and therefore the

restricted “ sum” over velocities ~~~‘ is equivalent to integration over

all energies u ’ weighted by the distribution 6(u ’ - ti- u ) .  Thus, the

collision term can be written

A 8fj ) / 6t = - f ( ) ~~~ v N Q (v)
C

+ f du ’6(u ’ - u - u ) f ( ~~)A~ ’v ’N Q (v ’),

where the first term represents scattering out of (and the second term

1 
- 

- - 
scattering Into) the region (

~
, ~ + £ ]  of velocity space. From Eq. (27)

It follows that the collision term can be expressed as
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= (N/v) [f (~~)v ’
2 Q(v ’) 2 2 - f ( )v 2 Q (v)] (28)

c v ’ =v  + Zeu0/m

To lowest order in the expansion (20), f ( )  = f (v) depend s only upon

the magnitude v, as is the case for Q (v), and therefore all quantities

can be expressed as functions of the energy u. Thus, the lowest order

inelastic collision term becomes

âf (u)/8t~ [~
u + u  )f ( u +u)Q (u+ u )  - uf (u)Q(u) ] t (29)

where Eq. (24) and (28) have been used. For all collision processes

(both elastic and inelastic), there will be a contribution to 6f /8t
0 C

originating from momentum tr ansfer. (Whenever an electron of energy

ii undergoes a collision process with a neutral molecule of mass M,

there is a transfer of energy of order .-..i (m/M) u resulting from mo-

mentum conservation.) The momentum transfer contribution is7 10:

8f (u) /8t~ ..~± (d/du) [u
2 

~~ ~~~.N
X

Q X(u) (f +~~~~~ *)] (30)

Combining Eq. (25), (29), and (30), we obtain the following form for the

Boltzman n equation:

(E 2/3)d/du [udf o /du/< NQm
)~] +d/du[u

2<(2m/M)NQ > ( f +

+ ~~[(u + u~~)f(u + ua
) N aQa(u + ua) - uf (u) N~~

Q
~~(u)

+ ( u - u~~) f  ( u _ u a) N Q a(u~~u a)~~ uI (u)N:Q a(u)] = 0 (31)
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where Qja(u) are the (forward and reverse) cross sections for the in-
*elastic collision processes, labeled by a ,  Na and Na are the population

densities of the lower and upper (excited) states , and ua is the inelastic
energy loss associated with the collision. The two weighted averages
which occur in Eq. (31) are defined by

< N Q (u) > = ~~ N~~Q X (u), (32 .1)
x-

<(Zm/M)NQ (u)> = ~~ (2m/M X)N X
Q X(u) (32. 2)

The principle of detailed balance provides relations between the cross

sections Q
±a(u) for the forward and reverse (superelastic) processes:

(u + ua) Qa(u + ua) = u Q a(u) (33. 1)

(u - ua) Q (u - ua) = u Qa (u) (33. 2)

The first two terms in the sum over a in Eq. (3 1) correspond to colli-
sions in which the electrons lose energy, while the last two terms (which
represent the superelastic processes) correspond to collisions in which

excited molecular species transfer their energy to the electrons. Only
binary electron- molecule collisions, including vibrational excitation,

electronic state excitation , attachment, recombination, ionization, etc .

will be considered. It should be emphasized, however , that the formu-

lation of the Boltzmann equation as given by Eq. (31) applies only to a

* 
quasisteady state situation for which there is no net creation or loss of

electrons. If processes such as secondary ionization, electron attach-
ment or recombination are included , Eq. (31) is valid only under condi-

32
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tions for which the collision frequencies for such processes are much

lower than those for the inelastic excitation processes which do not in-

volve the creation or loss of electrons. It should be noted that the col-

lision term for such inelastic processes does not contain all four of the

terms indicated in the general expression given in Eq. (31). For ex-

ample, only the second term occur s for recombination or attachment

(in which an electron is lost), and for ionization or dissociation, only

the first two terms occur (since there is no reverse binary collision

process). F.ecause of the low density of state s available for momentum

conservation , two-body recombination is generally a very slow process.

Electron recotnbination proceeds as a three-body process, which can-

not be treated according to the present formulation. However , it is of-

ten found experimentally that the rates for three-body recombitiation

vary with pressure as if the process were two-body, and thus, effective

cross sections can be used to describe it as a binary collision appropri-

ate for the formulation of Eq. (31). Thus, for (schematic) processes

such as

Attachment: A + e —~~ B + C (3 4 .  1)

Two- Body Recombination: 
- 

A+ + e — ~ B + C (34. 2)

the inelastic collision term in Eq. (31) consists only of

- uf (u)NaQa(u). 
(35)

For processes such as

+ -

Secondary Ionization: B + e —
~ B + e + e

Dissociation: AB + e —.’~ A + B + e (36. 2)

~~~~~~~ the collision term contains only

33 
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(u+ u a ) f o(u +u a ) N a Qa (u + u a ) _ u f
o(u) Na Qa (u) . ( 37)

Furthermore, in the case oi secondary ionization, there is the crea-

tion of an additional electron. Because experimental knowledge of io-

nization cross sections is not usually available in the detail necessary

to describe the final energy distribution of the created electrons, it is

often assumed that the additional electrons are created at zero energy,

and that they relax into the distribution on the same time scale (given

by the elastic collision frequency) over which the rapid attainment of

a quasisteady state occurs. Therefore , the collision term for secon-

dary ionization requires an additional modification, the inclusioii of a

term

& (u ) Na j ’du uf (u) Qa (u) . (38)

Perhap s a more realistic hypothesis would be to assume that the final

electrons have equal energies or , better still, that their energ ies are

partitioned according to a purely kinematic distribution of a three-

body breakup. It is believed that such assumptions, which needlessly

complicate the analysis, would provide no additional physical insight.

- 
- 

Therefore, the electrons created by secondary ionization are assumed

to hav e zero energy.

The effects of recoil in momentum transfer collisions are included in

the second term of Eq. (31), where the molecular energy distribution

has been assumed to be Maxwellian at temperature T. Note that, if

there is no electric field and if kT is much less than the energy thresh-

old s for the inelastic colli sion processes, then an approximate solu-

tion for the electron energy distribution is obtained by equating the

34
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second term of Eq. (31) to zero , giving

f (u) = exp [- eufkTj .

This is to be expected , since electrons and molecules would be in ther-

mal equilibrium with each other in that case. The momentum transfer

term in Eq. (31) is important for low values of E/N at low tei~ipera-

tures , and for gas mixtures containing light molecules. The physical

significance of that term is elastic heating of the molecular gas , to be

discus sed in more detail in Sec . 2. 5. The higher the value of the low-

est inelastic excitation threshold, the more important will be the fr ac-

tional power partition into elastic heating for a given value of E/N.

For molecular gases , characterized by vibrational level excita tion

processes with very low energy thresholds (typically “ 0. 1 - 0. 2 eV) ,

elastic heating is negligible for values of E/N characteristic of typical

laser excitation ( Z 3  x 10~~
7 Vcm 2 ). However, for rare gas laser mix-

tures for which the lowest inelastic energy loss usually correspond s to

excitation of an electronic level (‘~ few eV), the contribution of elastic

heating can be significant even for r elatively high values of E/N (e. g.
-16 2

— 10 Vcm ). Effec ts of rotational excitation, which are not in-

cluded in the present version of the electron kinetics analysis, can be
• 9,10 .incorporated into the Boltzmann equ.v,ion in the same way as mo-

mentum transfer by making a sui table continuum approximation.

Most authors have not only restricted their attention to solution of the

Boltzniann equation in the form of Eq. (31), but have often ignored the

superelastic collision terms. For weakly excited gases , such an ap-

proach is justified, prov iding that attachment and secondary ionization

could be neglected . However , in order to properly describe effects of

interest in electrically excited lasers, superelastic collisions must be

35
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included, and in addition, several important extensions to the formula-

tion (31) of the Boltzmann equation are necessary.

First of all, the contribution (38), representing the creation of electrons

(at zero energy) from secondary ionization, must be included in the col-

lision term of Eq. (31).

Secondly, it is useful to incorporate a source term S ,d(u) to describe

(as a function of energy) the creation of electrons by external sources of

ionization (e. g . ,  e -beam, photoionization, etc. ) and the resulting ener-

gy deposition. Since there are often several electron creation processes

for which no a priori knowledge of thi s energy dependence is available

(e. g .,  Penning ionization, photodetachment , photoionization by intraca-

vity radiation), it is convenient to assume that the resulting electron en-

ergy is zero. Thus, the source term is assumed to be of the form

S
~~~~~~~~~~

(U) = S 8(u )  ÷ S (u), (39)

-3 -1where S represents a rate (cm s ) of creation of electron s at zero

energy, and S (u) represents a rate of creation per unit energy (cm 3~~~
.. 1

eV l ) of electrons of energy u (i. e .,  S (u) du is the rate of creation of

electrons in the energy interval fu , u+du]).  The first term, which can

be used to include all electron creation processes arising from excited- -

state interactions in the medium, contributes nothing to energy deposi-

tion Into the electron gas (since the electrons have zero energy). The

second term S (u) is used to describe electron creation from an exter-

nal source, typically e -beam ionization. A more detailed discussion of

energy (power) balance is given In Sec. 2. 5.

-
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Third, in order to properly conserve electron number density, a term

proportional to dn e /dt must be retained from the time- dependent Boltz-

mann equation. The term ~n~ (u, t )/~~t (where n5(u, t) du = ne(t) du u’
~~

f0(u) is the electron density in the energy interva l (u, u+ du] ) can be

written 
-

= u~~
2 f ( u , t) dn5/dt

+ ne(t 2
~~~o~~~t ) h1

~~t (40 )

it is reasonable to retain the earlier assumption that the shape f~(u, t)

is not an explicit function of the time, since a quasisteady state will be

established on a time scale much shorter than that characteristic of mo-

lecular and electron kinetic processes. Thus, f0( u) will be only an im-

plicit function of time through its dependence upon instantaneous values

of various parameters, such as E/N , and the excited state population

densities N a (t). It follows that the second term in Eq. (40) can be de-

leted, and the explicit time dependence in f0(u, t) suppressed in the first

term. The first term must be retained, even in the quasisteady state

approximation , since it represent s the net rate of creation (or loss) of

electrons on the time scale of attachment , recombination, ionization,

etc. It will be shown that retention -of the dne /dt term is necessary to

insure that the first integral of the Boltzmann equation correctly result s

in the conservation equation for the electron number density fl e( t).

Since dn5/dt occur s as a parameter whose value cannot be determined

until the equation Is solved, a self-consistent iterative method (to be

discussed in more detail later) was developed.

Finally, the effects of Coulomb scattering can become Important 15’ 21
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under conditions of high fractional ionization, so electron- electron col-

lisions must be included. (Charged particle interactions between elec-

trons and heavy ions will be neglected in the present analysis. ) For a

highly ionized gas , electron-electron collisions dominate electron-mole-

cule collisions, and this tends to force the electron energy distribution

to become more nearly Maxwellian. Rockwood15 has shown how the

Boltzmann equation can be expressed in terms of a “flux divergent” de-

scription of the electron distribution in energy space , and how electron-

electron collisions can be Incorporated into such a formulation.

Accounting for these refinements, the Boltzmann equation becomes

u”2 f (u) dne /dt + dJf (u)/du + 
~~~~~~~~~ 

÷ dJ (u)/du =

S 8 (u) + S (u) + ne\~/ 
{o(u) ~~~

N .S~
iuu

~~
(u

~
Q. (u) ÷

~~~[(u+u a ) f ( u + u a )N a Qa ( u+u a ) - uf  (u) Na Qa (~i)

* * 1~1
+ (u - u a ) f ( u  - u a )N a 0 a (u - u~~) - uf  (u) N

a 
Q ( u) J3 .  (41)

The sum ove r i represents a sum over all secondary ionization proces-

ses. The sum over ~ corresponds to the complete set of all inelastic

electron-molecule collisions, includin g ionization, with the tacit under-

standing (accordin g to the foregoing discussion) that certain terms in

the general collision expression are to be omitted for processes for

which there Is a net creation or loss of electrons , or for which there is

no reverse binary collision. (I. e., the collision term is reduced to the

expressions (35) or (37) in such cases. ) The “current densities”

38
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and 3 (u), which correspond to a flux of electrons in energy

space driven by the applied electric field , elastic scattering collisions,

— and electron- electron collisions, are defined by

3~(u) = - (E
2 /3)n e\j~~ ( %l df /du/ < N Q (u ) > ]  (42. 1

~~~ 2 kT~~~o
~e1~~ 

= - n~ \/— u ((2m/M)N Q (u) ) [f +— -
~~— — ]  (42. 2)

= - (2,r/3)n ~~
’\J

~~~(q4/e2) InA(P(u) .~~2. + Q(u) f ]  (42. 3)

where

P( u) = 2j ’dww3’2 f (w) + 2u 3 12 fd w f (w), (43. 1)

Q (u) = 3 f dw w”2 f (w). (43. 2)

In the above equation s, q = 300 e = 4. 8 x 10 
10 esu is the electronic

charge (cgs units), e 1. 602 x 10~ 
12 erg/eV, and A is the ratio of the

Debye length 1D and the classical distance of closest approach r0 (fo r

an electron of average energy u = ~& ),  defined by

A = D Ir (44)

= (kT e /41r n~~) 1/2 • (45)

q2 /(e~~) = 2q2 /3kT 5 . (46 )
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Comparison of Eq. (31) with Eq. (41) shows that they are equivalent,
except for the inclusion of the additional terms dfle /dt for electron con-

servation, S(u) for external ionization sources, dJee(u)/du for electron-
electron collisions, and the term — ’6(u) representing the creation of el-

ectrons (at zero energy) by secondary ionization and the external source

The formulation (41) of the Boltzmann equation to be used in the pre-

sent analysis is written in such a way that its significance as a continuity

equation (in energy space) is manifestly apparent. In Fig. a. 6, an in-

terval [u , u + du] of energy space is depicted , with an electron “current

density” 3(u) . If there is an external source S ext(~1) and a (non- local)

source Sco11(u) from inelastic collisions driving electrons into (and out

J 
of) the interval Cu , u + du] , the continuity equation can be written

du [dn (u , t) /dt] + [J (u + du) - 3(u) ] = du [Sext (u) + S 011(u)]

or ,

dne(u., t)/dt + dJ(u) /du = St0t(u) (47)

3 (u) J(u # du)

u u+du

Fig. 2. 6: Continuity equation interval.

Thus, the first term on the left hand side of Eq. (41) represents the

rate of change of electron density in the inte rval [u , u+du) ,  while the

dJ/du terms represent electron flux in energy space driven by the ap-

plied electric field, elastic collisions, and electron- electron scatter-

- 
- - - ing. On the right hand side of (41), there are source terms from cx-
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riniz al, s cc ondar y zoiataon, and noniocal an elastic sca tter -

tag of electrons into and out of the interval [u , u+du) .

The normalization condition for f (u) is taken to be
0

fduu~~
2
f (u) 

-

= 1, (48)

1 / 2  .where the facto r u originates from the density of states associated

with the tran sformation from the three-dimensional velocity space to

the energy space u: d~~~ 4irv2dv = 2ir(2e/rn) 3 L ~’2 u l~’Z du. (Thus, the

units of f 0(~ ) will be eV 3
~

2.) From the solution 1 (u) of the Boltzniann

equation (41), all of the forward and reverse electron excitation rates

(v  
~~± a(u) >~ electrical power partitioning, and miscellaneous plasma

parameters (drift velocity v~j , mobility p., average and characteristic
energies ~ and €k, effective temperature Tei etc.) can be obtained:

Collision Rates (cm
3/s) :

= (2d m) fd u  u f (u) Q±a (u) (49)

Mobility (cm 2 / Vs):

- 

= ~ ( 1/3)(2e/m) h h 1 f d u [u/ <N Q (u )> ] d f/ du  (50)

Diffusion Coefficient (cm is):

D = (1/3) ( 2e/m)~~ 2 f du ( u / < N Q (u)>] f (u) (51)

Average Energy (eV):

= 7du u3”Z f (u) (52)
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Effective Temperature (K):

Te = (2/ 3) iI/k (53)

Characteristic Energy (eV):

= D/~~ ( 54)

Drift Velocity (cm/s):

V
d 

= p.E  (5 5)

For the case of an ac electric and/or applied magnetic fields, there
are other transport coefficients of interest, and expressions for the~ e
quantities as well as discussion of the extensions of the Boltzmann

equation required to describe these phenomena can be found in the ref-
8-10erences •

The first integral (from 0 to co) of Eq. (41) gives an expression for

the conservation of electron density:

dfle /dt = n e [&P i - “a ) + JduS(u)  + S , (56)
0

where

V . = ~~ N . <vQ. (u) > (57)

and

= ~~ 
N <V Q (U )>  (58)

a

are the total secondary Ionization and electron attachment fr equencies.

Note that for all of the inelastic scatterin g processes which conserve

- 
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electrons, the integral over the collision term vanishes:

Jdu [(u+u a)f (u+u a)Qa(u+u a) - uf (u) Qa(u)] = ~~ (59)

which can be shown by shifting the variable of integration and noting

that Qa(u) = 0 for u. < ua. For attachment or recombination, however ,
only the term (35) occur s in the collision expression, leaving the Va
term in Eq. (56) .  For secondary ionization, both terms shown in Eq.
(59) appear and the integral vanishes; however , there is still a term

in Eq. (56) containing v1 originating from the 8 (u) term in Eq. (41).
The integral of S(u) on the right hand side represents the total rate of

change of electron density from the external source.

it is apparent that the term proportional to dne /dt must be retained in

order to correctly obtain conservation of electron density in situations

where creation or loss of electrons is important. Obviously, this will

always be the case for transient analysis of pul sed electrical lasers if

it is important to properly describe the build-up of the plasma. Note
that Eq. (31), which does not includ e the dne/dt term, may give rise

to solutions for f0(u) which contain logarithmic singularities at u = 0.

To demonstrate this, consider the case of attachment only, and inte-

grate the Boltzmann equation from u to co:

- J(u) =

As u — 0 , ( since J (co) = 0), this becomes an equation of the form

- . 2
t A u  + Bu] df /du = n ~,o e a

which is characterized by a singularity at u = 0.
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If Eq. (41) is multiplied by eta and integrated over all energy, an ex-
pression for electrical power balance is obtained:

en p.E2 
+ J’du(eu) S (u) = e~i dne/dt +

n e(2e/m)~~~
2 

{ 
fd u  u

2<(2nV~v f ) N Q  
> [1 

+ (kT/e)dI /du]

+ Eu a 5du u f (u) [N a Q a (u) - N~ Q a(u) ] (60)

The form of the inelastic collision term on the RHS of Eq. (60) results

from a change of variables in the first term of an expression, such as

Na~fdu
u(u+ ua)f (u+u a ) Q a(u+ ua) - fd u u2f (u) Qa(u)~

= Nafd:fo
(u)Qa(u) (u (u_ua )u

2
]

~~~Na u a 5 d u u f ( u ) Q a (u) (61)

Note that, for processes such as (“two- body”) electron recombination

and attachment (in which an electron is lost) , only the second term of

the form (35) ( i .e. ,  - u f o(u) Na Qa(u) ) occurs in Eq. (41). In that

case, the first term on the LHS of Eq. (61) is absent and the corres-

ponding term in the power balance equation (60) must be modified:

Na fd u u2 f (u) Qa (u) ( 62)

The physical interpretation of Eq. (60) is that the total electrical input

power density (discharge and external deposition) on the left hand side

is partitioned into e~~dne/dt (representing the rate of change of electron

44
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kinetic energy stored in the electron gas), elastic heating from momen-
tum transfer collisions, and dissipation by the inelastic excitation pro-
cesses on the right hand side. Note that the contr ibution from electron-
electron scattering vanishes- - this mechanism merely redistributes the
electron energy and tends to drive the distribution toward a Maxwellian
shape . To show that the electron- electron contribution vanishes, inte-
grate by parts,

fdu u dJ (u)/du 3ee~~ : ~fd uJ (u) . (63)

and the first term on the right vanishes because P(co) = 211, Q(co) = 3,
P(0) = Q(0) = 0, and f (co) = df (co)/du = 0. Thus ,

- 

~~~~~~~~~ 
= f d u J u)

= - (Zir/3) n2(q4/e2)lnA fdu[Pdf /du + Qf (u)J(Ze/m)h / Z

Suppressing the constan t factor , and integrating the first term by parts
gives

~~a~i~~Pdf /du + Q f ]  = P (u ) f ( u )~ + fd u f [Q-  dP/du)

= fdu f (u)[Q(u) - dP/du) (64)

From the deuinitio is (43),

Q( u) - dP( ta) /du = 3 f dw w~~~ f (w) - u
112 

f~ w f (  w) (65)

and the expression in (64) becomes
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f (u) (Q(u )  - dP (u)/du ] =

3~ J’du. f (u) j ’dww
1”2 f (w) - fd u u l/’2 f (u) f dwf (w)

Interchanging the variables (u , w) in the second term above gives

j ’du f ( u ) E Q ( u ) - d P ( u ) /du ) =

3

~ 

S c  

- 

J J 
dudwwh/2

f (u)f(w) = 0 (66)

Since both of the integrals in Eq. (66) are carried out over the same

(infinite) 45° sector in the upper half of the (u , w) plane defined by

0 ~ u < co, 0 5 w s ta, the electron- electron contribution vanishes.

From the definition of inelastic collision rate given by (49), the power

balance equation (60) can be written, finally, as

e n p .E2 + e< U~5Sb = e11dne/dt +

en (Ze/m) h/2 fdu u
2
4(2~~~~)NQ >[ f + (kT/e) df /du

]

+ n E (etaa ) [N a <V  
~~a (U)>- N (v Q a~~~>]

+ n e(2e/rn)~~
’2 

E N J
’d u u 2 f (u) Q (u) (67)

where the sum over “a” is over all attachment and recombination pro-

46

— —--5 ~~~~~~~~~~ — —-— - -5 — — 1

-5 
.- - . - --- - - _ - -—— -—--~~-—-—— --- -• — —-——•-4-w •—-—-— --•-— — -——-—-- — — — - — - —-——-—--- - --.- - - - - -—--——-—--—--- .— .——-— — - - - —‘ - - -—

— — —---5—--- - - -- -— --5-



- - _

cesses which are to be implicitly excluded from the sum over all the

other inelastic collisions a.  Sb is the total rate of creation of electrons
with positive energies,

S
b 

= J dU S ( u )  (68)

and an average deposition energy has been defined as a weighted

average of the external ionization source function S(u) as

= 

J
ciu u S(u) /  fdu  S(u). (69)

The typical source of external ionization is a high energy electron beam.

The mathematical description of the energy deposition in the gas is, in

general, quite complicated and several investigators have dev eloped ex-

tensive computer programs for such analysis. It is beyond the scope of

the present work to describe the physics of e -beam ionization, so it is

not possible to indicate how the form of the excitation source function

S(u) is determined. If the origin of the source ionization is an external

e -beam of current density 
~b (A/cm 2 ), then the func tion S(u) could be

expressed in terms of cross sections o~~(u) as

S(u) = (Jb /e) E~~~
(u) N

~, (70)

where the sum is over all species i ionized by the beam. The total de-

position of e -beam energy associated with ionization is then

e < U +) Sb = <U5 EO.
~~~

N. 3
b ~~~~~~~~~ 

(71)
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where o . = duu 1 (u), and an effective voltage drop has been defined

as dV+ /dx = <U +>/L in terms of a “mean free path” ~L fo r ioni zation,

= Eo~~ N .. (72)

A similar term dV*/dx occur s for e -beam deposition corresponding

to excited states.

Numerical Approach

The numerical solution of the Boltzmann equation (41) is carried out by

reducing the differential equation to a finite differenc e equation, defined

over a uniform grid of equally spaced energy values (0 = u 1, u2, u3, ...

• . , u = ~i ), where the maximum energy a satisfies, typically,
M max max

Umax ~ 511. This results in a large set of coupled algebraic equations

(typically M > 500) which could be solved (at least formally) by a matrix

inversion. However , a straightforward matrix inversion is not practi-

cal coanputationally or from the standpoint of computer core storage that

would be required. For example, a typical energy range of (0 , 20) eV ,

subdivided into a mesh of M = 500 to give an energy resolution of 0. 04

eV , would require storage and manipulation of 500 x 500 matrices , each

of which would contain 250, 000 1, 000 , °°°8 elements. To r educe the

problem of core storage and matrix inversion, an iterative approach

that utilizes the advantages of sparse matrices (i. e. matrices whose

elements are mostly zeros) has been developed. The essenc e of the

present technique ’6 is the reduction of the system of linear differenc e

equations to a form which involves the inversion of only tridiagonal ma-

trices, for which computation time and core storage are substantially

reduced.

With some recent exceptions, most of the work which has been done to
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implement the numerical solution of the Boltzmann equation has been

associated with problems for which the excited state population densi-

ties are negligible, and for which the su.perelastic collision terms can

therefor e be omitted. In that case, electrons always lose energy in

collisions, and for any given energy u the inelastic collision term on

the right hand side of (41) involves only f
0
(u) and f(u + ua)- -I. e. the

values for the distribution function f0 evaluated at energies equal to

and greater than u. Therefore, one of the most common approaches

to the numerical solution of the Boltzmann equation has been to assume

a fixed value for f (u ), integrate (41) backward from u = u too max max
u = 0, and finally to impose the normalization condition (48) . If the

superelastic terms are retained, then terms containing f0(u - ua) 0C

cur , and the backward integration scheme fails. Attempts to extend

this technique to the superelastic case have generally encountered dif-

ficulties and limited success.

*Under highly excited conditions typical of laser plasmas (N IN ~ 10 ),

superelastic collision terms must be retained. Their inclusion presents

no difficulties for the pr esent technique, which is based upon an itera-

tive solution of the set of linear difference equations obtained from (41)

and reduced to tridiagonal form. The algorithm developed is extremely

fast, and execution speed is optimized when a good initial guess for f0
is available. Thus, the present approach is especially suitable for a

coupled analysis in which the excited state population densities and dis-

charge voltage change as a function of time, since the previous elec-

tron distribu tion (at some time t) provides a good initial guess for ob-

tam ing the updated distribution (at time t + at) . As an example: for an

electron grid of 500 points , with 15 inelastic collision processes and

electron-electron scattering, the electron distribution function f con-

verged to an accuracy < 2 x l0~~ after .--8 iterations in -.0 . 7  CP sec-
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onds on the CDC 6600 computer (from an initial guess for f0(u) given
by e eu/kT, for example). The numerical techniques for the solution
of Eq. (41) will be described in detail below.

The functional values of the distr ibution f (u) defined over the uniform
grid of energy values (0 = u.1, a 2, a3, ... ,  = u )  shown in Fig.
2.7 will be denoted by (f 1, f 2, f3~ 

~~~ 
f~~~), and the spacing of the en-

ergy grid will be denoted by ~ u:

M = M E S H + l

~ u = u  /MESHmax
(73)

u. = ( i -  l)~~u

f . = f (u .)
1 0 1

where i 1, 2, 3, ..., M.

0 ~1max

~~~ 
J 

~~L1 I~ U ~~ U • . . .  I ~~ U 

u
u 1 U

2 
U

3 
U~~ U

5 
UM 1  U

M

Fig. 2. 7: Uniform energy grid.

If Eq. (41) is integrated from (u. - ~ u/2) to (u .+ & u / 2 )  for i = 2, 3, 4,

. . . ,  M , with the tacit boundary condition that = 0, the result is

- 

-
~ a system of (M- 1) coupled algebraic equations:
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u + /~u/2

Jf (U) + 
~ei~~ 

+ 
~ee~~ 

~ 
+ dn /dt $ duu 1”2 f (u) =

u. - Au/2

ui +~~u/2

fdu [S(u) +(n &ii + S o )6(u)] +

‘1i +’~u/z

E S du [(U +u a )f ( u+ u a )Na Qa (u +u a) - u.f (u) Na Qa(u)
a

+ (u_  ua )f o
( u _ u a ) N Q  a (

~~~ ”a~ 
- uf

o
(u)N:Q a(u)] (74)

All of the integrals which occur in Eq. (74) will be approximated by

the values of the integrand taken at the midpoint u1. The values of f

and df0 /du which occur in Eq. (74) at the midpoint energies,

= ‘i
~ 

± i~u/2  (75)

are approximated by

f ( u . ± Au/ Z )  = f ( u .~~) = (f .~~~~1
+ fj IZ  (76.1)

f ’(u . ± ~ u/Z )  = f ’(u .~~) = ± (f .~~1 
- f .)/ ~~u .  (76.2)

For convenience, we define the following functions:

p(u) = (E 2 / 3 ) u / < N Q m(u) > + (kT/e) u2 < ( 2 m/ M ) N Q (u) >

+ (Zir/3) (q4/e 2) n ln A P(u) (77)

-
- 

q(u) = ~~~<• (2m/M)N Q m(u) > + (2 1r/3) (q4/e 2)n ~lnA Q(u) (78)
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I
in terms of which the total “current density” can be expressed as

3 (u) = Jf (U) + el~
’4 + 3ee~~

df
= - 

~~ 
(Ze/m) [p(u) - j-2- + q(u) f (u) ] (79)

With the above definitions and approximations , Eq. (74) becomes

— p(U i
+)(f m+l — f1) iAu  + p(u1 ) 

~~ 
— f

~ 1)/ au  — q(u~~) ~~~~ 
+ fj / z

+ q(u . ) ( f . + f. ) /Z  + (2e/m) h h l2,~u [~ !...U jU/~2f . - - 6. 2 ( v . +!a)/ Au
i 1 i-I 

~e ~ i n~ ~ ~ ne

= ~~u 
E [ i~~~ a o i +~

1a ) Na ~~~~~~~~~~ 
- u .f . Na Qa (~hj)

+ 
~‘~i ~a )1 (u S - ua ) N  Q a (u .~ ua ) - u m f . N 

~ -a~~i~] 
(80)

where Si = S(u 1) . For convenience , define the quantities

= p(u .~~) = p(u~ ±~~u/2)

* 
(81)

q. = q(u . )  = q(u . ±~~u/2)

The 8-function in Eq. (41) and (74) is approximated by a rectangular

spike of thickness ~ u and amplitude 1 Mu. Separate the collision term
in Eq. (80) into “diagonal” (i. c , containing f0(u m ) = f~) and “off- dia-
gonal” elements (i. e. containing f0(u~ * ua ) )  and use the detail balance

— relations (33) to define

= E [u. Na Qa (ui) + (u .+ u a) N Q a (u i + ua )] (82)
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and

T. = E[ ~~~~+ u a ( + u a a Q a (~L + u a )

+ U m f ( U .~~~ ua)N
~~
Qa(u.)] (83)

Eq. (80) can be rearranged to give

a
~, 1_i f

~~i + a1~~
f
~ + a

~ ~~~~~~ - 

= b~. (84)

i = 2, 3, . .., M, to form a system of (M - 1) equation s for M unknowna

(f 1, f
2, f3, 

~~~~~~ 
f~~ ), with coefficients defined by

a. 1.1 = ~~~/ 4~u - q / 2

+ +a . . +i = Mu + q~ /2

a1 . = - (p~ + p )/ i ~u + (q + 
-

- Au [u ~~
2 (2e/m)

_ hh’2 
fl~~~ 4~fl~~ + D.]  (85)

b m = - ~ u [T 1 + ~~~~~~~~~~~~~~ [S m/ n e

+ 5
i,2~~

’i + So /ne)/~~u 1]

for i = 2, 3,. ..  , M. Note that the diagonal terms have been placed on the 
—

LHS, and the off- diagonal terms on the RHS of Eq. (84). There is, obvious-
ly, considerable latitude in the definition of coefficients (e.g. , Eq. (85)) for
the reduction of the Boltzmann equation to the form (84). The essential cri-
ten on Is that any such choice be suitable for numerical Implementation by
a convergent and computationally efficient algorithm for solution.
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The set of (M- 1) equations (84) can be completed with an Mth equa-
tion in a variety of ways . The simplest approximation which has been
found to be quite satisfactory, is to take f 1 = f 2. After the iterative
calculation of f converges, the magnitude is adjusted to satisfy the re-
qu.tred normalization condition (48) . Thus, Eq. (85) is supplemented by

a1 1  = b1 = 0; a1 0  = a1 2  = 0 (86)

and the complete set of M equations in M unknowns can be written

a1 1 f 1 = b 1
a2 ~ f 1 + a2 2

f
2 + a 2 3 f 3 = b 2

a3 2 f2 + a3 3
f
3 + a3 4 f4 = b3 (87)

aM, M-1 ~M-l + aM, M fM = bM

in which form they resemble a linear tridiagonal system. It should be
• kept in mind, however , that they are neither linear or tnidiagonal ; the

electron-electron scattering contribution makes p(u) and q(u) (and there-
fore, the coefficients a~ ~ 

a~ ~~ ~~ )  dependent upon f0(u), and the vector
b~ contains off-diagonal elements f0(u . ± ua). Formally, the solution
of the finite difference equations could be obtained (in the absence of

• electron- electron collisions , anyway) by direct matrix inversion, al-
this is not practical computationally or from the standpoint of computer
storage requirements. Instead, the set of equations has been explicitly
separated Into the form of Eq. ( 87) in order to Implement an iterative
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technique which exploits the tridiagonal structure. Eq. ( 87) can be
written in matrix form as

A ( f ) f  = b’( f )  (88)

where

a1 1  a1 2

a, 1  a , , a
~~~~~ ~~~~~ 2, 3

A = 
a3 2  ~~~ 3 4  (89)

aM_ l M

. aM, M_ l  aM, M

and ~ ~~~ 
f z, ~3’ . . .,  fM )T, i =  (b 1, b 2, b3, . . .,  bM )T. The expli-

cit dependence upon Tof the matr ix A ( f )  and the vector b(  f )  has been

expressed in Eq. (77), (‘78), (81), and (85). To solve the (nonlinear)

equation (88), consider a sequence of vectors

{71 } = yo 11 7n  7n+ 1 (90 )

defined by the iterative equation

— n  ~~n+1 ~~nA ( f  )~f = b ( f

(91)
-
‘ 

pi+l 
=

—owith the initial vector f chosen arbitrarily. If the sequence of vec- -

tors {i~~} defined by the recursion relation (91) converges, it must ne-

cessarily converge to the solution of Eq. (88), independent of the initial
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guess chosen for £~~. Since A is tr idiagonal, it can be numerically in-
verted very rapidly by using elementary row manipulations downward
(upward) to annihilate the lower (upper) diagonal, followed by back sub-

stitution upward (downward) . Furthermore, the computer core require-
ments are substantially r educed, since only three diagonals (rather than
a full M x M  array) of elements need be stored and manipulated.

To implement the iterative technique, an initial guess for I is chosen

and a sequence of successively refined approximations is genera-
n+lted using Eq. (91). An acceptable approximation f to the solution

of Eq. (88) is assumed to have been attained when the following conver-

genc e criterion is satisfied:

Max . J  
~~~~~~ 

< (92)

The solution T to Eq. (88) is typically exponential, varying over sever-

al orders of magnitude in the range (0 , a ) .  Therefore, Eq. (92) has

been weighted in such a way that the maximum relative (rather than ab-

solute) change in all of the components 
~ 

of the solution between two 
-

successive iterations must be less than € for convergence to be de-

clared. Eq. (92) is not rigorous, and probably requires mathematical

assumptions about uniform convergence; however, it is physically rea-

sonable and numerically convenient. (To illustrate the need for caution

in applying Eq. (92),  consider the sequence {s~} of partial sums, S =

1 + ( 1/2) + (1/3) + ... + (1/n) . For any fixed € and for n sufficiently

large, (Sn
_ Sn_ 1)/Sn = l /nS < € .  Although the condition (92) predict.

convergence at some point, the sequence (Sn ) Is known to diverge.)

Note that all of the off- diagonal elements of the inelastic collision term
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have been included in the vector ‘
~~, defined in Eq. (85). Terms involv-

ing an energy (u
~ ± u a ) are evaluated at the nearest mesh point, or are -

discarded if the energy lies outside of the range [0, ~~~~~ I chosen for the

calculations. (It is important, therefore, to choose a value for u tha tmax
is suitably large to minimize computational inaccuracies that may result

from such numerical “sinks”. On the other hand, um~~ 
cannot be chosen

too large without sacrificing energy resolution. )

There are (at least in principle) an infinite number of ways in which Eq.

(80) can be represented by a recur sive sequence of equations such as (91).

There is no a priori guarantee, in general, that an iterative procedure

based upon an arbitrary definition of the coefficient s for the recursive

scheme of Eq. (91) will necessarily converge. In the cour se of develop-
ment of the present algorithm, some variations in the definition of the

coefficient s a. . and b. were explored. For example, in an attempt to
1,3 1

optimize performance, the definition (85) was modified by shiftin g a frac-

tional part ~ of some of the diagonal terms in a1~ to the term b1 on the

R.HS of Eq. (84). It was found that, in some cases, the rapidity of con-

vergence could be slightly eiihanced by choosing ~~> 0, although problems

were often incurred for large values of 
~~ 

( )
~ 

0.4) for which convergence

was sometimes unsuccessful. It has been demonstrated by extensive nu-

merical test s that the system of equations defined by Eq. (85)- (91) do con-

verge (usually), and that they are quite efficient computationally. For the

present analysis, therefore, the definition (85) has been adopted for the

Boltzmann subroutine.

The coefficient a11 defined by Eq. (85) contains the parameter ‘se’ whose

value I. not known a p!iori. The first integral of the Boltzmann equation,

Eq. (56), expresses ~e in terms of the secondary ionization, electron at-

tachment and recomblnation, and external source creation rates. The

frequencies i’1 and Va cannot be cal:ulated without knowledge of the d cc-
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ledge of the distribution function f0(u) . Therefore, a self- consistent
iterative approach was taken to solve this problem.

An initial estimate (which may be zero) is assumed for z~~, and the
Boltzmann equation is solved recursively (as described above) until

* the convergence criterion of Eq. (92) is satisfied (with an initially

coarse choice of e , e.g., E - .’ .Ol) .  The resulting distribution f0(u) is

then used to calculate the secondary ionization, attachment, and re-
combination rates which can be used, along with the external creation

rates, to obtain an improved estimate of de from Eq. (56). The pro-
cedur e is repeated until the value for 

~e converges to some accept-

able accuracy. After convergence relative to the coarse parameter

of accuracy is obtained, further refinement can be obtained by making
the parameter € smaller.

The implementation of these numerical algorithms is accomplished

by a FOR TRAN subroutine BOLTZ , to be described in more detail in

Sec. 3.3 below. In addition, the subroutine is extensively document-

ed with internal COMM EN T cards (cf. listing in Vol. II) . The pres-

ent ver sion of Program LASER uses the Boltzmann analysis only for

the situation of an electric discharge, although in principle, the for-
mulation should also be applicable to the case of direct c -beam exci-

tation only.

I
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2.4 External Driving Circuit and Ionization Sources

A typical excitation scheme for high power electrical lasers employs

a capacitive electric discharge, sustained by an external source of io-

nization such as a high energy electron beam. In some cases, the ad-

ditiozial enhancement of electrical pump power provided by a discharge

is not justified in terms of the additional complexity or problems that

result, and direct excitation by c -beam alone may be used. The pre-

sent analysis includes external sources of ionization, as discussed in

Sec . 2. 3 for the electron kinetics, and couples the kinetic equations to

the voltage and current equations for an external driving circuit.

The model for the external, driving circuit is shown in Fig. 2. 8. A

plane parallel discharge of area A, with anode and cathode separated

by a distance d, is driven by an external RLC circuit with a capacitor

initially charged to a high voltage. This discharge is sustained by an

external e -beam whose temporal current density .
~b

(t) can be speci-

fied as an arbitrary function of time. Initially, there is no voltage a-

cross the discharge because of the external circuit inductance. As

the secondary electron density in the gas changes, the plasma conduc-

tivity (and hence the discharge impedance) will change. Thus , the

plasma kinetics analysis is directly coupled to the circuit equations

which define the instantaneous voltage Vd(t) (and thus, E ( t ) /N )  across

the discharge. Although the present model for the external driving

circuit is the simplest possible, it neverthless provides for the de-

scription of basic but important phenomena associated with pulsed cx-
* citation of the medium. If necessary, more sophisticated circuits

(e. g., pulse-forming networks to better match impedance5) could be

incorporated into the analysis.
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EXTERNAL DRIVING CIRCUIT

L

C

r
~~

i _

Plasma conductivity: ~
Plasma impedance: R d (t) dIAc (t)

L~~
!_ + (r + R (t))i + .2— . o

dt C

C

Fig. 2. 8: External RLC driving circuit excites gas in a
plane-parallel discharge of area A, separation d.
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The circuit equations will be formulated as first order differential

equations for the charge q(t) and current i (t) in order to incorporate

them on an equal basis with the molecular kinetic equations (4), the

full set of which are integrated numerically using the Gear 6 technique.

Thus,

dq/dt = i ( t )  (93. 1)

L.di/dt -q/C - ( r + R d(t ) ) i  (93.2)

where L = inductance, r external resistance, and C = capacitance.

If the case L = 0 is desir ed, only one circuit equation is requir ed:

dq/dt = q/ ( r + R ~ ( t ) ) C  (94)

The discharge impedance Rd(t) is a function of time, given by

Rd(t) = d/A~.r(t), (95)

where

cr(t) = ne(t) e~~(t) (96)

is the plasma conduc tivity as a function of the instantaneous electron

density zie(t) and the mobility p~(t). The voltage across the discharge,

Vd(t) i( t) Rd(t) (97)

- 

-

~ 

- determines the value of

E ( t ) I N  = Vd(t) /dN (98)

- ~~~~~~~~~
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If Eq. (93. 2) is multiplied by i( t), an expression for the conservation
- - of energy (power) is obtained:

d/dt (Li 2
/ 2) + i2r + ( A d )  crE2 

= - d /dt (q2 /ZC). (99)

I
The physical interpretation of Eq. (99) is that the rate of change of
stored inductive energy (Li 2

12), plus power dissipated in the external
resistor (i 2r) and deposited into the discharge , is equal to the rate of
change of stored energy in the capacitor (q2 I Z C) .  The discharge power

density

o E  = n (t) e~~(t) E (100)

has occurr ed previously in Eq. (67) for electrical power partitioning.

In the following section, the overall power balance equation for the

complete coupled system will be discussed.

2. 5 Conservation of Energy

In the foregoing sections, 2. 1 - 2. 4, equations for power balance have

been developed for each component of the coupled analysis. It is now

appropriate to combine these results and to formulate a power balance

r elation for the complete system. The physical interpretation of the

parameter AE ( a) for each reaction determines its physical signifi-

cance in the power balance equation. To begin, therefore, some fur-

ther discussion devoted to interpretation of the terms of Eq. (5) for

specific types of kinetic reactions is required. This will provide the

opportunity to describe the typical types of reactions permitted, and

various conventions or restrictions on syntax.
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Electron-Beam Collisions

It is beyond the scope of the present analysis to give a rigorous treat-

ment of electron-be~ ..- energy deposition in a gas, although provisions

have been made for the inclusion of high- energy electron collision pro-

cesses in the molecular kinetic reaction scheme in terms of a simple

4 
rate constant formulation. Excitation and ionization of the molecular

spec ies X by collision with high- energy electrons ~~~~~~ ,

t
X + ~~~~ -~ X~~ +~~~ + ~ E (101.1)

X + p—’. x~ + + e (u) + ~ E (101. 2)

* +
are described in terms of cross sections 0 and o (u) , respectively.

It is assumed that the medium is isotropically excited and ttthinfl , so

that the approximation of single scattering may be made. Adjustments

for the effects of multiple scatter ing can be made in a qualitative way

by multiplying the cross sections by an effective scale factor if some

a priori knowledge of electron-beam deposition as a function of electron

energy, gas mixture, and gas pressure is available. In terms of the
- . 2

e -beam current density 
~b (A/cm ), the rates for reactions (101) are

-d(X) /dt = d[X ) /dt = (3~~~~ /e) [~~) (102. 1)

-d(X]/dt  = d[X 1TJ/dt  = (j
b~~

+ /e) 1)C ) (102. 2)

* where = J duo*(u) . The energies AZ , as defined by Eq. (6), for
* +

the two reactions (101) are ~~E = -eu and AE = -eu respectively,
* +where u and u are excitation and ionization energies (eV) . Thus,

the contribution of e - beam collisional excitation to the molecular power

~~~ _ _ _  _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _
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balance Eq. (5) becomes

~~ (eu .*)d [X *]/dt = Sb~~~
u. o .[Xi )  (103.1)

~~(eu .+)d [X~j /dt = 
~~~~~~~~~~ 

O +Ex .) (103.2)

where the sums are over all species which are excited or ionized by
the e -beam . Strictly speaking, the reverse process for reaction
(101. 1) should also be included, although its contribution can usually
be neglected in Eq. (103. 1). When Eq. (67) for electron power balance
is added to Eq. (5) for the molecular power balance, it is apparent
that the contribution of the e -beaxn will be given by

a)

= 
~b ~~ + u~ cr ’~ + f du uo~ (u)][X i)

= 
~~

‘

b ~~ [u1
0

1 + + (104)

where dV/d.x is an effective voltage drop for the beam, and the aver-
age energy deposited into the electron gas (defined originally in
Eq. (69)) is given by the weighted average,

< u ’> = ~~~(X .)J d u u o ~~(u). (105)

Cross section data for high- energy electron beam excitation has been
given by Berger and Seltzer9 If multiple scattering effects are im-

t portant for the physical probl em to be analyzed, the Berger- Seltzer
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cross sections can be appropriately adjusted by multiplying by some

scale factor to produc e an effectively larger deposition. The present

analysis requ ires, as input rate constants, the total scattering cross
* +sections o . and o .  for the e -beam collision processes. In the

1- 1 
*case of excited state production, the information provided by °

~~~ 

is

sufficient. However , e -beam Ionization processes must be included

in the source term (70) to the Boltzmann equation, and therefore, the

detailed energy dependence of the cross section o~~(u) is required.

For simplicity, it shall be assumed that the shape of the energy depen-

dence is the same for all processes , so that the source term given by

Eq. (70) can be written

5(u) ( J b I’e) ~~ (T I N. s(u) , (106)

where s(u) is a normalized shape function satisfying

j
’du s(u) = 1. (107)

Thus, the average energy deposited as electron kinetic energy

is

= Jdu u s(u )/ J du s(u)

= Jdu u s(u) . (108)

The total rate of creation of secondary electrons by e -  beam ionlza-

tion (cxn 3/s) is thus
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Sb fdu S(u)  = (Jb /e)
~~~ 

N .Sdu s(u) = (Jb /e)~~~ cT + N., (109)

as given by Eq. (68), and the energy deposition rate (i. e., power den-

sity W/cm )  15

fdu (eu )S(u)  = eS J’du u s(u) = e < U +)ISb, (110)

-19where e = 1.602 x 10 31eV. For convenience, the normalized shape

functio n s(u) is defined (by input) to be a square wave,

a

s (u )  = .s
~j 

1/( % _ U a)l u~~~ u~~ %~ (111)

0,

and thus,

< U
4 ) = (u +% )/ 2 .  (112)

Because the present approach to e -beam deposition is phenomenologi-

cal with no a priori knowledge of energy dependence, the simplified as-
sumptions for s(u) must suffice. Furthermore, it should also be noted

that the present formulation of e -  beam excitation and ionization colli-

sions does not provide an explicit mechanism for heating the gas by di-

rect deposition into molecular kinetic energy. The phenotnenological

-: description of e -beaxn deposition should be sufficiently flexible to be ap-

plicable to typical situations of interest. Where the approximations are

inadequate, the analysis must necessarily be extended as required.

-~

- - 66

_ _ __ .

~

_ _

~

_. i. . _ s_ _ : _ _ . _...

~

_ - _ _.. - - .- - -  - - —

—--- 5— - - 5- - - -  - —- -5- -5 —- -5-— ----- --5—— - 5 - -  -- _ —-- -5  — - - -5 —-----



p.- 
~~~~ 

—----
~ 

-- 
~~~~ ~~~~~~~~~~ - - p . - - - -  - __________

Secondary Electron Creation

In addition to e -beam ionization, there are a variety of kinetic mecha-

nisms which involve the creation of secondary electrons . It is appro-

priate to make some comments here with regard to the manner in which

such processes are to be included in the Boltzmann analysis, and to dis-

cuss the resu lting consequences for the power balance equation.

In general, any kinetic reaction which involves the creation of secon-

dary electrons must be accounted for in the source term Se,~ (u) for the

Boltzmann equation. The contribution of e -  beam ionization to S ( u.) is

given by Eq. (106). Other electron creation processes could include,

for example,

Photoionization: A + I (i’ ) -
~~~ A~ + e~

Photodetachment: A 4 1(v )  A + e

* +Penning Ionization: A 4 B -
~~~ A + B 4 e

Since there is no a priori knowledge of the kinetic energy distribution

of the created secondary electrons, it is convenient to assume that they
are all created at zero energy and that the remaining energy A E is con-
verted to molecular kinetic energy. (This is analogous to the treatment

of electrons created by secondary ionization.) The contribution from

such processes to the source term is proportional to a 6-fun ction:

S5xt (u) = 
~~~~~~ ~~~O~~ N . s (u) + 8 (u) [Io~~~(A] /hV +

+ I c r
�

[ A )/ h V  + k ~ 1(A )(B) + . . . ]  (1 13)

- - C The 8 -function term makes no contribution to electrical power balance.
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Secondary Electron Collisions

For a binary electron-molecule collision,

*X 4 e — X 4 e + A E

the energy ~~E is given by AE = - eu*, where u* is the inelastic energy

loss (eV) for the process. Thus ,~ the contribution of secondary electron

collisions to the right hand side of the molecular power balance Eq. (5)

is

- ~~ R(a )~~E ( a)  = n~~~~ (eu a)  [N a <vQ a) N <v Q >] (114)

Note that the sum on the right hand side of Eq. (114) is not restricted to

exclude attachment (or recornbination) processes, as was the case in Eq.

(67) for electrical power balance. For attachment and recombination,

denoted by “a”, the difference

n Na e (Ze /m) h/Z S du u2 f (u) Qa(u) - n Na (eu ) <v Qa>

= n N e ( Z e / m ) ~~~ f
du u ( u - u ) f ( u ) Q ( u )  (115)

0

can be interpreted as (a contribution to) the kinetic heating of the molecu-

lar gas mixture. For example, in a “two-body” recombination process

such as

X
~ 

+ e X (116)

- 
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ionization energy u~ ~~ the electron kinetic energy are converted

to kinetic energy of X and to recombination radiation energy ur = hV~

of a photon (which has been tacitly suppressed in (116)). Sinc e (

- ~~E) = - u~ for reaction (116), the resulting power density is

p = ene [X +](2e/m)~~~f 
du u [(u + u4 

- u )  + sir] 1o~~~~~r~~~
, (117)

where Q
r

(u) is the recombination cross section. The first term repre-

sents conversion of energy to molecular kinetic energy, and the second

to radiation. In the subsequent discussion, we shall neglect the distinc-

tion, and simply interpret Eq. (117) as molecular kinetic heating.

I

Radiative Processes

Both spontaneous as well as stimulated emission and absorption proces-

ses can be included in the present analysis. In addition to stimulated

processes involving the laser transition, absorption of laser radiation by

other species may also occur . There are certain distinctions and con-

ventions that must be observed in the present analysis, and the corres-

ponding interpretations for the power balance equation will be discussed.

Fir at of all, spontaneous emission photons (except for those which build

up the laser field) are neglected as independent species in the reaction

syntax, specified by

X*

~~~

X. (118)

The contribution of this reaction to the right hand side of Eq. (5) is j ust

- R A E  = _ e u *(X *) /_ -T
sp 

(119)

- 
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where AE = eu* is the energy defined by Eq. (6), and is the spon-

taneous radiative lifetime. For all of the spontaneous emission proces-

ses from excited states, the terms of the form (119) can be interpreted

as fluorescence loss. The syntax of Eq. (118), which explicitly omits
reference to the radiated photon, is recognized by the computer analysis
to represent spontaneous emission.

For the photon field of the laser , however , the syntax for defining spon-
taneous radiation is

*X — X + h v ,  (120)

where the emitted photon must be explicitly indicated . The reason for
this is that the laser field is defined in terms of the intracavity photon
number density, and laser photons are treated as species on an equal ba-
sis with electrons, ions , molecules, and all of the other “particle” spe-
cie s which occur in the kinetic reaction scheme. To insure a parallel
treatment, some further observations and definitions must be made.

First of all, since the volume of the active gain m edium is less than the

cavity volume by a factor (Lg /Lc)~ it is appropriate to define

N = (La IL ) n  (121)ph c g p h

as an effective photon number density in the gain medium (as if the radi-

ation were considered to be confined to the gain volume). This is logi-
cal, since the power balance Eq. (5) is formulated in terms of the power

density in the gain medium, and all of the other species are described
by their population densities In the gain medium. In terms of the photon
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density N h’ the intracavity intensity isp

I = (Lg /Lc) chv Nphs (122)

and the radiation Eq. (13) becomes

dN
Ph /dt = (fl/4ir) N~/ r  + (Lg /Lc) c C a ( t )  - a th ]N

Ph. (123)

a( t), the instantaneous net gain coefficient , was defined in Eq. (10), and
is the threshold loss coefficient , given by

= Cy  + ( l /2 ) ln( 1/R) ] /L g~ (124)

where ~i is the intr acavity loss per pass (I . e. from optical elements),

and B. is the output coupling reflectivity. The total contribution from out-

put coupling and the radiative processes of Eq. (7), (8) , and (120) to the

power balance equation (5) is

~~ EA d [A] /dt 4 ~~ EA*d[A*)/d t + hi.’ dN h /dt
A A*

+ E *c1[~C*)/c1t + Ex d Ex) /dt = ~~[1 
- (fl/4~r)] (x ’

~]h v / r

- ( I/hv) ~~ aACA) E A~ 
EA* + h v )  - la th (125)

A

- 
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t The interpretation of the terms of Eq. (125) is straightforward. On

the left hand side, there is the rate of change of stored energy density.

The first term on the right hand side represents the net fluorescence

power loss from reaction (120), and is consistent with the assumption

that a fractional part (f l 1 4 1)  of the spontaneous emission photons are

not lost, but remain in the cavity to build up the optical field. Refe r-

ence to Eq. (8) shows that the energy difference (EA 4 hv - E
A*) cor-

respond s to the net energy converted to kinetic energy of the species

A*. Thus, the second term on the right hand side of Eq. (125) can be

interpreted as a kinetic heating power density. The third term corre-

spond s to optical loss , due to absorption by intracavity optical elements

(y ) ,  and output coupling (R).

Kinetic Heating

With the exceptions noted above, the energy change AE defined by Eq.

(6) for the reaction (1) is the net energy converted to molecular kinetic

energy, and thus, the physical significance of the term

on the right hand side of Eq. (5) is that it represents power density in-

to kinetic heating of the molecular gas. The exceptions which occurred

were the result of the tacit suppression of some species involved (e. g.,

the emitted photon in spontaneous radiation) or of the kinetic energy de-

peudence of some of the interacting species (e. g .,  secondary and high-

energy e -beam electrons). In the case of secondary electrons, for

which an integration over a continuum of energies is required, the con-

tribution to the power balance must be derived fr om the Boltzmann equa-

tion. 
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Total Power Balance for the Coupled System

As a result of the foregoing discussion, which should clarif y the physi-

cal significance of the terms of Eq. (5), it is now possible to construct

the equation for conservation of power density for the coupled system of
electrons, molecules, radiation, and external driving circuit. If Eq.
(5) is added to the expression given by Eq. (67) for eidn e/dt , and the
terms are rearranged , the following result is obtained:

E. d ( x ]  /dt + h V dN h /dt + e ~ dne ~‘dt + h 
~
‘ A~ 

A*] /

+ [1 - (f l/4 ir) ] hV[ X*]/r  + la th + ~~~R ( / 3 )~~E ( p )

$

+ en e ~~~N [ (2e/m) h/Zfdu u 2 f (u) Q (u) - u < v Q ( U ) > ]

+ ene (Ze/m) 1/Zfdu u 2 <(2m/M) NQ > [f + (kT/e)df /du ]

= ~~E
2 

+ 
~~~~~ k~ + [u + <u~~J~~~]CxkJ

= crE 2 
+ Jb dV/dx. (126)

The first three terms on the left correspond to the rate of change of the

energy density stored in the molecules, radiation field , and electrons.
The sum over i excludes electrons , but photons (which have been shown

explicitly in the second term) could be included in that sum by defining
- - - -~~~J~~~~

. 
-
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E. = liv for that “species” . The fourth and fifth terms represent spon-
taneous fluorescence loss, while the sixth is the optical power loss by
intracavity absorp tion and output coupling. The remaining terms on the
left hand side have the significance of kinetic heating of the molecular
gas. The sum over $ In the seventh term includes all processes except
spontaneous emission, secondary electron collisions, and high- energy
c -beam collisions. All resonant energy transfer processes (i. e. for
which AE = 0) contribute nothing to the sum over $, nor does the stimu-
lated emission reaction, since AE = E

~~* - Ex - hi’ = 0. The eighth
term consists of the net contribution to molecular heating from recom-
bination and attachmen t processes, assuming that recombination radia-
tion is neglected. The last term on the left hand side is the power den-
sity into elastic heating from electron-molecule momentum transfer col-
lisions.

On the ri ght hand side, there is the input electric discharge power den-
sity oE 2 and the beam deposition Jb dV/dx , where the effectiv e e -beani
voltage drop dV/dx was defined in Eq. (104). The discharge power
density cE2 can be expressed in terms of the parameters of the exter-
nal driving circuit by Eq. (99).

In its present formulation , the coupled analysis assumes that the mole- -

cular temperature of the gas remains constant. This restriction could

easily be removed , if necessary, by an additional equation

• Cv dTmoi /dt = R ( $ ) A E ( $)  + misc, heating ( 127)
p terms

where Cv is the specific heat of the gas at constant volume (J /cmn 3 K),
and the right hand side is the total power density into kinetic heating.
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The nwnerical solution of the coupled system of molecular and electron
kinetic equations proceeds as follows. The total pulse duration is divi-
ded into a specified number (e.g., 200) of (equal) subintervals defined
by a time grid [0, t1, t2, . . .,  t.~, ...  ]. At each of the discrete points tk
in time, the Boltzmann equation is solved (as a function of the instanta-
neous values E(tk)/N and the excited state population densities N a (~~~ ) )
to update the electron excitation rates <vQ a) and plasma parameters,
which are then assumed to remain constant over the following subinter-
val [tk, tk~~ J of time. The molecular kinetic (and circuit) equations are
integrated ove r this subinterval, and in practice, the integration step
size will usually be much smaller than the coarse time interval s [tx’ tk÷l ]
over which the electron kinetics calculations are performed. The Gear6

technique automatically adjusts the step size to maintain accuracy and
stability.

The assumption that the electron energy distribution function f0(u) is con-
stant over these discrete subintervals will result in a power balance dis-
crepancy in the calculations. Assume that f (u), <vQ a)k, 

~ k’ k
represent the electron distribution , excitation rate s, mobility, average
energy, etc. obtained from solution of the Boltzmann equation at some
discrete point t = tk. If Eq. (67) were to be numerically evaluated at a
later time t by the approximations that f 0(u)  = f 1’(u), <vQ a) = <“ Q a)k’

= 
~ k’ the right hand side would contain an additional term

6P representing a power discrepancy:

ÔP(tk, t )  = en e(t)M k E( t) 2 + e<IJ5Sb(t) - euk dne(t)/dt

- n5(t) e(Ze/m) 1”2 
fdu u2

~~(2m/M)N Q )[f
1
~(u) + (kT/e) df~ (u) /du ]

(continued)
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F,-

- ne(t) 
~~~~~

(eU cz ) [N a ( t )<v Q a’)k - N
~~

( t )( vQ ) k ]

- ne(t) e(2e/m)~~
2 

~~ Na(t)S du u2 
f
k (u) Q

a
(u) • (128)

Since f 1
~(u) and the corresponding plasma parameters and excitation

rate s are recalculated at the point tk÷l
, the longe st period of time over

which the approximation f (u) = f k(u) is sustained is the length of the

discrete interval, A t  = tk÷l 
- tk . Therefore, a useful measure of the

accuracy of the calculation (at least insofar as it is affected by er rors

resulting from the discrete time partition) should be

~ (t,~, t) = P(tk, t )/Pt t (t) , (129)

where

P
~~~~~~~~

(t) = en e(t) ,A (t) E(t) 2 
+ Jb(t ) dV/dx ( 130)

is the total electrical input power density. If Eq. (128) is evaluated at

the time t = tk, a measure of power balance inaccuracy resulting from

the numerical solution of the Boltzmann equation is obtained. (Since it

is only the contribution e <TJ~ > 5b to ~~~~~~~ that occur s in the electron

kinetics analysis, the fractional power discrepancy reported from the

Boltzrnann calculations is normally defined in terms of total electrical

excitation power density,

= en e~.LE 2 
+ e <U +> Sb .  (131)

The present formulation of the coupled system of equations makes the

A
--4
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tacit assumption that the charge q(t), current i(t), and all of the popula-

tion densities N a (t) are continuous from tk = tk - 0 to tk = tk + 0:

i(t ) =

- +q(t~ ) = q(t~ ), (133)

- +N a (t.x ) - N a (t
k

)
~

and thus, these quantitie s can always be defined unambiguously as func-

tions of the time t,~. However , all of the electron parameters and cxci-

tation rates are discontinuous from t, to tk
+, since they are updated at

t = t~ by a new solution of the Boltzxnann equation. Furthermore, the

derivatives di(t) /dt, dn e(t) /dt, and dN a (t) /dt for all species a which are

involved in seconda ry electron collision processes will also be discontin-

uous. At t = tk ,  just prior to the Boltzxnann update, the electric field

is obtained from

Ek = E(ç ) = i(tk)R d(t.j~ )/d = i(tk)/ [Aene(tk) s~ (ç) 1, (134)

and the fractional power discrepancy ~ (tx, t1~) defined by Eq. (128) and

(131) is based upon the assumption that Ek is the electric field. However ,

the plasma conductivity o = en~~ (and thus, the discharge impedance

= d/Ao ) are discontinuous from t~ to t , and therefore, the electric

fleld at t t ~~~is

z E(t ) = i(tk)/ [Aen e(tk) P ( t ) ]  = (P~~~/ I2j )E~~. (135)

T~~
s, ia addition to th. power discrepancy Ô P(tk, tk ) inherent in the nu-.

ut
~~

.t ~~~~~~~ of the Boltzznann ecluation, there will also be an imxne-
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diate discrepancy associated with the discontinuity in the electric field:

ôP(t.~, t )  = 6P(t
k

, t
k

) + en (t.~
) ~ (t~ ) ( ( E ) 2 

- E~~~~~~ ]

= óP(t~~, t.
~~

) + en C(tk ) g4,~
’ E [ ( I / , 2 ~~) 2 

- 1], (136)

where I.L~~ = p (t ) .  There are three fractional power discrepancies

which are a useful measure of the accuracy of the calculations. The first

is the inherent power accuracy of the numerical solution of the Boltzmann

equation,

= Ô P(tk,  tk)/Pe) (137)

and it is provided as part of the output summ arizing the results of the el-
ectron kinetics analysis. The second is

= 
~

(tk l , t )  = Ô P(tk l , t )/Pt t  (138)

which represents the cumulative error which has developed over the en-

tire preceding subinterval of time. The third is

= ~~~~~~ t )  = Ô P(tk, t )/P~~t (139)

which represents the fractional additional error resulting from disconti-

nuity in the electric field before and after the Boltzmann update. If ~
or ar e too large, the length At = tk.~~ 

- tk of the subintervals should
- - - -

~~~~ , be reduced.
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3.0 COMPUTER PROGRAM DESCRIPTION

The generalized laser kinetic s code has been written in FOR TRAN IV,

and was dev eloped for use with the Extended FORTRAN Compiler of

the CDC 6000 and CYBER Series of computers (SCOPE 3.4). If it is

necessary to execute this program on a different computer system,

some modifications of nonstandard syntax or conventions may be re-

quired. In addition, extensive usage of ENCODE and DECODE state-

ments (fo r output formatting) makes the explicit assumption that the

basic “word” size is 60-bit , 10-BCD character display. Modification

of such statements will be necessary if the program is to be adapted

to a computer with a different word size.

The program structure, flow diagrams, description of subroutines,

control card commands and requests, external file usage, input card

format and default conditions, available output options , and illustra-

tive input and output from a sample case will all be described . The

complete FORTRAN program listing is given in Vol . II of the present

report. In addition , Vol . fl also contains a listing for an electron ki-

netics analysis program , which makes use of the same subroutines.

3. 1 ~~~~~~~~ Structure and Flow Diagram

The program structure has been designed with the objective of provi-

ding maximum input and output flexibility, while reducing mechanical

programming tasks for the user to a minimum. A given kinetic reac-

-
, tion scheme is specified by input (wi th a completely free and flexible

- - syntax) as a sequence of symbolic reactions containing an arbitrary

number of processes and interacting species. These reactions are

translated into computer-coded FORTR AN equations to generate mo.

lecular kinetic s subroutines , which are then combined with the master
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executive program LASER and (seventeen) other subroutines to form

a completely self- contained source program for the coupled analysis

based upon the specified reaction scheme (cf. Fig. 2.3).

Fig. 3.1 presents a more detailed flow diagram of the main program

LASER . Initially, there may or may not be a synthesized program

available, and the control cards and data input deck structure must

be compatible so that LASER can execute either situation. Initially,

the program makes an attempt to read “TITLE” on an attached fil e

TAPE4, which would normally contain the “name” and miscellaneous

rate constant data associated with a synthesized reaction scheme of

a previous run . If an EOF is encountered on the attempt to read file

TAPE4, the program assumes that user intend s to generate subrou-

tines and a data file for a new reaction scheme, to be specified by in-

put DATA BLOCK 1. In that case , the input of DATA BLOCK 1 is

processed by Subroutine SYNTH, which translates the reaction struc-

ture into three subroutines (DNDT , JAC OB, and LEVELS) which con-

sist of 80-BCD character records on fil e MTAP E (= 3). Furthermore,

as the reaction scheme of DATA BLOCK 1 is processed , miscellane-

ous data is written onto file TAPE4. Diagnostic s are generated for a

variety of error conditions which may be encountered. Although syn-

thesis proceed s by ignoring unacceptable syntax or other errors , pro-

tection against subsequent execution of a faulty reaction scheme can

be obta u~ d by declaring such conditions tobe fatal. After files TAPE4

and TAPE3 are constructed, EXI T occur s, the synthesized subrou-

tines are compiled and combined with the other subroutines, and LA-

SER is again executed. This time, TAPE4 contains reaction scheme

data , and the attempt to read “TITLE, ” the “name” of the synthesized

program, is successful . Control transfers to Read DATA BLOCK 2,

which contains input electron cross section data.
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STAR T

Read TAPE4
TITLE

Blank ? No

Yes

- Program Synthesis:

Read DATA BLOCK 1
(Symbolic Reactions)

Compile .

MTAPE Synthesize molecular ki-
netic subroutines DNDT ,
JACOB, and LEVELS on

- 

- fil e MTAP E Subroutine

Construct associated da-
ta file on TAPE4.

Read DATA BLOCK 2
(Electron cross section data)

SubroutineUpdate external electron UPDATEcross section file TAPE8 .
Revised file is generated
on TAPE9, and can be ca-
talogued subsequently.

Generate TITLE Pages

Read DATA BLOCK 3
(Comment cards)

Fig. 3.1: Flow diagram of LASER Synthesis Code.
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1’

Read DATA BLOCK 4
( Experimental Input

Parameters)

Process input data:

Initialize parameters: by input
or default (population densities,
energies, circuit, optical, etc.)

Update molecular kinetic rates
as permi tted

Initiate search for possible er-
ror conditions; beg in generation
of error diagnostics

ch~~ g e ? N0

Yes

Process (updated) file of electronSubroutine
PLASMA cross sections (momentum trans-

fer , inelastic collisions): TAPE9

Generate plots as requested

Set up arrays required for the
Boltzmann analysis

f Generate any further error diag-
nostics related to electron data.

I
Execution of Analysis

+
Fig. 3. 1: Flow Diagram of LASER Synthesis Code (cont’d).
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t a k a O  integration i~oo~~or ~~~~~~~~~~

l t . t + b  1-

t 4. h Inti ,~~ ate system of equation.

~~~ 
_ from t to (t+b): the step si. . Step h

h t a a omaticaUy a4~u.~tsd to s uc cess?
m ntainaccuracy. stabUtty.

_ _ _ _ _ _ _  

No

Lk .11+1 ] 
~~~~~ h, accuracy 

J 
-I

j £xti spolate afl p.za. 1 __ &
[meters from t to ~~

tni~~allae parameter. to re-
nectri c ster t ntegr ation at tin~e

Discharge? NO ~~
Na

yes

Determin . aU kinetic ate. Ic * LA(IT? Ye. —
sad electron deposition S0. 

&Ib?OUti ~~S

5b. and dWdz at tim. tIc.

D.t.rrnin . electrical pars- Generate Output Requests:
meters (C. ~.. E/N) ~~ puintion d.n. iti .s, rat..

of change. time co nstants .
Determine the population Subroutine electrical and optical par s-
dens iti es olth. Lower and I~EVELS meters . reaction sens itivi ty.
upper e*cit.d s ta te s for
aUin.3.asUc e collisions.

Calculate power discrep-
ancy j ust prior to an update ,—- 

+ 1 Schroglne
of electron kinetic parsme- rat. . at t~ . J DNDT
ts r., excttation rate s, etc.

SOLVE 
~~ su~ routin.

3oltzmann Equation aoz.rz
Genera te Output Request ed.

No Ter~ t~~~

-K:>- 

_ _ _ _ _ _  

0~~~~
Genera tion

EXIT Rej ect? No

‘I,,..

FIg. 3.1: Flow Diagram of LASER Synthesis Code (cont ’d) .
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— Electron cross section card data is entered by DATA BLOC K 2 to up-
date a main electron cross section library, which is provided on file
TAPE8. The updated library, which is generated on TAPE9 , may be
catalogued for futur e use if desired. DATA BLOCK 2 may be com-
pletely empty, or it may contain extensive data; indeed, the initial li-
brary itself can be constructed by “updating ” an empty file on TAPE8
and cataloging the resulting TAPE9 . During subroutine syn thesis and
reaction processing, a search is made (fo r each secondary electron
collision encountered) to determine whether the appropriate cross sec-
tion data is available in the external library. If it is not, a warning
diagnostic is generated . The only cross section data available at the
time of program synthesis is the original data on TAPE8 . An omis-
sion error , which would most likely be declared fatal initially, could
always be removed by an electron file update on a subsequent run .

DATA BLOCK 3 contains comment cards which are reproduced in the
output. DATA BLOCK 4 contains the experimental input parameters
for execution of the analysis. The input data is processed and all of
the run parameters are initialized (explicitly or by default) . The mo-
lecular kinetic rate constants are updated , as permitted.

At the time of subroutine synthesis, reactions are defined by their

forward and reverse rate constants. If a rate constant (e.g., for the
reverse reaction) was zero , no translation of that term occur s and
no subsequent modification of that rate is accessible to input. For se-

- - condary electron collisions, however , the appearance of a zero rate

constant automatically produces a default to the Boltzmann analysis.

If a nonzero rate constant was initially provided (at the time of synthe-

sis) for a secondary electron process, no coupling of that process to

the Boltzmann analysis occurs. No subsequent modification of a rate
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constant which defaults to the Boltzniann analysis is permitted. An - 

-

exception occurs for the situation of no electric discharge, in which
case, input modification of a secondary electron rate is accepted. A

— detail balance relation is enforced for binary collisions, with the re-
verse rate defined in terms of the product of the forward rate and an
exponential fac tor. Therefore, reverse rate constants for such pro-
cesses cannot be modified either . An illegal attempt to modify rate s
inaccessible to input in DATA BLOCK 4 is detected (and ignored) and
an error diagnostic is generated.

The analysis is executed by subdividing the total pulse time TPTJLSE
into NC YCLE ( equal) subinterval s of time ~~t = TPULSE/NCYCLE, de-
fining a partition of discrete times tk k A t  (k = 0, 1, 2, . . ., LIMIT).
At each of these discrete times, the Boltzmann equation is solved to
update the electrical parameter s and electron excitation rates, and a
variety of output option requests can be specified. Normally, TPULSE
is the total pulse interval, and LIMIT = NC YCLE; however , the com-
bination of parameters TPULSE, NC YC LE, and LIMIT provides more
flexibility for the joint specification of to tal integration time and the
frequency of electron kinetic updates and output generation. Over the
subinterval t,~ ~~ 

t <. tx4~~ the coup led molecular and circuit equa-
tions are integrated using a multistep Gear technique6, shown in the
dashed box in Fig. 3.1. If the current integration step size is Ii and
the time is t, the program tests whether an additional integration to
time (t + h) would exceed the next cycle time tk+l; if so, program re-
sets the cycle count to (k + 1) and extrapolates all parameters from
time t to time t~~~ by the use of an array (provided by Subroutine
GEAR) which contains population densities and their derivatives (to
various orders). If (t + h) would not have exceeded the next discrete

è -~ ~., cycle point , the GEAR subroutine continues the integration across the
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subinterval. Subroutine GEAR automatically adjusts the step size h

to maintain accuracy and stability.

If the amount of time con sumed by the Boltzmann updates and output
generation at a cycle time t.~ were negligible, the total CP time for
execution of the complete analysis should be independent of NCYCLE ,
since the integration would only be interrupted by brief pauses atk =

0, 1, 2, . . .  ut actual fact , these additional tasks performed at the cy-
cle times t.~ do con sume only a small fraction of the total computa-

tion time for integration from tk to tk+l . However , it has been ob-
served (from actual run s of the program) that the total CP execution

time seems to increase proportionately with (rather than be relative-

ly independent of) NCYCLE . At the discrete time tka after the elec-
tron kinetic calculations and output generation, the GEAR integration

must be restarted (with JSTART = 0). For the case of an electric

discharge, some of the kinetic rate constants (I. e., those for the sec-
ondary electron coflisions) change from t t to t = t~~, and it is

possible that the resta rt process consumes an excessive time before
the step size can be finally increased to its most economical size.
So long as the integration loop in the dashed box is not disturbed, exe-
cution is efficient and an economically large step size is attained and
maintained. However , an exit and subsequent return to the integra-

tion loop with a restart seems to cause the problem. (The problem
does not seem to arise for calculations involving no electric discharge. )
There has not been adequate opportunity to explore conclusively the

origins of this difficulty, or to optimize the execution time. However ,
it is quite likely that significant improvement in execution efficiency

should be possible with only minimal modifications in the integration
technique. In any case, for the present version of the program, it is
advantageous to use a relatively small (e.g. , 50, 100) value ofNCYCLE .

-
- ~

- 
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After k = LIMIT is attained , execution terminates and control is
transfered to final output generation. This includes miscellaneous
tables and plots of electrical and optical quantities, molecular popu-
lation densities, etc . as a function of time.

The listing of the program , which appear s in Vol . II, contains exten-
sive COMMENT card documentation of additional information which
is too detailed to be described here. As most of the FORTRAN vari-
able names have been chosen to be reasonably descriptive of the phy-
sical quantities they represent, it is believed that the log ical and com-
putational structure of the program should be relatively straightfor-
ward when supplemented with Fig. 3.1 and the present discussion.

The program has been written in such a way that dimension storag e
can be changed relatively easily. Arrays are communicated to sub-
r outines by var iable dimension call s and thus , it is sufficient to de-
fine a set of DIMENSION declarators which can be easily modified .
The DIMENSION statement changes required are described by COM-
MENT cards in the listing . The only other precaution that must be

observed is that labelled COMMON blocks shared with subroutines
synthesized in previous runs must be consistent .

External fil e usag e ( TAPE2 , TAPE3 , . ..,  TAPE 1O) is as follows:

TAPEZ is a scratch file used in subroutine synthesis and analysis of

reaction sensitivity. TAPE3 and TAPE7 are used for writing the

FORTRAN translation of the symbolic reaction scheme; they are sub-
sequentl y combined on TAPE3, which provides a source file of 80-

BCD character records of the statements of the synthesized subrou-

tines JACOB, DNDT, and LEVELS which can be compiled . TAPE4
- - , is a file provided for writing miscellaneous reaction data associated
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with a specified kinetic scheme. TAPE4 contains data which is an

essential supplement to the synthetically generated program, and it

must be catalogued and saved if future execution is intended. TAPE3

(which consists of 80-BCD character records which are the FORTRAN

statements of the syn thesized subroutines) can be used as the input

source for creation of an UPDATE program library, which can be cat-

alogued and saved if any future specialized modifications (beyond the

scope of the syn thesis capability of LASER) are anticipated. Normal-

ly, it would be sufficient to catalog and save the binary compilation of

subroutines DNDT , JACOB , and LEVELS for future execution. Thus ,

even for specialized situations for which LASER may not be totally

adequate for synthesizing the exact structure desired for the rate sub-

routines, it is always possible to revise the source program genera-

ted by means of subsequent update procedures.

TAPE8 is used for at attached file of electron cross section data .

The elec tron cross section library can be updated by DATA BLOCK 2

card input to form a revised file on TAPE9 , which can be catalogued

and saved for future use as desired. TAPE 1O is the card input file;

a processing subroutine EDITOR reads card input data to an EOF on

unit 10 and generates an output playback of the card images. It also

copies the card images onto TAPE5, cre~aUng an effectiv e card input

file on uni t 5. Each time a new data block (terminated by an EOF

card) is encountered , playback of card images and creation of an ef-

fectiv e input file TAPE5 occurs. TAPE6 is used for OUTPUT.

In the following sections , some of the important subroutines will be

: discussed in more detail. The card format for the input data decks

will be described, and the instructions for usage illustrated with sam-

ple control cards.

:4
I -

~~~~ 
-
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3. 2 Input Data Description

Input to the code consists of card and/or tape (disc) data files. As

the flow diagram of Fig. 3.1 indicates, there are four main blocks

(DATA BLOCK 1, 2, 3, and 4) of card input; in addition, an external

file (TAPE8) containing an electron cross section library may also

be attached. In this section, a descr iption of the card input sequen-

ces, with format specifications and physical units assumed, will be

given. The external cross section file (attached on TAPE8) is origi-

nally created with card input from DATA BLOCK 2.

In order to provide maximum flexibility for data input with a minimum

number of format restrictions, NAMELIST entry is fr equently used.

Various constants or experimental input parameters are initially as-

signed default values (or subsequently induce the program to take a

suitable default action) that would be most appropriate for the user - -

in typical problems of interest, were he to fail to define certain para-

meters explicitly by input. This allows for considerable abbreviation

of input, since only essential variables need to be entered to specif y

execution conditions. At the same time, however , a wide r ange of

variables remain accessible to input specification in case their de-

fault values are not acceptable. Input format for NAMELIST entry is

very free , and eliminates the possibility of entering numerical data

in an incorrect field of columns. Each of the N A.MELIST sequences

have been given physically descriptive names, and contain variables

that specif y related parameter s for a particular aspect of the analy-

In order to read data using NAMELIST, input data must be provided

in a special form. The first character (column 1) on each card to be

-

~~~~~~~~ - 
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read must be a blank . The second character on the first card (of a

group of data cards) must be $ (dollar sign) immediately followed by

the NAMELIST name, which must not contain any embedded blanks.

The name must be followed by at least one blank, which is followed

by a string of data items separated by commas, and the end of a data

sequence occur s when another $ is encountered. Any (or all) of the

variables included in the NAM ELIST group can be entered (without

regard to order) as specified input. The form of the data items on an

input card is “A = const” , where A is the FORTRAN name of a varia-

ble or subscripted array, and “const” is an integer , real, complex,

or log ical constant (or string of constants separated by commas if A

is the name of an array) . Numerous examples will occur in the sam-

ple output to be presented later.

Card input consists of four basic blocks of data to define the molecu-

lar kinetic reaction scheme and its rate constants , modifications (if

any) for updating an external electron cross section file, comment

cards to describe miscellaneous information for reproduction in the

output, and experimental input parameters for execution of the anal-

ysis.

DATA BLOCK!

DATA BLOCK 1, whose structure is shown in Table 3.1 , occur s only

for the initial synthesis of subroutines and generation of data file (on

TAPE4) for a new molecular kinetic reaction scheme. The f irs t  card

is a “header ” containing three ( lO-BCD character) computer words

which “name” the new program. They are used as a three- line title

on a cover page preceding the output whenever the code is subsequent-

ly executed. Following the header card , there is an arbitrarily long se-
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Table 3.1: DATA BLOCK 1
(Subroutine Synthesis)

Card 1 TITLE (3) (3A10)

Header card contains three (10 BCD char-
acter) computer words which “nam e” the
program to be synthesized from the reac-
tion scheme which follows.

Ca Specification of r eaction No. 1.

Card 4
Card 5 Specification of reaction No. 2.

Card Zn KINETIC(6) (6A10)

Symbolic expression, reaction No. n, sub-
ject to certain (minimal) restrictions on
syntax, and miscellaneous conventions.

Card Zn+1 KF, KR, COMMENT ( 5) (ZE 1O.3, 5X, 5A10)

Forward and reverse rate constants for the
reaction (with appropriate units), and op-

• tional comment or reference for the data .

EOF card terminates data package. Number of card
pairs is arbitrary, although an error condition results
if any dimension storage limit is exceeded.
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quenc e of pair s of cards which define the input reaction scheme, ulti-

mately terminated by an EOF card. (In practice, the length of the re-

action queue is limited by the dimension declarator KMAX, and the

number of new species encountered during processing is limited to

NMAX. KMAX, NMAX, and all other dimension declarator s can be

easily changed in the main program LASER. If the number of reac-

tions or species exceed the limits, they are ignored, and a diagnostic

is issued.)

The first card of a reaction pair consists of a Hollerith string of up

to 60 BCD char acter s, containing an expression of the form

A + B + C + . . . .  r X + Y + Z + . . .

The syntax for the reaction is quite flexible , allowing it to be written

just as it would be in usual technical notation. Each side of the reac-

tion may contain up to five species whose names are defined by the

first NSIZE (= 10) nonblank characters recognized before a delimiter

or ~~) is encountered. Embedded blaiilcs are ignored, and certain

conventions must be observed:

• i) Secondary electrons are denoted by “E” , “E- ”, or

ii) High energy (e -beazn) electrons are denoted by “HE- ” .

• iii) All other charged particles must explicitly exhibit their
charge in their name (e.g., “F- ”, “KRZ(+)” , “AR(++)” ,
etc.) and multiple charge must be explicit (i.e., “AR(++)”
rather than “AR(Z+)” ). If an ion is positive, the “+“ sign
must be immediately followed by another “+“ or by “ )“ in
order to avoid confusion with the normal usage of “4” in
writing reactions.

iv) Numerical coefficient in front of the species not permitted
• (e.g. A+ B r~ C + C, but not A + B r~ 2C, Is allowed).

v) Buffer gases (whose identity is not Important) can be de-
noted by “M” (resulting in a total pressur e dependence).
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v) Spontaneous emission processes do not have to explicitly
include a photon on the right hand side of the reaction un-
less the process is considered to contribute “noise” to the
buildup of an optical field by stimulated amplification, in
which case the photon must be included and denoted “13NU”.

vi) Stimulated emission or absorption processes are denoted
• by “R.A.D”. Except for the laser transition involving stim-

ulated emission (in which case “R AD” must appear on both
sides of the reaction), “RAD” can occur only on the left
hand side.

As they are processed, the reactions of the input kinetic scheme are

subjected to several tests to detect errors. Among the possible er-

ror conditions encountered are the following:

i) High en ergy electrons must balance on. left and right.

ii) Buffer gas “M” must balance on both sides of equation.

lii) Charge conservation must not be violated.

Iv) Reverse processes for spontaneous emission not allowed
(i.e., “HNU” must not appear on the left side of a reaction)

v) Stimulated radiation “RAD” must not appear (alone) on
• the right hand side of a r eaction.

vi) Duplicate reactions (even written backward) are ignor ed.

vii) Detail balance for binary molecular collisions enforced.

viii) For secondary elec tron collision processes which default
to Boltzmann calculation for rate constant, the attached
electron cross section data file is searched to verify that
appropriate cross section data is available.

ix) Dimension storage (defined by the declarator a KMAX,
NMAX, and NICMAX) must not be exceeded during program
synthesis.

x) Both forward and reverse rate constants zero; reaction is
ignored unless it is a secondary electron collision process,
in which case rate constants are automatically linked to a
coupled Boltzmnann analysis.

xi) Reaction syntax unrecognizable.

xii) More than five species on left or right hand side.
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• If an error is encountered, a diagnostic warning is generated in the

edited summary of reaction processing, and the faulty reaction is ig-

nored for the construction of the synthetic subroutines and associated
data file. Thus, processing continues uninterrupted throughout the

entire input reaction queue, and the final program genera ted can even
be executed unless the user declares the occurrence of such error s
to be treated as fatal.

The second card in the pair of cards defining a reaction contains (an

initial estimate of) the forward (KY) and reverse (KR) rate constants

for the process, and an (optional) 50-character field for comments or

a data reference, which will be reproduced in the output. With cer-

tain exceptions to be described, both a forward and reverse rate con-

stant are typically provided for each reaction. The units for these

rate constants are determined by the structure of the reaction, and

are:

cm2 e~-beam collisions; stimulated emission, absorption
1 

Spontaneous radiative emission

cm3/s Binary collisions

cm6/s Three-body interactions

3ncm Is Interaction between (n-  1) species.

• The program determines the form of the rate expression, Eq. (2),

automatically from the syntax of the reaction, subject to the above
conventions, and it is the obligation of the user to insure that Input
values have the proper units. If KY = 0 (or KR = 0), no transla-

tion of the forward (or reverse) reaction term occur s in the synthe-
sized rate subroutines and thus, null operations (containing unneces-
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sary multiplications by zero) are eliminated. Rate constants used

at the time of synthesis can be changed in subsequent execution, how-

ever , so a nonzero valu e should be used during synthesis for any re-
action process (with the exception of secondary electron collisions)

which is not to be permanently neglected.

For secondary electron processes, the omission of input rate con-

stants at the time of synthesis automatically results in the linkage of

the rate constants to a coupled Boltzmann electron. kinetic s analysis.

Likewise, if a rate constant is explicitly specified , no such linkage

occurs. During program generation, for those electron collisions

which are to be coupled to a Boltzrnann analysis, a search is made

to determine if the required electron cross section data is available

on the library file attached to TAPE8. If the cross section data is

available, 50-character input comment is overridden by a data refer-

ence extracted from the libr ary file.

For a binary molecular collision process, the program automatically

enforces detail balance between the forward and reverse rate con-

stants (although with no provision for degeneracy factors). The re-

verse rate is defined to be KR = KF exp C -  A E/ k T)  , where AE was

given by Eq. (6).

Subsequent modifications of rate constants at the time of execution

are permitted, but some rate constants are necessarily inaccessible

to such input. If no translation of a reverse process occurred, for
-

• example, no future input of that rate constant can contribute. Like-

wise, if rate constants automatically default to Boltzmann calcula-
tions or a detail balance expression, opportunities for input modifi-

• cation cannot be provided. There Is one logical exception: if the
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analysis has been synthesized with default to Boltzmann electron ki-

netics, rate constants for secondary electron collisions can be modi-

fied (i.e., defined by input ) whenever the program is executed under

conditions of no electric discharge. If an illegal attempt is made to

modify rate constants which are inaccessible to input, a warning di-

agnostic is issued and the illegal attempt is ignored unless declared

to be fatal.

There are three subroutines which are synthesized by translation of

the symbolic input reaction scheme into computer-coded equations:

SUBROUTINE DNDT (N , T, NO, NDOT)

Thia subroutine calculates the instantaneous rates of change of all of

the dependent variables in the (first order) system of coupled differ-

ential equations (consisting of the master equation (4) and the circuit

equations (93) or (94)). Miscellaneous optical (gain , absorption) and

electrical parameters (e -bearn voltage drop dV/ dx and secondary e

creation rate zero- energy e creation rate S )  are also obtained.

Input Parameters:

N = Number of equations

T = Independent variable, time Cs)

NO(I) = Vector of dependent variables: I = 1, NTYPE
are population densities (cm 3); NTYPE +1 ii
charge, q (Coul) and NTYPE + 2 is current, I (A)

Output Parameters:

4~ - 
NDOT = Vector of rates of change of dependent variables:

NDOT (I) = d NO (I) /dt.
;s~ . -

k..: - 
~~~

~ ;±~~
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In addition to the formal calling parameters, there is also communi-

cation between DNDT and the main program LASER through labelled

COMMON blocks. Since the integration subroutine GEAR is concerned

only with the formal calling parameters shown, it need not be explicit-

• ly provided with miscellaneous experimental constants and input para-

meter s available in the main program. Likewise, there are certain

quantities which are useful by-products of the computations in DNDT

such as SB (S,0
) SO (S ), DVDX (4V/ dx) , and R.ATEU) (the rate s of

Eq. (2)). Their inclusion in labelled COMMON is convenient for the

direct communication of information to the main program LASER.

SUBROUTINE JACOB (N, T, NO, PHI )

This subroutine calculates a Jacobian required by the integration sub-

routine (GEAR) . It computes the (instantaneous values) of the partial

derivatives of the rates NDOT (I) with respect to the dependent varia-

bles NO(J) at time T. The calculation of the Jacobian is based upon

exact expressions obtained from formal differentiation of the rate equa-

tions (4) and (93) (or (94)), rather than by numerical differencing. Its

availability allows Subr outine GEAR to be utilized with a “method pa-

rameter” of MY = 1. Subroutine JACOB and DNDT share the same

labelled COMMON blocks with the main program , although no compu-

tational results of JACOB are used by LASER itself. The input para-

meters for JACOB are the same as for DNDT described above.

Output Parameter s:

PHI (I, J) = Jacobian array, dimensioned PHI (N , . . )  in the
calling program, defined by

PHI (I, J) = ~ NDOT (I) /~~NO(J)
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SUBROU TINE LEVELS (Ni , NZ, NO)

This subroutine establishes the correspondence between the lower
and upper levels of the inelastic electron collision processes, and
the species of the molecular kinetics reaction scheme . It provide s
part of the linkage which couples the Boltzniann analysis to the mo-
lecular kinetics. Immediately prior to a call to Subroutine BOLTZ ,
this subroutine must be called to determine the (instantaneous) val-
ues of the lower and upper state population densities.

Input Parameters:

NO (I) = Vector of (instantaneous) population densities
• (cm 3) for the Ith species in the kinetic scheme.

Output Parameters:

Ni (I) = Vector of population densities for the lower
states of the Ith inelastic electron collisions.

N2 (I) = Vector of population densities for the upper
states of the Ith inelastic electron collisions.

Sample output , obtained fr om synthesis of subroutines DNDT , JACOB,
and LEVELS for the K F  laser system, will be presented later. The
results of tr anslation of the molecular kinetic scheme into computer-
coded FORTRAN equations will be illustrated for several reactions.
In addition to reaction translation, there is also generation of inter-
nal COMMEN T card documentation, which makes the synthesized
subroutines completely readable and understandable. They can be
used as the source for creation of a BCD UPDATE program library,
whIch can be catalogued and saved, if desired. If the reaction scheme
is to be subsequently executed, the binary compilatIon should be saved

98

—-— - - — - -  ~~~~~~~~~~~~~~~~~~



DATA BLOCK 2

The purpose of DATA BLOCK 2 is to provide updates or modifications

to the electron cross seètion library, attached on TAPE8, immediate-

ly prior to execution. The updated file, generated on TAP E9, is then

used for execution of the analysis and can be catalogued and saved for
future access, if desired. Since the external electron cross section

library can be originally constructed by “updating” an empty TAPE8

file with the totality of available data , the format for reading TAPE8,

TAPE9, and DATA BLOCK 2 is identical.

DATA BLOCK 2, whose structure is shown in Table 3. 2, consists of

an arbitrary number of packages of electron cross section data for

secondary electron collision processes. The first card of a package -

contains a 60-BCI) character Hollerith field in which the symbolic re-

action is specified. The syntax for reactions is quite flexible, and is

the same as that described for DATA BLOCK 1 above. Embedded

blanks are ignored, and the order of species is not important. Thus ,

when a search is made for cross section data for an electron colli-

sion process encountered in the molecular kinetic scheme, it is not

requir ed that the reaction be written identically as it occurs in the

external electron data file. Only the content of two reactions com-

pared must be identical; for example, the two reactions

KR Z(+) + E(- ) r KR* + KR
• and

E + KR2(+) r’KR + KR*

would be recognized to be equivalent. An additional convention is

used for specif ying momentum transfer cross section for electron

collisions with species X:

• •
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Table 3.2: DATA BLOCK 2
(Cross Section Update)

Package 1

Package 2

Package ri:

Card 1 KINETIC (6), UNITS, I~PTSI MONTH

(6A10, Fl. 3, 13, AlO) This card contains a 60-BCD char-
acter field for the symbolic specification of an electron
collision process. Cross section data entered on subse-
quent cards is assumed to be expressed in units of
UNITS x l0 16 cm2. Default is UNITS = 1 if unspeci-
fied. NPTS defines subsequent data format.

Card 2 COMMENT(6) (6AlO)

60- BCD character field for comment or data reference.
This information is r eproduced with requested tabular
output of the cross section data , and is automatically ex-
tracted as the rate reference in a synthesis program.

Card 3 EV, vector of zn electron energy values (eV),

Card 4 SIGMA, vector of in corresponding cross section data
values. Format for Card 3, 4 is (mEn. 0), where in =

NPTS and n 80/NP TS (truncate decimal residue).

t Card i Cf. description of Card 3,
Card i+ 1 Cf. description of Card 4,

Card Zk+ l Blank card terminates cross section data for the elec-
tron collision process of this package.
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E + X  ~~ E + X

Although momentum transfer cross sections must be included in the

electron library file, the explicit inclusion of elastic or momentum

transfer collisions in the molecular kinetic reaction scheme defined

in DATA BLOCK 1 is not required.

The second parameter on the first card , UNITS, is a multiplicative

factor to adjust the numerical cross section values, which are as-
-16 2

sumed to be entered in units of 10 cm . (If UNITS is not speci-

fied, it defaults to 1.0. ) The third parameter , NPTS, specifies a

variable FORMAT (mEn. O), where m = NPTS and ii = 80/NPTS (n

is an integer obtained from truncation of decimal residue). This

FORMAT specifies the number of data fields on subsequent energy

and cross section cards to be read from the current package. (If

NPTS ~ 0 or if NPTS ) 10, program sets NP TS = 10 by default. )

The last parameter, MONTH, is a 10-BCD character specification

of the date (e.g., 12/25/78 ) of cross section submission into the ii-

brary file. If it is not provided, it is automatically generated by

Subroutine UPDATE at the time it is added to the library.

The second card of a package contains a 60-BCD character field for

comment or data reference. It is reproduced on requests for out-

put plots or tables of cross sections, and is automatically extracted

as the reference for TAPE4 data in the generation of a synthetic pro-

gram.

Following the first two cards , there is an arbitrary number of card

pairs I and 1+ 1, ultimately terminated by a bl ank card, containing

sequences of energies and corresponding cross section values. Card
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I contains a sequence of energies (eV), which must be in monotoni-

cally ascending order , followed by card (i + 1), which contains the

corresponding cross section values (in units of UNITS x io 16 cm 2).

The format specification is (mEn. 0), as described above. For ex-

ample, if NPTS = 8, the format would be (8E10. 0), defining eight

10-column fields (into which F-numbers could be entered, if desired).

Ultimately, the collection of cross section packages must be termi-

nated by an EOF card.

DATA BLOCK 3

DATA BLOCK 3, shown in Fig. 3.3, consists of an arbitrarily long

sequence of comment cards which will be reproduced in the output.

It provides a convenient opportunity for documenting the output of an

analysis with descriptive remarks. Format is (8AlO).

DATA BLOCK 4

DATA BLOCK 4, whose str ucture is shown in Fig. 3.4, defines ex-

perimental parameters, numerical control parameters, fatal error

designation, data initialization, and output requests for execution of

the synthesized analysis. It consists of six NAMELIST data groups,

followed by an arbitrarily long sequence of cards which initialize the

energies, molecular weights, and population densities of molecular

species. The NAMELIST parameters are defined in Tables 3.5-3. 10,

which summarize the assumed units and default values. The NAME-

LIST groups have been constr ucted to have physically descriptive

names, and to contain logically related variables.

The format for the sequence of species cards is (AlO , 3E10 3, lOX , AlO) .

~J
t*.
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- Table 3.3: DATA BLOCK 3
(Descriptive Comments)

Card 1 COMMENT (8) (8A10)

Card 2 COMMENT (8) (8AlO)

Card ii COMMENT (8) (8AlO)

EOF card termination.

jf
.
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TABLE 3,4: DATA BLOCK 4
(Execution Parameters)

1) $CONTROL ... $
Miscellaneous parameter s related to numerical control of
the calculations- - convergence accuracy, integration order
and method, electron energy resolution, interpolation or-
der , fatal declaration of error conditions, frequency of out-
put generation, etc . (Table 3.5).

2) $PAR AM ... $
Pressur e, temperature, and pulse length (Table 3.6).

3) $OPTICAL... $
Optical cavity specifications- -loss per pass or threshold
coefficient, output coupling reflectivity, length, area, solid
angle (Table 3.7).

4) $ E BE A M. . . $

External e -beani current density, energy, temporal and
energy dependent characteristic s ( Table 3. 8).

5) $CIRCUIT ... $
Capacitance, inductance, and resistance of external RLC
driving circuit, initial charging voltage, discharge area
and electrode separation ( Table 3.9).

6) $RATES.. .  $
(Permissible) modifications to kinetic r ate constants for
the reaction scheme (Table 3.10).

The above NAMELIST cards are followed by (an arbitrary number
of) cards for initialization of species parameters. These cards
(which are ultimately terminated by an EOF card) are of the form:

• NAME, P, E, MOLWT , OPTION (AlO , 3E10. 3, lOX, A10)

These cards define the energy E (eV) and molecular weight MOLWT
(g/mole) of the species NAME. P is the concentration: if the total
pressure is specified by the $PARAM$ card, the P values represent
r elative fractions. If the total pressur e has not been previously spe-
cified, the values of P represent partial pressures (Torr), unless
theIr values ar e > l .OE 08, in which case they represent actual pop-
ulation densities (cm 3). (Cf. description of PTOT and ATM in
Table 3.6 .)  II OPTION = 4HPLOT, a plot of NAME Is generated.
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3.3 Description of Subroutines

— The general laser kinetics program LASER requires 16 additional

subroutines (in addition to the three which are synthesized, JACOB,
DNDT, and LEVELS). An independent program, ELECT, has also

been developed specifically for Boltzmann electron kinetics analysis

and uses some of the same subroutines. Complete source deck list-

ings for both main programs (LASER and ELECT), as well as for

- 
all subroutines used, are included in Vol. II of the present report.

- Fig. 3. 11 summarizes the subroutines required for each program.

In this section, some of the more important subroutines will be de-

scribed. Program ELEC T will be described in Sec. 3.4 below.

SUBROU TINE SYNTH(LTAPE, MTAPE, NTAPE, NSCRTCH, NDATA,
NSIZE, MAXGAS, GAS, KMAX, NKMAX, LEVi , LEV2, DATE )

This subroutine translates the symbolic reactions of DATA BLOCK 1 
J

into computer-coded equations for the syn thesis of subroutines DNDT ,

JACOB, and LEVELS described in Sec . 3. 2. It also compiles the

data defining rate constants and references and the structure of the

molecular kinetic reaction scheme to generate an associated file on

unit NSCRTCH ( = 4). Source code is generated as 80-BCD charac-

ter records on unit MTAPE ( 3), which is compiled for execution.

Li future execution of a laser kinetics analysis based upon the input

reaction scheme is anticipated, the data file on TAPE4 and the source

-
• 

code (and /or its binary compilation) should be catalogued and saved.

Input and output parameters for Subroutine SYNTH are summarized

in Table 3.12, Specification of the record content of file NSCRTCH

is most easily obtained directly from the listing.
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• Table 3. 11: Deck Structure for Programs
LASER and ELECT

Main Program - - LASER ELECT

Subroutines:

SYNTH X
GEAR X

ANALYZE X

SHAPE X

Synthesized Subroutines:

JACOB X

DNDT X

• LEVELS X

Electron Kinetics Subroutines:

UPDATE X X

PLASMA X X

BOLTZ X X

Utility Subroutines:

DEKODE X X

SIMEQ X X

PLOT X X

AXIS X X

INTER? X X

SIMPSON X X

- 
_ 

- 
EDITOR X X

COVER X X

HE.ADINX X X
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The main purpose of Subroutine SYNTH is to dis sect the syntax of

(certain types of) symbolic reactions, and to translate the fundamen-

tal information content into computer-coded equations. It has been

“taught” to recognize the meaning of a reasonably general class of

expressions as well as to detect the occurr ence of miscellaneous er-

ror conditions. If necessary, the user could extend its translation

or error detection capabilities and is at liberty to specify in detail

• the structure of the synthesized subroutines. For example, the pres-

ent techniques could be extended in such a way that an encountered

“species” such as “XYZ(I)” would be recognized as a representative

- 

member of a manifold of vibrational levels, and the reaction syntax,

XYZ(I) + AB (J) r’ XYZ(I - l) + AB ( J +l )

could be interpreted to be a class of vibrational-vibrational exchange

collisions to be translated into appropriate DO- LOOPS over I, J in

the generated FORTRAN source code. The translation of reactions

performed by the present version of SYNTH is best illustrated by ex-

amples and is therefore postponed until Sec. 4, where results for the

KrF laser system are described.

SUBROUTINE GEAR (N, T, Y, SAVE, H, HMIN, HMAX, EPS, MF,
YMAX, ERROR, KFLAG, JSTART, M.AXDER, M, PW)

This subroutine was modified from “Subroutine DIFSUB”, which ap-

pears in the work of Gear6 on numerical initial value problems in

ordinary differential equations. (Cf. Ref. 6, pp. 155-166.) It is a

subroutine for integration of a “stiff” system of coupled, first order ,

• differential equations with the capability for automatic control of the

• • • 
step size and order of predictor and corrector. The replacement of

“MATINV” discussed In the “Note to Program” (cf. p. 158, Ref. 6)
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has been implemented by the use of Subroutine SIMEQ to avoid the

initial calculation of a matr ix inverse, followed by successive pre-

multiplications of a sequence of vectors with that inverse. Input and

output parameters are completely described by COMMENT cards In

the listing in Vol. U.

SUBROUTINE UPDATE (INFILE, NTAPE, NSCRTCH, LIST, DATE)

Thi s subroutine searches two input data sources, a file unit INFILE

and/or card input, to generate an updated electron cross section da-

ta library on unit NTAPE. (LASER uses INFILE = 8, NTAPE = 9.)

The updated file on NTAPE contains all of the data of INFILE, modi-

fied with the additions or revisions defined by card input. A com-

plete cross section data package (cf. Table 3. 2 and the discussion of

• DAT A BLOCK 2) must be provided for the initial addition, or subse-

- quent modification, of any collision process. NSCRTCH is a scratch

file. If LIST = .TRUE. , the contents of the updated file NTAPE are

generated in output. DATE is an (INTEGER ) variable containing a

10-BCD Hollerith date (e.g. 1OH 10/23 /75 ).

SUBROUTINE PLASMA (NDATA. MAX, MESH, LHS, RHS, PROCESS,
EV, F, G, Q, U0 , UM , NTYPE, NAME, MISSING, ERROR , OUT-
SIDE, IDEG, OUT )

This subroutine scans the electron cross section library, on file unit

NDATA, to extract the cross section data for input reaction defined

by LHS and RHS, integer variables generated by Subroutine DEKODE

which uniquely specify the left and right hand collision species. The
• reaction is also describ ed by PROCESS (a 4-vector), containing a 40

BCD characte r (possibly abbreviated ) symbolIc expression of the re-

- 
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action (used for output purposes only). Input and output parameters

are fully described in COMM ENT cards in the listing.

SUBROUTINE BOLTZ (MAX, MESH, NK, GAS, FRACT, MIX, NMOL,
TMOL, ITMAX, TMAX, EPS, KAPTION, DATE, OUT , EVCM, NE,
PROCESS, U, Nl , N2, MEL, 5, SBEAM, SOURC E, X, XQ, QM, F,
G, A, B, VSIG, POWER, PCOLL, DISCH, DEPOSIT, MU, D, EK,
AMPS, UBAR, TE, CONVRGE, PBAL )

This subroutine implements the numerical solution of the Boltzmann

equation for the electron energy distr ibution, using the computational

algorithms described in detail in Sec. 2.3. Input parameters are de-

scribed in Table 3.13, and output parameters in Table 3.14. Extensive

internal COMMENT card documentation is also included in the listing,
* given in Vol. II.

SUBROUTINE DEKODE (NAM~~, IMAGE, LHS, RHS, LABEL, GAS,
NSIZE, NTYPE, LONG )

This subroutine dissects the symbolic reaction equations to determine

the species on the left and right hand sides. A Hollerith specification

of the reaction is provided as an input vector , IMAGE (I), I = 1, LONG.

Embedded blanks are permitted, and up to NSIZE characters of a spe-

cies name are recognized and the rest ignored (NSIZE ~ 10). The

vector NAME provided by the calling program contains the names of

NTYPE species which have previously been encountered and stored;

if additional new species are recognized in the reaction defined by

- 
IMAGE, the vector NAME is automatically extended to Include them,

and NTYPE is increased appropriately upon return. GAS(J,K) is an

(INTEGER ) array containing the (10 BCD character) Hoilerith name

of the Jth species (J = 1, 5) on the left (K 1) and right (K = 2) side
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r

of the reaction, and LABEL (3, K) are the integer labels for GAS(J I K)

which correspond to the sequential ordering of the species in the vec-

tor NAME (I), I = 1, NTYPE. If there ar e less than the five species

permitted on the left (or right) hand side, the default value for arrays

GAS and LABEL are 1H (blank) and 0, respectively. Further detail s

concerning reaction synta x were given in the discussion of DATA

BLOCK 1 above.

In order to make possible a s2xnple comparison between two sequences

of colli sion partner s (which may be only rearrang ed), Subroutine DE-

KODE also generate s INTEGER variables LHS and RHS to uniquely de-

scribe the left and right hand side of the reaction. If a sequenc e of col-

lision partner s contain s species defined by the integer indices 1~, two

• sum s are defined

I

L = E’3.

LSQ = El
3

1
.

3

L and LSQ are then encoded into an (INTEGER ) variable, with format

(14, 16), to define an “identifier” (i. e., LHS or RHS) , which is invar-

iant to a permutation of the component species 13 and believed to be

unique, for all practical purposes. The identifiers LHS and RHS are

used as Hollerith variables, and contain numbers with no physical

significance.

LASER initializes the vector NAME (I) in such a way that I = 1 and 2

~~~~~~~~ are reserved for radiation and secondary electrons, respectively.

-J
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Miscellaneous Utiity~ Subroutines

SUBROUTINE SIMEQ (A , M, N, Ni , SING )

The purpose of this subroutine is to solve an N x N system of simul-
taneous equations of the form

A (I, 3) X (3) = B (I),

where I = 1, 2, 3, . . ., N. Input consists of putting the N x N matrix

of coefficients into the upper left hand box of the array A, which is

dimensioned A(M I NCOL) in the calling program. Ni different B—

vectors can be specified, stored in successive columns to the right

of the N x N matrix (cf. FIg. 3.2) . (M ~ N, and N + N i  .~~~ NCOL. )

Upon output, the coefficients in the upper left hand N x N box are de-

stroyed, and the solution vectors X replace the corresponding input

vectors B. That is, the Ni column vectors B of length N form an

N x Ni array B, which is transformed to A ‘B upon output. In par-

ticular, if N B-vectors are chosen to form the unit matrix, output

wiLl consist of the inverse A ~~~
. SING is a logical var iable which is

returned .FALSE. unless the coefficient matr ix is singular.

• N Ni

N ~~~~~~B B
M

:~~~~ .:.:~-~.:::::~;.

NCOL

- - 
- Fig. 3.2: Input array structure for SIMEQ.
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SUBROUTINE PLOT (MM, MP, MULT, Y, Y0, DY, X, X0, DX,
SCALEX, SCALEY, SAME, CLEAR, CENTER, NAME, NP, IP)

This subroutine generates linear , logarithmic, or semiogarithmic

plots for NP vector s (NP ~ iO), Y (I, 3), 3 = 1, 2, . . .  NP. A variety

of options exist for automatic scaling of the X- and Y- axes to conve-

nient (integer) tick mark divisions, for simultaneous or independent

scaling of data, and for output labeling. Extensive documentation,

definition of input parameters, and instructions for usage can be

found in the COMMENT cards in the listing.

I
SUBROUTINE AXIS (SCALE, XMAX, XMIN, X0 , DX, XDC )

This subro utine is used for automatic scaling of axes for Subroutine

PLOT. XMAX and XMIN are input values of the maximum and mini-

mum values of the vector to be scaled . The rang e of values ( XMAX

- XMIN) is to be spanned by a convenient origin XO and integer tick--

mark spacing DX. XDC is set equal to zero unless the range IODX

< X0/l000 , in which case XDC is set equal to X0, X0 is reset to

zero , and XMAX and XMIN are reduced by an amount XDC . Thus

XDC corresponds to a “dc baseline” that is returned nonzero when-

ever the range of the plot is very small relative to the absolute mag-

~nitude of the values themselves.

SUBROUTINE INTERP (IDEG, XP, YP, X, Y , MULT , N )

This subroutine will interpolate a vector Y (I), assumed to be a func-

c• ~~~~~~~ tion of a vector X(I) , to produce that value YP which correspond s to
‘9-

-
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the value XP. IDEG = 1, 2, 3, . . .  specifies linear , quadr atic, ... in-
terpolation. The vectors X (I) and Y (I) provided by the calling pro-

gram are sampled with a repetition index MULT, with N points de-

fined at I = 1, ( l+MULT) ,  ... ( i+ ( N- l) M U L T )  used. (Normal usage

is MULT = 1.) Values of X (I) must be in ascending order. XP need

not lie within the range of the vector X(I), but if it fails outside, lin-

ear interpolation is automatically used.

SUBROUTINE SIMPSON (F, M, H, ANS )

• This subro utine integrates (Simpson method) a function defined as a

vector F over N = ZM subinterval s of width H, with result ANS.

SUBROU TINE EDITOR (INPUT, LIST )

This subroutine reads 80-BCD character records on unit INPUT to an

EOF and rewrites them onto TAPES, creating an effective card input

file on TAPE5 each time a data block is processed. LIST = .TRUE.

produces an output “playback” listing of the input card images, thus

providing an exact output record of the input card decks.

SUBROU TINE COVER ( TITLE, NPAGE )

NPAGE identical cover pages, each containing a three-line block-let-

tered title defined by TITLE(3), are generated for output.

• SUBROUTINE HEADIN X (JSYMB , JPAGE, MESSAGE )

Thi s subroutine converts a 10-characte r phrase defined by an input

vector ME SSAGE(1 0) to block-letters. Refer to listing for usage.
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3.4 Boltzmann Analysis Program

-~ An independent program (ELEC T) has been developed, concurrently

with LASER, for Boltzxnann analysis of a specified gas mixture and

(sequence of) E/N values. As Table 3.11 shows, these two programs

share the same subroutine file for those computational tasks which

are common to both . Furthermore, the structure of the external el-

ectron cross section library is compatible for use with either pro-

gram (cf. description of DATA BLOCK 2 in Sec. 3.2). A complete

listing of ELECT , documented by COMMEN T cards is given in Vol. II.

Input deck structure for execution of the analysis consists of a set of

data blocks , each terminated by an EOF (718/9 card), as shown in

• Fig. 3.3. The first data block is identical to DATA BLOCK 2 (fo r an

update of the electron cross sections) described in Sec. 3. 2. The

second, DATA BLOCK A, consists of an (optional) sequence of syrn-

bolic reactions (60 BCD characters) to specify a set of secondary el-

ectron collisions to which the Boitzmann kinetics analysis will be re-

stricted. If none are specified, the program will automatically use

the available electron cross section library and retain all coUision
-

• 

processes which involve any of the species which are subsequently

initialized . DATA BLOCK A is followed by an arbitrary number of

data blocks containing physical parameters for execution. The syn-

tax for DATA BLOCK A is the same as that described previously for

the reactions in DATA BLOC K 1 and DATA BLOCK 2.

The structure of DATA BLOCK B containing execution parameters is
• shown in Tabl e 3.15. NAMELIST entry with suitable default initializa-

tion Is used for input of numerical control parameter s, physical data,
- 

— 
and initialization of the components of the mixture.

140
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START

- 

Read:

-
• 

DATA BLOCK 2

Update Electron Cross
Section Library

Read:

DATA BLOCK A

Inelastic Secondary Electron
Collisions to which the

Boltzmann Analysis is to be
Restricted

Read:

DATA BLOCK B

Numerical Control Values
Input Execution Parameters
Initialize: Gas Components

EXECUTE ANALYSIS

Yes

- 

Program Termination
- 4~M~~~~~

Fig . 3.3: Input data deck structure for Program ELECT.
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TABLE 3.15: DAT A BLOCK B
(Boltzmann Execution Parameters)

1) $CONTR .OL . ..  $
Miscellaneous parameter s related to numerical con-
trol of the calculations- - convergence accuracy, ener-
gy resolution, interpolation order , output options, etc .

2) $PAR A M . . .  $
Pressur e, temperature, and E/N values

3) $SOURCE... $
Parameters related to the magnitudes 

~~ 
and S~,) and

energy dependence of an external ionization source
function (e.g., e -beam).

- 
• 4) Arbitrarily long package of species cards for specifica-

tion of concentrations, energies, and molecular weights

• I) NAME, P, E, MOLWT (AlO , 3E10. 3)

2) NAME, P, E, MOLWT

I) NAME, P, E, MOLWT

These cards define the energy E (eV), molecular weight
MOLWT (g/mole), and concentration P of the species
NAME. If the total pressure has been specified by the
$PAR. AM ... $ entry, the P values represent partial
fractions; if not, they represent partial pressures(Torr)
unless their values are > 1.O E 08 in which case they

• - represent actual population densities (cm 3).
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3. 5 Execution Control Cards

In the present section, some illustrative examples of the typical con--
• trol card sequences required for execution of Program LASER and

ELEC T will be given. Obviously, j ob control language is character-

ized by considerable variations between different computer systems,

as well as by fairly rapid evolutionary changes for any given system.

Since the present programs were dev eloped for execution under Ex—

tended Fortran Compilation on the CDC 6000 and CYBER Series of

computers, the control card syntax appropriate for that system will
- be illustrated.

First of all , it is convenient to create, from the FORTRAN source

deck, a BCD UPDATE program library for convenience in modifying

the program if necessary. Fig. 3.4a illustrates the creation of such

a fil e, which is given the name “LASERBCD” and catalogued and

saved for future access. Furthermore, the binary compilation file

has been catalogued and saved as “LASERFTN” for future execution
• of the code . A similar sequence of operations for Program ELEC T

is shown in Fig. 3.4b.

Assuming that the user find s the present version of the source code

satisfactory, it can be used for synthesis and execution of analysis

• with the control cards and deck structure shown in Fig. 3.5. The in-

put reaction scheme specified in DATA BLOCK 1 is translated into

FORTRAN subroutines on TAPE3, which is subsequently used as the
- 

- • source for creation of a BCD UPDATE program library that is cata-

logued and saved with the name “KRFBCD” . The file of data associa-

ted with the reaction scheme (created on TAP E4) is catalogued and

saved with the name “KRFDATA” Two binary compilation files are

_

~

_
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SYNTH .TXXX ,IOKX X .PX .
USER (A BC ,X YZ )
PROJECT (~ NNN~t4AME
REQUEST ,NE WPL , 5PF .
REOUEST ,BIN ,’PF.

- REOUEST,BINARY , PF.
PEQ’)EST. TA PE4 , PF.Control REQUEST ,TAPE9.•Pr.

Cards A TTA C H (L.GO .LASERFTN .ID .XXXP
LOSET (PRESET =I’40EF)
LGO.
UPDATE (N. I -TA PEJ
CATALOG (NESPL ,KRF BCO, Ifl~xx*)
FTN I,B BIN ,R 3,EL F)
CATALOG (BIN ,KRFB IN , ID*KXX )
COPYL (LGO .BIN,BINARY , ,AP
CATALOG (BINARY ,KRFLASEP , I D X ~ X)
CATALOG(TAPE 4,KRF DATA , ID=XXA
LDSET (PRESET ZINDEF )
5~N*Ry (Pt*Z5000)
CATALOG (TAPE 9,CROSSSECT TONS ’ IOXX ZX )
7/8/9 CARD
HEADER CARD
A . B # C 0

Kr KR RE~ EREP4CE

DATA ARBIT RAR ILY LONG S~ OUENCE oF REACTIONSBLOCK 1

7/8/9 CARD

DATA STACKED E CROSS cECTION PACKAGES
BLOCK 2 (ARBITRARILY MANY ARE PERM ITTED.)

7/8/9 CARO

DATA COMMENT CARDS

• BLOCK 3
7/8/9 CARD
SCONTROL •.. S -

r% ~•r A  SPA RAM ••. $
SOPTICAL ... $

BLOCK 4 SE8EAM ... S

:
6/7/8/9 CARD

Fig. 3.5: Synthesis of program defined by input reaction scheme,
catalogue of permanent files , and execution of analysis.
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created. The compilation of the synthesized subroutines (i.e. JACOB,
DNDT, and LEVELS ) for the input reaction scheme is catalogued as
“KRFBIN ” . The complete binary file (containing the main program
LASER , all of its subroutines , and the subroutines just syn thesized)
is catalogued as “KRFLASER”. The analysis which follows (defined
by DATA BLOCK 2, 3, 4) is then executed under the binary file KRF-
LASER. Note that no electron cross section library has been attached
on TAPE8; the first time the program is run, DATA BLOCK 2 must
contain card input of all available electron cross section data for the
initial creation of such a librar y on TAP E9, which is shown catalogued
as CROSSSECTIONS. For all future execution of an analysis based
upon the input reacti on scheme, the binary file KRFLASER can be
used , and CROSSSECTIONS can be attached to TAPE8, as shown in
Fig. 3.6.

If it is desired to modify the present version of the program, this can
easily be done using UPDATE procedures. If these modifications in-
clude (but are not necessarily limited to) changes in subroutine SYNTH,
the control cards and deck structure shown in Fig. 3.7 are appropriate.
The three previously created permanent files LASERBCD, LASERFTN,
and CROSSSEC TIONS are attached as designated. Modifi ed subrou-
tines are compiled and the old versions replaced by the new using the
COPYL command . The new binary compilation file is catalogued (as
LASERFTN ) and the old one purged . Program LASER is then execu-

• ted in its updated version, according to the Input of DATA BLOCK 1,
2, 3, and 4. Revisions or additions to the electron cross section data
of DATA BLOCK 2 are incorporated permanently by cataloging the
updated file on TAPE9 as “CROSSSEC TIONS” and purging the initial
file that was attached to TAPE8. If modifications to program LASER
do not involve subroutine SYNTH, and It I. only desired to make cer-
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LASERS TZ*Z’ IO*X*,P*.
• I USER IABC .KYZ)

I PROJECT(.NNN’NAM()

Control I ATTACM (O!N ,L*SERFTN . ID~xX *)
I A TTACH B!NARY ,KRFBINSIOS*XA )

Cards j ATTACM TAPE4 ,KRFOATA , In.xx*)
1 ATTACH (TAPES ,CROSSSECTIONS’ ID .XxAJ
I LOAO(RINARY)

• I LOSET(PRESCTWINOU )
I. •IN(PL .2S000)

7/5/9 CARD1 STACKED f- -CROSS SECTION PACKAGESDATA ARSIIRARILY MANY ARE P(PMgTTfD .)
BLOCK 2

‘I
7/8/9 CARD

DATA f COMMENT CARDS

BLOCK 3
7/8/9 CARD

SCONTROL ~~SPARA M ...
$OPTICAt. •,, $

DATA SEBEA M •~~.BLOCK 4 SCIRCUET ... S
SRATES •.. $

•
S

- 7/8/9 CARD
6/7/5/9 CARD

C
I USER(ASC,XYZ)
I PROJECT (.NNN•NAM()

Alternate I ATTACH (BINARY ,IIRFLASER , ID.U*)
~ ~ I ii ATTACH(TAPE4 ,KRFOATA,IflSX**)
~on~roA ~ AT TA CH ( T * E8.CROSSSECTIONS.IDsKXZ)
Cards I LOSET (PRCSCT .INOEF)

I •INARY PLsZ5000)
‘
~ 7/8/9 CARD

$
4

6/7/8/9 CARD

I

Fig 3 6 Execution of the analysis by loading LASERFTN and
KRFBIN, or the complete binary file KRFLASER .
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- SYNTH ,TXXX ,IOXAX,PX .
USER (ABC,XYZ)
PROJECT (‘NNN NAME )
ATTAC P4(Ot. DPL,LASERBCO, T OSA XA)
ATTACH (OBJ ,LASERFTN . IO—x~~~

)
ATTACH (TAPES.CROSSSECTTONS, ID .XXX)
REOU(ST.TAPE9S PF .
R(QU (ST.RINS PF $

Control
Cards R OUEST.TAPE4S PF.

REOUf ST ,PIEWPL. PF.
UPDATE (P,L *1)

~TN~ IaCOMP !LE ,RU3,A ,EL2F )
REW DiD (OBJ.LGO )
COPYL(OBJ.LGOSBIN)
CATALOG (B IN ,LASERFTN , IDzUA )
PURGE (OBJ)
LOSET (PRESET ~ ZND fl
BIN .
UPDATE (N. I~~TAPE3)
CATA LOG (NEWPL.KRFBCD, ID~gxX )
FTN( I ,B .BINI ,Ra3,EL.F )
CATALOG (BIN1 ,KRPBIN ,ID~UX )
COPYL (BIN ,BIN1.BINARY ,,AR )
CATALOGITAPE4 ,KRFDATA , ID .XX*)
LOSET (PRESETaINOEF)
BINARY (PL 25000)
CATALOG (TAPE9 .CROSSS(CTIONSS ID.x*X)
PURGE I TAPES)

~ 7/8/9 CARDUpdate i I NSERTIONS AND DE L E TI ON S
Program ~
Library :

~- 7/8/9 CARD
r HEADER CARDDATA ARBIT RAR ILY LONG SEQUENCE or REACTIONS

BLOCK 1 j
~ 7/8/9 CARDDATA I - STACKED E— CROSS SECTION PACKAGES

BLOCK 2 - (ARBITRARILY MANY ARE PERM ITT~ O)

I :

7/5/9 CARD
DATA f COMMENT CARDS

BLOCK 3 
j

7/5/9 CARD

DATA 
EXECU TION DATA PACKAGE

BLOCK 4
~4. 7/5/9 CARD

b/7/8/9 CARD

Fig. 3.7: Synthesis and catalog of program KRFBC D under a
modified version of LASERBC D, followed by execu-
tion of the analysis
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tam changes related to execution of the analysis (not involving the syn-
thesis of subroutines), Fig. 3 8  contains the appropriate control card
and input deck structure.

It is conceivable that the user may desire to make changes both in the
main program LASER (or in any of its subroutines) and in the synthe-
tic subroutines (JACOB, DNDT, or LEVELS). To facilitate this, it

• is convenient to have catalogued the BCD UPDATE program library
KRFBCD (as described in Fig. 3.5). Both LASER BCD and KRFBC D
can be updated, with their modified subroutines replaced (by COPYL)
on the binary compilation fil e KRFLASER used for execution. It would
be much more difficult to extend the translation capabilities of subrou-
tine SYNTH to automatically recognize new reaction syntax , or to in-

f 
corporate new computational features into the molecular kinetic sub-
routines, than it would be to merely modify the synthetic subroutines
generated by the present program. There are , therefore, situations
where an update of the program library KRFBCD (supplemented by any
changes requir ed for insuring compatibility with LASER or its subrou-
tines) would probably be more efficient than an attempt to extend sub-
routine SYNTH. On the other hand, extensions which are likely to be
of general applicability to futur e usage of the code should probabl y be
incorporated directly into subroutine SYNTH.

Execution of the Boltzmann analysis program ELEC T can be carried

Out with the control card sequence and data deck structur e shown in

Fig . 3.9. The electron cross section data library CROSS SEC TIONS

(discussed above) is compatibl e with either program (LASER , ELEC T)

and the structure of the electron update input (DATA BLOCK 2) ii iden-
• tical for both programs. Obviously, the same procedures for program

- 
• - 

~~~~~ . modification by update of BOLTZBC D (as discussed for LASERBCD )
• 

•
~~~~~~~ are possible.
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LASER .TXXX ,IOXXX, PX .
• USER (ABC ,XYZ )

PROJECT (INNN *NAME )
A7TACPI (OLDPL ,LASCRBCD , to~ xXX
ATTACH (OSJ .LASEKFTN , ID zXXX )
ATTACH (TAPE8 ,CROSSSECT IONS’ IQzXX X )
ATTACH(TAP E4,KRFDA TA , IO=Xx*)
ATTACH (IilNARY ,KRFBIN , In=XX *)

I— REQUEST .TA~’E9.PF.~ ontrol REOUEST ,BIN , PF .
Cards - upD*1E p.L11

FTN(IaCOMPILE ,R~ 3,A,EL2F)
REDUCE.
REWINO (OBJ ,LGO )
COPYL (O5J.LGO ’~~IN)
CATALOG (BIN .LASERFTN , IDzXX A)
PURGE IOBJ)
LOAD (BINARY )
LDSET (PRESET .INDEF )
BIN (PLZ2S000)

• CATALOG (TAPE 9,CROSSSECTTONSS IDNXXX )
• . PURGE (TAPE8)

7/8/9 CARD
f .IDENT ,—CHANGE -

Update I INSERT IONS AND DELETIONS

Program 
~~Library

7/8/9 CARD
I STACKED E CROSS SFCT ION PAC KAGES

DATA J 
(ARBITRARILY MANY PERMI TTED)

BLOCK 2

~ 7/8/9 CARDDATA COMM ENT CARDS
BLOCK 3

7/8/9 CARO
SCONTROL ... $
SPARAM •,. $
SOPTICAL ... $
SEBEAM ... S

T~~A T ’ A • SCIRCUIT ...
SPATES ... S

BLOCK 4 GASI P) El Ml
GAS2 P2 £2
0*53 P3 (3 M3

S

GASK PK (K

S

7/8/4 CARD
6/7/8/9 CARD

• FIg. 3.8: Program library LASERBC D is modified by update,
- ~

• 
-
~~~

• previous binary file KRFBIN is loaded, and analy-
sis is executed under new version of LASER.FTN.

150

--  -



B O LTZ , TXXX ,  IO**X,PX .
USER(ABC ,XYZ)

Control PROJECT l.NNN~NAM( )
Cards ATTA CHITA PE8.CROSSS(CTJO N5. ID.xxX

ATTACH(LGO,BOLTZFTN. ID.xxx )
REDUCE.
LDSET (PRESET. IND(r )

• LGO(PL.ZS000)
7/8/9 CAR D

S

DATA :
BLOCK 2 ELECTRON CROSS SECTION PACKAGE S

( ARB ITRARILY MANY ARE PERMITTED .)

7/S/9 CARD
AR • £ .. AR S (
AR • £ • *R~~ •
AR • ( • AR( S) S • £

S

S

DATA
SECONDARY ELECTRON COLLISIoN PROCESSESBLOC K A INCLUDED IN THE BOLTZMANN ANA LYSIS

7/1/9 CAR D
ICONTROL ... S
SPARAM •.. SDATA SSOURCE ... S

BLOCK Bi GAS I P1 (1
G*S2 P2 (2 M2
6*53 P3 (3 M3

.
S

S

• 7/5/9 CARD
SCONTROL ... S

- SPARAM ,.. S
~.~ATA SSOURCE ... S

BLOCK BZ GAS I Pt EL Ml
6*52 P2 (2 Me

S

.
S

7/8/9 CARD
S

• . S

6/ 7/8/9 CAR D

- FIg. 3.9: Execution of the Boltzmann program ELECT.
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4. 0 KrF LASER KINETICS : illustrative Example of Program
Synthesis and Execution

The Computer Program LASER that was described in Sec. 3 can be
used to (automatically) synthesize and execute (for a reasonably ar--
bitrary reaction scheme) a coupled analysis of molecular kinetics, el-
ectron kinetics, radiative extraction, and external (RLC ) driving cir-
cuit. In this section , usage of the code will be illustrated with sam-
plc output obtained from analysis of the KrF laser kinetic system~ 

~~
.

Names of permanent files in the discussion of control cards in Sec.
p 3.5 were chosen in anticipation of thi s example.

4. 1 Molecular Kinetic Subroutine Generation

As many as 80 reactions have been proposed as being of possible un -
portance for the KrF laser kinetic reaction scheme. Fig. 4.1 shows
the “playback” (generated in output by subroutine EDITOR ) of the ex-
act input card images of DATA BLOCK 1 (used in the deck structure
of Fig. 3.5, for example) for synthesis of a KrF laaer kinetic s analy-
sis. The header Card 1 contains three (10 BCD character) computer
words (“ NOR THROP “, “KRF LASER “, and “KINETIC S “) which
name the generated program and are used for a three-line block-let-
ter title in subsequent output. Following the header card, there are
80 pairs of cards which define the kinetic reaction scheme and its rate
constants (cf. description of DATA BLOCK 1 in Sec. 3.2).

The reactions of Fig. 4.1 are processed by Subroutine SYNTH and are
translated into FOR TRAN subroutines (JACOB, DNDT, and LEVELS).
During the translation process, Subroutine SYNTH also generates its
own COMMEN T card documentation of the synthesized subroutines in

• r
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order to- make them completely readable and accessible to modifica-
tion. Fig. 4.2, 4.3, and 4.4 present samples of the FORTRAN state-
ments generated for subrou tines DNDT , JACOB, and LEVELS, re-
spectively. Although it would be impractical. to reproduce the entire
listings of these synthesized subroutines here , it is informative to

present excerpts which illustrate the translation for miscellaneous

representative types of collisions, a8 is done in Fig. 4.2 and 4.3.

As the reaction queue of DATA BLOCK 1 is scanned by Subroutine
SYNTH, input reference data , informative comments , and/or warn- 

—

ing diagnostic s are generated to produce an output summary, shown
in Fig. 4.5. A reaction with unacceptable syntax or content is ignor ed,
although processing continues. (An igno .~ed reaction is not assigned
a number in the summary of Fig. 4.5.) Alter the entire reaction list
has been processed, a cross-reference table, illustrated by Fig. 4. 6,

is generated. This table provides for rapid identification of all re-

actions that involve any particular species, and is convenient when-

ever it is desired to delete some species from the kinetic scheme .

After generation of the ~ ORTRAN source code on TAPE3 and construc-

tion of the data file on TAPE4, there is an exit from program LASER.

TAPE3 is used as the source for creation of a BCD UPDATE file (cf.
Fig. 3.5) which is catalogued as KRFBCD, and its binary compilation
is combined with LASERFTN to create file KRFLASER for execution.

The data file on TAPE4 is catalogued as KRFDATA.

4. 2 Execution of the Analysis

With the use of permanent files KRFDATA and KRFLASER , the analy-
sis can be executed, either as a continuation from the initial synthesis
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SUBROUTINE Di~~~ (N, T, NO. NOOn ONOT 2
C ONO T 3
C •55. 5 5 .I I.SI 5 S SS S I *S S S ~ S S S . 5 , S5 5 S~~~.I 55..5..SS.S5SS..5....5.S5S DNOT 4
C DNOT 5
C THIS SUSRUUTINE WAS SYNTHESIZED 5Y EDITING AN INPUT FILE OF STh— DNOT 6
C BOLIC REACT IONS WHICH DEF INE a COUPLED SYSTEM OF ELECTRON AND DNOT 7
C MOLECULAR KINETICS. IT RETURNS THE RATES NOOT (I) ~ (O/OT )NO(I), ONOT B

‘ C I ~ 1*?P .SSNTYPE (CM—3/SEC). RATE CONSTANTS KF AND KR NAVE UNITS ONOT
C of cM2, SEC—i. CM3ISEC, CN6/SEC . ... AS APPROPRIATE. ONOT 10• C ONOT Il
4. T~E GENERAl. IUNETICS SYNTHESIS PROGRAM WHICH AUTOMATICALLY GEN— ONOT 12
C ERA TED THI~ SUBROUTINE WAS DEVELOPED By —— ONOT 13
C OPIOT 14
~ 

— — —— — — — ONOT IS
S C I I ONOT 16

C I DR. WILL IAM 8• LACINA I ONDT 17
C I NORTHROP RESEARCH AND TECHNOLOGY I ONOT is
c I ONE RESEARCH PARK I ONOT 19
C I PALOS VEROES PENINSULA , CA 90274 1 ONOT 20
C I TEL ) (213) 371—4611, EXT. 322 1 ONOT 21
C I I ONOT 22
C — DM01 23

DNDT 24
C .SI5 5 S I S 6 S 55 S I 55 S S S 5 I S S 5 • S S I 5 S S S~~~I I I S S S . S S S 5 . S S S S • 5 5 S S . . S S S 5 . S . S 5 I  DNDT 25
C DNDT 26

DIMENSION N O( 1 ) ,  NOOT I1) DM07 27
REAL NO. NTOT , NDOT , NOISE, NC, KV, KR, KB, KT, MU, LO. IBEAN, DM07 26

1 JB(AM, LENGTH DM01’ 29
C ONOT 30

COMMON / DATA / RAT EI 200) ,  KV ( 200) .  cR ) 200 , VSIG (2 , 25~ , ((30) ONDT 31
COMMON / CONST / NTOT , 7)401’ FRED. )*4U DNDT 12
COMMON / 015CM / 10, CO, RQ, M~, AREA. 0 DNDT 33
COMMON / SOURCE / UPLUS, JBCAM . oVox. DEPOSIT , ENERGY , SB~ SO ONOT 34
COMMON / GAINS / ALPHA, GAMMA, GAIN. ABSORB, OMEGA. L(NGTH, CAVITY DM07 35

C DM01 36
DAT A KB. (0 , H, C’ R I / 8S6i4 E—O5~ 1.602E—19, 6.625E—34. DM01 37

1 3.000C.LO, 3.14159 / DM01 3B
C DNOT 19

IBEA M z JBEAM .OEPOSIT SHAPE (T) DM07 40
Kl K R•TMOL ONOT ‘1
O O 1 I ~~~~iS N ONOT 42

I NDOT( I) 2 0. DNDT 43
NOOTII) C5GAMMA NO t1 ) DM01 44
ALPHA s GA IN MNU ~R(O NOISE z DV)~* $ 0. DND T 45

S 0 .0 ONOT 46
C DNDT 47
C GA IN SIGM*S N2—N 1) IS THE LASER TRANSITION GAIN DM 07
C aBSoRB • SUMK( SIGNA (K).NK I IS THE TOTAL ABSORPTION OF THE MEDI UM DM01 49
C ALPHA IGA IN—AB SO RS) IS THE N (T GAIN IN THE MEDIUM ONOT 50
C GAMMA • THRESHHOLD GAIN COEFFICIENT ( C M—i )  DM07 51
c DNOT 52
C CAV ITY • MIRROR SEPARATION (CM) DNDT 53
C LENGTH • LENGTH OF ACTIVE MEDIUM (CM) 0N0T 54
C OMEGA * A REA/ CAV ITY ** 2  0M~ 7 55
C AREA • AREA OF OPT ICS (CM2) 0~4~~C GAMMA • (LOSS • LNII/R)/2)/LENGT H DM07
C ONOT SR

Fig. 4.2: (Synthesized) Subroutine DNDfiisting .
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C ..................... ‘............ ..... .......... . .... ... .. ..I..I• DNQ T
C ONOT 60
C THE FOLLO WING REACT ION S DEFINE THE KINETICS -- usD7 41
C DM01 62
C I AR • ( S AR. • E ON0T 63
C DM01 64
C FORWARD RAT ( Is OBTA INED FROM ((—I KINETICS ANALYSIS ONOT 65

KF( 1) • VS IG (1 , 1) DM07 1,6
C REVERSE RAT( 15 OBTAINED FROM E(— ) KINETICS ANALYSIS DNDT 67

Kp ( 1) • VSIG (2 , fl DNDT 68
C ONOT 69

KF(1)’NO (3) N0 (2) — KR W .N0~4 ’NO (2) ONOT 70
C ONOT 71

R4TE ( 1) • R DNDT 12
MflOT (3) • NDOT (3) — R DNDT 73
NflOT~ 4 ) • NDOT (4 ) • R DNDT 74

C DM01 75
C ?  K R . E , K R . , E  ONOT 76
C DNOT 77
C FORWARD RAT E ~S OBTAINED FROM ( (— )  KINETICS ANALYSIS DM07 78

KF( 2) • VS IGU. 2) DM01 79
C REV(RS( RATE IS OBTAINED FROM (C—) KINETICS ANAL YSIS ONOT 80

KR ) ~) • VSIG (2 , 2) DNDT 81
DNDT 82

R • KF (2)~~NO( 5)•NO(2) — KR(2)’MO(6) ’NO(2) ONOT 83
C DM07 84

RATE ( 2 • R DM01 85
MOOT (5) • MOOT(S) - P ONOT 86
NDO1 (6 • NDOT (6) • R DM01 87

C DM01 88
C 3 AR • E . AR.. • DNDT 89
C DM01 90
C FORWARD RAT E IS OBTAINED FROM (C—) KINETICS ANALYSIS DM07 Qi

KF( 3) • VS IG(1. 3) DM07 92
C REVERSE RAT ( IS OBTAINED FROM ( (—)  KINETICS ANALYSIS DM07 93

KQ( 3) • VS IG(2 ,  3) ONDT 94
C DM07 95

P • KF (3) N0(3)’NO(2) - KP(3) .M0(7)’NO(2) DM01 96
C ONOT

RAT E( 3) • P DM01 98
NOOT (3) • NDOT (3) - P DM07 99
NOOT (7) 2 NDOT(7) • P DNOT 100

c DM01 101
C 4 KR • ( . KR.. • E DM01 102
c ONOT 103
C FORWARD RATE Is OBTA INED FROM ((—) KINETICS ANALYSIS DM01 104

KFI 4) • V SIG I1 , 4) DM01 105
C REVERSE R ATE IS OBTAIN ED FROM (C—) KINETICS ANALYSIS DM01 106

Kol “ ) • VS IG(2 ,  4) DM01 107
C DM07 108

• KF (4).NO (5)’NO (2) — KR (4)*p40(8) N0(2) DM01 109

C DM07 110
RATE ( 4) • P DM07 111
MOOT(S) • MOOT (S) — P ONOT 112

MOOT (S) • MOOT (S) • P ONOT 113
C DM01 114
C S AR’ • ( s• Ap.. • E DM07 115

Fig. 4.2 (Continued)

- - 
r

4 160

- - ~~~~~~~—--‘~~~~~~—- - .- - -.1

~~~~~~
- 

~~~~~~~~~---~~~-- 

- 

- -  
:~~~ —~~ 

- 

~~~~~~~~

- -  -

~~~~~~~

-

~~~

-- — ---5- 

-



1 

-

~~~~~~ DM01 140
C 7 AR • ( AR (.) • ~ • C DM01 141
C DM07 142
C FORWARD RAT E IS OBTAINED P ROM ( (— )  KINETICS ANALYSIS ONOT 143

ICr ) 7) • VSI(j(I. 7) DM01 144c DM01 145
P • KF (7)’MO (3)’N012) DM01 146

C DM07 147
RATE C 7) • R DNDT 146
P1007(2) a P1001(2) • P DM01 149
P1001(3) • MDOT (3) — P DM07 iso
NDOTC9) • N0OT (9) • p DM01 151

c ONOT 132

c DN0T 2 12
C 1i AR2 . • £ ,. AR• • AR DM01 213
C DM01 214
C FORWARD RATE IS OBTA INED FROM ((—) KINETICS ANALYSIS DM01 215

KF ( 13) • VS IG (1 ,13) DM01 216c DNOT 2 17
P • KF(13)’NO(11)’N012) DM01 2)8

C DN0T 219
RATE I 13 a R 0N01 2 .0
NOOT (2) • NOOTL ) — P DM07 2 .1
PIØOT ( 3 )  • N0O~- (3) • P DM01 222NOOT (4) • N0O~~ 4) • DM07 223
P4007 (11) • NOuT (11 — P DM01 2?4c DM01 225

C DM01 251
C I A  AR2..E~~~ AP .A R ’ E  DM01 252
c DM01 233

P • ICF(16) ’ NO(16) ’ NO(2) DM07 254
c ONOT 255

RATE ) 16) ‘ P DM01 256
P1001(3) • P.1001(3) • R • R DM07 257
NOOT ( 16) a NOOT (16) — P DM01 238

- C DM01 259

C DM07 288
C 19 AR • H( ~ AR• • H( - 0N01 289
C DM07 290

(1 • • (( 3) DM01 291
(2 • • (C 4) DM07 2~2
R • KF (19 ) ’ NO(3 )  - CR (i9).NO (4) DM01 293
S R  DM07 294
P • Re~BEAM/(~J DM01 2q5

C DM01 296
RA TE ( 19) • R DM07 297

PIflOT (3) • NDOT (31 — P ONOT 298
Mo0T C~~) • MOOT (4) • P DM07 299
U S ((2 — E l )  DM07 300

c DM01 301

C E 8EA M ENERGY DEPOSITION — — ONOT 302
DVDA a DV~ X • U’S DM01 303

C DM07 304

~

_: 
-

Fig 4 2 (Continued)
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C 20 KR • M( • KR) ’)  • H( • £ ONOT 305
C DM07 306

(I a . E ( 5 DNOT 307
(2 • • ((10) • £1 2) DM07 3n8
P ~ KF 20)~ N0 (5) DM01 309
S~~~ R DM01 310
R • R5IBEAI4/EO DM01 311

C DM01 312
RATE ) 20) • P DM01 313
P4001(2) a P1001(2) • P DM01 314
NQCT (5) • MOOT(S) - P ONOT 315
P1001110) • P1001(10) • R DM01 316
U • (E2 — El) DM01 317

C DM07 3)8
c SECONDARY ELECTRON CREAT ION—— DM01 319

S~~~~ SB . R  DM01 320
U a U . U P L U S  DM01 371

C DM01 322
C (5(AM ENERG Y DEPOSITION —— DM01 323

OvOX • DVOX • U’S DM01 374
c DM01 325

C DM01 359
C 2i~ p~R (.~ • KR • ~ . ((P21’) • P1 ONOT 360

c DM01 361
R S KF (24) ’NO($O)’NO(S)’NTOT DM01 362

c DM01 363
R*TE ( 24 • P DM01 34~MOOT (S) a Pft)01(5) - P DM01 365
P4001 (10) • P4007 (10) — R DM01 366
MOOT 112) 1 P1001(12) • R DM01 367

c DM01 368

C DM01 377
C 2~ AN),) • KR • AR • ICR).) DM01 378
C 0)407 379
C REVERSE RATE IS OBTA INED FROM DETAIL BALANCE —— DM01 380
C DM01 38$

(1 • • () 9) • (( 5) DM01 382
(2 a • CC 3) • ((10) DM01 383
ICRI 26) 2 K~~( ?6) ’ (X P(— (($— E2),K7) DM01 384

C DM01 385
P • KF(261’ P40(9) ’ MO(SI — KR (26)’N013)’P40110) DM01 386

C DM07 387
P81(1 26) • P DM07 38$
P1007)3) a P4001(3) • P DM01 3*9
NOOT(5 ) a MOOT (5) — DM01 390
NOOTC9) • NOOT (9) - P DM01 39$
P1007 (10) • P1001(10) • P DM07 39?

C DM01 393

C DM07 658
C SO 8k2. • AR2’ • AR2 (’) • AR • AR • C DM01 659

- C DM01 660
p a (CP lS0)’NO)lB)•MO)lB) DM07 66$

c DM01 662
RATE ( 50 • P DM07 663
NDOT (2) • P1001(2) ‘ P DNDT 664
P1001(3) a P1001(3) • P • R ONOT 665
P1001(11) • P1001 (11) • P 0)407 666
P1007(16) a ND0T(i6)  P - p DM07 667

C DM01 6.8
C CREATI ON ~~ (ZERO ENERGY ) SECONDARY ELECTRONS-- DM01 669
C ONOT 670

SO S S O . R  DM07 67).- .
~ -~~~~~~.. 

- 

C DM01 672

~~~~~~~~~~~ ~~ Fig. 4.2 (Continued)
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C DM01 865
C 66 KR .  • M • KR’ • N DM07 846
C DM01 867
C REVERSE RAT E IS OBTAIN ED FROM DETAIL BALAN CE —— DM01 866
C DM07 869

(1 a • (I 8) DM01 870
• • El 6) DM01 87$

icR ( 66) • oF) 66)~ EXP (— (E1—E2 ),KT) ONOT 872
C DM01 873

P • KF (66)’NOIB)’NTOT - KR (66)’NO(6)’NTOT DM07 874

C DM01 875
R*1E( 66) • P ONOT 876
P1001(6) a P4001(6) • P DM01 877
P4001(81 • NOOT(S) - P DMDT 87$

c DM01 879
C 67 ARF. s. AR • F 0)401 880
C DM01 881

R • KF(67)’M0)20) DM07 8$?
C - DM01 883

PATE ( 67) • DM01 884
P1001(3) • P4001 (3) • P DM07 885
P4001 (14) • P1001(14) • p DM01 886
P1001(20) • NDOTI2O ) — R DM01 887

C DM01 888

C DM01 9’1
C 74 KRF’ ,. KR • F • HPIU DM01 942
C DM01 943

P $ KF ( 74)’ P10(22) DM07 944
C DM01 945

RATE 1 74,1 • P ONOT 946
P1007(5) • MOOT (S) • P DM01 9~ 7
P1007(14) • P1001114) • P DM01 948
P1001(22) • NOOT(22) - P DM01 949

C DM01 9s0
C PHOTON NUMBER DENSITY INCREASED ØY NOISE —- DM01
C DM01 952

NOISE a ~4OISE • R’OMEGA/4./PI DM01 953
C DM01 9S4

C 7’ ((RF• • PAD • KR ‘ F • PAD DM07
C DM01 956
C (ST IMULATED EMISSION PROCESS, W ITH NO ( 1) • !NIEN/C/HNU ) DM01 957
C DM01 95e

(1 a • ((22) • (~ ~ ) DM01 969
a ‘ (1 5) • ((14) • El () DM07 940

MN)) • ~O~~(El — £2) DM01 96$
irREo S P1)40/H DM01 91,2

c DM01 963
- P • ICF)75)’P4O)22) N0)1) DM07 91,4

• 0)401 91,5
C DM01 91,6

- - P*TC ( 75) • P DM07 91,7
P1001*1) • NOOTII) • P DM01 948

MOOT (S) a NOOT (5 • p ONOT 969
p~~~T I $ 4 )  a P4001(14) • P DM07 970

FIg. 4.2 (Continued)
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P1001122) • p
~0oT(2~~ — P DM01 971

C ONOT 972
P ~ KF (75)’P1O (22) DM01 973

GAIN • GAIN • P DM07 974
ALPHA • ALPHA • P DM01 975

C DM01 976
C 76 p2 • PAD • F • F DM07 977
c ONOT 978
C (RADIATIVE ASSORPTION PROCESS , W ITH P401 1) a INTEPI/C/HIIU) DM01 979
C DM01 980

P ~ KF(7 b)’N0 (13)’NO)1) DM01 9*)
P • P’C DM01 982

C DM01 983
RA TE 1 76) • P 0)407 984
P1001 (1) • P1001 (1) — P DM01 985
P1007(13) a P1007)13) — ONDT 9*6
N~jOT (14) • P1001(14) • P • P DM07 9$?

C DM01 9*6
P • KF176)’NO(13) DM07 9*9

ALPHA • ALPHA — P DM01 990
C 08(01 991
C ?? F . R * D ~~~ r . E  0)401 99?
C DM01 993
C (RADIATIV E AASORPT !ON PROCESS, WI TH NO) 1) • IN1EM/C/HNU ) DM07 994
C DM07 995

P $ KP I ?7)’P10(15)’N011) 0N0T 9%
P • P’c DM01 997

C 08(07 996
RATE ) 77) a R 0P101 999
P1001(1) • P1001(I) — P DM01 $000
P1007(2) • P400112) • P DM01 1001
P1001(14) P4001(14) • P DM01 1002
NO0T (15) a NOOT (1S) — P DM01 1003

C DM01 ioo~
C CREATION OF (ZERO CP4ERGY) SECONDARY ELECTRONS—— DM01 IOnS
C DM01 1006

So • S0 ,p DM01 1007
C DM01 1008

P • KF (77)’NO)lS) DM01 1009
A1PHA • ALPHA - R 0)407 1010

‘
. C DM01 $011
C 7$ KR2F’ • PAD • AR• • KR ‘ F DM01 1012
C DM01 1013
C (RADIATIVE ABSORPTION PROCESS, W ITH NO) 1) a INTEN/C/HNU ) DM01 1014
C DM01 1015a • KF(78)’MO (23)~ NO (1) DM01 1016

P a P.C DM01 1017
C ONOT 101$

RAT( ( 78) a P ONOT 1019
P1001 (1) • P4001(1) — P DM01 1020
P1001(4) • $007 14) • DM07 102)
MOOT(S) a MOOT (S) • p DM01 1022
P1001(14) a P1001)14) • P DM01 1023
P1001)23) a P1007(23) — R DM01 1024

C DM01 1025
-

‘ 
P • KF (78) N0 (23, DM01 1026

A4 PHA • ALPHA — P DM07 1027

Fig. 4.2 (Continued)
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- C DM01- 1028
C 79 *R21. • PAD • AR • AR).) DM01 1029
C DM01 1030
C (RADIATIVE ABSORPTION PROCESS, WITH P40) 1) • INTEN/C/HMU) DM01 1031
C DM01 1032

p a KF (79)’NO (ll)’NOII) DM07 $033
P a R•C DM01 1034

;- C DM01 1035
- 

-
- PA lE 1 79~ • P DM01 1036

P1001(1) * NOOTU) — P DM01 1037
P1001(3) a P1001(3) • R DM01 1038
P4001(9) a N001(9) • P 0)107 1039
P1001 (11) a NOOT (l1) R DM07 1040

C DM01 1041
P $ KF ?9P’PiOUI DM01 1042

ALPHA a ALPHA P DM01 1043
C ONOT 1044
C $0 KR2(’) • PAD • KR • KR).) DM01 1045
C ONOT 1046
C (RADIATIVE ABSORPTION PROCESS, W ITH NO) 1) • INTEP4/C/HNU) DM01 104?
C DP4O1 1048

P ~ KF(e0)’p~o (12).~ O (1) DM01 101.9
a • R’c DM07 1050

C DM01 1051
RA IE ( $0) 2 P DM01 1052
MQOT (1) • NQOT (1) — R DM01 1053
MOOT (S) • MOOT (S) • P 0)401 1054
P4001 (10) 1 P100l(1O) • R DM01 1055
P1001(12) a P1007 (12) — P DM01 1056

C ONDI $05?
p a KF (80)’N0(12) DM07 1058

ALPHA a ALPHA — P DM01 1059

C DM01 1060
C COMPUTE FINAL EXPRESSION FOP 0,0T(PH0ToN DENSITY) — DM01 1061
C DM01 1062P400 1) 1) • (LENGTH/CAV ITY)’ NOOTU) • NOISE) DM07 1063
C ONDT 1064

ABSORB GA IN - ALPHA DM01 1065
OVOX a OEPOSIT.OvOx DM01 1066

DM01 106?
C .... s s .•....•s•• . .••s .• .. . . ,. s .e.. , .. .. ..  . .. • s e.• • ~~~. .... • .  s .  .. .• ... • •  ONDI 1068
C DM01 1069
C E XT ERNAL CIRCU IT EQUATIONS (0 • NO (25), AND I • M0(26p ) —— DM01 1070
C DM01 1071

MC a P40(2) DM01 1072
I~ IN(.(O.Q ,) ME a 1.0 DP4DT $073
CONDUCT • N(’E0~NU ONOT 1074
p0 ~ 0/AREA/CONDUCT 0)401 1075

C DM01 1076
L~ (LO .E0.0 .1 GO 10 2 DM07 $077
000T • P4001(25) • P10(26) DM01 1078
0101 • P1001(26) a ( N0(25)/CO — )R0 • R0)’ P40126) l/L 0 DM01 1079
RET(jp N DM01 1080

C 0)401 1081
2 o4~0r • P1001(25) a — MO ( 2S ) / C0/ ( RO • PD) DM01 1082

CURRENT • P10)26) • P1001 (25 ) ONOT 1083
c DM01 1084
C •...•s ...,••ss ,... ....s••.. .•.•. ...,.......•., .............,........ . DM01
C DM01 1086
C THE FOLLOWI NG MOLECULAR SPECIES (W IT H LABELS WERE INCLUDED —— DM01 1087

1’ C 08(01 1088 ¶
C 1 RAD 2 C (— 3 AR 4 AR’ 08(01 1069
C 5 ((p 6 KR’ 7 AR.’ 8 KR” 08(01 1090

— C 0 AR .j 10 KR( . I~ AR?)’) I? KR?).) ONOT 1091
C 13 F? $4 F’ 13 ? 16 AR?’ 08(01 1002
C i?  ~~~~~ $6 ARKP).) 19 ARKR’ 20 APF’ DM01 1093
C 7$ AR2p. 22 ~PF” 23 K~2F’ 24 ARKRP ’ DM01 1004
c DM01 1045
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ONOT 10%

~~~~ ~ - C DM01 109?
RETURN 0)407 1098

- ~~~~~~~~~~~ EN0 DM01 1099
FIg. 4.2 (Continued)
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SUBROUTINE JACO3 (Me 1, NO, PHI) JAC OB 2
C JACOB 3
C .... ••....ss•’. . . .. .• .•.. S .. ..•S. • S~~~S..S..S. S. ~ ~ .• ~ • S•~~ •S•~~~.•~~ • S• ~ •S. JACOB 4
C JACOB S
C THIS SUBROUTINE WAS SYNTHESIZED BY EDITING AN INPUT FILE OF SYM JACOB 6

C 00LIC REACT IONS WHICH DEFINE A COUPLED SYSTEM OF ELECTRON AND JACOB 7
C MOLECULAR KINETICS EQUATIONS. IT RETURNS 1H( JACOB IAN MATRIX. JACOB P
C JACOB 9
C PHI (I.J) S DIN0OT(I)1/DtNO (J)I JACOB 10
C JACOB 11
C w’~~PE I..) 

• 1,2,3....NTYPE. N IS THE: DIMENSION DECLARATOR FOR PHI JACOB 12
C IN THE CALLING PROGRAM . THE R*T( CONSTANTS KF AND KR HAVE UNITS JACOB 13
C 0? CM2, SEC—i, CN3/SCC, CM6/SEC, ... AS APPROPRIATE. JACOB 14
C JACOB 15
C 7H1 GENERAL KINETICS SYNTHESIS PROGRAM WHICH AUTOMATICALLY GEN— JACOB 16
C (RATED THIS SUBROUTINE wAS DEVELOPED BY JACOB 17
C JACOB 18
C - JACOB 19

C I I JACOB 20
C I DR. WILLIAM B. LACINA I JACOB 21
C I NORTHROP RESEARCH AND TECHNOLOGY I JACOB 22
C I ONE RESEARCH PAq~ I JACOB 23
C I RAIDS VERDES PENINSULA , CA 90274 1 JACOB
C I TEL ) (213) 377—4811, EXT . 322 1 JACOB 25
C I I JACOB 26
C — JACOB 2?
C JACOB
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ JACOB 29
C JACOB 30

DIMENSION PHI (M,1), N0 (1) JACOB 31
REAL NO, NIOT , N0OT~ NOISE. NE, KF, KR. KB, .-~T. MU, LO. IBEAI4, JACOB 32

1 JB(AM, LENGTH JAC QB 33
C JACOB 34

COMMON / DATA / RATE) 200), KF( 200)~ KR ) 200), VSIG)2 , 25), £130) JACOB 35
COMMON / CONSI / P4701, TMOL, FREO~ MN)) JACOB 16
COMMON / DISCH / LO. CO. P0, MU, AREA. 0 JACOB 37
CONMOM / SOURCE / UPLUS, JBEAN, DV0X, DEPOSIT, ENERGY, SB. SO JACOB 38
COMMON / GA INS / ALPHA, GAMMA , GAIN. ABSORB, OMEGA, LENGTH, CAVITY JACOB 39

C JACOB 40
DATA KR. (0, H, C, P1 / 8.614E—OS, 1.6O2E—19, 6.625E—34. JACOB 41

1 3.000E.10. 3.$4159 / JACOB 42
C JACOB 43

IBE AN • JBEAM’DEPOSIT’SHAPE (T) JACOB 44
K1 • ((R TMOL JACOB 45
DO 1 I 1,p4 JACOB 46
001 J~~ I’M JACOB 4?
pHI~~~,j) 0. JACOB ‘8
pHI ($,1) 2 — C •GAMMA JACOB

C JACOB SO
C CAV ITY a MIRROR SEPARATION (CII ) JACOB 5%
C LENGTH • LENGTH OF ACTIVE MEDIUM (CM) JACOB 52
C OMEGA • AREA/CAVITY”? JACOB 53
C ARIA a AREA OF’ OPT ICS (CM?) JACOB 54
C GAMMA a (LOSS • LM (1/P )/2 1/LENGTH JACOB 55
C JACOB 66
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ... ..., ... ... ... •.~ JAC OB 67
c JACOB 68

FIg. 4.3: (Synthesized) Subroutine JACOB.
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C THE FOLLOWING REACTIONS DEFINE THE KINETICS —— JACOB 59

C JACOB
C 1 AR • ( I. AR. • ( ~ JACOB
C JACOB A?
C FORWARO RATE IS OBTA INED FROM E ) )  KINETICS ANALYS IS JACOB 63

Kç( 1) • VSIG (1, 1) JACOB 64
C REV ERSE RAT( $5 OBTAINED FROM )—

~ KINETICS ANALYSIS JACOB 65
Kp) 1) a VSIr,(2, 1) JACOB 66

c JACOB 6?
P KF)1)’NO (3)—I(R (1)’NO (4) JACOB 68

C JACOB 69
PHIl 3, 2) a PHI ( 3. 2) — R JACOB 70
PHI ( 4. 2 • PHIl 4. 2) • R JACOB 71

C JACOB 72
P • KF (1)’NO (2) JACOB 73

C JACOB 74
PHI) 3, 3) a PHI ( 3. 3) — P JACOB 75
P$I( ~~, 3 a PHI l 4, 3) • P JACOB 7$

C JACOB 77
P • —K p (i)’P40(2) JACOB 78

C 
- 

JACOB 79
PHI) 3, ~~ a PHI ) 

~~, ~~) — P JACOB 80
PuI( 4 . 4) a PHIl 4. 4) ‘ P JACOB 81

C JACOB *2
C 2 ((H • ~ • KR’ • ( JACOB 83
C JACOB 84
C FOR WARD RATE IS OBTAINED FROM (() KINETICS ANALYSIS JACOB 85

K~r ( 2) • VSIG (1. 2) JACOB $6
C REVERSE RATE IS OBTAINED FROM £ (— ) KINETICS ANALYSIS JACOB 87

KR) 2~ a VSIG (?, 2) JACOB $8
C JACOB 89

P • I(F)2)’NO)S) KR(2)’NO (6) JACOB 90
C JACOB 91

PwI ( 5, 2) a PHI) S. 2) - P JACOB 92
PHI( 6. 2) a PHI ( 6. 2) • p JACOB 93

C JACOB 94
P • KF(2)’P~0l2) JACOB 95

C JACOB 9$
PHI ) 5, 5) a PHI ( 5, 5) — P JACOB 97
PHI) 6, 5) • PHI) 6, 5) • P JACOB 98

C JACOB 99
P • —Kp(2)’NO (2) JACOB 100

C JACOB 101
PHIl 5, 6) • PHI) 5. 6) — P JACOB 102
PHI) 6, 6) a PHI) 6, 6) • P JACOB 103

JACOB 104
C 3 A~ • E • AR.. • C JACOB 105
C JACOB 106
C FOR WA RD RATE IS OBTAINED FROM E ()  KINETICS ANALYSIS JACOB 107

Kr( 3 • VS IG (1. 3) JACOB 108
C REVERSE PATE IS OBTAINED FROM (() KINETICS ANALYSIS JACOB 109

Kp ( 3) • VSIG (2 , 3) JACOB 110
— C JACOB 111

P KF)3)’NO)3)—KR (3)’N0(7) JACOB 112
C JACOB 113

PwI ) 3, 2 • PHIl 3. 2) — a JACOB 114
PHI ) ~. 2) • PHI ) 7, 2) • P JACOB 115

P

FIg. 4.3: (Continued)
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c JACOB 192
C 7 AR • E • AR).) • E • JACOB 103
C JACOB 194
C FOR WARO PAlE IS OBTAINED FROM ((—) K INETICS ANALYSIS JACOB 195

Kr) 7) a V SIG)i ’ 7) JACOB 19$
c JACOB 197

P • Kf(1)’M0(3) JACOB 198
C JACOB 199

PHI) 2, 2) a PHI) 2. 2) • P JACOB 200

PHIl 3. 2) • PIll ) 3, 2) — R JACOB 201

PHI ( 9. 2) • PHI) 9, 2) • P JACOB 202
C JACOB 203

P • KF(7)’NO(Z) JACOB 204
C JACOB 2n5

P141) 2, 3) • PHI ) 2. 3) • R JACOB 206
PHI ) 3, 3) • PHI ) 3. 3) — P JACOB 207
P1411 9, 3) a PHI l 9, 3) • p JACOB 208

C JACOB 209

C JACOB 294
C 13 A R?) . )  • £ • AR . • AR JACOB 295
C JACOB 296
C FOR~ AP0 RATE IS OBTAINED FROM £)—) KINETICS ANALYSIS JACOB 297

K~~
( 13) a VSIG(1,13) JACOB 29$

C JACOB 299
P • KF(13)’NO(ll) JACOB 300

C JACOB 301
PHI ) 2, 2) a PHI ) 2. 2) — R JACOB 302

P141) 3. 2) a PH$) 3. 2) • P JACOB 303
PHI ( 4. 2) • PHI) 4, 2) • P JACOB 306
P~il(ll, 2) • PHI(1), 2) - a JACOB 305

C JACOB 30$
P • KF(13)’NO(2) JACOB 30?

C JACOB 308
PHIl 2,11) • PHI) 2,11) — R JACOB 309

PHI ( 3 , L1 )  • PHI) 3,11) • P JACOB 310
PHI) 4 ,11) a PHI ) 4,11) • P JACOB 311
P141(11 ,11) a P141)1 1 ,11 ) — P JACOB 312

C JACOB 313

C JACOB 351
C IA AR?. • £ • AR • AP • £ JACOB 352
C JACOB 353

P • KF’)16)’NO (16) JACOB 35~
C JACOB 355

PsI) 3, 21 a PHI) 3, 2) • P • P JACOB 3%

PHI (lô , 2) a P141(16, 2) — P JACOB 357
-‘ C JACOR 35$

P • KF (16)’NO (2) JACOB 359
C JACOB 360

P~ I( 3,16) a PHI) 3,$6) • P ‘ P JACOB 3M
P141)16,16) • P141 (16,16) - p JACOB 362

C JACOB 363

FIg 4 3 (Continued)
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C JACOB 383
C 19 aR • H( • AR ’ • H(- JACOB 384
C JACOB 385

P • KF (19)’IBEAM /EO JACOB 386
C JACOB 387

PHI) 3, 3) • PHI) 3, 3) — R JACOB 388
PHI( 4, 3 • PHIl 4, 3) • P JACOB 389

C JACOB 390
P —K R)19) ’ IBEAM /EO JACOB 391

C JACOB 392
PHIl 3, 4) • PHIl 3, 4) — P JACOB 393
PHIl 4, 4) • PHI) 4. 4) • P JACOB 394

C JACOB 395
C 20 ((P • H( • KR) .) ‘ HE • £ JACOB 396
C JACOB 397

p a KF)2O)’IBEAN/Eo JACOB 39$
C JACOB 399

PHI) 2, 5) • PHI) 2~ 5) • P JACOB 400
PHI l 5, 5) • PHIl 5, 5) — R JACOB 401
PHIl10 , 5) • P141)10 . 5) • P JACOB 482

C JACOB 403

I
C JACOB 443
C 2~ ((RI.) • ICR • ¶4 • KR?).) • M JACOB 444
C JACOB 445

P KF (24)’NO)lO)’MTOT JACOB 446
C JACOB 447

Pill ) S. ~~ a P141) S. 5) - R JACOB 448
PHI( lO . 5) = PH1)10, 5) — P JACOB 649
P141) 12, 5) • P141(12, 5) • P JACOB 660

C JACO B 451p • KF)24)’NO(S).NTOT JACOB 452
C JACOB 663

PHI) 5,1o~ a PHI) 5,10) - P JACOB 464
P141)10.10) a P111(10,10) — R JACOB 455
P141)12,10) • P141(12.10) • JACOB 466

C JACOB 457

c JACOB 471
C 26 AR).) • KR .. AR ‘ KR) ’)  JACOB 472
c JACOB 473
C REVERSE RATE IS OBTAINED FROM DETAIL BALANCE —— JACOB 474
c JACOB 475

(1 a . El 9 • El 5) JACOB 476
- a • El 3 • E)I0) JACOB 477

((RI 26 K Fc 26)’ EXP ( (EI E2)/KT )  JACOB 678
C JACOB 479

P • —KR (26)’NO)lO) JACOB 480
C JACOB 681

P~ I( 3. 3) • PHI) 3. 3) • R JACOB 482
PHIl 5, 3~ a PHI) 5. 3) — P JACOB 483
Ps I) 9, 3) a PHI) 9, 3) — R JACOB 484
PHI(1O, 3 • PHI(10. 3) • P JACOB 485

c JA COB 486
P • KF(261’MO(q) JACOB 487

c JA COB 488
- P141) 3, 5) • PHI( 3, 5) • P JACOB 489

Pi~I) 5~ 5) • PHIl 5, 5) — P JACOB 490
PHI ) 9, 5 a PHI ) 9, 5) — P JACOB 491
p~ Il1O , 5~ • P141(10, S) • R JACOB 6Q2

— 
~~~~~~~~~~~ C JACOB 493

Fig. 4.3 (Continued)
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a • KF(26)’N0(5) JACOB 494
C JACOB 495

PsI) 3. 9) a PHI ) 3. 9) • P JACOB 496
PHI ( 5, 9) • PHI) 5, 9) — P JACOB 497

‘ PHI) 9, 9) a PHI) 9, 9) — P JACOB 498
PHI)lO. 9) a P141 (10. 91 . P JACOB 499

C JACOB 500
9 • —KRIZ6)’NO (3) JACOB 50$

C JACOB ~ So?
PHI ( 3,10) a PHIl 3,10) • P JACOB 503
PHI ) 5,10) • PHI) 5.10) - P JACoB 504
PHI) 9,10) • PHI ) 9.10) — P JACOB 505
P141)10,10) • P141(10,10) • P JACOB 506

C 
- 

JACOB Sn?

C JACOB 1009
C So AR?. • AR?’ ,. AR?).) • AR • AR • C JACOB 1010
C JACOB 1011

a • 2.’KF)S0)’NO)16) JACOB 1012
C JACOB 1013

PHI l 2,$$) • PHI( 2,16) ‘ P JACOB 1014
PHI) 3.16 ) • PHI ) 3.16) • P • R JACOB 1015
P141(11.16) • P141)11 .16) • P JACOB 1016
P111 (16,16) • P141(16,16) — P - R JACOB 1017

C JACOB 101 8

C 66 ((R’. • M 0 KR’ • N JACOB 1395
C JACOB 139$
C REVERSE RAT E IS OBTA INED FROM DETAIL BALANCE -— JACOB $397
C JACOB 1398

• . El 8) JACOB 1399
CZ a • El 6) JACOB 1400
((H) 66) • KF( 66)’EXP) )E1—E2)/KT) JACOB 1401

C JACOB 1402
P ~ —KP (66)~ NTOT JACOB 1403

C JACOB 1404
PHI ) 6, 6) = PHI) 6. 6) • P JACOB 1405
PsI) 8, ~~j • PHI) 8. 6) - P JACOB 1406

C JACOB 1407
P • KF )66)’NTOT JACOB 1408

C JACOB 1409
PsI ) 6. 8) • PHI ) 6. 8) • P JACOB 1410
PHIl 8. 8) • PHI ) 8. 8) — R JACOB 1411

C JACOB 1412
C 67 AHF . • AR • F JACOB 14)3
C JACOB $414

P • ((F(67) JACOB 1415
C JACOB $4$ 6

PsI ( 3,20i • PHI ) 3.20) • P JACOB 1417
P141(14,20) a P141)14,20) • P JACOB 1418
PHI (~ O.20 ) • P141(20 ,20) — P JACOB 1419

C J .COB 1420

C JAC OB 1467
C 74 ((HF. • KR • F • HNU JACOB 146$
C JACOB 1469

P KF(74) JACOB 1470
C JACOB 1471

PHI) 5.2?, • P141 ( 5,22) • p JACOB 1472
P51)14,22) • PH1()4,Z2) • R JACOB $473
P141122,22) • P141)22,22) JACOB $474

C JACOB 1475
C PHOTON NUMBER DENSITY INCREASED BY NOISE -— JACOB $476
C JACOB 147?

‘~~ -~O- P ~ 14’OMEGA/4./PI JACOB 1478
PHI)1’22) a Pp~~~$,fl) ‘ p JACOB 1479

Fig. 4.3 (Continued)
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C J AC o B 1480
C 76 ((HF. • PAD • KR • F • PAD JACOB 1481

‘ C JACOB $482
C (ST IMU LATED EMISSI ON PROCESS, wITH NO) 1) a IMTEN/C/HMU) JACOB 1483

C JACOB 1484
P a KF (75)’MO(22) JACOB $485
P a p

~ c JACOB $486
C . JACOB 1487

PSI) I. I) S PHI) 1. 1) • P JACOB 1488
PHI) 5, 1) • PHIl 5, 1) • P JACOB $489
PHI)14. 1) • PHI)14. 1) ‘ P JACOB 1490
P141(22. 1) • PHI (22 , 1) — P JACOB 1491

C JACOB 1492
P a KF’(75)’NO(I) JACOB 1493
P a R’C JACOB 1494

C JACOB 1495
Pul l 1,22) • PHI ) 1,22) • R JACOB 1496
PHIl 5.22) a PHI) 5,22) • p JACOB 1497
P141 (14,22 1 a P141)14,22) • a JACOB 1498
P141(22.22) • P141)22,22) - P JACOB $499

C JACOB 1500

C 76 F? • PAD 0 • JACOB ISo l
C JACOB $502
C (RADIATIVE ABSORPTION PROCESS. WITH NO) 1) • INTEN/C/HNU ) JACOB 1503
c JACOB 1504

R a KF)76)’NO)13) JACOB 1505
P ~ R’C 

JACOB 1506
C JACOB 1507

PHI) 1, 1) • PH1( 1. 1) — JACOB 1508
PHIl13. Il • P141(13, $ )  — P JACOB 1509
P~ J (14, 1) • P141 (14, 1) • p • R JACOB 1510

C JACOB 1511
P ‘ KF (76)’NO (tl JACOB ISI�
P a R’~ JAC OB 1513

C JACOB 1514
P~ I( 1,13) = PHI) $,13) — P JACOB ISiS
P141(13 ,13) • P141(13.13) — p JACOB $5~6
PHI)l’..13) • P141)14,13) • R • P JACOB 1517

c - 
JACOB 15i8

C 77 F— ‘ R~ O “ F’ • C JACOB 1S~ 9

C JACOB 1520
C (RADIATIVE ABSORPTION PROCESS, WITH NO~ 1) a IPiTEPI/C/HNU) JACOB $521
c JACOB 1522

P • KF)77)’NO)lS) JACOB 1523
a • R’c JACOB 1524

c JACOB $525
P~ 1l 1. 1) • PHI) 1. 1) — a JACOB 1526
PsI ) 2, t) = PHI ) 2~ 1) • R -JACOB 2527
PHI)1’.. I) • P141(24 , 1) • P JACOB 1528
Pul)15, 1) • P141(15, 1) — P JACOB 1529

C JACOB 1530
p a ((F (77)’NOll) JACOB 153$
P a P’c JACOB 1532

C JACOB 15)3

~H1) 1,$5) a P141( 1.15) — P JACOB $534
Pull 2,15) a PHI 2,15) • a JACOB 3535
PHII$’ .,15) • P141(14,15) ‘ R JACOB 1536
P141115, 15) • P141(15 ,15) — a JACOB 1537

C JACOB 1S38
C 7* ic142F’ • PAD 0 *R • KR • F JACOB $539
C JACOB )S’o

-
, Fig. 4.3 (Continued)
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C )RA O IATIV ~ A8SORPTION PROCESS , WIT H NO) 1) • INTEN/C/HNU ) JACOB 154 1
C JACOB 35&2

P • KF (78)’NO)23) JACOB 1543
P • R C  JACOB 1544

C 
- JACOB 1545

PHI) 1 , 1) a P141 ) 1. 1) — P JACOB 1546
Pu!) 4 , 1) • PHIl 4, 1) • P JACOB 1547
PHI ) 5, 1) • PHIl 5, 1) • P JACOB 1548
P141)14, I) = P111)14, 1) • p JACOB 1549
P~ $)23, 1) a P1(1(23, $) — P JACOB 1560

C JACOB 1551
R • KF(78) ’ NO)t )  JACOB 1552
P • R’C - JACOB 1553

C JACOB 1554
PHI) 1,23) • PHI ) 1.23) — P JACOB 1555
PHI ) 4,23) a P14I ( 4,23) • P JACOB 1556
PHI ) S,23 • P141 ) 5.23) • R JACOB 1557
PHII1 4,23) a P141(14,23) ‘ P JACOB 1568
P141)23,23) • P141)23.23) — P JACOB 1559

C JACOB 1560
C 79 AR2)•) • HAD o AR . AR).) JACOB 1561
C JACOB 1562
C (RADIATIVE ABSORP TION PROCESS, WI TH NO( 1) • INTEN/C/IINU) JACOB 1563
c JACOB 1564r P • KF)79)’NO)ll) JACOB 1565

P a R’C JACOB 1566
c JA COB 1567

PHI) 1. Ii a Pl4~~ 1. $1 — P JACOB 156$
P1.1 1 3, 1) = PHI) 3. 1) • R JACOB $569
PHI) ~~, 1) • PHIl 9. 1) • P JACOB 1570
P141)11, 1) • P141(11, 1) — P JACOB 1571

C JACOB 1572
P • KF (79)’NO)$) JACOB 1573
a • P’c JACOB 1574

C JACOB 1575
PHI) 1,11) = PHI) 1,12 ) — P JACOB 1576
PHI) 3,11) a PIll) 3 ,11) • P JACOB 1577
PHI) ~,1l) • PHI

) 9,1)) • P JACOB 1578
P141)11,11) • P141(11,11 ) — P JACOB 1579

C JACOB 1580
C 80 ((P2).) • HAD . KR • KR(.) JACOB 158$
C JACOB 1582
C (RA DIATIVE ABSORP TION PROCESS, WI TH NO) 1) a INTEN/C/HNU) JACOB $583
C JACOB ISa’.

a KF)80)’NO)12) JACOB 1585
P a P’C JACoB 1586

C JACOB 1587
PHI) 1, 1) • PHI) $, %) — P JACOB 1588
PHI) 5. 1) • PHI) 5, 1) • P JACOB 1589
P141(10, $) a P141(10 , 1) • P JACOB 1590
P~~1i12 . 1) = P141)12, 1) — P JACOB $591

C JACOB 1592
p a ((F)80)’NO(l) JACOB 1593
P P’d~ JACO B $59’.

JACOB )5~ 5
PHI ( 1,12) • PHI) 1.12) — p JACOB 1506
P~ $) b,22) • P141) 5.12) • P JACOB 1597

Fig. 4.3 (Continued )
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P.11(10,12) • P-41)10,12) • R JACO8 159$
P111)12,12) a P141)12,12) — P JACoB 1599

C JACOB 1600
PAl 10 a LLNGTH.’CAVITY JACOB 1601
00 3 I • 1.N JACOB 1602

3 P111)1 ,!) • RATIO’PHIU.I) JACOB 1603
C JACOB 1604
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

. . JACOB 1605
C JACOB 1606
C (x1~~PNAL CIRCUIT EQUATIONS (0 ,. NO)25) , AND 1 • N O 2 6~~ —— JACOB 1607

C JACOB 1608

t 14€ = NO)?) JACOB 1609
IF )p4E~EO.0.) NE • 1.0 JACOB 1610
CONDUCT = NE.E0*NU JACOB 161$
RD D/AREA,CONDUCT JACOB 1612

C JACOB 1613
iF )L0.EQ.O.) GO To 2 JACOB 16$’.
p111)25,25) • 0. JACOB 1615
PHI)25,26) a 1.0 JACOB 1616
P141)26,25) a — 1./ Lo/ CO JACOB 1617
pHl)26,26) a -(RO • RD)/L0 JACOB 1618
P141(26, 2) • NO(26 ’RO/NE/LO JACOB 1619
RE I I$N JACOB 1620

C JACOB 1621
2 p111)25,25) • 0100 = — 1./C0/(P0 • RD) JACOB 3622

P141)25, 2) a P1O (25)’OIOO’PO/NE/)RO • RO) JACOB 1623
C JACOB 1624
C ... .......s........... .......... ........ ..•....... ............... ..•• JACOB 1625
C JACOB 1626
C THE FOLLOWINO MOLECULAR SPECIES (WITH LABELS) WERE INCLUDED -— JACO B 1627
C JACOB 1628
C I PAD 2 E )—) 3 AR 4 AP’ JACOB 16?9
C 5 l~R 6 KR• 7 AR” 8 KR” JACOB 1630
C 9 Ap).1 10 ((RI.) 11 AP2)•) 12 KR?)’) JACOB 1631
C 13 F2 14 F 15 F— 16 AP2 JACOB 1632
C 17 ~R2’ 18 ARKR )’) 19 ARKR’ 20 APF’ JACOB 1633
C 21 AR2F’ 22 KRF’ 23 ~R2F’ 24 ARKRF’ JACOB 1634
C JACOB 1635
C . . . .• . . .. . . . . . . . . . . .. . . . . . .. . . . •....• •.. . . . . . . . . . .. .. . . . . . ... . JACOB 1636
C JACOB 1637

RCI U RN JACOB 1638
(ND JACOB 1639

Fig. 4.3 (Continued)
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SUBROUTINE LEVELS )t4$~ N?, P4O~ LEVELS 2
C LEVELS 3
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . S • ~ ~ ~ . • ~ ~ ~ ~ ~ • • ~ . . . . . . . . . . . . . . . . I ~ S ~ ~ • ~ ~ ~ t LEVELS 4

% 
C LEVELS S
C THIS SUBROUTINE DETERMINES THE POPULATION DENSITIES Ni )!). N?)!) LEVELS 6
C ~F’ THE (LOWER AND UPPER) LEVELS INVOLVED IN THE ITH INELASTIC LEVELS 7
C SCATTERING PROCESS INCLUDED IN THE COUPLED C— KINETICS ANALYSIS. LEVELS 8
C LEVELS q
C THE GENE RAL KINETICS SYNTHESIS PROGRA M WH ICH AUTOMATI CALLY GEN— LEVELS 10
C CRATED THIS SUBROUTINE WAS DEVELOPED BY —— LEVELS 11
C LEVELS 12
C — LEVELS 13
C I I LEVELS 14
C I OP. WILL IAM 8. LAC INA I LEVELS 15
C I NORTHROP RESEARCH AND TECHNOLOGY I LEVELS 16
C £ ONE RESEARCH PARK I LEVELS 17

— C I PALOS VEROES PENINSU I A , CA 90274 I LEVELS 18
C I TEI 1 1213) 377—4811 , EXT. 322 1 LEVELS 19
C I I LEVELS 20
C - LEVELS 21
C LEVELS 22
C ................ ... ....... .. .... .... .. ...... .... .. ..... ..... .. ..... .e LEV ELS 23
C LEVELS 24

PEAL 141)1)’ N2 (1). NO )1) LEVELS 25
C LEVELS 76

p i l l 1 ) • NO) 3) LEVELS 27
N2) 1) • NO) 4) LEVELS 28

C LEVELS 29
p1) 2) a NO) 5) LEVELS 30
p21 2) a NO) 6) LEVELS 31

c LEVELS 32
p1) 3) • NO) 3) LEVELS 33
p2) 

~~ • NO) 7) LEVELS 34
C LEVELS 35

NI l 4) • NO ( 5) LEVELS 36
p42) 4) a NO) 8) LEVELS 37

C LEVELS 38
p i ll 5) • NO) 4) LEVELS 39
pi2( 5) a NO) 7) LEVELS 40

C LEVELS 41
Ni) 6) • 140 ) 6) LEVELS 42
p2) 6) * NO) B) LEVELS 43

C LEVELS 44
N l) 7) a NO~ 3) LEVELS 45
N?) 7) • 0. LEVELS 46

C LEVELS ‘.7
a NO) 5) LEVELS 48

p?1 8) • 0. LEVELS 49
C LEVELS 50

N Il s~p a 1401 4) LEVELS 61
p2) 9) • 0. LEVELS 52

C LEVELS 53
N1 ))0) • NO) 6 LEVELS 54
p2( 10)  a 0. LEVELS 55

C LEVELS 66
141 (11) • P40 ) fl LEVELS c7

• 0. LEVELS SB
C LEVELS 69

Ni )I2 a 140) 8) LEVELS 60
N2l12 ) a 0. LEVELS ‘1

C LEVELS 62
14 1( 13 )  P40 ) 1 1 )  LEVELS 63
N21 13 ) a 0. LEVELS 64

C LEVELS 65
14)))’.) • 140)12) LEVELS 66
1421)4) • 0, LEVELS 67

C LEVELS 68
pl~~I5) a NO) 13) LEVELS 69

- - - - N?)15 • 0. LEVELS 70
C LEVELS 71

RETURN LEVELS 7?

~NO LEVELS 73
Fig. 4.4 (Synthesized) Subroutine LEVELS

174

- 
— -~-~-—~-- ~~~~~~~~~ — -~— -~~~ -- - --——-5— --- - — - —- — 5 - — ——  — —~~~~~

~

---

~

-

~

-, - - -- - - - - - — -- - -- - - - - -5 - - - - --

— — - -5- -- -  --5— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - —-5—-—- — — —- -~~ -- -~~~~- — — - -— — --5— — — --—---—-—-~~—~---—---- — - - -- ———~~~~~-



- 
-

~~~~~~~~~~

---

~~~~~~~ 

- -5 - - - - - -5 - - - - -.

I II llI VI I~I VI~~~~ W~~~~ 
g~~~~ ~~~~ ~~~~ ~~~ 

Sn ~ ‘4. I

I •~~-~~ ~~~~ a) - )- IA~~~~~ ~~~~ ~~~~ UI ).~~~ I..
~~ ~~~ .~~ •

-a — ,. —~~- —~~‘ —I. IS 4 — —  4 
vI~, ~~~ VI II VI4~ sI V~ VI V~~llI S~II~I I~IUI Iñ~~I UI Iñ

I ~~~~~~ •~~~~ ~~~~~ ~~~~~ 
~~~ ~~ z .~z ~~ ~~ ~~ 

I
I (#

~~~~~ ~~~~ ~~~~~ UI~~~~ ~~~ fl 4~~~~ ~~~ 
;~~~

I’

~ ~~~~

..I I
I ~
I ~~uI vI ~~UI VI ~~(~IUI ~~ I#I (A I~IUI ~~UI ~~VI~~ Ut& I~I III~~ ~~~~~
I Z

I..— I U*J ~1U I~IUIJ IiIUQ U U  I.IU ~~UUJ U W  U 1.I V W  I
~I • I ~~— — — —— —— U~~~P-I Pd ~~~~ P4 ~~~~~~ I
~~~~ 

~ ~ ~~~~~ E~~~I— •~~ .~~ ~~~‘‘ ~~~ . ~ . ~ ~ ••• • S

~, ~ S ~~~~~~ 
~~~~~~ ~ I~~I 

~~~~~~ ~~~~ w~~ •:
~~; ~~: 

~~~~e ~~~-• I ~-~ z~~ . •~S#I CI. * I I  — a s 4
~ ~~~~ ~ S ~~~~~ ~~~~~ ~~~~; ~~

;; 
~~; ~~~ ~~~~~~~ ~~~~~ ~~~~~~~ ~~~~~ ~

~~ ~~~~~~ ~ : ~~~~~ UIS~~ •~~~I i l l  S I  S I  ~~~S ~ I ~ I g S g ~
~ S •~.

~ ~ 
~~a.aI.. ~~~~~~ ~~~ W I.I 1.1(51 1511s1 ~~ I51O 1.10 05.10 OWe • •d 1.1 551 I.’- I . 1  I. S—I  S- S - S  S

5.1 ~ I
1.. U ~~ ‘ ‘II 

U U ~~~~~~~ ~~~~~
‘ .L’ .L • -551 I ~~~~1.5O ~~W0 )~~~WO  ~~~~ W 0  I 551

WS- I ~~55.5.. ~~55(5. ~~I.5. ~~ 5..I. 1..I.~ 1.-~~ 
~~
1.iI51 5..~~~W •5..~~~W I S-

I ~ ~ d ~ I ~. . e e  .-~~~~~ ee 00 00 a CIA C~~ 0 0
— _J __~ 4 S

* - IA , ~~~~~! i!! ~~~~~! !!! !! ~~~~ ~~~~~~~~~~ ~4 ~~ ~~~~~~~~
!— _ aW I

~~! ~~!~~
_
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5.54 4 I U  5- 5- 5- 5- S I 2
~ 8g~ ~~~ 

OW 0 0 4 W  4 0 4W  1 0 4 W  0 4 W  I 4
IA IA 0.4151IA W 4 W U I  * 4 W I A  Z 4 W I A  I• IA I 5.5

44 a44 a d 4  244 4444 I~~444 0444 0 44 4 . =U VI I
I ~~ ISW ~~W *W  W * W  5..*UW S-* US.l  l-*Ul51 I UIA .J 2 4 >  5- ~~~ •~~~~ ~~~ 1 0 1 W  ~~~~ •~~ 

5- 5-
~. —— I U OW  U 551 15 .1 1 0 5 1 5 1  5 4
4 —— S 115 1.4 1 5..4 055.4 05.4 >55.4 5-5 .4 05. 1.54 a1..W4 05.5.54 0 h W 4  S U

S I IA
I S W
I 5 4

• S S
U 4 5 — — — — I 0.
551 (51 .51 I 0 0 0 0 0 0 I 0
VI (55 - I  W 5.5 551 W U 5.5 I
S. ~- >  — I — s- — 5.. . 0- 5
1I O W  IA ’.I 3 9 3 9 3 9 I —
* 2~~~~~5 - 4 I  0. 5 4
U 7 4 5 I 0

silO 4 5 0 0 0 0 0 0 z
• 5.I 5- I ~) U U U U U 5
— 5- VI S — — — — — — S •I I -4.~ 5 2
555 —~~ U I I —IA 51II~l S — I U
— — U I 0 0 0 0 0 0 0 0 0 0 I 4

• I 0 — — ,  U (55 U U U III U U W U I .5IA .jZ 4 I  I- — 5- I~ I~ I- 5- 5- I
5- 04 4 I  3 3 9 3 9 3 3 5
2 U 1 . 5  0.
4 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5 2IA U U U U U U U 551 5.) U I 42 I — — I0 5.. I I ~sU U—  I S ~151 115 5 I —551 .50 I I 7
— W

~~ 

I S
-4 I I

~~U : I
X III S I -4 4 I I 155
•5~ I I

515 I S2 4. I I U0 2 C I  I
— 4’.. W I  I (A
— O W  4 5  0 —U I W I  I VI

~ ~~~~
~ II ’ I —I 2I $ —I - i  I IA

S I IA
5 ~~~I I

~ a I W U S U
5 1 5  III 551 I —— —~~~ 4 5  . • I —

* ~~4 I  • I1. 44 — S U 555 I I
o 511 1 U U W U
5- ~~~~~ I.. 555 I aI ~ 5.. • • • 0 I
~ $ • . — — I CU 5- I-V. $ ~ • • • I U

~ 

.51 U U I  ~ • ~ e • — S ~4WV’ 441  ~ a ~ • 4 4— 2  W W I  4 4 4 4 ‘ —4 4 a a .~VI 4151 44 1 a -4 7 I 4
4 5  5 4 4 4 4

VI C I  t t 4 4 4 4
4 I 551 Ii) U U I

551 III U U U 5.5 I~~~~~• . . . S. . . . • • a
. I— S  5 5 5 5 ~ S S 4

— S 7 S
5 I
I S
I S

— I — $5 $ $  4 (A 5- 4 S I
— I

I S
I I

FIg. 4. ~: Sum~~~ry of input reaction scheme.
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Ftg 4 5 Summary of lnput reaction scheme (cont’d)
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- (as indicated in Fig.3.5) or directly (with the control card deck given
~-

• 

in FIg. 3.6). Fig. 4.7 shows the “playback” (generated in output by

- subroutine EDITOR) of the exact input card images of DATA BLOCK

:. 4, which specifies the experimental Conditions. The structur e of the
- input deck has been described in Sec. 3.2 and summarized in Tables

3.4. 3.10.

~ 
At the beginn4ng of the output after execution of the analysis, a cover
page as shown in Fig. 4.8 (actually , two identical such pages) is gen-
crated, containing a block-letter title defined by the header card of
DATA BLOCK 1 at the time of program synthesis (cf. Fig. 4.1). As
described in Table 3.5, the 10 input vector provided by $CONTROL $
entry (cf. Fig. 4.7) is used to specify output option requests. If 10(10)

- is nonzero, an initial sulmnaz’y of the reaction scheme and its rate
constants (as modified by $RATES $ input entry) is generated, shown
in Fig. 4.9. (The effect of rate modifications will be illustrated in
Sec. 4.3 below. ) Only the first (50 BCD character) line of comments
which appeared in Fig. 4.5 is retained. If 10(8) and 10(9) had been
entered nonzero, a tabular summary and plot of all inela stic and mo-
mentum transfer electron cross section data (used in the analysis) is
provided, as shown in Fig. 4.10 and 4.11. The paMmeters 10(1), I =

1, 2, . . ., 7 are used to specif y the frequency of certain output options
described in Table 3.5. Fig. 4,12 - 4. 18 are samples of such output
corresponding to cycle k = 20 (t = 200 x 10~~ s). The first five of
these figures summarize results of the electron kinetics analysis at
t = 200 ns, while the sixth (Fig. 4.17) summarizes the molecular kine-
tic, electrical, and optical parameters.

Note that Fig. 4.17 contains a tabulation of the population densities and
- their instantaneou s rates of change for all of the species. Also shown

~ 
‘
~~~

- .
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I
is an effective (instantaneous) time constant 

~~ 
for each species I,

‘T
1

(t) ‘ 
= 

~ 
dN1(t) /dt 

~ 
/N 1( t),

which is useful for indication of how rapidly any given species is evolv-

ing at any given time. Fig. 4.18 is a (partial) reproduction of output

which summarizes the numerical contribution of each kinetic reaction

to every species , and is useful for assessing reaction sensitivities. If

a particular reaction makes only a negligible contribution under typical

conditions of interest, it can easily be deleted in a fu ture version of the

program. Since the output format of Fig. 4.12- 4.18 is essentially self-

explanatory, no further description should be necessary.

At the conclusion of the analysis, numerous parameters are plotted or

tabulated as a function of time, such as e -beam current density (Fig.

4.19), intracavity radiation intensity (Fig. 4.20), circuit voltages and

power densities (Fig. 4.21), instantaneou s net gain coefficient (Fig . 4.22)

and medium gain and absorption coefficients (Fig. 4.23), optical and el-

ectrical power densities (Fig. 4.24) and energy den sities (Fig.4.25), cir-

- 
cult voltages (Fig. 4. 26), plasma conductivity and discharge impedance

(Fig. 4.27), discharge current density (Fig. 4.28), optically extracted

power (Fig. 4.29) and energy (Fig . 4.30) density and efficiency, and the

population densities (and rates of change) for miscellaneous species as

requested (Fig. 4.31 - 4.35).

184

- - ~~~~~~~ --55- -5 - ~~~~~~~~~~--~~~~~~~-—- - 
-



- - - - - - ~~~~~~~~~~ ~~~~~~~~~~~

_ _ _

~~~~
—

~~~ 

- - --5— 
~~~

---

~~

- -5 —‘
~~~~~

—-
~

-- -5 ---.

SUMMARY OF CARD IMAGES FOR INPUT DATA DECK
b ATE ) 0L~ 12,10I

CARD I 2 3 4 5 6
MO. 1234567.9o1234561090123456709012345670901234561090123456789012345678901234561890

I .... SCONTROL 10( 15 1O, 0.20,20,L0,10,20,0,O.I,
2 .... ENAX 20.’3 •..• NCYCLE 1005

SPARAM TPULSE a ~.0C—06.
S .... ATM • 2.0$
6 .... SOPTICAL REFLECT • 70..
7 .... LOSS 0..
8 •..~ AREA • 25..
9 .... CAV ITY a 130..

10 .~~~5 . LENGTH • 15.05
L I  .... SESEAM JBEAM S 10.0.
12 .... ENERGY S 300.,
13 .... UB a 20.,
14 •... T0(1) • 0.’ 50.. 100., 150.. 200.. 250.. 300..
15 .‘.. 350.. 400.. 450., 500.. 550., 600.. 650..
16 .... 700., lSo., 600., 850.. 900.. 950., 1000..
17 .... UNITS ‘ 1.OE—09.
10 .... J0(L) • 0.. .82, 1., i., .9, .85. .71. .73. .69,
19 .... .67. .69, .72, .15, .15, .72, •65. .42. .2.
20 .... .05, .02, 0..
2) .... FACTOR • 2.05
22 .... Sc1RCUIT CAPAC a 1.00E—06.
23 .... INDUCT • 200.E 09’
24 .... RESIST a o..
25 ~~~~ KVOL T a so..
26 .... AREA • 2000..
27 .... 01ST • 10.5
20 .... SPATES $
29 ....AR 89.9 40.
30 ....(CR 10.0 84.
31 ....F2 0.1 30. PLOT
32 •...AR* 11.5 PLOT
33 •..~ KR e 9.9 PLOT
34 ....AR2~ ’) 13.0 PLOT
35 •..,KR~ l•) 11.8 PLOT
36 ....8RK*~~’) )2.~ -

37 •..~ ARa • 13.5
38 ,...AR (.) is.e PLOT
39 •..,KR *• u . S
40 ....KR (•) )4•4 PLOT

1234567$901234561890l2345670901Z34561890I234S67890I23..567890l234S67890I234Sb?0~0I 2 3 4 5 0. 7 6

SUMMARY OF CARD IMAGES FOR INPUT DATA DECK
(OATEI 01/12/19)

(
CARD 1 2 3 4 5 6 7 6
NO. I234561890l234561690123456769OI234S61690j234S67890L2345618901234S67090l234S676~’0

4) ....ARF 6.5 PLOT
42 ....KRF 5.0 PLOT
43 ....AR2 9.5
44 ~~~~~~~ 8.2
45 ~~~~~~~~~ 5.0
46 ,...ARKAF’ 4.0
47 ~~~~~~~~~ 3.0
48 ....ARKR 8.8
49 ....F PLOT
50 •...E I— I PLOT

I234S61S90l234567890L234567S9Il234Sê789OI234S67S90123456T890l234S67S901234~61S90
1 2 3 4 5 0. 7 a

Fig. 4.7: DATA BLOCK 4 card input of numerical control
values , experimental parameters, modification
of rate constants, and initialization of species.
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CROSS SECTION (UNITS O
~oA ? a F ~pV?o~~~

TROt ENERGY (EV~ FOR

REFERENCE —— FROST . PHELPS: KI(F F(R REPT.. P 15

U SIGMA(U)
1EV) (1.0E—16 CN2)

0.000 3.0?0E.01
.0*0 2.600(.O1
.020 1.9671.01
•030 3.6001.01

• .050 1.1431.0)
.070 9.0001.00

5 .100 6.0001.00
.130 5.330E.00
.160 3.9701.00

• .200 2.4701.00
.240 1.6201.00
.200 1.1301.00
.320 0.7001—0 1
.360 75 2701—01
.400 6.2001—03
.470 5.4001—0 1
.560 S,0001 03
.700 S.0001 01
.040 5.4001—01

1.000 6.1701—01
1.300 0.6701—01
1.600 1.3201.00
2.200 2.5301.00
3.000 4.040E.00
5.000 1.0201501
7 .000 1.5001.01

10.000 1.9301.0*
12.000 2.2001.01
20.000 1.0001.0)
23.000 I.SOOE.0I
30.000 1.0001.0)
41.001 5.0001.00

(DATA WAS SUBMITTED ON 03~0I/77)

Fig. 4.10: Tabular summary of electron
cross section data .
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Fig. 4.11: Plot of electron cross section data .
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DIFFUSION 0 • 2%31.Q7 CM*/S(C
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(K • 0/Mu • 3.2% LV
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Fig. 4.12: Summary of plasma parameters.
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Fig. 4.20: Intracavity radiation inten sity as a fun ction of time.

201 

._ - - -- - - --- _ _ 4 _ _ ,__.5 _~~~~._ _ __ __~~~~_
-- -

~

-

~

--



-- --_-:~~~
-_•-

SUMMARY OF ELECTRICAL AND OPTICAl. PAPASIETERS

VOLTAGE JSUS OISCN OUTPUT OPT EFF
l*.O0E—09 S~c~ (A/CM2) (KW/CN3) (5(V) (A/CN2) (KW/CN3) (PCW/CM3S 3)

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
*0.00  2.15 32.92 3.00 .00 .03 — .00 s’100
20.00 4.05 57.09 •39 4.00 .16 .00 .00
30.00 5.69 $2.19 2.38 1.49 .35 .41 .50
40.00 7.,? *02.29 3.36 4173 1.60 4.1$ 4.00
50.00 ~~~ 119.09 3.31 5.52 1.03 9.7k 0.06
60.00 8.70 *26.63 3.33 4.97 2.45 *0.43 0.10
70.00 9.14 133.03 3.77 8.11 3.05 10.29 7.56
0o.oo 9.5Q *30.35 4.02 9.31 3.74 10.26 7.22
90.00 9.78 *42.51 4.20 10.46 4.40 10.42 7.00
100.00 10.00 145.72 4.53 11.37 5.25 10.64 7.05
110.00 10.00 166.90 4.01 12.63 6.00 10.02 7.07
120.00 10.12 147.51 5.12 13.65 6.95 *0.92 7.07
130.00 10.12 147 .56 5.43 14.61 7.97 *0.94 7.03
1~0.09 *0.00 147.03 5.76 15.60 9.03 10.96 7.03
130.00 *0.00 145.93 6.10 16.67 *0.17 10.92 6.99
*60.00 9.76 142.52 6.50 *1.56 11.41 10.77 7.0’
*70.00 9.54 139.43 6.95 10.42 12.80 10.53 6.91
100.00 9.34 136.64 7.8* 19.35 14 .34 10.20 6.Pt
190.00 9.16 134514 7.07 20.31 15.99 *0.07 6.10
200.00 9.00 131.92 0.31 21.26 17.67 9.88 6.61
210.00 8.92 *30.92 0.72 22.23 *9.38 9.75 6.49
220.00 0.84 129.71 9.01 23.22 21.06 9.69 6.42
230.00 8.74 *20.32 9.41 24.09 22.67 9.64 6.30
260.00 8.62 *24 .76 9.73 24.93 24 .31 9.57 6.34
2So.oo ~~~~ 125.02 *0 .10 25.73 26.00 9.49 6.29
260.00 0.3* *22.20 )0.49 26.47 27.16 9.30 6.25
270.00 0.33 1*9 .00 10.90 27.16 29.62 9.23 6.10
280.00 7.97 1*7 .54 11.33 21.92 31.63 9.09 6.09
290.00 7.e3 *15.51 11.73 28.72 33.60 0.96 6.01
300.00 7.70 113.69 *2.09 29.50 35.65 8.08 5.94
310.09 7.62 1*2.51 12.40 30.20 37 .54 8.82 5.66
320.00 7.54 111.43 12.66 31.05 39.30 8.01 5.04
330.00 7.86 110.78 12.00 31.74 80.08 8.19 5.82
340.00 7 .35 109.13 13.09 32.36 42.37 0.78 5.79
350.00 7.30 *07.90 *3 .30 32.99 43.86 0.75 5.76
360.00 7.20 106.59 13.30 33.55 85.30 0.72 5.79
310.00 7.12 *05.32 13.7* 34.09 46.75 0.60 5.7*
3$o.O~ 7.94 104.11 *3 .9% 34.66 ‘8.22 8.64 5.67
390.00 6.96 103. 13 14.09 35.22 49.6* 8.6* 5.64
*00.00 6.90 102.19 *4 .23 35.76 50.90 8.59 5.61
910.00 6.03 101.18 *4 .36 36.26 52.07 8.57
420.00 6.77 100.32 14.41 36.13 53.15 0.55 3.37
830.00 0.73 99.73 14 .56 37.2* 54.17 0.33 5.54
440.00 6.71 99.37 *4 .6* 37.70 55S07 0.53 5.52

6.70 99.24 14.40 30.20 55.70 0.5’ 3.3%
860.00 6.73 99.69 *4 .34 30.70 56.26 0.56 5.49
470.00 6.77 100. 18 *4 .42 39.16 56.49 0.61 5.49
411.00 6.0* 100.73 14.20 39.53 56.40 8.65 3.50
890.00 6.05 101.33 *4 .13 39.88 36.36 8.69 5.5*
500.00 6.90 112.00 13.91 40.19 56.20 8.72 3.31

Fig. 4.21: Tabular summary of miscellaneous electri..
cal and optical parameters as a function of
time (voltages, current, power densities).
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Fig. 4.22: Instantaneous net gain coefficient, rela-
tive to threshold, as a function of time.
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Fig. 4.24: Electrical and optical power densities.
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Fig. 4.26: Circuit voltages.

—.5.-- 207

I - — —.-———-— — -—-5—.-—— - — —.5—.—.—. ~_•__..~~_~~_.~__._:: __ ___ ,__ - — — — —5— —— .. . . .. .._ — . - . _ .



— ~~—i ~~~~~~~~~~~~ ~~~~ 

- 

~~~~~~~
- -~~~~--~~~~~~

— 

0 _ s  0 0 bOO 0000 7 — 7 0000 0 0~~~ 0 0 a_s — 0 00 0 0 0 0 0 0

— 

•C 55 5 —5 — S I  — 5 .1.0 .5  5 
~1— S .  5 —IA • S  VI S.5* 5 •  5.

:
1 

1
. 

~

°

5
S S S S S .I . S . I . .  ..•IS S • • S S S S S S .  S S S S S S S S S S S S S . S  S . S S SS S S . .S s s . . .e  • • •~~~~ 5 •  SI S S I I S I S S I I I S S I S S S S 5 5  I S

• O O 0 0 0 O O O O 0_ s_ s~~~~•~ O O b 0 0 0 0 0b0 0 0 O5 S S U S  S —0 5
— IV III IV N- .. 
S S S S S

I 5
S S S S S
• S S S S S S S S S: : :
5 5 S S S S S S S 5

— 0 4 .0 IV

~~~ Fig. 4.27: Plasma conductivity and impedance.

208

—-5- . ——  - i__s. r—~~~- - -- ~~~~
5-- — —.5--— — -  —- __~__-5__ .5— ——-5-— —.5—- — - - — S - - - - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --



F -
~

- -  - . . T ~~- ‘ --. —,-— -—~-— - 

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ — —  —--.5———————

• 0 5 5 S 5. P. 5 S 5 5).
S S S S S S S 5 5 0 5.
• S S S S S . S S S
hi 151 5 hi S 151 541 IV S Id NS S S S 0 5 5 S S 0 —
S 5 5 0 5 0 5 5 5 S
S S S 5 0 5 S S 5 0 —O 50 0 III 5 5 • S S I~5 S 05
I S I S U S S I S S I 551PS N IV — — VI 50 — — Pd 5.

5 I S I S
C

0 *C bC
0 0 0 0 S 0 0 . .oo  S U

I I 5 5 I S S I  5 5 5 I C C
S S I I S S I I I S S S .5I 5 5  5 5 0
• S I 4 —I S . .  I 5 5  S

S S
-— I 5 5  5 5 XIV50 5 5 5 I 0 (5
5* I I S  I 5 0 0
P-i — S — S — • .5
* S e  I S I 0 .5U $ 5 0 05. 5 5  5 .  VI S.
C S I 5 5.
— .5  5 5  I S

S S I
— S S S S
VS S . I S

S I S S
5jI S — s —5, S I S 0

5 — S I S S
5. 5 I 5 5
0 . I S5_ 5 S  S .
0 I I I S

I 55 I.
5.1 5 5 5 4  5

5 5 5  S
z o 5 5 — 5
.0 e . S
S S 4 5
5 5 4 I P.

S 4 I
IV S 5 5  I
a . . 5 —

5 4 I U
1.1 5 5 I S
5. S 55  5 S
13 0 5 5 5 0  5
13 5 5  S 5 I S V I

S S I I 5 5
VS S S I 4 I
5. 5 5 I I S
— S S S

S S I I S
O 5 5 5  0
* S S S S
13 55 S I I S —— 5 5 0 — ~ —
• S S S S S
— S S S S 0
IV I 5 5  I 50
S I I —
U S S I I 5..5. I S
5. S S I
13 S S 5 I S
4 5 S  5 I S
— 0 I 5 0 0 5

S S  5 5 . S
VI I S I S

S 5 5  I I 4
IA S S I I
1 S

S S S
5 5 5  5 I
5. 5 S S S
0 5*  S S
IA 0 S S  S — 0 S

* ~~~S S  I I S
III S S  I 5 50 SI I SI

• S I I
p. 5 . 5S . S I
1.1 I 5 5 5  I I
13 S S S I S
13 I 5. 5 I S  I AV I  I S
3 b S S O  _0  0 5
U I 5* S S  5$  C C S S

III S I S  CC 5 S
5 5 IA~~ 5 5 5  I N
VS I 5.0 I 5 5050 5
13 5 115 0 S I 5 5 55 5
4 I _s~~~ S~~~ I S .513
* S I 5 5  I
U S I  S S S I S  I •VI I S I  S S I S  S I  S S
o — I S S — S I 5 — S
0 S I 5S  5 5

5 5  5 I S I S  S S
S I IS I —

I 5 5  I S S
I S I

S S
I . I 5 5
S I I I S S I 5 I I S  I S
I I 5 5 54  I I S I I I 5 5 5  S_s 5  S

S

S S S S S S S S S S
• S S S • S S S S S
S U S • S S S 5 5

.0 50 5 VI S VI S VI S S S
SI 4 4 P-I P-I IV N — 0 VI S

FIg 4 28 Discharge current density

209 

— - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

~~~~~~~~ 
‘ T~~~~~~~ .~i=:~_. 

-

_ _ _ _



77 77 . ~~~
— : r i———— T — 

~

• • • •5 • • • •  5 S S S S S I S I  I
5 S S S S S S S S S S  S...... I
I S S S S S SS S S * S • S

5 5 I I S I • S S S S I  S
S I S I I S I I 5 5 5 5o 0 _ a  ~~~~~~ b _s 0 0 0 b b o o _ _ s o _ s o  0_ s O _ s  0 _ s  _s _ s  5

S

S S S S S S S S S S
• S S S S S S S S SS S S S I 5 5 5 5 5
• 0 4 4 N 5 . . . S
N — — — — 5 4 .0 IV S

Fig. 4.29: Optically extracted power density, efficiency.

I
v-

. -

210

— —— —- — —— — —— - - - _._ — - —-a— .—— _a—.. . — — .—— - — - — ... —  . -
~~~~~~~~~~~~~~~~~~~~~ . .a— —-------— —~~-~-- ..-—..—— -— —-—5. - — — —5-- — — — -.5-- - ——.5. — -



I
55.
p.

F 

~~~
__ _ !_ __ !.___ ! _ ~~ :

: : : 0~~~~~~~~ • __ 7_ ~~~_ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • U

~~
:

. S CC
— S —:

5 0 —
s— S .  S p.

• S S

.

~~ 
_

~~~~~~:S S
U ~0 5 5  ~IV
Is. 

~hi S .  S
_ •:

. 5
— S I
13 5 S 5hi 

~ —S S S

— ~ 
::IV S. 5 5S S S

5 5 .0
—, U IVS I Ct S.
S S S I S
~- ~~. .:0 5 5 — S —— S 

S 5~5 I 0

.0 513 5 5 5 5

~ .!. • 5
~ ‘ . —

S 5 5 0
S I 5 4S S S5 I •

S S I

~~ : I

~ .!.
Is’ 

• :.

~~ ~~~~ 
_

~~~~~~L ~~~~~~~~~

L 

S N

S .  5 I I  S
— S I  H

5 5  
5 5  5 .S .  U S  S SS.. .  5 5  —• S S 5 S  S

5 5 5 5 5 55 5 5 S
S . .

s I S I I I S I •  S
0 0 00 0 _s  no_ s O_ _ s o_ __  0 5055 SS ~~ 05~I 1. *55 *S00 IS b 0 0  0 b_s oo — 0

I I
— VI 5 5. 13 50 4 . .

Fig. 4.30: Optically extracted energy density and efficiency.
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453 Error Diagnostic Assistance

Although it is not possible to anticipate all possible forms of incor-

t 
rect usage, program LASER has been designed to provide limited di-

agnostic assistance upon recognition of certain (potential ) error con-

ditions. The search for errors occur s in processing an input reaction
L queue for subroutine synthesis, and at the time of data input for execu-

tion of the analysis.

The DATA BLOCK 1 shown in Fig. 4.36 violates several of the conven-

tions described In Sec. 3.2. Assume that program LASER has been

dimensioned NMAX = 30, KMAX = 16, and NKMAX = 8 (for purposes

of illustration), and that DATA BLOCK u s  submitted for a program

- 

- 
- synthesis. Even if the reaction syntax contained no intrinsic defects,

its species content and total length would exceed the dimension capaci-

ty specified for LASER.

The reaction summary generated in an attempt to process the DATA

BLOCK 1 of Fig. 4.36 contains numerous informative and diagnostic

comments, as shown in Fig. 4.37. For defective reactions, there is

no FORTRAN translation: the reaction is ignored (and unnumbered in

Fig. 4.37), and processing continues. The data file generated (unit 4)

contains, in addition to the rate constant data, a logical parameter

(written in the second record) whose value is STRUE. or .FALSE. de-

pending upon whether or not errors were encountered. A later at-

tempt to execute an incomplete analysis from which reactions were
- 

~~
- . rejected can be prohibited by specifyin g FATAL(1) = ITRUE .

Return now to the KrF program, synthesized from the reaction scheme

of Fig 4.1 to produce the subroutines illustrated in Fig. 4.2 - 4 4 For
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the purpose of illustrating execution error diagnostics, suppose that

the original kinetic scheme of Fig. 4.1 had contained some (uninapor-

tant) error, such as the rejection of a duplicate reaction. (Thus, for

all practical purposes, files KRFBCD and KRFLASER are complete-

ly satisfactory, although KRFDATA will contain a record of the fa ct

that a defect had been encountered during synthesis. ) Suppose, fur-

thermore, that the dimension declarators in LASER have been changed

since the original creation of the KrF files, and that execution of the

analysis is attempted with the input DATA BLOCK 4 shown in Fig. 4.38.

Note that no specification of the vector FATAL (I) appears in the data

group $CONTROL...  $ to override the default initialization .FALSE.

Note further that Fig. 4.38 differs from Fig. 4.7 in that now, there

are rate constant modifications specified by $RATES ... $ entry, and

a new species “XXX” has been initialized. (Most of the other para-

meters are numerically different , but that is not relevant for the point

to be illustrated here.) Fig. 4.39 is the tabular summary of the reac-

tion scheme and its modified rate constants; note that some of the

attempted modifications were illegal and were rejected. Fig. 4.40 is

a summary of error diagnostics encountered in the attempt to execute

the analysis.

V
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. SUMMARY or CARD INMES rOR INPUT DATA DE CK
.0*11* sun/TO

CiRO 
- 

2 3 4 5 6 7 s
10. 12345671901234567190123436110 12345675001234561090123456719012343671901234567590

i ....TCST CASE CONTAINING ERROR S
2 . 5• .mF5 .r1P A R . K R S r S nl

•~~ . 1.55 110 SRI REPORT. DEC. 1076.
•..5r1 ,az,~. r•P~ • *R eAR

3 ~~~~ .55 £..•s SRI REPORT. DCC. 1076.
6 ....XY • £ is *Y•• S £
7 • S S , AM ANONYNOUS SOURCE
A ...,*Y • £ a5 (7S S £
9 5 55 5 Is IS £1S 1.45 £ 5 0  REFERENCE, PHYS. REV. 12, 22 U72e1
10 ...5AR 4 £ is AR• S
I t  •ss.
12 ....AM 4 £ is AR (S~ • £ e C
13 .ss . N*PP. ENGLANOER—OOLDEN. J. CHEM PHYS. 43.1464 (65*
14 ....KR S £ is SIRS • £
15 ~~~~~~~ SCHAPER, SCHEIBNER. DElTA . AUS PLASMA P5475. 9, 45
16 •...ICR S £ is KR(S) • 1 e
*7  ....
Is ....xY • £ is *y(’I S

19 •SS • DE CREED ST VOTE OF tHE LEOXSLATI.IRC
20 .SS.*Y • £ is *T~ • £
2% .5. . *. I. FROM A USUALy UNREL I ASLE SOURcE
22 ....AMS • C # AR(S1 • C S C
23 • S S •
24 ....kR5 S £ is KR(5 1 • C S

23
26 s.., ARS• ‘C— is AR4.I 21—
27
20 ....I(R• • C— is KRI•) • 1 ‘ 1—
29 5 05

30 • .e .~~Y • £ . zY’ • C • C
3% S~~~5 I

32 ....xv. • £ . *7 e £
33 5 5 5 5 1• I.
3~ s SS .KR2 I~~) • C is SIR . ~~~.

35 5 55 5

~~~~~~~~~ 36 .~~..AR2 ( S %  S £ is AN S AR•
37 • •U .

30 .e..U S £ is F • F—

39 • U. .

40 ....AR (S) £ is *R(2S) • £ • C

lZ34S*?S’Ol2343’?e90l23A5610O01234SG7S0OI234567e’OIZ34SG?$’OIZ34~~ ?e’OI23G56V ’0
1 2 3 4 3 6 7

Fig. 4.36: Defective DATA BLOC K 1.
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SUMMARY OF CARD IMAGES FOR INPUT DATA DECK
(DATE’ 02/02/79*

CARD 1 2 3 4 5 6 7
NO. 123456709012345670951234567590123456’19012345670901234567$9012345670901234 67090 

S. 

5
; 41 .... 1. 1.

42 •...AR •) • C is AR~~5) • I • £
43 • S 5 • 1. I.
4* •...AR ~ KR• is SIR • AR.

— 45 • ‘S . 1.
46 ....A S S 5 *YZ —— ‘ *2 4 IV S

*7 .... 4,31 £—io 5.05 1—09 KNOWN SINCE AN TIQUITY
4$ •...AR(S) • KR is AR • KR(S)
49 .... 3.55 C—fl
30 •...KRP • N .s KR S KR
SI .... I.
3 2. ...KRZ S 5 N # K R .k R . N
33 .... 1. 1.
34 •...XT • HI— is KY(S) 5 HE— • HE—
53 • 5 5 5 I Sso •...AI • HE— is A R(S)  • HE ‘ C—
37 .... I. I.
30 .•s .A S A Y  • 5 S C  • AR S KR is AS • KY (S) ‘ C  .5 S  C • AR S KRS
39 5~~~~ • 1. 1.
6 0 ....KR. S AR .ARS S SIR
$1 .... I.
62 ....KI?’ ‘ RIO a KR S ~ 

4 RAD
63 •..~ 1. STIM%R ATCD EMISSION PROCESS.
66 ....*Y• is * • yS 4 RAN
63 ••~~. 1. 1.

~~ ,.,• — • RA~ is F S £
67 .... 5.49 t—~~ A. MANOL. P5473, REV. *3. 251 (1971)
60 ...*RV. is AR • F •

*9 .... 1.10 1 Ii URNHAN AND SCARLIS
75 •...*YS is My
71 .... 1. 1.
7 7 .... *1 . 1 0  A S S  •1
13 ..•. I. I. 

IZ3AN TORUO3NG6TOWII23NG*7195% 23456759,12343*70951 2345675951234%67599123456709,
I 7 3 4 5 6 7

Fig . 4.36: Defective DATA BLOCK 1 (cont’d).
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