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ABSTRACT

A detailed computer model for the rate kinetics of an atomic
vapor laser excited by electrical discharge is proposed. The
model equations are defined and the  computer program structure is.

discussed.
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PROPOSED COMPUTER MODEL FOR ELECTRIC DISCHARGE
ATOMIC VAPCR LASERS

Introduction

It is the goal of the present program of computer modeling to mumerically
simulate the gross fedtures of atomic vapor lasers excited by electrical discharge.
Due to the inherent complexity of interactions in such a laser, the extent of
attainment of this goal is uncertain. Nevertheless, much qualitative information
on some of the processes taking place can be expected, leading to a better under =

standing of the physics of this laser type.

Limitations on computation time and computer program storage make inevitable
con51derable 51mp11f1cat10n of real processes or characteristicés of the laser.
‘As a first step, the proposed model focuses on rate processes, i.es, the change
of electronic excited state populations through inelastic collisions and radia-
tive interaction. Only temporal variations are included; the system is taken
spatially homogeneous. In any particular atom or ion, levels of similar configu-
ration (e.g. terms) are handled as a unit with populations assumed proportional
to degeneracies. The set of level units of the atom or ion is split into three
distinect groups: an upper subset in equilibrium with the free continuum statés,
a middle subset assumed quasistationary and a lower subset requiring numerical
integration of rate equations to determine pbpulatiens. The continuem pius the
upper subset are treated together and will be called the "extended continuum" [11].
The relaxation tlmes between states in the extended continuum and also in’ the
quasistationary group are short relative to any other physical time of intérest
in the system. Populations in intermediate levels are small compared to the
lower levels or the extended continuum. The occupation probability (based on
equilibrium) is high for the low levels due to the Boltzmann factor and high for
free or near free states due to large degeneracies., The short relaxatict times
and large possible population fluxes lead to equilibrium of extended continuum
states among themselves. Fluxes in the quasistationary group are relatively

small and the net rates into and out of a partlcular level are nearly the same}
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populations change in a slow adiabatic manner so that they may be approximated by
algebraically solving the rate equatiomns assuming null rates [2]. It is assumed
in the model that the degree of ionization of the laser gas is always sufficient
(greater than 10_4) to neglect the effects of atom-atom collisions on rates [1];3
thus excited state equilibrium is characterized by the electren temperature
without regard to heavy particle temperatures. This amount of ionization also
assures a Maxwelllan electron velocity distribution [2]. Neglect of atom—atom
inelastic collisions in the rate equations does not mean that they are necessar-
ily inconsequential in sublevel relaxation or relaxation between close levels in
a unit. An equilibrium extended continuum also requires a sufficiently small

charged particle mean free path.

Rate Equations

Let the population of level unit n, specle s with parent ion core charge

ze be Nz’z. The extended continuum is denoted by n*; the corresponding reference
S,2 _ . S,zt+l

number density is Nn* = Nl » Note that the actual density of the extended
continuum is

1+ 623/2) Ni’z+l
wnere

e = N_(me” ED/kTE)3/2/3 << 1 [1].

This holds for an extended continuum lower principal quantum number of about 5
to 7 and is based on the Debye lowering of ionization potentials [3]. Here Ne
is the electron density and £D is the Debye length. A Saha factor is defined as
S,z 3/2
n h2

¢ exp (IS*2/%T)
,2t+1 21 mekTe *P n e

5,2 =
B L) =
&1

where the g's are degeneracies, h the Planck constant, m, the electron mass and

$,2 _ gSs2 y y Ssztl
n e

®22 js the ionizatiom potential of level n, At equilibrium, Nn 1

1
n

-2—
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with Bi;z Ne = 1. For hydrogenic levels, the preceding'dégeneracy factor equals

the square of the principal quantum number. If the ionization rate coefficient
. .SsZ . A , ;.

from n is Kh; (Te), the total excitation rate coefficient into the extended

continuum is

S,2 S,2 8,2
K, =K+ K* .
nn® e nm

m>n®

Excitation coefficients Knm are discussed in Appendix D. The maximum principzl
quantum number isg (leIZao)llz. At equilibrium, Nmen = Nanm' giving deexcita-
tion coefficlents. The net radiative emission rate m - n is AmnEmn where A is the
Einstein spontaneous emission coefficient and E is the escape factor (Appendix B).
If 4 particular transition is coubled into the laser cavity, E is replaced by a
factor dependent on the laser intensity (Appendix C),’ 'In the following, E will
denote a generalized emission factor, The emission rate depends on the transi-
tion line profile unless the transition is optically thin; line profiles and
broadening for the model are the topics of Appendix A.

A normaliééd populétion ﬁiiz is defined by Nz’z = NEBE’Z Ei’z so that at
equilibrium "ﬁf’l’z = Ni’ZH' (all 6), Also, 'Ri’z =(d/dc)ﬁ‘;’z and B =(d/dt) in Ne'

are net rate functions.

For n < n¥%, the basic rate equations for an atom or lon 2re

RS1Z o E : N K522 (ﬁs,z . ﬁs,z)
n e nk k n

k<n%*
S,2 ,5,2 S,Z 55,3 5,2

+-Z B Axn Brn M / P

k>n

k<n®

—=5,% S,2 _5,Z 3 Ii,z d In Te

- 3 3 > — —

Na EAnk P 1R 2 ¥ kT, ic | -

k<n
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The quasistationary group is n¥* > n_z-ﬁ. The rate (d/dt)Nz’z = ( for this group
corresponds to setting gn’ Re and anTe/dt null in the above., Raté equations
for all atoms and ions, plus those for cavity intensities (Appendix C) and the
electron energy equation for anTe/dt together define the model., An implicit
assumption in the model is that for any given core, only one excited electron

is in a discrete state, the rest being free, The radiative recombination term

is given by E %n =1,
. 4 3/2
A .32 cx3de 2 fp_ - b’ ) exp iﬁ)F (AEn*
Y h g e 21rme kTe kTe kTe

where o is the fine structure constant, P, the principal quantum number, Gn the

Gaunt factor, AEn*n the energy gap to the extended continuum, and F(x) = exEl(x)

{1].

Charge and Specie Conservation

The constraints produced by charge sznd specie conservation are glven next.

it' is assumed that the highest stage of ilonization of a specie atom is an ien
S

ground state denoted by Nl Total specie number density is NS and maximum parent

charge number is Z . Given NS, Ni is found —-——

/

=
]

3/2 g .8 s
(1 + Ezs ) Nl + Ne(sa + ESb) s

2

8
8 8,2 78,2
g 3 E
ADIDL LS

z=1 n<n¥%

gs :E: (z - 1)3/2 Bs,z-ﬁs,z i
Z
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The terms proportional to £ give the populations of the bound states parts of the

extended contlnuum. The electron density is obtailned using

C - cA

]

Ne(l+D-—€B),

w
il

i ; ;cz-l) B*E NP,

] 3/2 _s,z —5,2
s ng-z)(z-l) e L

A= > 32/2 Ns/(l + Ezzlz),
8

b b

B = E(sz—zs :3S+z‘:’/2 (Sz+sss)/(1+ezz/2)) ‘e

In the above, £ is calculated with Ne = ¢/(1 + D) and then the final value of
Ne is found.

Neglecting terms of order £, the conservation and rate equatioﬁs may be -

combined to give

_ _ S,2 _
R, = :E: (zs + 1 z) (Ne o Nl o
s,2
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552 B2 TS,2 .,5,32
o = K
i z : Bn Nn nn®
n

is an lonization coefficient, and

[

S.2 _ 8,2 8,2 5,2 ,8,2 s,z)
%R E : 8 (NeKnn* + B An’f‘<n‘/ B/
n .

is a recombination coefficient, Similarly,‘ “"rate heating" of the free electron

gpas D 1is given as

o 8,2+l 8,2 _ 8,2
Dy NeZ (“’1 dp’™ = N 4y ) ;

5,2
S,2 _ 8,2 .8,z 8,2 , 8,2 ,8,2 [ 8,z
e Z Bn 5 (Ne Kont T Bn* An*n/Bn )
n

is a recombination heating coefficient and

§,2 _ S,Z2 8,2 [=S,2 5,2 E : s,z(—s,z _—s,z))
dI z Bn Th (Nn Kmx + K (M- k.
n

k<n®*

is a corefficient of energy absorption for inelastic collisions,

Reduction .of Rate Equations

The rate equations may be rewritten in the form (for given s,z)

- o N +
R Z Mol + PNy

k<n#*
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where the + sﬁperscript denctes z+l. Nulling Re and dknTe/dt in matrix M gives
matrix M'. The rate equations are of the stiff type, i.e., characterized by
multiple time scales. Integrators designed to handle this type of.problem [4]
require the Jacobian matrix Jnm = BRn/éﬁﬁ to scale the numerical integration time

step. For the quasistationary levels, Rn = 0 for M replaced by M', giving

T = - - r"]-t_'__+ y =1
Nj E Mjk Mkm Nm Nl E b%k Fk

k,m k

where j,k > n and m < . Substituting this expression for the quasistationary
populations into the rate equations for the lower levels (n < n) gives the

reduced set of equations

— — 4
Rn=Z HnmNm+Gan

m<n

where

= - . - 1 ""1 [
rImn Mnm Z Mnj Mjk Mkm !
. i,k

(]
)

Z -1

- t

a T Mnj Mjk o
Ik

The Jacobian of the reduced set P may be found with the aid of the matrix

Jm

T, = aﬁj/aﬁm G >, m<m .
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Using the chain rule,

Pom ~ Jnm * Z Jnj ij (n <)
3
and
= 71! ) t -
o =0 + E J o ij‘ (x > 7).
h|

(Primes have the same significance for J as M.)

Combining,
-1
P = - 1 '
nm Jnm Z Jnj Jj k ka
sk

where the matrix J 18 calculated for the quasistationary levels independent. -In

general, the reduction of the rate equations leads to two matrix inversions.
The dependence of the rates on N, and ﬁi+ leads to cross terms in the
reduced Jacobian for different s,z., Due to the algebraic complexity of the
model, the Jacobians are formed assuming fixed transition line profiles, The
errar in this assumption should not be larpe since the short time scales are

associated with upper states -which are usually optically thin.

Energy Equation.and.the Penning Effect

The electron energy equation is taken from l13-moment solutions to the
Boltzmann equation {[1,5]. Included in the equation are the rate of change of
enthalpy, elastic electron-heavy particle energy exchange, continuum radiation,
collisional-radiative heating D, and joule dissipation. Provision is made in
the model to input either the current density or an imposed electric field or to
bypass the energy equation by providing the temporal variation of the electron

temperature. Heavy particle temperatures are assumed equal and constant.

-8
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Due to the possiblé importance of Penning excitation exchange in lasers
having noble gases [6],usource code for one and two electron excitation and/or
ionization of a receptor atom by a metastable donor is part of the model. This
.code 1is placed in blocks for easy removal, The probability of double ionization

is apparently small [7].

Discussion

The model for the laser rate kinetics has been designed to be of a very
general nature. The desire for flexibility and to test concepts led to the
program form. Atem or ion level structure, oscillator strengths, atomic con-
stants, etc. are input by distinct subprograms that may be changed at will to
provide an arbitrary mix of elements and ionization stages. In order that this
be done with maximum storage economy, this information is transferred to common
blocks on an end-to-end basis, Further flexibility is obtained by the use of
Univac Fortran V Parameter variables for dimension information, DO loop constants,
index constants and the like. These variables are replaced by their assigned
values at compilation, The specification statements for the Parameter variables,
array dimensions, etc., are not part of subprogram source code but are placed in
Fortran procedures (by the Procedure Definition Processor) for inclusion at
compilation. Thus bnly a single set of source code defining the procedures need
be changed before compilation to modify the storage vequirements of the assembled
program. It is thus possible to minimize storage for a given get of atoms and
ions with ease and without error, The numbers of level units in the divers

groups can also be readily changed,

The program is designed to treat lower level groups as stiff and Jacobian
matrices are calculated. One purpose of the model is to determine if and/or
when use of the quasistationary approximation for intermediate groups removes
the stiffness so that simpler integrators may be used. Success of this tactic
has been recently reported [8], but its use in cases of fast pumping is question-
able [1]. Use of the quasistationary group reduces storage requirements; 1t may
or may not help insofar as reducing the program running time. If is necessary

to determine the effect on running times and also constraints (e.g. values of
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T and n*) of the three group model. Another item of consequence is the condi-
tions for an emission factor E of unity. Calculations related to this factor

are relatively extensive. After initial calculations, simplifications may ensue.
A detailed listing of the model is provided in Appendix E.

The program is in the process of being debugged. A sample run utilizing a
single argon atom only with twelve 1evel.units has been apparently successful.
Use of multiple species has led to difficulties with the matrix inversion aspect
of the program; this anomaly and the configuration of output data remain as

program problems, Numerical results will be given in a later report.

-10-
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APPENDIX A
LINE BROADENING

It is desired to have a complete, yet compact, description of the excited
states phase shifts (homogeneous broadening) and velocity changes (inhomogeneous
broadening), The most rigorous approach is that using the quantum density matrix
[9,10], The need for simplicity in the computer model leads to conmsideration of
classical theory for the estimation of line profiles., "In the model line center
frequency shifts are neglected and the Voigt integral 1s used to enfold the
Lorentz impact and Doppler profiles. The theory is presented in [11]{ results of
interest are summarized below,

For an inverse power law potential, V = ezag e r_m

, of emitter-perturber
interaction the optical or phase shift cross sectilon is ﬂbi where the Weisskopf

radius

|cm|.gg m-1

The symbols are: e—electren charge, a, - Bohr radius, r - distance between
interacting atoms, v - relative velocity of atoms, ¢ - veloclty of light, o -

fine structure comstant, Constant p is proportional to the critical phase shift
m

that defines the effective interaction range; Py = 0.318, Py = 0.411, ﬁ6 = 0.533,

P1p = 0,773, This impact result is wvalid for angular frequencies in a region at

W

-3
the line center, Aw < v/bw, and for perturber densitiles Np smaller than b
These limits are 6f small consequence for the problem under discussion. The

optical collision freqﬁency (1ine semi-half width) is WNP vb§>‘where the velocity
distribution is taken as Maxwellian, For elastic collisions the phase shifts

C. = -
between the upper and lower states of a line subtract and C Cm(upper)
C . In the case of an ion emitter and electron perturbers, a correction
m{lower)

for the hyperbolic collision path may be necessary [11]. If bC is the Coulomb

-13-
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collistion radius, b_ > bW’ the cross section increases by a factor of approxi-

C
mately 2.3(bc/bw)s, s = (2m - 4)/(2m ~ 3), giving an inverse square root

dependence of the width on electron temperature. Interaétidohs considefed in

the model are:

1 resonance broddening (ground state atom perturber and 1ike atom

1%i/(ﬂAE);(this interaction ‘involves

?mitter), |C3| = 6fabsRyd(g2/gu)
excitation exchange and is not elastic; the interaction of upper and

‘lower states is added)}

2) electron~quadrapole broadening, 1C3| S <%i>qL/é§ where qi =
% L(L + 1)/ (L(L + 1) - 3/4) for the emitter;

3) _electron quadratic Stark broadening,

2 2
C, = 2 E £ s (Ryd/AEY” - 2 fabs(Ryd/AE)

lower upper
sums are over all emitter bound states}

4) Van der Waals broadening (ground state atom perturber and unlike

. 2\ [5
atom emitter C, =~ qu / ]
)! 6 p<e>/':10

5) atom perturber and ion quadrapole emitter, |06! e Z(ri)apqL/g.
(The polarization interaction C4 = —Zub/T%ag) is state independent
and gives no broadening.)

Broadening by. lons is small and is neglectéﬁ. Symbols are: fems’ fabs -

emission and absorption oseillator strengths, Ryd ~ Rydberg unit of energy, AE -
transition energy, 818, lower and upper degeneracies, <§2>}-—average square of
the asctive electron radiusz of a state, L ~ total angular momentum quantum number,

o, - perturber atom polarizability, Z - ion charge number,

14—
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The parameters in the resonance broadening constant C, refer teo the

transition between the emitter state and the (perturber) giound state, If the
emitter state effective principal quantum number n > 3, the oscillator strength
is small and the excitation exchange interaction is weak; further, the emitter
radius is large. In this situation, repulsive electron exchange effects become

1/4

dominant [12]. For n £ (ac/v) , these effects can be estimated by using

bw =1éz>l/2, Effects at larger n [12] are not relevant to the model. The maxi-

mut of the widths calculated using the two interactions is used.

Broadening by electrons is estimated as the largest of the quadrapole and
quadratic Stark interactions. Inelastic collisions between sublevels are fre-~
quently important in Stark broadening. Provision is made in the model to calcu-
late the Stark width from curve fits to the calculations of Griem [3], assuming
additive upper and lower state interactions, Curve fits of the form CNenkTer '
give good results for many levels (typically k = 5 and r = 0.4).

The form of the Van der Waals constant C6 is an approximation valid in the
1limit of large energy level separations [3,11], As with the case of resonance
btroadening, electron exchange effects can be important, especially for small up.
Only the simple form above is used; more precise analysis requires involved
caleculation and more knowledge of potentials than 1s commonly available. The
polarizability a, can be found from data [13] or estimated as 4a° (Ryd/AE ) where
the resonance level-ground energy gap pertains [3]. Also,<( T> o

n (5n + 1 ~ 32(% + l))/22 where Z refers to the parent ion.

Finally, the total homogeneous line width is the sum of the widths cbtained
from the formulas .above plus that due to the frequencies of quencping of the
upper and lower states, The quenching mechanisms are that of spontaneous emis—
sion (natural broadening), induced emission or absorption (power broaégning) and
inelastic excitation and de-excitation between levels ('rate" broadening). Note
that the quenching mechanisms give a Lorentz profile without constraint (this

includes resonance broadening).

-15-
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APPENDIX B
RADIATIVE ESCAPE FACTORS

An escape factor for a given transition gives the effect of induced radia-
tive processes on the emission rate. The factors are calculated assuming a
pniform medium and are averaged over the gas volume. For a non-inverted line of
large optical depth, trapping gives an escape factor much less than unity, Con-
versely, amplified spontaneous emission from an inverted line gives an escape

factor greater than unity,

The theory of line trapping is discussed in [14-19]., Radiation loss from
any particular line may be written as Nu h\;o Auﬂ, E where Nu is the upper state
density, hvo the line center energy, Au2 the Einstein spontaneous emigsion coef-
ficient and escape factor E = <exp(—Tv)>, Ty being the optical depth (negative
for ap inverted 1ine), The average 1s taken over frequency and solid angle and
for the model also over spatlal position. A cylindrical geometry and a Doppler
line profile gives E = 0.90/(T0 VEE_?;) where T is the line center optical depth
based on the radius. A Lorentz Erofile gives E = 0.63/V—;. Trapping decreases
as T drops to order unity and for small depth E = 1 - <rv>, In the model, the
maximum of the Doppler and Lorentz factors (large To 1imit, each calculated
using the appropriate limiting line profile) is used to approximate trapping for
the Voigt préfile; then a smooth interpolation to- the small depth limit is
performed so that the entire range of optical parameters is covered in a con-
venlent yet reasonable manner, Note that at large depths, escape is determined
by the line wings where the homogeneous broadening dominates since it is of
distinct proportion, The approximation used gives neglible error at the larger
optical depths where trapping i1s most pronounced, (Some error may occur due to
non-impact optical intéééctions not properly accounted for in the modelj the
effect of this is considered slight since it can manifest itself only in cases
of near complete trapging, i.e., at small optical transition rates,)

i

An interpolationxscheme between small and large gain limits is also used
for inverted transitions. A discussion on the calculation of <exp(lTv|)> for
lTul 2 1 follows. Leét the cylinder center line optical depth value for the tran-

sition line center be g, L the cylinder length (which defines g), R the cylinder

~16—-
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radius, r the distance from-an emission point to a cylinder boundary point,
P(v) the line profile relative to the line center vo so that'g(vo) = 1, and the
cylinder aspect ratio b = L/(2R)., ‘Then E = <exp(g;r/L)>. Averaging over fre-
quency, E =<F(gr/L)> where

F(s) = —%= / 7 (x) exp (s P(x)) dx ,
va o J :

k = /T WPt W the Volgt half-width and P, the line center absorption coeffi-
clent, x = (V =~ vo)/wv. For a Lorentz profile p = (1 + xz)-l,

F(s) = VT k exp (s/2) I, (s/2) =k exp (s)/vs for large s, TFor a Doppler pro-
file,'E = exp(—xz) and it can be easily shown that F approaches'the same limdit
for large s. Since F(0) = 1, the large galn limit is calculated using

F(s) =1+ k(eS - 1)/V/s, 1In the Loventz limit, this approximation gives a rela-
tive error <20% for 0 < s < 1, <5% for s = 2. In the Doppler limit, the error is
as large as 34% at smaller s. The similar results for the profile limits is to

be expected since it is the line center that controls the amplification process,
Let the cylinder center line be parallel to the z-axis in rectangular coor-
dinates, offset in the x direction by amount wR, 0 < w <1, The equations for

the cylinder wall are

2R q cos ©

"
1

y = 2R q sin ©

6» cos 6 + (L ~ m2 sin2 8)1/2)

Ma
i
ro|

Z =71 cos ¢, 2Rq = r sin ¢
Consider 0 < z <UL, 0 < v < 1; then for the cylinde} side ¢0 < 9 f_%-where

q ctn ¢0 = bu. The solid angle differential is sin ¢d$d6. The emltter position

is characterized by the variables v and w; the volume average is given by

~]17-



77-11

integration over 2 wdwdu. For H(s) = (exp(s) - 1)/vs, the excess side 1os§

Ees = (E - 1) is approximately

side

1 i 1 /2
- 2k - 89
Ees = f wdw[ de f dU[ sin ¢d ¢H (b sin ‘b)‘
o] o o] ¢0

h Y

The integrals over w and & can be transformed to a single integral over q and

the integrals over U and ¢ can be transformed to a single integral by integratd

by parts., Using u = gq/b, the result is

g/b 'U2+82 .
=—4—1-‘-‘-'if uzdum/ H(s)51%(—*———------1 -l)-
u

es TE <
o
After removing the singularity at s = u by integration by parts, the remaining
integration is done numerically, The results are given in Figure Bl. It is
seen that Ees is significant only for g 2 b, corresponding to large transverse
gain, For the low gain limit E__ = <|Tv|>side’ or E,_ = g <p(v)><r/L>_ . . Th

last factor is

1

— 2
<r/L> . - q2 dqg 1~ q2 b tan_l b1 n|l+ b .
side 2 q q 2 q

Q

After numerical evaluation for b > 1, the following curve fit gives tﬁis factor

with an error less than 1%:

<r/L> . = O‘66/b - 1.09/]32 + 2|30/b3 - ].l60/b4 [
side

The average solid angle that the side subtends is 4w SS where

1
5 =3 dqV1i-q? (V? + b2 = q) & 1 - 0.4244/b + 0.172/b%

- 0.090/b3 + 0.025/b%,
-18-
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If a is the ratio of the Lorentz half-width to Dopoler width, then

K& (L +0.7304a + 0.5811a2)/(L + 1.2946a + 1.0299a°)
and
> & (0,707 + i.25a)/(1 + 2.5a) within an error of 2.3%.
Similar calculations apply to the cylinder ends:
i ‘Vu2+g2
2k - / T
E, = o qdq (cos ~ g - q Vi=-g") H(s) g% ;
b 8
., 9 u
and

1

1
<r/L> L dq (cos ™t q - qV1~ g | L+ b)?
ends be2 . 4 q_ cos -4 4) _n q
. 0

li=

(0.9428 + %n b)/(8b%) + 0.0132/b% .

Results of qumerical calculation of the excess end loss Eee are given in

Figure BZ.
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Fig., Bl. Excess side emission factor for inverted transitions as a
function of axial gain. Parameter b is the cavity aspect ratio.
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Fig, B2, Excess end emission factor for inverted transitions as a function
of axial gain. Parameter b is the -cavity aspect ratio.
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APPENDIX C
CAVITY EQUATIONS

{.1antum coherenéy effects are not considered in the modeling of the inter-
acticn of strong cavity electromagnetic fields with atomic excited state popula-
tions. Feedback from the optical cavity and saturation effects are estimated
using rate type equations with steady state intensity profiles without velocity
distribution or spatial hole burning. The present form of the cavity equations
contain Iinherent inaccuracies that would be most pronounced for low pressure
and/or very fast developing systems. This situation is dictated by the need for
relative overall simplicity; future simplifications in other aspects of the

model may lead to further development of the cavity equations.

Denote the total intensity -for a glven transition as I = chUQNph where Nph

is the photon density. 'The corresponding spectral quantities are Iv = Cthv'

For each.direction of propagation,

aN 3
v c :
dt gy V2 Aug PO (N, = g Np/gIN, + 0 Ay N, - g&ltc’

A is the Einstein emlssion coefficient, p the transitionm profile, n the solid
angle and polarization factor, and the cavity decay time td=L/(c En(lﬁdﬁzia) )
for length L and mirror reflectivities Rl and R2. The intensity is taken
unpolarized and Vv replaced by v, except in the profile functions, (For plane

pelarized light, n + n/2.) Let the line center gain logarithm be

Au2 c 2
o= (Vo - e vr,

AV the mode spacing, and the saturation parameter = = g/in (1/ ¢R1R2). Taen

summing over modes (Srequencies):

du

1 -
at (ws ~ 1) Nph/ £, N, Aul N,

22



77-11

where for mode intensities I ,
m

Z I (v /1 p,

m

£
]

and

o Z n(vm)A\) = fnd\)

i

3
]

defines the total apontaneous emissilon noise into all active modes. Note that

- 2
m

m

and w < 1, The mode spacing Av = cf/(4L) where the cavity length and mirror
radii define f, For the model, £ = (x/(2 - x))llz, 0 < x < 2, x1is the ratio of
length L to the effective mean mirror radius. (This equation defines the mean
radius.) Only one mode exists if P, fv 2 1. The intensity profile-transition
profile overlap integral is approximated by using steady state saturation
intensity expressions, For homogeneous broadening a set of longitudinal modes

gives [20]:

1 V¥l -s
w(s) =| 1 - coth (POAV) tanh( POA\’ )V[ - 5 s .

As s > 1 (or pOAv + ), @ + 1. This narrowing effect of saturation can be gener-
alized by considering an intensity profile of the form p(v)/ (1 - sp(v)). Then in
the limit s =+ 0, w ~+ 655 (a function of the ratio of Lorentz to Doppler widths,
Appendix B). DNumerical integration is performed to find w in the limit

Py Av + Q, a curve fit to the results is modified for finite P, Av to give
~ 0-3 o
w(s) =1~ (L=-s)"" (L=<p>)/(L+pLhv) .

—? 3=
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This is the generalized saturation narrowing used in the model.

The present cavity model can be expected to be a valid approximation at
higher pressures where impact broadening is significant and at inversions not
many times that at threshold., Different transverse modes have different diffrac-
tion losses: the number of modes taken must be equal to those of relatively small
loss. This number would define the effective emission solld angle Ng It must
depend on the number of photon passes in the cavity, cavity geometry, wavelength,
and transition width. At present the parameter ng is input into the program,

The single mode minimum value is (l/(ZﬂR))Z; an upper bound is the average end
solid angle (Appendix B). Spontaneous emission noise is most important at the

start of the intensity buildup and the larger values of ne are most pertinent.

The model presents the maximal effect of saturation narrowing within the

rate approximationj calculations with w(s = 0) may be used to determine the

minimal effect.
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APPENDIX D

CLASSICAL EXCITATION RATES

Expressions are needed for excitation rates between many pairs of levels.
The expressions must be general in nature and relatively simple, yetl reasonably
accurate. The use of classical theory produces expressions that satisfy these
constraints [l1]. Provision is made in the model to use empirical excitation rates

from ground states.

The present model utilizes the cross sections of Gryzinski [21]. Excitation
from a level "2" to all levels "u" and above (including the continuum states) is
given by the coefflcient [22]1

Ry, (T) = g, R Gu) fog, M7,

where g, is the number of equivalent electrons in the lower state, AElu iz the
energy gap, ¥y = AEQu/kTe’ A= Iz/AEzu-i 1 for lower state ionization energy-I,.
The rate coefficlent to level "u" alone is obtained by subtracting a eimilar

expression ?ith a+u+t+l: Kﬁu = Ko - K2u+l'
A=1, For A<10 and 0.0l < y < 10, a good analytical approximation to numerical

Tonization is given by K with

evaluation of rate coefficients using a Maxwellian velocity distribution is [22]:

R= (3.84 x 1070 end V32 sec™hy yE & /a4 P + 1y/h 4 119)),

£ = (A+ 30)/(10A + 25).

Asymptotic expansions for small and large y yield respectively

1]

R (y small) = 4.39 x 1070 V¥ ¥ (1-41ln (4)/3) ,

!

R (v large) = 2.93 x 1070 e /WAy, 5= 38+ 1)/(2a + 2),

These functions are suitably matched in the intermediate regions. The above

excitation function may be applied to allowed transitions. Gryzinski's exchange
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cross sections give coefficients for forbidden transitions; a curve f£it is made

to numerical calculations [23].

Another classical calculation is that of Mansbach and Keck [24], where
Monte Carlo trajectories are used in a three body {free electron, active electron,
parent ion) system. For principal quantum numbers n, and nos excitation rate

coefficlent

4,66
7 3 -1 (Ryd)o'l7 ny -y

Kou (Ta) = 3,73 x 10 ° cm” sec T 3

e n
u

and for lonization

]

KT 0.83
Koo (Te) = 1,87 % 10M7 cmg sechl (Ryg) ni.66 E-Ay
(Calculations are made for hydrogen-like atoms.) .These rates are smaller than
that of Gryzinski for small energy gaps, AE £ kTe {24]. Since coefficients are
large under this condition and the levels involved tend to be quasi-stationary
[l1], the difference is'probably of small significance., Within the classical
approximation, the Mansbach-Keck rates may be regarded as theoretically more
rigorous, However, collective Interactions between free electrons and a highly
excited active electron make the accuracy of any lone perturber collision theory
doubtful for transltions between levels of large quantum number. The model may

be easily modified to employ Mansbach-Keck or guantum Born excitation rates,

The form of the excitation coefficient as given by the R-function can be

expected to be approximately correct for ions as well as atoms {25].
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APPENDIX E
PROGRAM LISTING

The computer program 1s written in terms of the following units or reference

values for physical quantities.

pressure 1 mbar = 102Nm“2‘= lO“3 atm
density 1015 cm_3

rate coefficient 10—7 cm3 sec—l (also Stark coefficilent)
line width, telaxation time 108 sec_l

temperature 104 °K

atomlc mass 1 amu = 1.66053 x 10727 kg
length (except wavelength) 1l cm

wavelength 1 tm

glastic cross section ].0_15 cmz

current demsity 1 abamp cm-z = 105 amp m—2
electric conductivity 1 mho cmfl

electric fileld 1 kv nrl

magnetic fleld 1 web m-z

intensity 1w cm-2

The following symbol conventions are used generally throughout the program.

The few exceptions are noted later.

AN vector of ground state populatilons NT’Z of atom or ion type s5,%
ANB vector of normal excited state populations ﬁi’z
ANC vector of specle densities Ns

ANE electron density Ne

ANP vector of densities of maximum lonization Ni

CAR laser cavity aspect ratio b

CL cavity cylinder length

CMR cavity mean mirror reflectivity Jﬁ;ﬁ;

NBAR vector of level indices n

NCM maximum number of species (distinct nuclear cores)
NSP number of atom and ion_types ’

-27-
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NSTAR vector of level indices n*
T heavy particle temperature
TE electron temperature

Z or 2C charge number 2 of parent lon

A maximum charge number z, of speciev

In the Fortran procedure source deck SPECS, values of Parameter variables

are to satisfy the constraints:

If
NLk-E maximum number of level units of atom or ion type k as given by the
data input subprograms, ’
KM = maximum number of equations to be integrated,
Then

NLM > max (NLk) ’

NDg_Z NL,

k

M > 1+ NSP + E(NL +3)2
— . T k

NT

Y

max (LM + 3)%, Nu? 4w + 20)
KSV > 1 + 3 NLM + 5 NLM°/4 .

In the format specifications in procedure SPEC3, the second record of format 62
imnd the third record of format 63 refer to the vector ANC and must have data
.ength equal to NCM; the third and fourth record of 62 and the fourth record of
33 refer to vectors NBAR, NSTAR with dzta lengths determined by NSP. The program

s written for a maximum of four cavity equations. This 1s reflected in the

—28-
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r

last dimension of ICAV, the dimension of WL, the last record of format 62 and
corresponding last record of 63 referring to ICAV, the last dimensions of GP and
LU in SPEC4 and the dimension of ANPH in SPEC7. Symbols in the procedures are
defined in this appendix as the need arises. Common blocks LEVELS, EESND and
PENCOM are used for input data and calculated primary variables, TEMPS, INCR,
STORE and MSTOR are used for scratch and data transfer between subroutines.

Along with the proper specification statements,.a particular problem requires
that appropriate data and function subroutines be included in the program assem-
bly. These subroutines are described in succeeding pages. Their specific names
are requiyed by the Collector for substitution in dummy subroutine calls. The '

proper Collector directives are essential to a problem.
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-PpPeIFL SPECS
SPECL1 PROC
~ PARAMETER NSP=3sM=1591sND= 60’NLV 209 NT=529 4y NPL=NLM+ 1 s NSG=NLM#NLM»
C MB=4%ND
DIMENSION DS(M)’INDO(M)’INX(NOP!B)!BPfMB)QTMP‘NT)
COMMON/LEVELS/INXsDSH»BP/TEMPS/TMP

) EQUIVALENCE (DS»INDS)

END
SPECZ PROC

PARAMETER NCM=3
DIMENSION IC(NCM) s ANCINCM) sANS(ND ) sNBARINSP) sNSTAR(NSP} s ICAV(3434).
C CFST(4) +BT(ND) swbL (&)
COMMON/EESND/TC o NCoNBARSNSTARIICAVINCAVsCLsCARSCMRIETAFCAYV 2CGMy
C PSsCFSTeTEsTsANEsANCsANB s BT s WL '
END )
SPEC3 PROC

62 FORMAT(1PBEL1U.3/1P3EL1U3/313/313/1213)

63 FORMAT(1H192X14RCAVITY LENGTH=1PE10e3+2X16HLENGTH/DIAMETER=
1PElU«392Xi3rAMIRROR REFL=1PE1043s2X11HMODE RATIO=1PE1Ce3
2X11HRESe RATIO=1FE1Qe3/
3X3HTE=1IPEl1 U3 92X2HT=1PE1Qe 33 2X3HNE=1PELD. 3/
BXSHNC=3(2X1IPELGe 3}/ )
3XO5HNBAR=3(2XI3) s 2A6HNSTAR=3(2X13)/
3X1OHCAVITY INDICES~ 4{Zx3I3) )

aNaNaNaNaNal

END
SPEC4 PROC
PARAMETER NH3Q= (NLM+NSQ) /2 sNP4=NH5Q+21
DIMENSION AN(NSP )} sw{NHSG) sWDINH3Q)sPHI(NHER) sR(ND )
C GP(3s4)sLU{2s4])

COMMON/Z INCR/R
EQUIVALENCE (WDU(L1)sTMPL21)) s (WD {1}sPHIL1)) s (W(1)sTMP(NP4L) ),
C (GP{1sl)sTMP (L)} {LUlLs1)sTMP{13))
IFN{LsL)=0{1-1)*(2%L-1))/2
END
SPECS PROC

LOGICAL LPN
COMMON/PENCUM/LPNsRPENY JRCsJRL JDCHuDL
END
SPEC6 PROC .
PARKAMETER KsV= 561
DIMENSION SVIKSV)
COMMON/STORE/ SV
END
SPECT PROC
PARAMETER KM=50 s NRSTM=2Z¥NLMENLM+KMELME3 % (NLM4KM)
DIMENSION ANR(KM) s ANPH{4) s STRMT X INRS T}
COMMON/MSTOR/ STRMTA
END :

Iy OF FHE-

iy
REPRODUCID Ve o008,

ORIGINAL A
=30~
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Subroutine DATAIN is used to input and collect the data defining the particu-
lar problem at hand., The dummy calls LDUMYn are made equivalent to the names of
the atom and ion data subroutines used in the problem by the Collector processor
which generates the executable absolute program. It is assumed NSP < 6. The

argument list in the data subroutines 1s as follows:

PQ vector effective principal quantum numbers based on term
values

AQ vector angular momentum quantum numbers (active‘electron)

AQT vector total angular momentum quantum numbers

DG ‘ vector degeneracies

ID integer vector with the properties: 1ID(l) is the number of

ground level equivalent electrons; otherwise, nominal

ID({) = 1, ID(J) < O if the Stark broadening of level j is
to be calculated by the curve fit to Griem's tables (Appen-
dix A), |1p(3)|

the ground level to j are to be used

2 if empirical excitation rates from the

1% vector Gaunt factor for radiative recombination into
levels [1]
¥R array of transition oscillator strengths, these are input

< 0 for nonallowed transitions (array is two dimensional)

NL dimension of arrays, i.e., maximum number of levels
GNLT degeneracy of ground level of next ionization stage
GFT¥ overall Gaunt factor for recombination radiation,
5 'E -3
= = w,.G.p
6 jenu I 7 3
for P = PQ(3),

mj is the relative weight of level j in its shell, and for

hydrogenic levels the shell Gaunt factor

/3 4/3

-2 -
G, =1-0.173p, - 0.050p,
J pJ pJ

=31~
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IS integer parent ion charge number

AM atomlic mass

ALPBA polarizibility (applies to atoms only, null for ions)
€58, RS, KS Stark curve fit parameters (Appendix A)

The calls place data into temporary storage TMP, then a call to TRANS shifts the
data into the array DS (INDS). DS(1) = NSP, DS(k + 1) = NL_ (1 < k < NSP).

The array INX(k, 1) contains storage locations of the first elements of arrays
for type k according to i=l: array is (IS, AM, GNLI, GFF, ALPHA, CS, RS, K§),
i=2: PQ, i=3: AQ, i=4: AQT, 1=5: DG, i=6: 1ID, i=7: W and i=8: FR. The

oscillator strength for a transition m + n
|FR(m,n) | = [DSGn ~ 1 + NL, ¢ (n - 1) + INK(k, 8))] .

For level units made from levels of different momentum quantum numbers %, the
average of the product L£(& + 1) is used to determine AQ(j} For each type k, a
set of four vectors of broadening parameters is placed sequentially into the
array BP, The first vector is the resonance broadening constant 03, the second
vector <r2>/a§, the third vector Stark constant C4 and the fourth vector the sum
of A-values to lower levels, i.e,, the natural line width (Appendix A), Func-

tions Fl and F2 are used to complste the ‘sums over Tevels in C for j > n*,

4
These functions are based on hydrogenic oscillator strengths, The vector IC

gives the type index for atoms of the specles and NC is the number of speciles.

Array ICAV inputs the transitions that are to be considered in the cavity
equations, The first index of ICAV indicates the following: ! for tyée index
{or null), 2 for lower level index and 3 for upper level index. NCAV is the
number of cavity equations., Symbol ETA is the effective noilse emission factor
for the cavity and CGM is the ratio of the length to effective mean mirror
radius (Appendix C). The subroutine changes CGM to the mode spacing and calcu-
lates the cavity decay rate as FCAV, the number of photon passes as PS and the

wavelengths as WL.

The dummy call to SDUMY is to be replaced by the Collector by EQUIL or QSTAT

which initialize the level populations according to equilibrium or quasistationary
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calculations respectively. These subroutines are discussed later; they place

the Sazha factors in the vector BT.

The Penning effect inputs into PENCOM are logical censtant LPN - true if
the effect is to be considered, RPEN - Penning rate constant (negative for two
electron excitation), JRC - receptor specie index, JRL - receptor level index,
JDC - donor specle index and JDL ~ donor level index. The donor specie must

follow the receptor specie at data input.
Subroutine DATAIN and corollary subroutines may be placed in a separate

segment in the absolute program since they are needed only at the program

start., Thus they do not represent any added storage in the program.
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~TFUR*51 SUB1

110
111

SUBROUTINE DATAIN
INCLUDE SPEC1SLIST
INCLUDE SPEC2sL 15T
INCLUDE SPECASLIST
INCLUDE SPECS$LIST
INCLUDE SPECTSLIST
PARAMETER N1S1=NPL+I4N152=NIS1+NLMsNIS3=NIS2+NLMINISA=NISR FNLM,
C NLSS5=N1S4+NLMaN1S6=N1SS+NLM
DIMENSION PQUINPL) sAQ(NLM) »AQTINLM) sDG {NLMY s IDINLM) oW (NLM) sFR{NSQ)
DIMENSIUN R(IND)
COMMON/ INCR/R
EQUIVALENCE (ISs TMP(L)}) s (AMsTHMR(2)) s (GNLIsTMP{3))s(GFFsTHP(4) )
(ALPHAS TP (5} ) 9 (CSesTMPIGB) ) s (RIsTHMP (7)) s [KSsTMPEIR)) s {PQ(1) s
TMP(9) ) s (AQIL) s TMPINLSL) ) s {AQT(L ) s TMFIN1S2))+(DG(1) >
TMPIN1S3) ) s (ID{1)sTMPINLI34) ) o (W (L)s TMP{NISEE) ) »
(FR(1}sTMPINLISE) ) s {JSsNSTRT) s (ANRIL)sSTRMTX (1))
(ANPH(1)sSTRMTX(1))
FORMAT(L79lPE1Ge394l3)
FORMAT ({ LHU $ 2X23HPENNING RATE CONSTANT =1PE10«3s5X10HRCPT CORE I3
C 5X11IHRCPT LEVEL I3s5X9HDNR CORE I3s5X10HDNR LEVEL 13)
FliXsY)=1eO0/{1eO=X%EX/{Y#{(Y~1a0)}}%%4=-140
F2lXsY )00t IuXHEIH (1 oU—2+8¥EXF{ ~1ea¥AMAXLIIY-X30475)) )%

aNaNANANS]

C FI{XsX+tAMAXL(Y~XsusT5))
INDS({1)=NSP

NSTRT=NoP+2

L=1

DUMMY SUbR CALLS ARE TO BE CONVERTED BY COLLECTOR

CALL LOUMY1{(PUWsAQsAUT sDGs 1UsWeFRaNLIGNLIsGFF»ISsAMsALPHAYCSsRS5,3KS)
IF(LeGTaNSPeOReNSTRT aGT o M=~G—-6¥NL=~NKLENL)] GO TO 40

CALL TRANS -

IFINSP+EQel) GO TO 5

CALL LDUMYZ{PQsAQsAQT DG o IDsWsFRINLsGNLIsGFF2ISsAMaALPHASCSIRSHKS)
IF(LeGTeNSPsOReNSTRT 4GT o M—8-6%¥Ni.~NL¥NL) GO TO 40

CALL TRANS

IF(NSPeEQe2) GO 10 3

CALL LDUMY3{PQsAGsAGT sDGIIDsdsFRsNLsGNLIsGFF s IS5+ AMsALPHAICSsRSHKS)
IF(LeGT o NSPsOReNSTRT oG o Pi-8~6¥NL—-NL%ENL} GG TC 492

CALL TKAND

IFINSPWEQe3) GO Tu 5

CALL tLDUMY4(PQsAWsAQTsDOG» IDswWsFRINLIGNLI +sGFF s ISsAMsALPHASCSsRS+KS)
IF{LeGTeNSPeCReNITRT ¢ GTaM=8~6%¥NL—MNL®*NL) 30 TO 40

CALL TRANS -
IF(NSP«EQea4) GO O 5

CALL LOUMYE(PQsAQsAGTsDGs IDsWsFRsNLsGNLIsGFF+I1S»sAMIALPHASCSIRSHKS)
IF{LeGT eNSPsORe NSTRT 4 GT aM=~8=6%NL~NL¥NL) GO TO 40

CALL TRANS

IF(NSP«EQe5) GO TO 5 - .
CALL LDUMYE(PQsAQsAGTs0GsIDsWsFRsNLsGNLI sGFFyISsAMALPHASCSsRSIKS)
IF(LeOTaNOP+UReNSTRT &« GT &« M=8-6¥NL—NL*¥NL) GO TC 40

CALL TRANS

Js=0

DO 30U K=]#nSP

L=INDS(K+1}

LI=INX{Ks3)-1

L2=INX(Ks2)-1

L3=INX{Ks5)

L4=INX(Ks8)-L _ REPRODUCIBILITY OF 4HE
Z=INDS(L2-T)%¥%2 s ORIGINAL  PAGE IS°POGR
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DO 20U lI=}1sL
LA Z/DS(L2+))%%2~  Z/DS{I1+L2)#%2
IF({i«EQel) A=1.0ES
B=SQRTI(DS(L3)/DS(I+L3~1))
BP{I+JS)=1e91#3%ABS5(DSII*L+L4)) /A
A=DS(I+L2)#3%2
B=1e0—3.0#¥DS{I+L1)1*¥{1e0+DS{I+L1})
BPI1+JS+L ) =A% {5 +0%A+B) /(2.0%2)
Bz(J.U

C=040L

DO 10 J=1lsL

A= Z/DStJ+L2)%%2~  Z/DS(I+L2)%*%#2
IF({leEWeJd) A=1eUED

A=SIGN(A*AsA)

IF(1eGTed) CsCHA®ATS(DSII4+L* I+ 4~1))
B=B+2 ¢ UHALS(LS(I+L2J+L4~-1) ) /A
B=B~F2(DS{1+L2)sD5(L1))
BP(I+JS+2%L)=B
BPII+JS+3%L)=6439%C

JEEJSHERL

CONT INUE

60 10 bu

WRITE(&6es42)

FORMAT (1HU » 3X20HINCORRECT INPUT DATA)
sSTOP

JS=U

DO 6V K=1»NSP

L=INX({Ksl)

L=INDSIL)

IF(LeNtel) GO TO 60

J5=J5+1

IFLJSeGT4NCM)Y GO TO 40

ICtJS)=K

CONTINUE

NC=J5

READ(Ds62) CL;CAR;CMR:LTA CoMsTES T sANE s ANCoNBARSNSTAR S ICAY
DO 66 K=1lsND

R{K)I=Uavu

NCAV=U

DO 70 K=1:4

IFI{ICAVIL1sK)eGT 0] NCAV=NCAV+1

. DO BU K=1sN5P

IFINSTARIK) «GTe { INDS(K+1)+1)) NSTAR(K)I=INDS(K+1}+1
IF(NBARIK) e GT«NSTAR{K )} NBAR(K)=NSTAR(K)
buMMY SUbR CALLS ARE TO BE CONVERTED BY COLLECTOR

CALL SDUMY |

WRITE(6+63) CLsCARICMRIETASCGAs TEs T ANE s ANC 3 NBARSNSTAR s ICAY
A=TVEF(leUasCARs leu)
IF{ABPSICOM~140) a0E e le Ve OReCHMReGTeleQaCR+CMRaLESD40) GO TO 40
CFST{1)=CSA(CAR V) .
CFSTL2)=CSA(CAR 1)

CFST(3)=CSA(CAR2)

CFST{4)=CSA(CAR»3)

READ{5s11U) LPNsRPEN,JRCsJRL, JDCstL

IFCeNOTeLPN) GO TO 98

IF(ABS{RPEN)«GTeDeC) GO TO 90

ILPN=«FALSE

TGO TO 96

K= IC(JRC)
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IF{RPENSLT4Us0) GO TQO 92 .
IF(JRLeGTeNSTAR(K)) JRL=NSTAR(K]

GO TO 94 _
92  IF(K+EQeNSP) GO TO 94
IF(JRLLGTaNSTAR(K+1)) JRL=NSTAR (K+1)
94  WRITE(65111) RPENsJRCsJRLJDCyJDL
IF{JRCeGEJDC} GO TO 40
IF{JDCeGToNC} GO TO 40
K=IC(JDC) ,
IF{JDLeGE«NSTARI(K)) GO TO 40
96 ° FCAV=299.7925*%AL0OG(1.G/CMR)/CL
COM=SQRT(LGM/ {2 «U=CGM) )
COM=744948%CGM/ CL
PS=14G/ALOG(1.0/CMR}
IF(NCAV.LEsU) GO TO 98
DO 97 J=1sNCAV
K=ICAVILlsJ)
L=INX{Ksl) .
C=INDS(L)*%2
L=INX(Ks2)~-1
I=ICAV{2:J)
K=ICAV(3sJ)
A=C/DSUI+L ) #%2-C /DS (K+L) #%2
97  WL(J)=9e11267E-2/A
98  L=0
DO 1U0 K=14NSP

10U L=L+NBAR{K}-1
L=L+NCAV+1
IF(L«GTeKM} GO TO 4G
RETURN
SUBROUTINE TRANS
INX(Ls1)=NSTRT
INX{Ls2)=NSTRT+8
INX(Ls3)=NSTRT+NL+9
DO & K=448

4  INX€LsKI=INX{LsK—-1)+NL
L=L+1
INDS(L)=NL
INDS(NSTRTI=IS A
DO 11 K=2+7 REPROBUCEBH::E:Y ?gogég
11 DS(K+NSTRT~1)=TMP(K) ORIGINAL PAGE-18.
INDS{NSTRT+7)=KS$
DSINSTRT+NL+8}=PQ(NL+1}
DO 21 K=1sNL
DS(K+NSTRT+7)=PQ (K}
DS(K+NSTRT+NL+8 ) =AQ (K}
DS(K+NSTRT+2#NL+8)=AQT(K)
DS(K¥NSTRT+3%*NL+8)=DG(r )
INDS(K+NSTRT+4%NL+8)=1D(K)
DS{K+NSTRT+5%NL+8)=w(K)
DO 21 J=1sNL
21 DS(J+NL¥K+NSTRT+5%NL+8) =FR(J+NL ¥K-NL )
NSTRT=NSTRT+(NL+3) #%2
RETURN
END
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Function ERFGS collects empirical ground state excitation rates for atom
or ion types k., These rates are placed in function routines and dgpend‘pn the
electron temperature and level index n. The functions are to return a negative
value (e.g., -1.0) for levels whose rates are not calculated. The Collector
replaces the dummy names EDUMYL by the functions which are associated with the
replacements for LDUMYi,

Function ERFGRY is used to calculate excitation coefficients based on the
classical Gryzinski cross sections (Appendix D). For nonallowed transitions,

function EREG based on Gryzinski exchange cross sections is used.

v
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~-TFORSI SUB2 '
»7 - - FUNCTION ERFGS{TEsNsK)
b .60 TO (12+3349526) K.
C DUMMY FUNCTION REFS ARE TO BE CONVERTED BY COLLECTOR
1 ERFGS=EDUMY1(N»TE)
___ RETURN
2 ERFGS=EDUMYZ2(Ns TE)
RETURN
3 ERFGS=EDUMY3(N»TE)
RETURN
4 ERFGS=EDUMY4(NsTE)
5

RETURN __
ERFGS=EDUMYS (NS TE)
RETURN

.6 . ERFGS=EDUMY&(NsTE)
RETURN
END
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-TFORsS] 5SUB3
FUNCTION ERFGRY (YA}
REAL YsA
IND=0
IF{YeLE«leOE~3) GO TO 100
IF{YsGE3UL0) GO TC 3G0
IF{YeGEeOelsANDeYelLE«1l0e0) GO TO 200
IF{YeGTelUeu) G0 TO 5u
X=ALOG1G(Y)
IF(X-LE-—O.D—O.25*A-AND.X.LE.—2.0) GO TO 100
IF(X-GEQ 005-0025*A0ANDOXOGE._2.O) Go TO ZOC
IND=1
iF{A«LEe6e0) GO TO 1vu
IF(AeGE«1GW40) GO TO 20
WS=X+UabtUaZ2B¥A
GO TO 100
10 WS=X+2.0
GO TO 1ud
20 WS=X+3.U
GO TO 10
50 IND=2
WERUUS¥Y=0e5
GO TO' 20
100 F=SQRT{Y)*(1s0~A*ALOG(A%Y) /340
IF(FelL.Te0s0) F=0W0
IF{IND.EQes0O) GO TO 500
FT=F
20U T={A+3Ue0)/ (104 0%A+25.0)
F=A%%0 4 25% { Lo 143 %Y %Y+ 24 0%Y+0,127)
F=Y*%T/F ‘
IF(IND«EQ«O) - GO TO 500
- IF{INDsEQe2) GO TO 250
210 FWS*¥(F-FT)I+FT
GO TO 500
250 FT=F
300 T=1le5—1e0G/{A+1e0}
F=leS5*SQART(A) %Y *XT
F=1.U/F
IF(IND«EQ.O) GO TO 500
-G0 TO 210
500 ERFGRY= D+BTS%F*EXP(~Y)
RETURN
END
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FUNCTION-EREG(Y 2As2)
X=A/10ua0
IF{YeGTe2%940) GO TO 1U ;
C=0eHO65+ (40342 B34%Y JRYKEXP( =308 Y ) +1e28B%YEXI¥EXP(=Y)
G=5s FTHEXP (=Y} —1UeO3*¥EXP(~2e0%Y }+T7e85%EXP(—=3,0%Y)
GO TO 2v
10 C=0,8665
G=0.0
20 X=0eb824/X~2e195+2493%X=-0e3FT%X %X
W24 0¥CH+2 0 0E=2%G%X
X=8710.0
FX=X-Ual
FX260e5¥FX+1UaO#FX#FX
LF(FX-GT-SB-O) FX=88.U
C =(252e26+3a 713/ X+0a030T/X¥%2)%(1e0-EXP(-FX))
IF({XeGTe3el} GO TO 30 )
G =4eUF0e 0BG #X+ Ve 4TEXRXKEXP{ 4o XX HYJ+1 84 o QFXNHLGHEXP(~F o GFX*X])
GO TO &40
30 G =4.0+0,0U541%X
40 FX2240134042098%X-0Uo0B802¥X#X
G = G*(Y-—l.(})
IF{ GeGT«88e0} G=8&.0
EREG=24UE=3#% CRY®UFX*EXP(-G }/A%%W
RETURN
END

~40- .



77-11

Subroutine NWTH calculates the line width per unit perturber number density
for atom perturbers. The perturber type index is KP and the radiator index is
KR, NL denotes the number of radiator levels calculated. If the perturber is an
jon, the subroutine sets logical constant TEST to true and returns. The width
of the transition between lower level i and upper level j is placed in the vector
W residing in TEMPS common. The storage is arranged in terms of a half-matrix
(null below the diagonal). Subroutine EWTH performs a similar calculation for
electron perturbers. The basic broadening theory is outlined in Appendix A. The
results of these subroutines along with natural, power and rate broadening are
combined in LINWID. Power and rate quenching frequencies are obtained from INCR
conmon. The total homogeneous broadening W and Doppler broadening WD reside in
TEMPS.

Subroutine CRATE calculates the collisional rate coefficient matrix Kij
for type KR. The matrix resides in TEMPS as the symbol RM., It is assumed that
the equivalent number of ground state electrons (ANG) is contained in empirical

excitation rates., Ionization rates are the matrix elements with j = NPL.
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~-TFOR+SI SUBS
SUBROUTINE NWTH(T+KRyKPsNLsTEST,
INCLUDE SPECLLIST
PARAMETER NHSQ=(NLM+N5Q) /2
DIMENSION W{NHSQ)
EQUIVALENCE (ISsTMP(L)) s {LoTMP(2))s{AMRsTMP(3)) s (AMP>TMP(4) )

C (ALPHsTMP(BE) ) s {RMs TMP({B) )2l KsTMP (7)) sl CosTHMPIB8) ) sl 5P+ TMP{9) )
C (C3sTMP(10) ) s (C3PsTMP{11))s (CUsTMP(12)) s{CUP-sEMP (131 )
C (Wil)sTMP{21))

LOGICAL TEST
FIX)SX¥{X+1e0)/ (Tab#X#{X+1a0)=>24625)
TEST=5FALSEQ
K=INX(KRs1l)
IZR=INDS(K)
J=INX(KPsl)
L=INDS(J)
IF{LsNEel) GO TO 70U
Is=u

IF(KReEGal}) GO TO &
L=KR~-1 '

DO 4 I=1sl

4 IS=IS+4%INDS{I+1)

() L=INDS({KR+1}
AMR=DS(K+1}
IF({KR<EQ.KP) GO TO 40
AMP=DS(J+1)
ALPH=DS{J+4)
RM=1+0/AMR+ 10/ AMP
RM={ T*RM)*%043
LS=INXIKRs4)~-1
CuU={IZR~-1)

D0 30 I=1sNL
Kes{(l-1)%{2%L~]})/2
Co=RBP{I+154+L)
IF{IZR«EQel} GO TO 15
C3=DS(1+.5)
C3=F(C3)
CoE=COHCUXSQRT(C3)

16 DO 30 J=IsNi

- IFtJEQel) GO TO 20
C6P=BP{J+I5+L)
IF(1ZR+EQsl) GO TO 18
C3=DS{J+|.5)

C3=F({C3) .
C6P=C6P*CU*SQRT (C3)

18 CoP=ALPH*ABS(C6-C8&P)
W JHK)I=1le9E~3%CHEP*¥ %0 4%RM
GO TO 30

20 WIJHK)I=U,au

3uU CONTINUE
GO 70O 1u0

40 RM=SQART(2.0%T/AMR)
DO 60 I=1sNL
K={{I=1)%(2%_=-1)}/sc
C3=BP(I+1S5)-
CU=BP{I+15+L)
DO 6G J=IsNL -
C3P=C3+BP(J+15)

-


http:IF(KR.EQ.KP

1 ,

e o) 7711

CUP=CU+BP (J+IS+L) i

| C3P=0,0969%C3P
CUP=2, U4E=4¥CUP*RM

Wl JHK)I=AMAX1(C3PCUP)
GO 70 60
B0 WOJHK) U0
60 CONTINUE
GO TO 1ul
.10 TEST=e TRUE, _
100 RETURN
END
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10
12

20

—- 77-11 |-
SUBROUTINE EWTH(TEsKRsNL} .

o INCLUDE SPECJLSLIST i

PARAMETER NHSQ={NLM+NSQ)/2

DIMENSION W{(NHSQ) ‘
EQUIVALENCE (ISsTMP(1))s(LsTMP(2))s{L1sTMP(3)s4L2sTMPE4))5(L3s
C TMP(5))5(ZsTMP(6)) s (CSsTMPIT) )9 RS> TMPIB) )9 (KSsTMP{9) ) s(Ss |
C TMP(1V) ) s (TDsTMP{ 11} ) o4 TRsTMP(12) ) s {KsTMP{13})s(ClsTMP(14) )y
C .. (C2yTMP(15) )9 (C3sTMP{16) 19 CasTMPI1T) )1 (CIlPsTMP(18}))s(C3Py.
C -~ TMP(19))a(C4PsTMPL2G) ) slWll)sTNPI(21))

DATA Al3A25A33A4/0e0299124295062539705/

1S=u

IF(KReEQel) GO TO 6

L=KR~1

DO 4 I=1lsL )

1S=1S+4%INDS(I+1)

L=INDS{KR+1)

IS=IS+L

L1=INX{KRs1}

L2=INX{KRs4)-1

L3=INX{KRs6)~1

Z=INDS(L1) =1

ZSI*Z

CS=DS(L1+5)

RS=DS(L1+6)

KS=INDS(L1+7)

S=RS+045
TD=TE**S

TR=SQRT(TE) .
S5=5/(1leu+s) Wy ol 5. o
RS=TE**RS ELEPRO-E’U{?BI%%?;S%OQE
DO 5U I=1sNL - CRIGINAL RAES &

K= {{I-1)*®(2%L-]))/2"
C3=DS{1+L2}
C3=C3%((C3+1.0)
C3=C3/(C3¥A4=-A3}
C3=SQRT(C3)*BP(IﬁIS)
C4=BP(I+IS+L) )
IFCINDSUI+L3}eGTaCeORel«EGel) GO TO 106
Cl=CSHDS{I+L14+7)¥%KS
C2=A2% (A1*Z/C1l) *¥%S5/T7D
Cl=RS*CI*AMAX1(140sC2)}
GO TO 12
Cl=0.,0
CONTINUE
DO 50 J=IsNL
IFIJeEQel} GO TO 40
C3P=DS(J+L2)
C3P=CaP#(C3P+1.0)
C3P=C3P/(C3P*A4-A3)
C3P=SQRT(C3P)*BP (J+15)
C3P=ABS{(3~-C3P)
C4P=ABS{C4-BP(J+IS5+L))
IF({INDS{J+L3)aGTeUalURJeEWL) GO TO 20
CIP=CS*¥DS{J+L1+7) ¥%KS
CZ=A2*®{A1¥Z/C1Py#%S/TD
CIP=RS*¥CIP*AMAX 1{1e(sC2)
GO 10 22
CiP=0au
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http:C3=C3*(C3+I.O0

T 22

CoNTINGE T T TR
C1P=C1+C1P
C2=CBRY (TR®C4P%C4P)

- C4PELLo 14% (ZC4P)I¥%044/TR

C4P=0+0362#AMAX 1 (C4P,4C2) -
C4P=AMAX1LC4P4C1P) -
C2=8.18%CBRT{Z*C3P*C3P) /TR
C3P=0+US69*¥AMAX L (C3P 4C2)

WJ+K)=AMAXI(C3PsCaP)

40
.20

GO TO 50
W(J+K) =0
CONT INUE
RETURN

END
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" SUBROUTINE LINWID(TEsTsANEsANSKR*NL) .
e INGLUDE SPEC1eiLIST
INCLUDE SPEC4H4sLIST
LOGICAL TEST
e 18=9.
1R=0
~-1F{KReEQel) GO TO 6
e T L=2KR=1 |
; DO 4 F=lsl
. IS=IS+4%INDS(I+1)
& IR=IR+INDS(I+]1)
6 L=INDS{KR+1)
1S=15+3%
. _CALL EWTH(TEsKRsNL)
DO 2v I=1sNL
K=IFN(IsL)
DO 2v Js]eNL
20 WlIJ+K )} =ANEXRWD{J+K)
DO 30 K=]sNSP
CALL NWTH{TsKRsKsNLsTEST}
IF{TEST) GO TO 3V
DO 25 I=1sNL
N=IFN{IsL}
DO 25 J=IlsNL
WEJEN) =W L JHN) +FANCK) ¥WD (J+N)
25 CONTINUE
3u CONTINUE
N=INX{KRs2) =1
ASINDS(N=-T7 ) %32
A=12410E3%¥S5QRT{T/DSIN-6) } A
DO 5u I=1sNL
K=IFN(I L)
B=BP(]1+IS)+R(I+1IR)
C=1eVU/DS(I+N)%%2
DO 50 J=lsNL
WIJHK ) =WIJ+K)I+B+BP(J+ IS Y+R(J+IR)
50 WD{J+K)I=A¥(C-1e U/DS(J+N )} #3%2)
RETURN
END

e .. 77-11 S
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SUBROUTINE RATE(TE»KRsNL)
INCLUDE SPECLsLIST
PARAMETER NZ=NSG+nNLM+1
DIMENSION RM{NLMINPL)sSTP{15)
EQUIVALENCE {(RM{1ls1)sTMP{1})s(STP{1) sTMPINZ I a(LsSTP{L) s (L1,
C STPI21 Y ol LL2+sSTPI3) ) 2 {L3sSTP {4 ) s {LASTP(5) )5 (ANGsSTP(6) )
C {UsSTPIT) ) s IVsSTP(B) ) s {VPsSTP(9) ) s (GL+sSTPI1G)Y)s{GUsSTP(11))
C {AsSTP(12))s(BsSTPIL3))s(YsSTP(1%4))s(RsSTP(15))
DATA PC/15.79/
L=INDS{KR+1)
L1I=INX{KRs2)-1
L2=INX{KRs5)=1
L3=INX(KRs61~-1
L4=INX(KR,8)~-1—-1
ANG=INDS(L3+1)
Z=INDS{L1~-T7)%%2
DO 60 I=1sNL
Us Z/DS(I+L1)%%2
GL=DS(I+LE)
B0 5¢ J=]sNL
IF{JeEQeI) GO TO 4C
V=VP ¢
VP= Z/DS(J+L1+1)%%2
GU=D5{J+L2)
A=U-V
Y=A%¥PC/TE
R=GUXEXP{-Y}/GL
IF{I1eEQals ANDSIABSI{INDS{J+L3))eEGe2} GO TO 30
6 B=DS{I+L#J+L4)
IF{BeLE«D«0) GO TO 2C
B=A¥SQRT(A)
A=U/A
RM{1+J)=ERFGRY(YsA}/B
A=U=-VP
Y=A%PC/TE )
B=A#*SQRT(A)
A=U/A
RM{IsJ)IFRM{IsJ}~ERFGRY{YsAI/B
1C IF(IeEQel) RMII s J)=ANGXRM{I,0)
12 RM{JsI)=RM(IsJ}/R
GO T0 50
2¢ B=(U-VP) /A
A=U/A :
_RM{I»JI=(A/ZUIRSQRT (A/U) ¥EREG(Y»AsB)
GO 70 10
3L B=ERFGS{TEsJsKR)
-IEf{BaLTe0.0) GO TO 6
RM(I»J)=8B
GO 10 12
.40 _ RMUIeJ)=0.0_ . . _.
VP= Z/DS{J+L1+1)%%2
50 CONTINUE )
R V= Z/DS{NL+L1+1)%x2
AsU=-y .
Y=A#RC/TE ~
- B=AX5QRT{A)
A=U/A"
RMUI sNPLY=ERFGRY(YsA}/B
=47=_
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77-11
IF(1.EQel} GO TO 54
GO TO 60
VP=ERFGS(TEsL+1sKR}
IF(VPeCTesel) GO TO 56
R (I slPLY=ANG*RM (I sNPL)
GO TO &G
Y=U*PC/TE
B=UXSART(U) .
RM(I sNPL)=ANG* (RM( I »NPL)-ERFGRY.{Ys1eGC)/B)+VP
CONTINUL .
RETURN
END
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Functions TVEF and-AXEF give transverse or side and axial or end escape
factors for inverted transitioﬁs, respectively., Least square curve fits to
numerical calculations are used (see Appendix B). The arguments are C - axial
gain logarithm, R ~ cavity aspect ratio and P - ratio of Lorentz to Doppler
line widths., To avoid possible overflow problems, values of gain are limited to
certain bounds in the functions, The function CSA produces the average side
solid angle fraction for L < 0, the average end solid angle fraction for L = 1,

<r/L> for L= 2 and <r/L>_ . for L > 3. Function LPL gives <p> and WLP

side
gives the line profile constant k for the input of the line width ratio,

The subroutine ESCAPE calculates the emission factors Eji for the transitlon
j > 1. (Cavity effects are not invelved,) The factors use the symbol PHI and
reside in TEMPS, Required input is the excited level populations ANX for type
KR, The optical depth or gain logarithm is denoted by G. An expression needed
for the Jacoblan matrix, the rate of change of the logarithm of the emission
factor with respect to the logarithm of G, is placed as the symbol W in TEMP3.
I1f the magnitude of the excess emission (Appendix B) is less than 10_3, this
expression equals the excess emission and is not needed; W then contains a multi-
plicative factor that describes the power broadening. The broadening is simply
this power factor times the Einstein A-value (noncavity effects only). For the
larger magnitude excess emission, the power factor equals the excess emission
factor times the upper level population denalty and divided by the inversion
denéity. (For absorbing transitionms, both the excess emission and inversion
density are negative glving a positive power factor.) DNote that the excess
emission and inversion density approach zero at the same rate so that the power
factor as contained in W can be determined from an expression that is a limit
ratio. Arrays GP and LU in TﬂﬂPS are used to store data on inverted levels in
the following manner!: GP(1,1) are the positive gain logarithms in order of
descending values (up to i=4), CP(2,i) are the corresponding line width
ratios, GP(3,1) the transition center profile values, LU(1,1i) the lower level
indices and LU(2,1) the upper level indices. The data corresponding to a cavity
transition are used in the cavity rate equations. If a cavity transition is
not one of the four maximum of gains greater tham unity for a given atom or ion
type, then data are not made available for the cavity and coupling of the cavity

intensity to the laser medium is neglected. (The diagonal elements of the
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emission factor are used to hold the total gain of a level for transitions to
all lower levels. An upper bound on any neglected cavity coupling thus may be

eatahtished.)
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FOR#S$SI SUBY
., FUNCTION TVEF{CsRsP)
... .DIMENSION A(7s3)s8B(3) X

DATA A/064962139=16373294e35059~4e768352¢4813,-0e5960850052728

C 301943570657 751247759=12e87596460449=10597590e143695328401

€ B3e78179~15e39591761383~847419:2+08869-0418833/
INCLUDE SPEC1sLIST
INCLUDE SPEC2,LIST
REAL LPI |
X=AMIN1(3,9125AL0GI(R}?
DO 10 I=1+3
B‘( I)'—'O.D
DO 10 J=T79sle-1
B(IY=X*B(I)

1C BUIY=B(I)+AlJ»I)
D=CFST(3)
ENTRY TV2{CsRsP)
CE=C
IF(CaGTe5040) CE=5040+30e0%¥{C=5040)/{C~2040)
W=1e0/(1eU+1245%{CE/R) *%4)
 _TVEF=(1e0-W)*WLP(P)I*TVQ(CE)+WRCE*D*LPI(P)

RETURN
FUNCTICN TVvG{DUM)
X=0e 1¥DUM
X==B{1)+B{2)%#X+3(3)%x*X
IF{XeGTelle0) X=1040
TVQ=EXP{X)
RETURN
END
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FUNCTION AXEF(CsRoP) .
DIMENSION A(6+3)sB(Z)sCAL(3)
DATA A/-8e47T94E~351420125E~195406073E-39~64 86903E-398 67579E i
~3025246E-59-1459631E-1924804G4E~19~1021696E~192419665E~2
~1le 799 T75E-39545E~59-1442001E~291+06835E-19~4¢341725C~2s .
6.91377E—39"4.947?5—491.33524E-5/B/030337633!“0.0080375/
INCLUDE SPECLsLIST
INCLUDE SPECZ.LIST
REAL LPI
CE=C
IFICeCTe50a0) CE=5Ca0+300%*(C-50s01/(C-20+0)
DO 1G I=143
CA{I y=Ua0
DO 1 J=6sly-1
CA{I)=CE®CAI(I)
1y CA(LI=CAlI)}+A{J»I)
IF{CE«LEsGe?) GO TO 20
G=B(1)+B(2)*CE
IF(CEeGEeS+G) GO TO 19
W22 UEXCE/ 1640
CA{Z2)=CA(2)+(1leC-W)H(CA(Z)~0})}/3 0
GO 7O 2v
i9 CA(Z2)=0
20 G=ALOG(R)
IF(CEeLEslauj GG TO 40
W= {CA{L1)+CAL2)¥G+CA{3)%*GxG) /(CE*CE)
30 G=WHEXPICE)I ¥SQRT(CE)/{R*R)
GO TG 50
40 W=Ue11lCET4+04019385%G+0,055589%G%G
GC TO 30
5C W=lo;/(lou+5UnG*CE)
AXEF={ LeC-w)*G¥WLP{P)+WHCEXLFIT (4 ) ¥LPI (P)
RETURN
END

aXake!
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~TFORsS1 SUBI11
FUNCTION CSALR»L)
_DIMENSION Afl4s22)
TDATA A/0e&264+~0417250, 09’—0 C2540e669~1a09s2e3s-106/
IF(LeGE«3) GO TO 30
M=MAXO (1,01}
B=0.0
.DO 1C I=4919~1
L16 B=(B+A{1sM))/R
IF{L+0GTe0) GO TO 20
CSA=1.0-B
) RETURN
A CSA=B
RETURN
3C CSA={0.9428+ALOG(RYI I/ (B O¥R¥R)+ Qe 0132/R#%4
RETURN
END
-FOR:IS 5UB11B
FUNCTION LPIIX)
REAL LPI
LPI=(0e70T7+1e25%¥X)/(1lal+2e 5*X)
RETURN
END
-FORsIN sUB11C
FUNCTION WLP{X)
WLP=(1e0+Co TA04*¥X+TaS5B8L1¥X¥X )/ {10041 e29406¥X+10299%X#X)
RETURN
END
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STFOR+S1™ ' SUB12

-} . SUBROUTINE uSCAPE(ANx,KR’NLgANl
JINCLUDE SPEC1#LIST
INCLUDE SPEC2sLIST
INCLUDE SPEC4sLIST
DIMENSION ANX(NLM)
REAL LPI
FIX)=(1e0+0e93644%X+0e3299%XEX) /{1e0+2406482%X+14659TF%X#X+
C . _GCaSB84T3RXRX¥X)
DEP({X)={SIGN{0e25:X)~075)
L=INDS{KR+1)
RL=L__ .
RL=RL+0.5
LI=INX(KRs5)-1
L2=]NX(KRs8)-1-L
KD=(L#(L+1)}/2
DO 10 K=1s4
GP{1sK)=0.0
GP{2sK)=040
GP(3sK1=0.0
LU{1sK)=0

16 LU{2sK)}=0
DO 100 K=KDsls-1
P=2%K
P=RL*RL-P
I=RL+1eC~0e5%#{SQRTI(P)+SQRT{P+2.01}}
J=K=IFN(IsL}
IFlJeGTeNLeOReJeEQeI) GO TO 90
P=DS{J+L1)/DS(I+L1)
RS=1e49T36ES*®¥ABSIDS{J+L*¥I+L2))*#CL/WD(K)
G=RS*¥[ANX(J)-P*¥ANX(1))
P=W{K)/WD(K)
PF=F(P)
IF(GeGE«D40) GO TO 50
PA==G/(2.0%CAR)
PF=PF*LPI(P)*®(CFST(3)+CFST{4))
IF{(~G*PFleLTeleOE~3) GO TO 20
G=~-G¥*PF
PHI(K)=0e84%SQRT(P/PA)
PA=0 9/ (PA*SQRT{ALCG(AMAX1{(PAs2+72}1) 1))
IF(PAGTPHI(K})) PHI(K)==PA
RS=ABS(PHI(K))
PA=5.0#%#RS

C ARRAY W IS USED IN JACOBIAN MATRIX
WI{K)=(1e0+PA-PAXPA)HEXP{-PA)#RS*¥DEP({PHI(K) ) ~G*EXP(-G)
PA=R3¥ (1« C+PAY¥EXP(-PA)+EXP(-G)
WI{KY=W{K}/PA
PHI(K}=PA
GO TO 3v

20 PHI(K)}=140+G*PF
WIK)=RS¥PF*ANX(J)

GO TO 10

30 IF{ABS{PHI(K)~1e¢0)elTels0E-3) PHI(()—l O+SIGN({1leCE~3sPHIIK)I-1e0)
GO TO 100

50 G=G#PF
RS=RS#PF

DG 60 Jl=1s4
IF(GeLE«GP(1sJ11)) GO TO €0
DO 54 J2=451s-1
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http:DEP(X)=(SIGN(O.25,X)-O.75

. 77-11
IF(J2.EQeJ1} GO TO 56

GP(1sJ2)=GP(1sJ2-1)
GP{Z29J2)=GP(24J2~1)
GP(3+J2)=GP{34J2-1)
LU{1sJ21=LU{1lsJ2-1)
LUC2sJd2)1=LU[2sJ2-1)
54 CONTINUE
56 GP({1sJ1)=G
GP(2sJ1)=P
GP({33J1)=0a5642%PF/WD(K)
LU{lsJl)=1
Lut2sJii=Jd
GO TO 62
60 CONTINUE
62 _J2=1 .
DO 70 Jl=1,NCAV
IF{ICAV{1sJ1YaNESKR) GO TO T0
IF{ICAV(2sJ1)eNEsI} GO TO 70
IFIICAVIZ3sJ]l)eNEsJd) GO TO 70
J2=0
.70 CONTINUE .
PA=CFST{3)
IF(J2+GTe0) PA=PA+CFST(4)
PF= PAXLPI(P)
IFU(G*¥PF}4LTels 0E-3) GO TO 20
PHI(K)=TV2({GsCARsP)"
IF({J2.LEsO)} GO TO 8C
PHI(K)‘PHI(K)+AXEF(G CARP)
RS=TV2({1401%GsCAR, P)+AXEF(1 01*GsCARSP)
G0 70O 85
80 RS=TV2{1.01%GyCAR P)
85 PA=PHI (K)
_____ PHI(K)=140+PA
W(K)=100,. O*PA*ALOG(RS/PA)/PHI(K)
Jl=J+IFN(JsL)
 RSE=AMIN1(G+8840) .
PHI(JI) =PHI(J1)}+EXP(RS)
GO TO 30
100 CONTINUE
RETURN
END
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77-11

The subroutine EQUIL is used to establish an equilibrium initial excited

level distribution. Let

5,2 5,2
0’=26n’ ,
n

then the total population of type s,z is Ne o2 % N?’z+1.
If
S,2
P =1 ,
z
g
p1Z = ‘, ‘ B?’y ,
y=z+1
then
z -z
+
N?’z Lo mwys 52 N? .

Specie conservation Is given by NS = Ni Q where
8
2: zs—z+1 8,2 .,8,%
3 3
QS = 1 + (Ne) o P .
Z

Charge conservation is

E zsm5 = Ne(l + Z N& 3n QS/BNe )

~

S S

Function Qs is a polynomial in NE. - An init%al estimate of Ne is obtained by
computing the next stage ionization fraction of each type ordered with increasing
Bl. A fraction >0.86 is considered equivalent to unity; when the fraction is
less, the calculations are halted. The Ne estimate is used to calculate

alwu Qs/aﬂn Ne and hence a new Ne, the new and old estimate are averaged and used
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to calculate a new Ne’ etc., until convergence is obtained. Once Ne is known,
populations are readily calculated. The gymbol ANG is used for .ground state
populations in the subroutine rather than AN. STOR, AN and ISZ are scratch
variables used for orderingj other vector quantities are self explanatory or

conventional,

The subroutine QSTAT is used to establish a quasistationary initial distri-
bution. The form of this distribution is ﬁz’z # 0 1f and only 1if z = zi(s) and
z =z, + 1, n =1, That is, only one ionization stage of each specle 1s con-
sidered in detail, If

§,2,+l
3 i =
vy =0 Ns !
then
852,
- 0ts)Ns = Z Nn
n
and

=
il

a E (zi - 1 + aS)NS .
8

Inputs through namelist NAMEl4 are z, as IZ and P to determine a_. If P is
negative, 0 < |P| S 1, then Q is set equal to |P| for all s, If P is positive,

( s,zi)—l
o:s=l+PNeel .‘

P=1 corresponds to equilibrium and P<l for a recombining plasma, Levels for
n>2 are assumed quasistationary. For positive P, Ne must be obtalned by an
iterative procedure. If z,6 = 2, or z, < 0, then specie s is considered fully

i
ionized into the zs+1 ground level. Populations are determined by iteration
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using subroutine SRJM and starting with essentially null quasistationary levels

8

{value of 10" °). Iteration is halted when the change of ground level populations

of zy are sufficiently small,

EQUIL and QSTAT place ground state populations (AN or ANG and ANP) into

MSTOE common for use by the program at integration start.
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~TFOR»S1 SUB13

4
5

12

14
15
16
17

SUBROUTINE EQUIL 77-11

INCLUDE SPEC1,LIST

INCLUDE SPEC2,LIST

INCLUDE SPECT,LIST

PARAMETER N1350=1+2%(NSP+NCM)

PARAMETER NIT=10sN1351=NSP+14,N1352=N13S1+NSPsN1353=N1352+NSP
N1354=N13S3+NSP sN1355aN1354 +NSP

DIMENSION BETA(NSP)sSIGMAINSP)»P(NSP)sANINSP)»ISZ(NSP) sSTOR(NSP)
ANG (NSP ) s ANP {NCM)

EQUIVALENCE (ANR(L)»STRMTX(1) s (ANPH (1) sSTRMTX(1)) s (ANG(1)s

STRMTX{1}) s tANP{1) » STRMTX{N13S0})

EQUIVALENCE {LsTMP(1))s(LNsTMP(2))s(LGsTMP(3) 1+ (MCsTMP (4} )y
(AsTMP(5) ) s (BaTMP(6) ) (CoTMP (7)) (DsTMP(8) 19 (EsTMP(9}) s
(RIsTMP(101)s(GNS>TMP(11))s (QsTMP (12))»(SsTMP(13)),
(BETA(1)9TMP (1411 s (SIGMACL) » TMPIN1351)) s (P(1)sTMP(N1352)),
(AN{I)»TMP{NL1252))» (ISZ(2)s TMPIN1354))2(STOR{L1},
TMP(N1355)) > (CGMEs TMP{1)}»(DGME» TMP{2) )5 (GLTEsTMP(3))

FORMAT { 1HO » 2X30HSUM ON Z IN SUBR EQUIL ~ ERROR}

FORMAT { 1HO » 2X16HSLOPE FUNCTION =1PE10.3s2X10HREL ERROR=1PE10.3s

c 2X1291X13HSTEP IN EQUIL)

FORMAT { 1HO » 2X9HF INAL NE=1PE10«3 s 2X6HERROR=1PE10¢3)
DATA ERROR/1,0E-3/

B=2.0708E-7/( TEXSGRT(TE))

C=15479/TE

DO 10 K=1sNSP

LN=INX{Ks2)~1

LG=INX{Ks5)~1

L=INX(Ks1)

GNS=DS(L+2)

L=INDS(L)

RI=L

L=INDS(K+1)

SIGMA(K)=0,0

DO 10 J=1,L

A=RI /DS (J+LN)

A=B¥DS ( J+LG ) ¥EXP (C*A%A) /GNS

IF(JoNEs1) GO TO 8

BETA(K) =A

SIGMA(K)=SIGMA(K)+A

CONTINUE

IF(NSP.EQsl) GO TO 17

LN=1

MC=1

DO 16 K=2sNSP

L=INX{Ks1 -
L=INDS(L) — o AE8
IF(LeEQe1} GO TO 12 ﬁfgxﬂﬂﬂﬁg - gt ROSK:
GO TO 15 B GINAL P&
RI=140 ORI

DO 14 J=MC,LNs-1

P(J}=RI

RI=RI*BETA(J)

LN=K

MC=MC+1

IF(MC+EQ.NSP) GO TO 12

CONTINUE

GO 10 18

P(1)=140

(a¥alalalkn! 00N N
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18

20
24

26

36
40
42
44

48
50

54

1s2(1)=1

AN(1)=ANCL(]1)}
STOR(1)=BETA(1)
IF(NSP«EQel} GO TO 26
MC=]

DO 24 K=2sNSP
L=INX{Ks1)}

L=INDS(L}

IF(LeEQel) MC=MC+1
RI=ANC(MC)

"AN(K)I=RI

STOR(K)=BETA(K)
ISZ(K)=K
DO 20 J=K929~1

IF(BETA(K) +GT«STOR{J~1)) GO TO 24

1s2{J)=182{J-1)}
182{J~11=K
AN(J)=AN(J~1)
AN(J-1)=RI]
STOR(J)=STOR(J-1)
STOR(J=-1}=BETA(K)
CONTINUE

CONTINUE

GNS=0,.0

DO 40 J=]1sNSP
RI=AN(J)*STOR(J}
B=GNS*STOR{J}+1.0
D=4.,0%#R1/(B%¥B)+1.0

IF{Bel.To1¢09.ANDeDeLTe1430) GO TO 36

77-11

A= B¥(SQRT(D}~140)/(2.0%RI)

ANE=A®AN({J}+GNS
GO TC 42
GNS=GNS+ANLJ)
CONTINUE

NSTP=1

C=04.0

D=1,0

LN=1

DO 60 J=1sNC
GNS=ANC{J)}
IF{J«EQeNC) GO TO 48
LG=IC(J+1)~1
G0 TO 50

LG=NSP
L=INXI(LGel)
L=INDS(L)

RI=L

C=C+RI%GNS

MC=0

RI=0,0

Q@=1,0

DO 54 K=LNsLGs1l
MC=MC+1

BzSIGMA(K) *#P(K) *ANE % { L.-MC)

Q=Q+ANE*B

A=zt —-MC+1

RI=RI+A%*B
D=D+RI*GNS/Q
IF{LG«EQ.NSP) GO TO 62
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60
62

64

70

71

72
74

76

78

80
82

90

LN=LG+1 77-11
IFILoNE«MC) WRITE(6134)
CONTINUE

GNS=C/D

E=(GNS-ANE) /GRS

IF{NSTP+EQal)Y GO TO 64
IFIABS{E)oLTc1.0E~8} GO TG 64
SED+2,0%{D-5S) /E

IF(NSTP «GE«NIToOReSeLEaQa0) WRITE(635) Se+EsNSTP
$=D

ANE=0 ¢ 5% ( GNS+ANE)
IFIABSIE}sLTLERROR-ORoNSTP&GELNITY GO TO 70
NSTP=NSTP+1

GO TO 44

LN=1

IFINSTP.LT.NIT) GC TO 71
IF(ABSI{E) «LTe0+01} GO TO 71
NSTP=NSTP+1

IFINSTP«LT«3#NITY GO TO 44
WRITE{6s6) ANEsE

CONTINUE

DO 80 J=m1,4NC

GNS=ANC(J}

IF{J«EQaNCY GO TO 72
LG=IC(J+1)-1

GO 70 74

LG=NSP

L=INX(LGs1)

L=INDSI(L)

MC=0

Q=1.0

DO 76 K=LN»sLGsl

MC=MC+1
Qz=Q+SIGMA(K ) ¥P (K )Y ¥ANE*% (L. -MC+1)
MC=0

DO 78 K=LNjsLG»sl

MC=MC+1
BETA(K)=GNSH*P (K )*ANE®*{ L-MC)/Q
IF(LG.EQ.NSPY GO TO 82

LN=LG+1

CONTINUE

MC=0

DO 90 K=14sNSP

LzINDS(K+1)

GNS=BETA(K)

DC %0 J=],L

MC=MC+1

ANB{MC)=GNS

CALL CONSRVIGTsANPsG19G2+G3eG4sANG»0)
E={ ANE=-GT) /GT

ANE=GT

WRITE(G6+6) ANESE

CGME=0,0

DGME=0,0

CALL ELENIGT 300090603040 5sANGANP)
GLTE=GT

RETURN

END
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|

ITFOR»51 &UB14 N

e

5

™

il

I

R

SUBROUTINE QSTAT
_INGCLUDE SPEC1sLIST

O R SR

1¢

11

12

INCLUDE. SPEC2,L1ST
INCLUDE SPECT,LIST
DIMENSION NBRS(NSP)sALPHUNCM)sBETGINCM) »IS(NCM)9KSINCM} s IZSINCM)»
€ CANPUNCM) s ANINSPISR3(NLM)sLC(4)sD(6)sR1INLMsNPL) sR2 (NLMsNPL)»
C R4{234)sR5(4)sRE(394) s IZ(NCM)

LOGICAL LGPsLERR | R e ————— e

NAOCANN Ao 0D

PARAMETER Nl1= 2*N5P+NCM+19N2 Nl+5*NCM+6 N3= N2+2*(NLM+NSQ)!
- N14S1=NSP+1sN14S2=N145S1+NSP s N14S3=N1+NCMsN14S4=N14S3+NCMy

_mﬂ;§§53N1454+NCM!N1456=N1455+NCM’N1457=ﬂ145ﬁ+NCM9N1458=N2tNLM+
NSQeN14S9=N3+NLM,NIT=10 :

EQUIVALENCE (CGMEsTMP (1)) s (DGME s TMP{2) }s(GLTEsTMP(3))s (AN(1)>»

vHSTRMTKLl)):fNBBQ(IJ’STRMTX(Nléﬁl)):iALPH(lJsSTRMTX(Nl#&ZJJ:
C{BETG{1)sSTRMTX(NI)) s (ANP(1)sSTRMTX(N14S53})s(125(1}
STRMTX{N1454) Y9 (I501) oSTRMTXINLIGS5) )9 {KS{1)sSTRMTX{NL4LSE]) ) s
(DI1)sSTRMTXINILSTI I {RI1I(191)sSTRMTXINZ))»(R2(1sl}s
STRMTX(NI@SS])’(R3(1]!DTRMTX(N3)19(R4(1,1)DSTR“TX(N1459))!
{ANRI L) sSTRMTX(1})

NAMELIST/NAME14/ERRORP, 12

FORMAT{1HO,3X18HQSTAT ERRORs TYPE 12)

FORMAT(1HO»3X14HQSTAT NE DIFF=1PE1Ce3)

FORMAT{1HOUs 3X14HQSTAT NG DIFF=1PE1C«3)

FORMAT (1HC»3X15HQSTAT GIVES NE=1PE1G.3)

READ (5 s NAMELl4)

LIO=0

LGP=o.FALSE.

DO 10 K=1sND

BT(K)=040

ANB(K)=1,0E-8

DC 11 K=1sNSP

AN(K)=040

NBRS (K )=NBAR(K)

NBAR(K)=2

DO 12 K=ls4

ANPH{K =040

C=2+07C8E-7/(TE*SQRT{TE))

IF(P«LTeOe0) GO TO 50

DN=0.0

A=15.79/TE

DO 2v J=1sNC

ANP(J)1=Lau

15(J)=0

KS{J)r=0

K1=IC{ W)

IF{JeLTeNC) K2=IC(J+1})-1

IF({J«EQeNC} K2=NSP

MK=K2-K1+1

IF{IZ(J)aGT«MK) GO TO 18

IF(IZ(J)esLE«Q) GO TO 19

DG 15 K=K1lsK2

MK=K-K1+1

IF{MKeNELIZ(J)) GO TO 15

Z=pK

MK=INX{Ksl}+2

GD=DS{MK}

MK=INX(Ks5)

GD=DS(MK)/GD
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MK=IRX(Ks2) 77-11
Z=2/DS(MK)} -
BETG(J)=CXGDXEXP (A#2%Z)
B=1Z(J)~1
GO TO 2w

15  CONTINUE

18 1Z(J)y=-12(J)

19 BETG(J)}=0e0

B=MK~-1

20 DN=DN+B*ANC(J)
I1T=C
ANE=DN

24 Y=04,0

DO 30 J=1sNC
30 Y=Y+ANC () /{14 0+P*ANE*BETG(J))

A=DN+Y
IT=1T7T+1
B=(ANE-A)/A

ANE=(ANE+A) /2.0

IF(ABS(B)eLT+ERROR+OReIToGTeNIT) GG TO 32
. GO 10 24

32 IF(ITgGT.NIT) GG TO 36

33 DO 34 J=19NC

34  ALPH{J)=140/(1s0+PXANE*BETG(J})
GO TO 60

36 WRITE(6s2) B

IF(ABS(B)+LEe0s0l) GO TO 33

IF(ITeLT+2%NIT) GO 10 24

IF(ABS{B)+GT+0+05) GO TO 41

GO T0O 33
&40 WRITE(6s1) LIO

STOP
41 LIO=]

GO 10 40
42 LIC=2

GO TO 4U
44 LIO=4

GO 1O 40C
45  LI10=5

GO TC 4uL
53 A=0.0

IF(ABS(P+045}4GEsGe5) GO TO 42
DC 56 J=1sNC

ANP({J)y=0l0
_Istda=0

K51J)=0

ALPH{J)=-P

IF{JeLTeNC) K2=1C(J+1)-1

IF(JeEQaNC) K2=NSP

IT=K2+1-IC{J)

IF(IZE ) «GT&IT) IZ(J)==12(J)

IF(1Z(J)GT0) GO TO 52

B=1T

.. GO 79 56

.52 B=I12(J)-1

B=R~P:

_96 | AFA+BFANC(J)

. ANE=A

&0 DO 61 J=]1sNC
-63-



62
63
64

70

71

77-11 |

ALPHUJ)Y =ALPH(J) ¥ANTLU )
MK=0

GM=C0eC

OO 64 J=1NC

K1=IC(J)

IF{JeLTeNC) XK2=IC(J41)-1
IF(J+EGeNCT K2=NSP
IZ8(J)=K2-K1+1

B=125(J)

QM=QM+B¥ANC(J)

DO 63 K=K1l+K2

IT=K-K1+1
IF{ITeNELIZ(J}) GO TO o3
KS(J)y=K

IT=MK+1

I1Stuy=17
AN(K)=ANC(J}-ALPH(J)
BT(IT)=sBETG(J)
ANB(IT)I=AN{K)/(ANE*BETG(
IF{K+EQsK2) GO TO 62
AN(K+1)1=ALPH{J)
A=1579/TE

Z=12(J1+1

IT=INX{K+1+2)
Z=2/DSUIT}
IT=INX{K+1,5)

GD=DS(1T)
IT=INX{K+1ls1l)+2
GD=GD/DSI(1T)
B=CHODH*EXP(ARZH*Z)
IT=IS(J)+INDS{K+1)
BT(IT)=B
ANB(IT)y=ALPAL Y/ {ANEXB)
GO TO 63

ANP (J)=ALPH{d)
MK=MK+INDS(K+1)
CONTINUJUE

1T=v

DN=UeU

A=0,0

B=Usv

C=Jdel

DO 88U J=1sNC
IF{IZ(J)elCeU) GO TC 78
ANHS=040

K=K5(4)
MK=INDS{K+1)+1I5{(J}
BTPL=BT{MK)

IF(IZSt{J) eNESIZ(U}) GO TC 71

ANHS=ALPH(J)
BTPL=1leU/ANC
MK=15(J)-1
25=145(0J)
Z=12tJ)
GD=ANB (MK+1)
ANEP=ANE

J)

CIBmITY 0%
Rﬁgﬂgggifyégﬁbga.

pOSH

CALL SRIM{R1sR2sR3sATsARIARRICQRI sGRR 9K sMKs ANy ANEP »QM s ANPH » ANHS »

BTFPLoULUs0, Osu.U;ZS;isD(l);LCsR#:LoP,Jﬁu’D(ZJ,D(3}sD(

D(6)sLERRIKLSRS2R6)
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72
73

75

78

80
82
84
86

90

IF{LERR)Y GO TO
LS=25+1a0~-2

44

77-11 ¢

A=A+ZS* { ANE*¥AI-ALPH(J}I*AR)

B=B+4{S*ALPH(J) ¥ARK
C=CHANLH¥(ALPH{J ) #QRR=ANE®*WLR])

MK=15(J)
ANHS=U U
K1=NSTAR(K)=-2

IF{KleLTel) GO TO 73

DO 72 K2=1sK1

ANHS=ANHS+ANE*¥BT (MK+Ke) *ANB(MK+K2)

ANHS=ANC{J) -ALPH(V I -ANHS
ANHS=Je 0

IF{ANHS «L T2 U 0)

ANHS=ANHS/ { ANE*¥BTIMK) )
Z5={OGD+ANHS )/ 2e ¥
IF{Z5«EQeTaw) GO TO 73

Z =ABS{GD=-ANHS) /LS
IF(Z«GTsDN} DN=

ANB(MK) =25

Z

AN(K)=ANE*ZS*BT (MK)
IF({JelLTeNC) GO TO 80

IT=1T+1

IF(DNeLTeERRUReORe IToGT&NITI

CONT INUE
GG TO 7V

IF(ITeGTANIT) GO TO 84

GO TO 86
WRITE(6s3) DN
IF(DNeGTaUaUS)
WRITE(694) ANE
DO 90 K=1sNSP
NBAR (K }=NBR>(K)

Go

10 45

CALL ELEN(DNsOeQOsCsAsANSANP)

CGME=A
DGME=A+B
GLTE=DN
RETURN
END
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77-11

Subroutine CONSRV calculates the electron density and densities of maximum
ionization given the electron temperature and excited level normal populations.
Densities of ground levels are also output. Symbol EPD is used for the electron
density, EP is the equilibrium bound states factor g, DI = Zao/ED is proportional
to the lowering of the ionization potential, DEL = A/Ne ~ B (see conservation
discussion in main text) is a measure of the correction term for finite € in Ne’
oM = (1 + D)Ne is needed by subroutine SRIM and IBT is set <0 if array BT of
Saha factors is to be calculated and >0 if not (e.g., during a second pass at a

particular electron temperature).
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~TFORsS1 SUB15 7L
, SUBROUTINE CONSRV(EPDsANPSEPsDI sDELs QMsANSIBT)
INCLUDE SPEC1sLIST
INCLUDE SPECZsLIST
PARAMETER NI15S1=NCM+9sN1552=N15S1+NCMsN1553=N16S2+NCMsN1ESL=
< N1553+NCM .
DIMENSION ANP{NCM) s SAINCM}) sSBINCM) s SCINCM) s SDINCMY s ZCINCM) ANINSP)
EQUIVALENCE (MS»TMP(1)) s {MRsTMP(2) s (GPyTMPI{3} ) s (ZCHTMPIN1ISS4L) )
C . (AsTMP(5)) s (BsTMP(E) )2 (CoaTMP (7)) s (DsTMP{B8))»{SALL1} s TMP{9) 1)
C (SBU1) s TMP (N1551) )9 (SCI1)sTMPINLISS2))s{SBI1}sTMP(N1553))
DO 2 J=1sNCHM
5A(\J}=OI0
§8(J)=0.0
SClJ)y=uUL.0
2 ED(Ji=veC
M&=0
MR=U
IF{IBT«GTeU) GO TO 3
A=15,79/TE
C=2eUTVUBE-T/(TE*OQRT(TE))
3 DO 10U K=1sNSP
L1=INX{Ks2)-1
L2=INX{Ks5)—1
L=INX{Ksl)
GP=DsS{L+2)
L=INDS(L)
IF(LeEWal) MS=MS+1
ZC(1}=L
L=INDS{K+1)
DO 1v J=]lsL
MR=MR+1
IF(JeGENSTAR(K)) GO TO .10
IF({IBT«GTeL}Y GC TO 4
B=ZC(1)}/DS(J+L1})
B=C¥DS(J+LZI*EXAP(A%D%B) /GP
BT{MR)=08
GO TO 6
4 B=RT {MR)
6. B=B*ANB(MR)
D=2C{l)=1leU
SAIMS)=SA(MI}+B
SCIMS)=5C(MS )+ *¥D
IF{JeNESs1) GO TO 1C
AN(K)=B
D=D*35QRT(D)
SBIMS)=5B{M3)+B8%D _
SDIMS)=SDIMS)+D*D*¥(ZC(1i=~2e0)
10 CONTINUE
C=U.0
D=1laU
DG 2u J=1sNC
IF{JeEQeNC) GO TC 12
K=IlC{(J+l)~1

GO TO 14
12 K=NSP
14 L=INX(K»1)
L=INDS(L)
ZCiJ) =L

C=C+ZCUJ)¥ANCL )
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D=D+ZCLJ}¥SA(J)=5C ()
CONTINUE
EPD=C/D
EP=TE+TEXTE/T
EP=EPD/EP#%3
EP=SGRT(EP)
EP=] 43E-2¥SQRT(EP)
A=Ul.0
Bﬁ-—'_OA_._U

DO 30 J=1sNC

GP=ZC({J}#SQRT(ZC(J})
ANP{J)=1.u+EP*GP
A=A+GP*ANC(J) /ANP(J)

B=B+SD{J)-ZC(J) ¥SB(J)+GP* (SA(J)+EP*#SB (J) ) /ANP(J)

CONTINUE
EPD=(C-EP*A}/(D=-EP*B)
DEL=A/EPD-bB

QM=D*EPD

DI=4485E~4%SQRT (EPD/TE+EPD/T)

DO 40 J=1sNC

ANP(J)=(ANC(J}‘EPD*(5A(Jl+EP*SB(JY)}/ANP{J)

DO 50 K=19NSP
AN{K)=EPD*AN{K}
RE TURN

END
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Subroutine SRIM is used to compute rates and the Jacobian for a particular

or ion. The argument list is as follows.

RL rate matrix for the reduced set of equations. The vector Gn used
to couple to the next lonization stage is the set of elements
in RL with second index NPL. _

JcB Jacobian matrix for the reduced equations. The element set with

second index NPL is the vector
_1 —
(G, + 1= 2m) 7" (R /N

used for cross terms in the gverall Jacobian,

F the vector aRn/BNe,plus (1 4+ D) BRn/BN-;- if 2z = 2o also used for
cross terms

AT ionization ceoefficlent

AR recombination coefficlent (coilisional and radiative)

ARR radiative recombination coefficient

QCRI coefficient of'energy absorption divided by kTE

QCRR recombination heating coefficient divided by kTe

KS atom or ion type index (input)

MS -1ocation of ground level in ANB, BT vectors

AN ground level density vector (imput)

ANEP predicted value of Ne (input)

oM {1+ D)Ne (input, may be obtained from CONSRV)

NPH photon density vector (input)

ANHS Ni (input)

BETAPL Bfﬂ (input)

GLTE (d/dt)Q,nTE (input)

CGME predicted Re {input)

DGME N, BRQ/BN‘a (input)

Z3 maximum specie charge number (input)

ZC parent fon charge number (input)

ANPL "N'i"’l (output)

Ic if LC(3) = k > 0, then index k is used in the GP and LU data

arrays in TEMPS common for cavity equation j
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cvp cavity rate matrix: CVP(l,j) is the induced transition rate
for cavity j and CVP(2,3) 1s the total spontaneous emission rate.
The equation is

d

—aiE-Nph(j) = CVE(L,j) +n_ CVP(2,3) .
LGP logical constant set to true for consideration of the Penning
effect
NCORE specie index (input)
NEXP index for exclted level of Penning effect (set negative for donor)
KPEN Penning rate constant (set negative for two electron excitation}
RPEN net Penning rate (output)
ANMET metastable density at first input (to receptor atom)
ANMEQ . equilibriuﬁ metastable density at first input
EMET metastable excitation energy divided by kTe at first input
LERR logical constant output, set true in case of a matrix singularitcy

that prevents an inversicn (quasistationary levels)

IGMX location of maximum positive noncavity gain in TEMPS data arrays
GP and LU. Set null if there are no inversions or if all inver-
sions are coupled to the cavity,

FMD vector containing the moge apacing parameters poAu

CVOUT cavity output array: CVOUT(1,j) is the gain logarithm and
CVOUT(2,j) 1s the transitiom width ratlo for cavity j

The function El(x) is used in the calculatlon of radiative recombination;
t is approximated by the define procedure FX, At the start of the subroutine,
he collisional rate coefficient matrix is placed in JCB, Values of normal den-
ity for the atom or ion are placed in ANR. Corresponding Saha factors are
laced in BETA, Array AM and SRMR are used to hold derivative forms of the rate

atrix with respect to populations.

The internal subroutine CAVITY calculates the cavity rate coefficlent
C = sm/tc and its logarithmic derivative with respect to thé gain logaritm, RCP.
he internal subroutine INVERS calculates the inverse of an upper quadrant of

atrix AMS (corresponding to the quasistationary level indices) and multiplies
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the inverse into the array BVS composed of other elements of AMS and possibly

vector F. These operations serve in the formatilon of reduced rate and Jacobian

matrlices.

r

The wvector BNeléﬁﬁ is proportional to the vector of Saha factors; it is
used in calculating cross terms involving different atom or ilon types. The
'reduced' form of the Saha factors is output through STORE common in symbol ANR.
Also at output, GP(3,1) contains the relevant transition escape factor for
i > IGMX > 0, and for cavity transitions contains the upper level to ground

escape factor,

The Penning 'source code uses the following conventiens. For two electron
excitation, the rate constant KPEN ig set negative in'calls involving the
receptor specle, Donor status is indicated by setting level index NEXP negative.
In receptor calls, NEXP equals the total level lncrement and is <n¥* for one
electron excitation/ionization, >n%* for the two electron case in the receptor
atom call, For the two electronm case or single lonization, the receptor (single
charge) ion type must also be called with the Penning effect invoked (LGP true)

and with NEXP < n¥*, Inputs to the receptor ion call are obtained from the atom

call outputs. Conslder the inecrement ﬁFn in an appropriate element of vector

F due to added Pennlng rates. ANMET contains (-BISFI) for the atom at output.
If u denotes the receptor ion terminal level (1 < u < n%), the receptor ion input
ANMET = B 5F . For ionization plus exc1tatien, these are equal and the ANHET
value 1Is simple passed in the calls; for single or double ionization, RPEN/N
must be added to ANMET between calls, Alsc at receptor atom output (NEXP_& n*

at input), the equilibrium demsity is multiplied by 81 and the lonization poten-
tial is subtracted from the metastable energy. Both - these new forms are
passed as inputs to the ion call. The fipal call to SRIM involving the Penning
effect is that of the donor. Inputs are: ANMET - the équilibrium donor groun&
ievel density based on the upper level density, ANMEQ - the actual ground leve;
density, and RPEN - (BlﬁFl) for the domor which equals the negative of the same
expression for the receptor (ANMET receptor atom output). During any call invok-
ing the Penning effect, the excitation/ionization energy is subtracted from the
EMET input. After the last receptor specie call, the increment in the electron

rate heating is. thus the product of the output EMET and the rate RPEN.
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-TFOR»SI SUB1é

(11
l12
.13
(14

10

12

SUBROUTINE SRJUM{RLsJCBsFsAIsAR» ARR»>QCRI yQCRRsKSsMSsANs ANEP +QMsNPH
C ANHS s BETAPL s GLTE s CGME 3 DGME 3 2SsZC s ANPL s LC s CVP LGP ¢ NCORF 4 NEXP »
C KPENsRPENs ANMET s ANMEQ s EMET 9 LERR S IGMX s FMD s CVOUT)

INCLUDE SPEC1.LIST

INCLUDE SPEC2Z2,,LIST

INCLUDE SPEC4,.,LILST

INCLUDE SPEC6&sLIST

REAL JCBsKPENsNPH{4),LP1

LOGICAL LGP +LGIsLPRNTSLGLSLERR

PARAMETER NWS=4%NLMyNPP=NP[_.+1 s KBV= (NPP*NPP ) /4,

C NSBT=2%NLM+1sNRF1=NPL+KBV+NLM

DIMENSION RL(NLMsNPL)s JCBINLMsNPL) sF (NLM} 9 ANXINLM) sBETA(NLM) »
C ANRINLM)} o LC{4) sBVS{KBV) s AMINLMsNLM) oDWINWS) sRMT{NLMsNPL) s
C CVP(294)sFMD{4) sCVOUT (344}

EQUIVALENCE(SV(1)sANR(1)) s {SVINPL)sBETA(1)) s (SVINSBTIsBVS{1)) s
C (TMP{21)s DW(1))»(SVINRFI)sAM{1s1))s{TMP(1)sRMT(1s1)) s
C (SVINSBT)sANX(1))

FXEX)I=1el2%EXP(~X)/{X+0a935%X¥%0.3)

DATA S56/7e957TT75E-2/1.PRNT/ « TRUE. /

FORMAT(1HOy3X31HIMPROPER PENNING RECEPTOR LEVEL)

FORMAT (4X22HPENNING EFFECT IGNQREDY

FORMAT{1HO  4X20HRATE MATRIX SINGULAR}

FORMAT( 1HO s 4X24HJACOBIAN MATRIX SINGULAR)

LERR=.FALSEO

IRST=MS

LN=INX{KSs21)-1

LG=INX{KSs5})~1

LW=INX{KSs7)-1

LF=INX{KSs8)—1

L=INX(KSs1)+2

GNS=DS (L)

L=INDS{K5+1)

LF=LF-L

NB=NBAR (K5}

NL=NSTAR(KS)-]

CALL CRATE({TEsKSsNL)

DO 10 K=1sNL

JCB{K+NPL)=RMT (K s NPL)

DO 10 J=1sNL

RL{JsK)=04,0

JCB(JesK)=RMT(JsK)

DO 12 K=1sL

IF(K«EQeNB)} MR=MS

MS=MS+1

ANR(K)Y=ANB{MS)

ANPL=ANHS °

IF{ZCel.TaZS) ANPL=ANB{MS+1}

$1=20708BE~7/(GNS*TE*SQRT(TE})

52=15.79%2C*¥2C/TE |

532157 46%ZCRKXLG RGNS

S4=DSINL+LN+1) #%2

S4=52/54

55=140

IF(ZCeLTsZS) S5=ANEP*BETAPL

AI=0,0 ‘

AR=0.0

ARR=0.0 -72-
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QCRR=0.0
DO 20 K=1NL
RSUM"_‘0.0
DO 22 J=1sNL
22 RSUM=RSUM+JCB(K + J)* (ANR(K)~ANR({ J))

C ARRAY F IS USED IN THE JACOBIAN MATRIX
F(K)=(55*ANPL—ANR(K})*JCB(K;NPL)—RSUM
IF(KeLTaNB} FIK)I=F(K)-ANR{K)¥DGME/ANEP
Q=DS{K+LN]*3¥x2
u=s52/Q
A=SB*DS(K+LW)*FX(U—S4)/(DS(K+LG)*O*DS{K+LN))
Q=S1*DS{K+LGY*EXP(U)

ARR=ARR+GQ¥*A
ANX (K )=ANEP*Q¥ANR(K)

C ARRAY BETA 1S USED IN THE JACOBIAN MATRIX
BETA(K)=Q
A=A+ANEP*JCB(K s NPL)

AR=AR+Q¥A
QCRR=QCRR+Q*U*A
A=55%A
RL{KsNPL})=A
SRMR=ANPL
IF(aNOTe{ZCalLT2ZS5)) SRMR=SRMR+QM=-ANC { NCORE)
F(K)=F (K)+A%SRMR/ANEP
A=Q*¥ANR(K) ¥ JCB(K s NPL)
Al=AT+A
QCRI=QCRI+U¥{ A+Q*RSUM}
20 CONTINUE )
CALL LINWID(TEsTo»ANEPsANsKSeNL)
CALL ESCAPE(ANXsKSsNLsAN)
DO 25 K=1s4
LC(K)=U
IF(ICAV{1sK)eNE«KS} GO TO 25
CVP({1+K})=0,0
CVP([29K1=040
DO 24 J=1ls4
IF(ICAV(2sK)aNELLUILl,J}) GO TO 24
IF{ICAV(3sK)eNELLU(2,J)) GO TO 24
LC{K)=J
24 CONTINUE
IF(LCIK)EQeD) LCtK)=~1
25 CONTINUE
53=0,5101%53/GNS
DO 48 J=1sNL
5120.0
54=0.0
RSUM=0eU
U=0.0
SRMR=0.0
R{J+IRST)1=0.0
R1=1+0/DS{J+LN) %%2
DC 46 K=1sNL
IF{JeEQeK)Y GO TO 46
RL(J.K)%ANEP*JCB{J,K)
§1=51+RL{J+K)
Q=R1~-1e0/DS{K+LN) *%2
A=S3HQ*Q
R2=DS{XK+LG)/DS(J+LG)
RPa=AFTAI¥Y/RFTA (.
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R4=ANR(K) /ANR({J}
IF{J«GTaK} GO TO 37
A=A¥ABS(DS(K+L¥J+LF))
IS=K+IFN(JsL)
Q=R3*A¥PHI(1S)
RL{JsKI=RL{JsK)+Q
LGI=(ABS(PHI(IS)~1s0)eLTeleQF-3)
IF(LGI) AM(JsK)I=Q¥{PHI(IS)~1.0}
IF{aNOTLGI? AMIJsK)=Q*W({IS)
RSUM=RSUM+AM(J»K)¥ANR({K)
IF{eNOTLGI) GO TO 27
AM{J s K1 =Q*W(IS)
SRMR=SRMR-RZ2¥AM{JsK)}/R3
Q=140/{R3%¥R4)-1.,0/R2
IF{(LGI) GO TO 28
IFIABSIQ)alLTeleOE~7) Q=SIGN(1.0E-T7sQ)
SRMR=SRMR+AM( JsK}/(R3%Q)
AM{JsK)==AM{JsK)/ (R2%Q)
IF(NCAVeLLEsO) GO TO 36
DO 35 Jl=1,NCAV
I=LC{J1l)
IF{]«.LE«O) GO TO 35
IFILU(1sI)4NE&J) GO TO 35
IF{LU{(2sT)cNEWK) GO TO 35
CALL CAVITY(RCsRCPsGP(1sI)sGP{2+s1)1+GP{3sI}sFMD(J1))
CVOUT(1sJ1)=GP{1sI)
CVOUT(2s411=GP(2s1)
CVP(1yJ1)=RC#NPH{J1)
IF{{-R2¥%Q)sLEsl+CE~-6) GO TO 29
RCP=NPH{J1)*(RCP~-RC}
CVP(2sJ1)=RCP ’
RCP=RCP#*¥R3/ANX (K}
AMUJ+sK)}=AM(JsK)—-RCP/{R2%*G)
SRMR=S5RMR+RCP/{R3xQ)
RSUM=RSUM+CVP (2sJ1 )/t ANEPXBETA( J))
RC=R3%¥CVP(1+J1)/ANX(K)
51=51~RC/ (R3%Q)
RL{IJsK)I=RL{JsK})=RC/{RZ2%*Q)
GO 70O 30
CVP(2sJ1)==1.0
IGMX=K+IFN{1sL}
GP(3s1)=PHI{IGMX)
CONTINUE
A=S56%*A
IF{LGl) A=RZ2¥A
GO TO 45
A=A¥ABSIDS{ J+L*¥K+LF))
IS=J+IFN(KsL)
Q=A%¥PHI (IS}
56=54+Q
LGI-"(ABS(PHI( IS1=1a0)elTeleOFE-3 )
IF(LGI) AMUJSK)=Q¥(PHI(15)~149)
IF{sNOTWLGI) AM{JsK)=Q@Q%W(IS)
U=sU+AMIJsK) |
IF{«NOT«LGI) GO TO 38
Q=Q*W(IS)
AM(JsK}=R3%Q/R2
SRMR=SRMR~Q 74
Q=R3%R4/R2~-1.0



39

40

41

42
44
45

46

47
48

49
C
C

IF(sNOTWLGI)

§T=R2/R3=-R4
IF{LGI}) GO TO 39

IF{ABS{Q) el Tele OE-T7)
IF(ABS{ST)eLT+1l40E-T)

SRMR=SRMR+AM(JsK)}/Q
AMUJsKI=AM(JsK) /ST
IF(NCAVeLE«C) GO TO
DO 42 Jl=1sNCAV
I=LCiJ1)

IF{IEQe0) GO TO 42
IF(IeLT«0) GO TO 41
IF(LU{L1sI}aNE.K) GO
IF{LU{2s])eNEWsJ) GO

IF{CVP(24J1)elTe0e0)

RCP=CVP(2sJ1)
RCP=RCP/ANX(J)
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Q=SIGN(1.0E~7,Q)
ST=SIGN{140E-7 5T

44

TO 42

TO 42
GO TO &0

AM(JsK ) =AM(JsK ) +RCP/ST

SRMR=S5RMR+RCP/Q

RSUM=RSUM~CVP(2sJ1)/(ANEP*BETA(J))

RC=CVP({1lsJ1)/ANX{J]}
§1=51~-RC/Q

RL(J9KI=RL{JsK) +RC/ST
CVPI{1sJ1)=CVP(1sJ11=-NPH(J1}*FCAV

CVP{2yJ1)=A¥ANX({J)
GO TO 42
IF{ICAV(235J1).NEWK])
IF(ICAV(3sJ1)eNEWJ)
GO TO 40

CONTINUE

A=S6*A

IF(LGI) A=A¥W(IS)

A=A¥ (1.

GO TO 42
GO TO 42

0-PHI(IS))/Q

R{J+IRSTI=R(J+IRST)I+A

CONTINUE

S1=51+ANEP*JCB{JeNPL)

RL{JsJ)=~51-54
AM{J»J) =5RMR

F{JY=F(J)+(RSUM-U*ANR(J ) /ANEP
RUJHIRST)=R{J+IRST)I+56#%51

IF{JeGE«NB)
Q=1s5+52%R1

GO TO 48

RLIJsJ)}=RL{JsJ) +Q*¥GLTE-CGME
Q=ANEP*(Z54+140-ZC)*ANR(J)

DO 47 K=1sNL

AM{J»K)=AM(JsK) ~Q*BETA(K) ¥JCB(Ks NPL)

CONTINUE
FORM JACOBIAN MATRIX

S1=ANEP*ANEP¥(ZS+1.0-ZC)/QM

DO 49 J=1sNL

JCB(JsNPLI=BETA(J)XJCB(JsNPL)

DO 49 K=1sNL

JCB(IKsJI=RL(KsJ}+AM(Ks JI~-SI®F(KI*¥BETA(J)

START "PENNING SQURCE CODE
PENNING EFFECT TEST
IF{«NOT«LGP) GO TO 90

LGI=eTRUE

IF(NEXP+GE.NSTAR(KS})) GO TO 790
IF(KPEN+[.TeOeQsOReNEXPeEQel) GO TO 80

IF{NEXP+GE.NB) GO TO 60
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IS=TABS(NEXP}
R1=BETA(1}/BETAL(IS)
R2=ANMET%KPEN
R3=ANMEQ*KPEN
IF(NEXPeGTe0) GO TO 51
R2=R2/R1
R3=R3/R1
NEXP==NEXP
R4=-RPEN/BETA({1)
GO TQ 52
R4=R2%¥ANR(1)-R3*ANR(NEXP)
RPEN=ANEP*BETA(1)%*R4
R4=R4/ ANEP
RLINEXP 13 =RL(NEXPs1)+R1%R2
JCBUNEXP+1)=JCBINEXP,1)+R1*R2
RLI1sNEXP)=RL(1sNEXP}+R3
JCBUL1aNEXP)=JCB (1 9NEXP) +R3
Q=1e0/DS{1+LN)X%2~ 1.0/D5(NEXP+LN)**2
FINEXP)=F{NEXP}+R1%*Rs
RINEXP+IRST)I=R(NEXP+IRST}+S56%R1%R3
RL(NEXP sNEXP)=RL{NEXPsNEXP)-R1%R3
JCBINEXP+NEXP )= JCBINEXP ¢yNEXP)-R1¥R3 ) :
LOL=(KPENeGE« Qs 0eORNEXPeGToNSTARIKS ) ) e ANDs INEXPeNEo 1)
DO 56 J=1sNL
S4=S51%R4*BETA(J)
IFILGL) JCBINEXPsJ)=JCB(NEXP3J)~-R1%54
IFILGL) JCB{1sJ1=JCB(1lesJ)+54
IF{+NOT«LGL) GO TO 82
RL{1s1)=RL{1,1)—-R2
JCB{l1s1)=JCB(1s1}-R2
Ftl}=F{1)~-R4
R{1+IRST)=R(1+IRST)+S6*R2
EMET=EMET-52%Q
GO TO 9C
IFILPRNT) WRITE(64+111)
LPRNT=+FALSE,
IF{KPENGE+Q.0) GO TO 50
LGP=.FALSE,
WRITE{6s112)
GO TO 90
@=1«0/DS(1+LN)%®X2
R2=ANMET*ABS(KPEN)
R4=ABS(KPEN)/ANEP
S3=2 O%¥ANPL
IF{aNOTe{ZCelLTeZ5)) S$3=53-ANC(NCORE)
£3=55%53
IFI{KPEN«LTCe0) GO TO 74
S4= ANMET¥*ANR({1)~ANMEQ*S3
RPEN=ANMET®¥ANR{ 1)-ANMEQ#S5%ANPL
GO TO 78
IFtZCelTaZ5SsORaNEXPJEQeaNSTARIKS)) GO TO 76
KPEN=—KPEN
NEXP=NSTARI{KS)
GO TO 72
IS=NEXP~NSTAR{KS)
IF{IS«LEsT) .GO TO 86
IFIIS«eEQeNSTARIKS+1}) GO TO 79
I5=MS5+15 —76—
53=2.,0%¥ANB{I5S)
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RPEN=ANMET*ANR( 1}~S5%ANMEQ*ANB( 1S)
77 S4=ANMET*®ANR{1)~S5*%ANMEQ¥*53
78 R4=S4%R4
ANMET=R4¥BETA(1)
IF(NEXPeEQeNSTARIKS})) R4=R4~ANMEQ*QM*ABS{KPEN)/ANEP
IF{NEXP+EQ« (NSTAR(KS}+NSTAR(KS+11)1}) R4=R4-~S5¥ANMEQ*QM*
C ABS(KPEN) /(2. 0%ANEP)
RPEN=ANEP*BETA(1}*¥RPEN*ABS{KPEN)
LGI=eFALSE.
ANMEQ=ANMEQ*BETA(1)}
GO TO 54
19 IF(ZCelTe25-1) GO TO 60
5$3=3 ¢ 0#*ANHS~ANG (NCORE) .
RPEN=ANMET®ANR( 1}-55*%ANMEQ*ANHS
GO 10 77
80 R1=1«0/BETA{(NEXP)
81 R2=ANEP*BETA({ 1)
R3=RZ2*ANMEQ¥ABS (KPEN)
R4=ANMET
IF(NEXP«GE.NSTAR{KS)) GO TO 82
GO TO 53
82 EMET=EMET-52%*Q
ANMET=RZ
ANMEQ=RI*ANMEQ
GO TO 9V
86 R1=ANEP/S5
GO TO 81
90 CONTINUE
C END PENNING SOURCE CODE
J=1
-IF{NCAVeLEeO) GO TO 96
92 CONT INUE
DO 94 K=1.sNCAV
I=LC(K)
IF(I«NELJ) GO TO 94
J=Jd+1
GO 70O 92
94 CONTINUE
96 I1GMX =0
9T IFtJeGE5) GO TO 100
IF{GP{15J)«GTW400) GO TO 98
GO TO 100
o8 IF(IGMXeEQaU) IGMX=J
IS=LU(1s))
I1S=LU(2sJI+IFNCISsL)
GP({3J)=PHII(IS)
JEJ+1
GO 70O 97
100 IFINB«GESNSTAR(KS)) GO TO 160
I1S5=NB~1 )
NV=NSTAR{KS)-NB
CALL INVERS(RLsBVSsNVseTRUEsF+31301}
DO 120 K=1sNV
ANB{K+MR)=—RL (K+I5sNPL}*ANPL
DO 120 J=1,15 )
ANB (K+MR)}=ANB [K+MR)—RLIK+ISs JI¥ANB{J+IRST)
FIJ)=F{J)-RL{J+KF+IS)I*¥F(K+IS)
RLIJSNPL)=RL(JsNPL)-RL{JsK+IS)*¥RL(K+ISsNPL}
DO 120 I=1sIS
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120 RLIJesII=RL(Js I -RLIJSK+ISI*¥RLIK+IS»1)
GO TO 135

130 WRITE(6+113)

133 LERR?.TRUE.
6O TO 160 °

135 CALL INVERS{JCBsBVS3NVsoFALSE. 9ANR» 5150
DO 140 J=1,15
ANR{J)=BETA{))
DO 140 K=1lsNV
ANR{J)I=ANR(JY-BETA(K+IS)*JCB(K+15,J)

. JCBUJsNPL)=JCBUJsNPL) «JCBIK+ISsNPLI®JCBIK+ISsJ)
DO 140 I=1,1S

140 JCBUI+UY=JCB(Is ) =JCBII »K+ISI*®ICBIK+ISH )

GO TO 160
15¢% WRITE(6s114)
GO TO 133
150 RETURN
C IF NBAR IS5 LESS THAN NSTAR THE FOLLOWING SUBROUTINE IS USED IN
C CALCULATING EFFECTS OF QUASI-STATIONARY LEVELS

SUBROUTINE INVERS{AMSsBVSsNVsLOGCsFs$Y
LOGICAL LOGC
REAL AMS({NLMs1)sBVSINVs1)sF(NLM)}
DO 10 K=1sNV
DO 1C J=1sNV .
10 AMIJ 9K ) =AMS{J+ISsK+1S)
DO 20 J=1sNV
DO 14 K=1»15
i4 BVS{JsK)=AMS(J+ 154K
IF(LOGC) BVS(JWNBI=AMS(J+ISsNPLY
20 IF(LOGC) BVS{JsNB+1)=F(J+18)
I=15
IF(LOGC) I=1+2
CALL SOR{AMsNLMINVsBVSsNV»I+3530,Dw)
GO TO &40
3v RETURN 6
40 DO 50 J=1sNV
DO 44 K=1s1IS
44 AMS(J+159K)1=BV5 (JsK)
IFILOGCY AMS(J+ISsNPL)=BVS{JLNB)
50 IF(LOGC) F(J+I5)=BVS5({JsNB+1)

RETURN
C THE FOLLOWING SUBROUTINE CALCULATES FREQUENCY AVERAGED CAVITY
C RATE FUNCTIONS NEGLECTING HOLE BURNING

SUBROUTINE CAVITY{RCsRCP+GsXsP+CF)

CF=CGM*P

CK=(1le0=LPI{X})/{1eC+CF)
$=-G/ALOG{CMR)
ST=AMAX1(1lasU-540.0)
RC=FCAV¥S¥{ 1,0-CKX*¥5T%*%0,3
ST=AMIN1{S+0.99)
IF{S«LE+0.99) GO TO 20
IF{S«GE«1.01) GO TO 10
CK=CK¥EXP(1e0E3*¥(5T-5))
GO TO 20

1lv CK=040

20 RCP=FCAV¥S5¥ (] q0—CK*{1le0~1e3%51) /1 1eU=51}"%0a /)
RETURN

END 78
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Subroutine MATBIX is used to collect the results from calls to SRIM and form

the overall rates and Jacobian, The argument list is as follows:

ANR

FF

DMJ

BETA

ANEP

ANP
GLTE, CGME , DGME
DF,

LCD

AN, EP, DI, DEL
LERR,CVP
ANPH

FMD

CVT

GOUT, LOUT

vector of dependent variables (lower level densities, photon
densities, dﬂnTe/dﬁL input b

vector of lower level rates

Jacobian matrix

vector of lower level Saha factors

predicted Ne input

vector of maximum lonization densities

(see SRIM list)

electron rate heating/kTe

1nput integer vector; total number of lower level equatlons
of species with indices <i is LCD(i)

(see CONSRV list)

(see SRIM list)

photon density wvector

vector of mode spacing parameters

same as CVOUT in SRIM (cavity ocutputs)

maximum positive noncavity gain outputs: GOUT(1l,k) is gain
logarithm, GOUT(2,k) is escape factor, LOUT(i,k) are level

indices (1 = 1 lower, 1 = 2 upper) for ion or atom types k

In the subroutine DEM is the overall rate matyix. Also RPEN 1s the Penning

rate constant rather than KPEN and PRATE is the net Penning rate rather than RPEN

(see SRIM list). DPEN is the increment to the electron rate heating due to the

Penning effect., At output, ANEP is the corrected electron density,
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31
51

SUBROUTINE MATRIX(ANRsFF sDMJsBETASANEP s ANP s GLTE s COME sNGME W DESLCD »

C ANsEPsDIsDELSLERRSCVP sANPHy FMDZV T4 COUT,LOUT)

INCLUDE SPEC1,LIST

INCLUDE SPEC2,LIST

INCLUDE SPEC&4sLIST

INCLUDE SPECS5sLISTY

INCLUDE SFEC6sLIST

INCLUDE SPECTSLIST

PARAMETER NLL=NCM+1sNST1=3%KMINPL S NST2=NSTI+KMEKMaAST 3=NST2+28NH3Q
PARAMETER NITS=KM+1sN17S2=N1T75+KMyN17S2=N17S52+KM

DIMENSTON ANP(NCM) sLCOUNLL) 9BETP UML) s DEMIKM KM o DMI {KMIKE ) »

C FRUKMY o SETACKMY sGLIKM) oHIKM ) sBTP (KM )sRLINLMINPL) 5
< AJSINLMaNPL) oF INLM) 3 LOU4) sCVP {2941 sFMDI4) sCVT (354
< SCUT{ZaNSP) s LCUT (29 NSP)
LCGICAL LERRSLGP
LOJUIVALENCE (BETP(1)oSVIL) o (GG L s STRMTX (1)) o {HIL) s STRMTIAINLTS) Js
C UBTFLIIsSTRMTXUINLITS2) ) s (FUL1)9STRETXINITS3))s (DEMILslls
C STRMTAIMSTI) ) s (RL{L 1) sZTRUTXINST21 ) s (AJB{1o1) s STRMTXINST3))
mMS=_
15=3

LG 5 J=leNC
IT{JdeEGeNL: GO T2 4
ke=lC(J+1)1~1
e TC 2
K2=N5P
Ki=IC({J)
E0 5 K=KlsKZ
=INCI(K+l)
MIsNEAR (K -1
DO 3 I=1+MI
ANCUIH+MI)=ANRITIS)
[S=15+401
[M5=158+0L
CCONTINUE
DO 7 K=1,I5
S 7 J=1s18
DEiIlEJaK)=(L 4D
DMJ(JsK)=Lel
CALL CONGRVIDPENANP s LRy DI sDELyGMsAN T
Blzuesv
BZ=0.C
B3zl e0
DFEN=Ce U
Rl=J.0
R2=0.0
LR1=C
LR2=L
LD1=0
LD2=C
M§=C
15=3C
U0 180 JsleNC
FiJeEGeNC) GO TO 31
K2=1C({J+1)~1
GO TG 51
K2=NSP
Kl=1CtJ)
25=K2~K1l+1
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ANHS=ANP { J) 77-11

NEXP=0

L1=LCD(J)+1
Lz=LCD(J+1}

00 1C0 K=K1sK2
ZC=K-K1l+1
IF(KeLTeKZ2) GO TO 01
BETAPL=1.0/ANEP

GO 10 71

L=INDS{K+1)

" BETAPL=BT{MS+L+1)

11

81

10

20

22

24

30

LGP=eFALSE,

L=NBAR(K)-1

o 81 I=1,L

BETA(I+IS)=BT(I+MS)
GGII+IS)=ANEP*#ANEP*(ZS-2C+10)/QM
IF{sKOT+LPH) GO TO 40
PENNING SCURCE CODE - SET A

I1PEN=C

IF{JeEQeaJRCeAND oKoEGLK1) GO TO 10
IF{JeEQaJRCeAND ¢ KeEQeK1+1) GO TO 20
IF(JeEGeJUCeAND eKeEQaK1) GO TO 30
GO TO 40

IPEN=1

RATIN=RPEN

LGP=eTRUE »

NEXP=JRL

IF(RPENeLT+0e0) NEXP=NEXP+NSTAR (X)
L=IC(JDC)

I=INX(Ls2}-1

EMCT=15.79/TE

EMET=EMET/DS(I+1)%%2- EMET/DJ{I+JDL}**2
L=L-1. .

MI=0

DO 12 I=1,L

MI=MI+INDS(I+1)
ANMET=ANEP*BT (MI+JDL) *ANB {MI+JDL)
ANMEQ=ANEP*BT(MI+JDL } ¥ANB (MI+1)

JALZANEP*BT(M5+1 )

ANGR=A1*¥ANB{MS+1)

IFINEXP+LT4NSTARIK)) ANUR=A1*ANB (MS+JRL)}
IFINEXP«EQeNSTARIK } e ANDoKoEQaK2) ANUR=AL#ANHS
GO 7O 4C )

IPEN=2

RATIN=RPEN |

IF{NEXP«LTeNSTARIKL)}) GO TO 4

1LGP=e TRUE .

NEXP=1

IF(RPEN«LT«040) GO TO 22
ANUR=AI®ANEP*BT (MS+1) *ANPL

GO 1040 _
NEXP=JRL
IF(NEXP+EQeNSTAR(K}) GO TO 24
ANUR=A1¥ANB [MS+JRL)

GO TO 40
ANUR=A1*ANHS
GO_T0 40 |
IPEN=3
RATIN=ABS(RPEN)
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LGP=«TRUE » 77-11
PRATE=SAVE
NREXF=-JCL
EMET=vev
IF(RPLNeLTeCad) ANJR=ANMET®ANUR
ANMET=ANR
ANMEQ=ANGR
C END SCURCE SET A

4G CONTINUE

CALL SRUMIRLYAJBesFsAIsARSARR s ICRT 4GCRR 4K aMS s ANSANEF 9 GMyANTH
C ANHSSBETAP L;t'*FSCthGCuMEQLSsZC9ANPL!LC9CVP,LGP9JJNEXP,RATINs
C PRATE s ANMET s ANNMEC s EMETH>LERR o IGMR s FMIHCVT)

IFI{LERR)Y GO TC 11C

GOUT (192K} =00

SOUTI2sK)=3ed

LOUT({1+K)=0

LOGUT(2sK)=

IF{IGMXLELG)Y GO T 41

GOUT (1K) =GP ] s 1GMX)

GOUT(2+K) =GP (34 IGMX)

LOUT{1sK)=LU{1sIGMX)

LOUTEZ,K)I=LU{29s IGMX)

41 A2=K2+1-K
A3-ANEP®*BETAPL*ANPL
Bl=Bl+A2#(ANEP*AI-A3%AR) ,
BZ2=Bc+A2®A3IX{ARR-AR)

ITFIKeESeK2) B2=B2+AR¥ANI(J)

33=B3+A3%QCRR-ANEF*¥Q(CRI

LENBAR(KY=-1

20 42 MiI=1,L

BTPIMI+IS)=BETP {MI)

H{MI+1S)==-F{M])

IF(KeEQaK2) HIMI+ISI=HIMI+IS)+OMERLIMISNPL)Y /A

G2 OGIMI+IS)=GGI{MI+ISI*BETP{MI)

DO 55 MI=zlslL

IF{KeLTeKZ) GO 7O 46

FEFIMI+IS)I=RLIMIsNPL)®ANP( U}

DO 44 NI=L 1.2

Y DMJIMI+ISsNI)==-RL{MIyNPL } *ANEPXBTP(NI)

; GG TO 48

46 FF{MI+1S5)=0.0C
UEMIMI+I5eL+1+1I3)=RLIMIsNFL)}
DMIIMI+IS»L+1+15)1=RLIMIWNPL)

48 PO 50 NI=1l,L .
DEMINI+ISoMI+ISi=RLI{NIsMI}
DMJINI+ISsMI+I3)=OMIINI+ISIMI+IS)I +AJUB{NIsMI)

50 CONTINJE
NI=LCDINC+1)

A3=A2*ANEP

A2=A2*AR

DO 6C I=1sNI

IF(KeLTeK2) GO TC E

DC 52 MI=L1lsL2

52 DM T+MI)=OMI(IsM]I )~ A“R(I)*AZ*ANEP*BTP(MI)

- GO TO 56 ;

54 DMJ(I!L+1+15]~DMJ(I9L+1+IS)+A2*ANEP*DETAPL*ANR(I)

56 IF{leGCTelSeANDe I eLSeIS+L) GO TO 6C
DO 58 MI=1l,L
DMI{TsMI+IS)=CMI(ToMI+IS)I-ANR{I I RAZ*AIB{MI +NPL)
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70

72

73
T4
76
78

79
8¢

56

CONTINUE L 77-11

CONTINUE

" IF(«NOT4LPN) GO TO 99
PENNING SOURCE CODE - SET 3

IF(IPENCGT«0) GO TO (70+80550)s1PEN

GO TO 98

IF(LGP) GO TO 72

LPN=eFALSE.

GO TO 99

A2=0.0

A3=0.0

A‘[-=0.0

SAVE=PRATE/ANEP *¥%2

LR1=I5+1

LR2=I5+JRL

IF{RPENeLT«U.0) LRZ2=LR2+L

IF{RPEN+GE«QaQ e ANDe JRL4GE4NEAR{K1)eOR+RPENSL.TeDo0o e AND o
C JRLeGESNBAR(KI1+1}) LR2=0

IF{NEXP+GELNSTAR{K1)} GO TO 73

R1=SAVE

ANMET=SAVE

GO TO 76

R1=ANMET

IF(RPENeLTeuUeDe ANDeNEXP&LToNSTAR(K1)L+NSTAR(K1+1)) GO TO 74
IF(RPEN«GE«Cs0eANDeK1eEQeK2) AZ2=RPEN

IF(RPENeLE«Os0} A2=ANEP*BETAPL*ABS(RPEN)/2¢0
A2=A24ANMEGQ*QM/ ANEP ’

A3=SAVE

SAVE=ANMET-AZ

ANMET=ANMET+A3

R2=ANMET !
IF(JRLeEQeNSTAR(K1+1) e ANDoRPENeLT+e0e0sOReJRL4EQeNSTAR(K1)} +ANDo
C KleiQeK2) GO TO 78

G0 TO 79

R2=040

AG=ANMEQ*ANEP*ABS(RPEMN)

IF{RPENCLT«0e0) A4=A4¥ANEP*BETAPL
IF(RPENeLT+0e0sORWK1eLTeK2) GO TO 98

DPEN=EMET*PRATE

GC TO 98

LD1=15+1

LD2=15+JDL

IF(JDLeGE«NBAR(KL)) D2=0

GO TC 98

DO 97 I=L1,L2

IF{JeEQeJRC) DMJI{LRL,I)=DMJIILRI s I1+AL*BTP (1) /BETA(LR])
IF{JeEQeJDC) DMJIILD1,,1)=CMI{LD1s1)-A4%BTP {1 /BETAI{LD])

IF(JeEQeIDCOAND ¢ LD2+GTa0)DMI{LD21)=DMI(LD2,y 1) +AL4X¥BTP(1)/BETA(LDZ)

CONTINUE

GO TO 99

IF(KeEQeK2. ANDa NEXPeNELDJ) GO TO 26
END SOURCE 3ET B

15=15+L

CONTINUE

15=0

- NI=LCD(NC+1)

CO 164 K=1,Nsp
L=NBAR{K}-1
DO 162 MI=1sL
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102

104

106
1190

J=MI+IS 77-11 |
A3=040

IF{JeEQel.LR1) A3=R1/BETA{LR1)
IF{JeEQeLR2) A3=-R2/BETA{LR2)
IF{JeEQeLD1l) A3=-R1/BETA(LDI1)
IF{J«EQalLD2) A3=R1/BETA(LD2)

DO 102 I=1,NI .
DMJLJs 1 )=DMICIs T} +{H{J)+A3)I%GGL L)
CONTINUE

I1S=15+L

CALL CONSRVIANEPsANPSEP+DIsDELsQGMsANs 1)
CGME=B1

DGME=B1+B2

DE=B3*ANEP+DPEN

DO 106 J=1sNI

DO 14¢6 Ks1sNI
FE(J)=FF{J)+DEM({JsK)I%*ANR(K)
RETURN

END
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Function TMSA is used to calculate ‘the spontanecus emission factor for the

cavity. (DM is the mode spacing parameter.)

Subroutine EICP calculates electron~ion collision parameters according to
the results of Ref. 26, (see also Refs. 1 and 5.) The ratio of collision

#
integrals Be 1s not explicitly used in the program and is.set equal to a nominal

i
value of unity., Argument Z is the ion charge number.

Subroutine ELEN calculates dEnTe/dt at a given time TAU (see argument lists
of SRIM, MATRIX). The electron energy equation 1s discussed in Refs, 1 and 5.
Input forcing functions are given by FORIN in the following manner: output BM
is the magnetic field imtensity (mominally null), IDIS is an integer that defines
the type of forcing Zunction, FT is Te and FP is anTe/dt if IDIS £ 0, FT is the
total electric fielc tangent to the magnetic field and FP is the perpendicular
electric field if IDIS = 1 and FT, FP are the component current densities if
IDIS > 1, The dummy subroutine calls ADUMYn are to be replaced by subroutines
giving electron-atom collision parameters (elastic cross section Q and collision
integral ratios B* and C*). Nominal (final) variables in TEMPS common are:
H, H1, H3 - Hall parameters (see references), SIGMA - electrical conductivity,
ALPHT - thermal diffusion ratio, FEC - electron-heavy parti-:le elastic energy

8 3 -1

exchange collision frequency, @ - joule dissipation (units of 10 Jm - sec )

and QR - continuum radiation (MKS units if multiplied by 5.4 % 105).
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e b e

.. IMSA=ETA

-FUNCTION TMSA(ETAsPSsDMsCLsCARsWL)

RETURN
END

. ~TEORsSI SUB19_ .

10

SUBROUTINE EICP{TE»ANEsZsQEIsBEIsCEI)
BEI=140
DL=8644.88%SQRT-{ TE/ANE

TS5=0.151#DL*¥TE/Z
IF{TS«LEs1ls0) GO TO 1C
PL=DL/TS
QEI=DL*DL*¥ALOG(340%TS)
TS=TS5%%0,2 )
CEI=04351%TS/{T5~0e325)
RETURN )
QEI=1.0986%DL*¥DL/TS
CEI=0.52

RETURN

_END
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1

2

C

SUBROUTINE ELEN(GLTEsTAUsDEsCGME sANs ANP)

INCLUDE SPECIHLIST

INCLUDE SPECZSLIST

DIMENSION CSTR{B)sAl252)sF(2)sTN{2)s ANINSP) s ANP {NCM)

EQUIVALENCE (A{1s1)}sCSTR{LI}Is(TN(L)sCSTRIS})s(F{1)sCSTRIT))
EQUIVALENCE (TMP{21)sCSTRI1) ) s (TMP(29)+S5) s (TMP(30)sQ)»(TMP(31),8B)

C (TMP(321sCl s (TMP(23)ALPHT) o {TMP {24 )sDEL) > (TMP(35) 4Hl )
C (TMP{36)sH3) s (TMP(37) sH) s (TMP (38 ) +sSIGMA )y {TMP{39)FEC),
C (TMP[40),QR) s (TMP L&A1 52} » {TMP(42) ,AM)

CALL FORIN(TAUS»IDISsBMsFTsFP)
IF(IDISeLELV) GC TC 20
H=1579/TE

GR=0.G

FEC=Ue0

DO 1 J=1,8

CSTR{J}=0e0

DO 10 J=1sNC
IFIJsEQeNC) GO TO 2
K2=ICl.J +1)~1

GO TO 3

K2=NSP

Ki=IG(J)

Hl=K2-K1

DO 8 K=K1lsK2

Z=K-K1

I=INX(Ksl)+1

AM=DS{I)

C=Ds(1+2)

IF(KeLTeK2} S=AN{K+1)
IF(KeEQsKZ} S=ANP(J)
I=INX{K»2)+NSTAR(K)-1
Q=({2+1s0)/{(DS(11-045)
QR=QR4+SHC¥ (Z+], 0 ) ¥ ¥4XEXP(H*Q*Q
S=AN(K)

IF(KeGT«K1) GO, TO &
I=1

" DUMMY SUBR CALLS ARE TO BE CONVERTED BY COLLECTOR
_IFLJWEQel) CALL ADUMYL(TEsQsBsC)

IF(JeEQe2) CALL ADUMY2(TE»QsBsC)
IF{JeEQe3) CALL ADUMY3(TE»QsB»sC)
IF{JeEQe4) CALL ADUMYS(TEsQsBsC)
IF{J«EQe5) CALL ADUMYS(TE,QsBsC)
IF(JeEQe6) CALL ADUMYSE(TE»QeBsC)
GO TO 7.

o __ _FECSFEC+S/AM

1=2
CALL EICP(TEsANEsZ»QsBs)
TINILI=TN(I)+S

S=Q#*5

FLI1)=F(I)+$S
AllsI)=A(1s1)+B%*5
A(2s1)=A{2,1)+C*5

L IE(ABS(H1-21+GT«CeB) GO TO B
Z=H141.0
SEANR{J)
GO 10 6

CONT.INUE
CONTINUE
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12

20

30

C

77-11
DO 12 K=1s2
5=F{K)
DO 12 J=1ls2
AlJsKI=A{JsK)/S
S=F(2}/F({1}
@=1e3+S
B=1e0+0e7%S5-0e&BH®A{1,1)
C=la2%{A(Z,1)1+5%A{2+2))-Q .,
ALPHT=C/B
DEL=ALPHT*C/Q
H1=SQRTI(TE)
QGR=ANE*QR/H1
FEC=FEC¥H1
Al=HI*¥(F({1}+F{2}))
SIGMA=3.402E3%ANE/HL
H1l=2e1233E3%BM/H1
H3=Ca4%H1*Q/8
G=DEL/(1sU+H3%H3)
H=H1+Q@*H3
@=1.0-Q
H=H/G
DEL=1.0-DEL

IF(IDIS.EQ-I)‘C=SIGMA*(FT*FT/(Q*(1.0+H*H))+FF*%P/DEL)

IFtIDISeGTel) Q=(Q*FTH*FT+DEL*FP%FP)/SIGMA

GLTE=DE/{145%ANE)+{44629E~3%0-2.6085E~5%QR) /{ANE#TE)~9,088E~4%

FEC¥(TE-T)/TE-CGME
GC TC 30
TE=FT
GLTE=FP
RETURN
END
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