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Progrém Summary

Title of program: MIXERG.

Catalogue number:

Program obtainable from: CPC Program Library, Queen's University of Belfast,

Northern Ireland.

Computer: Univac 1110; Installation: Madison Academic Computing Center,

University of Wiséonsin, Madison, Wisconsin, U.S.A.

Operating system: Univac 1110 EXEC VIII.

Programming language: FORTRAN.

High speed storage required: 64,000 words.

No. of bits in a word: 36.

Overlay structure: None.

No. of magnetic tapes required: None.

Other peripherals used: Line printer, up to ten mass storage files or

magnetic tapes.

No. of cards in combined program and test deck: 2485,

Card punching code: EBCDIC.

Key words: Semi-classical atomic physics, ionization, group opacities.

Nature of the physical problem: The calculation of group opacities and

equations-of-state of gases is important to many areas of applied physics.



Specifically, to correctly predict the propagation of heat and shock waves
through gases, one must have optical data, ionization states and internal
energy densities for the gas.(1”4) MIXERG is a computer code which has been
written to provide low cost data for mixtures of up to five gases. The
optical data consists of Rosseland and Planck mean opacities or mean free
paths, in single group and in multigroup form.

Method of solution: The ionization state of the mixture of gases is the first

ca1cu1ationrdone for each combination of plasma density and plasma
temperature. This is done using the Saha model when the density is high and
the temperature is low and is done using the Coronal model otherwise. Care is
taken to insure that the fransition between models is smooth. With the
ionization state as a function of temperature, the plasma internal energy
density, the heat capacity and the.temperature derivative of the ionization
state may be calculated. Once the state of the gas has been determined,
MIXERG uses a semi-classical model to find the absorption coefficient of the
plasma as a function of photon energy where photo-ionization, inverse
Bremmstrahlung, Thomson scattering, absorption by plasma waves and atomic line
absorption are considered as absorption mechanisms. This absorption
coefficient is integrated with a specially designed method to give the
opacities of the plasma. The output data is stored in a manner which is
easily readable by hydrodynamic codes such as FIRE.(5)

Restrictions on the complexity of the problem: The ionization models used are

only valid when the density is low enough that the electron wave functions are
single atom wave functions. This means that the plasma density must be
significantly less than the solid density. These models are a1§o invalid if
the plasma is not in local thermodynamic equilibrium. This sets a lower limit

on the density. There are also limitations due to the absorption model. The



most important inaccuracies’occur at photon energies below 1 eV. This is
particularly due to neglect of molecular states which may be dominant at these
low energies but also comes from inaccuracies in the models used at these
energies. This means that low energy group opacities and low radiation
temperature single group opacities may be inaccurate.

Typical running time: On the UNIVAC 1110 at the Madison Academic Computer

Center at the University of Wisconsin, MIXERG requires 0.4 seconds of CPU time
for each combination of plasma density, plasma temperature and radiation
temperature.

Unusual features of the program: The MIXERG code is written in standard

FORTRAN except for the manner in which the COMMON blocks are used. The COMMON
blocks are listed only at the beginning of the program, where they are equated
to INCLUDE statements. Thereafter{ the INCLUDE statements are used to
represent the COMMON blocks. The use of INCLUDE statements abbreviates the
listing of a program that uses the same COMMON blocks in many subroutines,
because an INCLUDE statement occupies only one line, whereas a COMMON block
might occupy many lines. INCLUDE statements only have meaning to a UNIVAC
compiler, so the user may wish to replace them with the respective COMMON

blocks.
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I. Introduction

The calculation of opacities and equations of state of gases is important
to many areas of applied physics. Specifically, in the design of inertial
confinement fusion reactor target chambers, one must be able to predict the
propagation of the target explosion generated fireball through the target
chamber gas to the first wa11.(1'5) To do this calculation correctly, one
must have optical data; ionization §tates and interha] energy densities for
the target chamber gas.

MIXERG is a computer code which has been written to provide low cost data
for mixturgs of up to five gases. The optical data consists of Rosseland and
- Planck mean opacities or mean free paths, either in single group form or
broken up into 20 or less frequency groups.

We have previously reported work done on the calculation of equations of

state and optical data for single species monatomic gases.(5)

However, we
have subsequently found that a multiple species gas might better protect the
first wall of a 1ight ion beam fusion reactor from the fireba11.(4) Also,
target debris and matter evaporated from the reactor chamber(l) may be mixed
with the cavity gas, making the single species gas an unrealistic
approximation. Thus, it became necessary for us to modify our single species
computer code MFP(6) into a multiple species code, MIXER.(7)

 MIXERG has several improvements over MIXER and MFP. It computes group
opacities and allows the option of opacities instead of mean free paths. It
also leads to more accurate and less expensive results and is easier to use
than its prédecessors. The physical model for ionization has been improved to
allow the code to choose between Saha ionization and Coronal ionization.

Calculations of the absorption coefficient include better models of atomic

line absorption and consider plasma wave absorption. A new method of



integration is used which makes MIXERG more efficient than its predecessors.

Section II describes the improved ionization models used in MIXERG and
provides examples of equations of state and average ionization states. These
examples graphically show under what circumstances the inclusion of the
Coronal model makes a difference.

In Section III, the calculation of the absorption coefficient is
described. The new model for line aBsorption is presented in detail as is the
analysis of absorption by the p]asma.‘ Representative results are shown for
the improved calculations.

The improved integration method is described in Section IV and sample
results for the opacities are presented. Conclusions are made in Section V.

A manual for operation of MIXERG is provided in Appendix A. Appendix B
contains the input and output for a sample run of MIXERG.

II. Ionization Model

The fonization of the plasma is calculated with a model which is valid up
to almost solid density and down to densities where the collision frequencies
are just high enough to allow the approximation of local thermodynamic
equilibrium (LTE). The Coronal mode1(8) is used when the dominant form of

recombination is radiative recombination, which is the case when

n < 1080 (1772 y3 (1)
e e

Here n, is the electron density and To is the electron temperature in eV. If
this expression is not true, three body recombination will dominate over
radiative recombination and the Saha mode1(9) is used. In the cases

where n_ ~ 1016 (Te)7/2 , we use the formula



m= (1-f) Tn‘s + f‘rﬁc s (2)

where f is a number between 0 and 1 and is a function of density. As the
electron density grows, f approaches 0; as it decreases, f approaches 1 and

- 1016 - 7/2
at g = 10 Te

state, ﬁé is the value calculated in the Coronal model and ﬁg is the value in

, T=1/2. In equation (2), m is the average ionization

the Saha model. This smooth transition between models is used because it
avoids sharp changes in the equation-of-state which could cause numerical
difficulties when these data are used in a hydrodynamics code.
Since ng = ﬁ'ni wheke n; is the ion density, the choice of ionization model
made by equation (1) is dépendent upon the jonization state calculation so
that this calculation is iterated until a stable solution is obtained for m.

The Saha model for ionization has been discussed in the description of an
earlier version of this code (MFP).(5) In the Saha model, the transcendental
equation

at 372
I(m  + 1/2) = T, 4n (—f‘-e—) (3)

is solved for ﬁg, where I(m) is a piecewise linear continuous extension of the
ionization potential for the ionization of the mth electron from the atom. Tp
is the plasma temperature and A = 6.04 x 1021 eV'3/2. The densities of the
six most populous ionization species follow a Gaussian distfibution centered
about ﬁg. Since the solution of equation (3) is dependent upon the total
electron density and since this code allows a mixture of up to five atomic
species,(7) the average ionization state of each species is dependent upon
ionization of the other species. Thus, equation (3) is solved iteratively

until stable solutions, ﬁgj, are obtained for all species j.



The average ionization state in the Coronal model is found from the
(8)

reltionships
Sn S, S .
_ 7 0,] 1,3 m-1,j
n .= (—2) (==} ... (—=2) n_, (4)
e O A LN
7. :
v J Sn i Sy . S . =1
ng = [+ @ (o) clady | (Oladyy (5)
! 1o *1L,5 %25 *m, J J
2 0.75
a . I%(m) I.(m)
wld - 787 x 107 4 — (4
m,j mj p
| Ij(m)
exp (——) - (6)
p

Here, Sm,j is the ionization rate of m-times ionized atoms of species

Js %, 4 the recombination'rate; nmj,kthe number of outer shell electrons,
2

Nmj > the population of atoms j which are m-times ionized and Zj, the total

number of electrons present in neutral atoms of species j. nj; is the number

J
of atoms of species j. These equations are soluble in a straightforward

manner and yield ng,; and the average ionization states of each atom species,

J

(7)

The main difference between the form of results obtained in the two
models is that, in the Coronal model, the average ionization state is
independent of ion densfty while it is a function of ion density in the Saha
model. The physical reason for this is that both the collisional ionization

and the radiative recombination rates are proportional to the density squared



while the three body recombination rate is proportional to the density

cubed. Thus, in the Coronal model, Smj/“m-l,j is independent of the ion
density, while it is inversely porportional to the density in the Saha

model. An example of the dependence of the ionization on the density is shown
in Figure 1, where the average ionization state of argon, with a 0.2% impurity
of sodium, is plotted against plasma temperature and total ion density. A
curve where equation (1) is exact1yﬂsatisfied is shown as the boundary between
the regions in Tp—ni space where the Coronal model and the Saha model are
used. Points higher in density and lower in plasma temperature are seen to
vary with density while those higher in temperature and lower in density are
-1ndepehdent of density.

The energy density of the gas mixture is calculated from the ionization
states. The energy of ionization, atomic excitation and particle kinetics are
accounted for but the effects of degenerate particles and Madelung energies
are neglected so that the results are not valid for solids. This is not an
important limitation because the ionization calculations are not valid for
solids either. Chemical energies, such as those of dissociation and molecular
effects, are not included because the'absorption model discussed in Section
II1 does not address the problems of absorptioh during molecular
transitions. The energy density versus total ion density and plasma
temperature is shown in Figure 2 for argon with a 0.2% impurity of sodium.

II1. Absorption Model

The absorption coefficient is found as a function of photon energy and

(10) This model was chosen

ionization state using a semi-classical model.
because it is simple enough that the computing costs are reasonable while its
accuracy is acceptable. The absorption mechanisms considered are photo-

ionization, inverse Bremsstrahlung, bound state to bound state atomic line
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Figure 1 Ionization state of argon with a 0.2% impurity of sodium versus
density and plasma temperature.
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Figure 2 Plasma internal energy density of argon with a 0.2% impurity of
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absorption and absorption by plasma waves. Additionally, Thomson scattering
is considered. Scattering is not considered in the absorption coefficient
used to calculate the Planck opacities and mean free paths, but is used as a
contribution to the Rosseland opacities and mean free paths. This is because
the Rosseland opacity is traditionally used for radiation transport
coefficients while the Planck is used for determination of emission and
absorption rates. | \

The models for photo-ionization, inverse Bremsstrahlung and Thomson
scattering are the same as in the earlier versions of the code.(6’7) The

coefficients for these three types of absorption are taken as

10 4
® 64n2 © me(m)

z z n,(m,n) (8)
m n=n*(m) 3/3 Wocvon®

KI(hV)

for photo-ionization,

® _37 Ned mzni(m,n) Tl/2
cg(hv) =2 1 2.4 x107° P (9)
m n=1 (hv)
for inverse Bremsstrahlung, and
2 2
cplhv) = (£ 3T n (10)
mC

for Thomson scattering. Here, m, is the electron mass, h is Planck's constant
and ni(m,n) is the density of atoms of type i, ionization state m and
principal quantum number n, g is the Gaunt factor, e is the electronic charge
and ¢ is the speed of light. These processes are discussed in detail in
discussions of the earlier codes and will not be dealt with here.

The treatment of atomic line absorption is much different in MIXERG from

12



that in previous versions of the code. The model used for line absorption is
somewhat different in the calculations of the Rosseland opacities from that
used in the Planck opacities. The physical models are the same but, for
numerical reasons, the actual expressions used are different.

The Rosseland opacities are most generally defined by the integra],‘ll)

n+1 1 dB(hv)

fh k(hv) dTR dhv (11)

= p s 11
fhvn+1 3B(hv) dhv

L
!

- where op is the Rosseland opacity, x(hv) is the total absorption

coefficient, B(hv) is the Planck spectrum, T is the radiation

temperature, p is the plasma mass density, and hvn is the nth frequency group
boundary. If there is a single group for the who]é frequency spectrum the

limits to the integrations are 0 and . ‘The Planck opacities are defined as

hv
Ihv x(hv) B(hv) dhv

Mzl __n . (12)
P

p hv
[ T BhY) dhy
n

nt+l

There are numerical differences between equations (11) and (12) which
require close attention. The inverse of the absorption coefficient used in
equation (11) makes the integration over an absorption 1line difficult because
the "wings" of the 1lines are more important than the line center.(12) The
calcutation of line absorption away from the center of the line must include
Doppler broadening, the natural widths of the atomic energy levels and Stark

broadening. The calculation of the absorption in the wings is straight-
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forward as long as only Doppler and natural broadening are important because
then, the well-known Voight profile may be used. If the material has a
density much greater than the solid density, Stark broadening makes the
calculation much more difficult. In MIXERG the density is kept below the
solid density but many lines are considered so that, to avoid unacceptably
large computing costs, the absorption coefficient cannot be calculated at many
photon energies for eaéh Tine. Thisﬂwould be necessary in equation (11) if
the Voight profile(13) is used for the 1ine shape. The method used in MIXERG
is to reduce the integra1 in equation (11) to a function of parameters of the
plasma and radiation field. The integration to obtain this function, which is
-done beforehand, may be done with many integration points for each line to
properly obtain the contribution of absorption in the "wings". The 1line shape
of the absorption cbefficient near the line center is then taken to be a
rectangular shape whose maximum value is adjusted to give the proper value for
the Rosseland opacity. The advantage of this method is that the integration
now only needs a few points. The line shape of the absorption coefficient for
the Planck opacity is also taken to be a rectangular profile but the maximum
is now that which provides the correct value for equation (12). Thus, two
different absorption coefficients are used for the line contributions to the
Planck and Rosseland mean opacities. Additionally, the Planck opacity
contains no contributions from scattering. |

The method prescribed in the preceding paragraph has been followed for
absorption coefficients calculated in the semi-classical model. The atomic
line absorption coefficient in this model is

o - 1/2,2
hr/“e fnn.ni(m,n)

¢, (hv) =2 & I (
L m n=1 n'=n+l MeC Ath

] H(a,v) (13)

14



where f,,+ is the oscillator strength for the transition from principal
quantum number n to n'. The oscillator strength is obtained from tabulated
values(14) for low n and n' transitions and in the semi-classical model(6)
otherwise.

The Voight function(13) is defined as

2
H(a,v) = & ? dy —_E:XZ"TT (14)
T o (v-y)+a
and
_ hr
and
hv-hvo(m,n,n')
vV = . (16)

Ath

The spontaneous emission rate is

4ne2 [hvo(m,n,n')]2

T (17)
3,72 ?
3mec h
the Doppler width is
2Tp 1/2 hvo (m,n,n")
ahvy = (m ) c , (18)
e
and the line center is
hv_(m,n,n') = I.(m) (1 - ) (19)
o' i 3 2’ °

n (n')
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In calculating the Rosseland mean opacities, equation (11) is rewritten

as

hv K -1
1 L
[ T+ ) —T—(hv) dhv
1 _ 1 " “cont (20)
og P Keont NVn+1 3B

J (nhv) dhv
hvn _§TE

where the continuous contributions to the absorption coefficient are

designated by Kcont*

Using equation (13),

o h1r1/2e2 fnn.nJ(m n)
mc

n=1 n'=n+l e Kcont

(Z%;—J H (a(Ath, hvo), v(Ath, hvo, hv))

f n.(m,n)
= f (—Eﬂ——i————~ s thvp, hv, ] (21)
cont

and the integral in the numerator of equation (20) becomes

J 1+F 37 (hv) dhv
R
=8 (h) [ e dh (22)
R
£ . n,(m,n)

dB - nn it
= = (hv ) g , Ahv., hv )

aTR 0 Keont D 0
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B
aTR
Tine. Since g is a function of only three variables, a table of g can be made

fnn'"i(m’")

where it has been assumed that (hv) is constant across the width of the

in three-dimensional - Ath - hvo space. This table is made

either at the start of thgoa¥XERG run or beforehand and read into MIXERG at
the start of the run. When the line absorption coefficient is calculated, g
is obtained through interpolation on the table of data. This interpolation is
done on the three-dimehsional mesh shown in Figure 3. The effective

absorption coefficient for the Rosseland opacity becomes

— ZKCOHtAh\)

KRoss = 3 ~if Ihv-hvol < Ahv

D

= Keont Cif lhv-hvol > Ath . (23)

The assumption is made here that individual lines are separated by more
than 2Ath. This makes this method invalid in its present form when atomic
lines are overlapping. As long as the densities are below the solid density,
the line widths should be narrow enough that overlapping should not occur.
The model is invalid for high density materials in any case because the
ionization model neglects pressure ionization,'because the equation-of-state
neglects the Madelung energy and degeneracy effects and because Stark
broadening has been neglected.

The calculation of the Planck mean opacities is much easier because the
absorption coefficient is in the numerator of the integrand so that there is

just an additive term in the opacity due to line absorption. That is,

hv
n+l
Ihvn (Kcont + KL) B(hv) dhv

n _
op = hvn+1 . (24)
p fhvn B(hv) dhv

17



(Gpabpyrs Cpyy) LIILIRILING
O Py | (p41:0ps] Copy)
A(f,1+1) B(t+1) A(L+1,2+1)
-9
/)r— 4 /
/ /Q(O,b,C) /
/ /
// ’// , //
A”,“J?/_ 7 A1t A(R+1,8)
(or'bf+1’9{) (°r+|’b{+|' c{)
(0420 prcy) (apiprbprcy)
c[bi 0{,= (hVo){
Q b{ = (AhyDoP){
fann'N (h)
c, = (—)
f Keont ¢

Figjure 3 Interpolation mesh for g-integr‘a’].'

18



If one assumes that B(hv) is a constant over the width of the line, the

K term on the right hand side of equation (24) may be written, with the aid

of equation (13), as

) o w [(hwllzezfnn.ni(m,n)
I =B(hv)ZI I b3
O m n=1 n'=n+l Me C Ath
hvn+1—hv0
AﬁvD
Ay fpy gy Hlasv) dvl . (25)
n o
Ath‘
It is well known that
[/ H(a,v) dv = nt/2 (26)

-00

so that, as long as h“n+1 - hv_ is large compared to the line width and there

n
is no line overlapping,

2
hme fnn'"i(m’")

I =B(hv,) ( i ) . (27)

This same contribution to the Planck opacity is obtained by using the

effective absorption coefficient

2
hme fnn'"i(m’")
ZmeCEhVD

if |hv-hv0| < Ath

=0 if Ihv-hvol > Ath . (28)
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In addition to line absorption, photo-ionization and inverse
Bremmstrahlung, Thomson scattering and absorption by plasma waves are
considered in the absorption coefficient for the Rosseland opacity. Thomson
scattering is discussed in earlier pub]ications(6) but plasma effects are a
new feature in MIXERG. The model assumes that when the angular frequency of
the photon is less than the plasma frequency of the material, the transmission
~probability of the phofon is reduced by 1/e by travelling a distance of one
skin depth through the plasma. Thus,

(wz - w2)1/2

- __pe .
(hv) - if b < o

“Plas

0  if hv> wae s (29)

where w = 2nv and the electron plasma frequency is

41re2ne 172
o = ( ). (30)
e

Examples of the absorption coefficients for the Planck opacities are |
shown in Figures 4 and 5 for a plasma temperature of 0.4 eV and gas densities
of 2.7 x 1014 cm™3 and 1 x 1019 em™3. The absorption coefficients for the
Rosseland opacities are not shown but they are very similar to those for the
Planck opacities, the only difference being that the atomic lines are not as
prbnounced. Comparison of Figures 4 and 5 shows that the shape of the
absorption coefficient does not change much with density at this temperature
and that it scales almost directly proportionally with the density.

The only Tines important to Figures 4 and 5 are those corresponding to

transitions where the electron is initially in an n = 1 state. This is

20
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because at this low temperature the atoms are almost entirely in the ground
state and there are not significant numbers of outer shell electrons whose
hydrogenic principal quantum numbers are greater than one. Figure 6 shows the
absorption coefficient for the Planck opacities of argon with a 0.2% impurity
of sodium at a plasma temperature of 10 eV and a plasma density of 1.0 x 1019
cm3.  The populations of atoms with outer shell electrons with principal
quantum numbers higher than one are‘much larger in this case and the lines

corresponding to transitions starting in these states'are much more important.

IV. Integration Method

A method of numerically integrating equations (11) and (12) which keeps
the computing cost to a minimum but provides a maximum accuracy has been
developed. The method lets MIXERG itself choose the integration points
in hv so that computation time is not wasted by calculating the absorption
coefficient many times in places where it either doesn't matter or doesn't
change much.

MIXERG obtains the information needed to choose integration points
in hv from its calculation of the populations of various ionization states.
This tells the code at which photon energies the most important photo-
ionizations will begin to occur. Since these "K-edges" provide sharp
discontinuities in the absorption coefficient, one 1ntegratioh point is picked
just below each such "K-edge" and one just above it. The interval between
these edges is then filled with a fixed number of equally spaced integration
points. Other discontinuities occur at the absorption lines, whose positions
and widths are also determined by the populations of ionization states. The
lines are taken to be rectangular in shape, as was discussed in Section III,
and each requires four integration points. These points occur at

hv = hvo i Ath t £, where € is a small number.
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There are also integration points which are not determined by the state
of the material. These are the group boundaries hvn and the maximum and
minimum values of the integration mesh. These points are input into the code
at the start of the run. The interval between the most energetic important
"K-edge" and the maximum hv is filled with an arbitrary number of equally
spaced integration points as is the interval between the minimum hv and the
Towest energy "K-edge".

The whole set of integration points, both those provided by the user and
those determined by the code, are sorted into ascending order. Because of the
variability of the mesh, a given group integral between hvn and h“n+1 may have
only two integration points for one set of Tp and density or many for another
state of the gas. This is a desirable feature of MIXERG because a group
having only two integration points should not be very important to the
propagation, emission and absorption of radiation and it is not very important
to have those group opacities calculated to high accuracy.

Sample results using this integration method are shown in Figures 7 and
8. In Figure 7, the whole-spectrum averaged Rosseland opacity is plotted

against the radiation temperature Tp and the plasma temperature T
3

for a Qas
P .
of 2.7 x 1019 argon atoms per cm” and 5.4 x 1016 sodium atoms per cm3. The

Planck opacities for the same case are shown in Figure 8.

V. Conclusions

A computer code, MIXERG, has been developed which provides equation of
state and opacity data for mixtures of gases. The methods used in the code
should be valid from the 1imit of LTE at low density up to solid density.

This data will be useful td the solution of many problems in engineering and
applied physics. MIXERG is easy and inexpensive to use and should provide its

users with flexibility in choosing gases in which they
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study such things as radiation transport phenomena.
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Appendix A MIXERG User's Manual

A schematic flow diagram for MIXERG is shown in Figure 9. The code is
written in standard FORTRAN with the exception that the UNIVAC FORTRAN V
INCLUDE procedure has been used to insert common blocks into the source
statements of the subroutines. On the UNIVAC at the Madison Academic Computer
Center at the University of Wisconsin, MIXERG requires 0.4 seconds of CPU time

for each combination of TR, T. and density and 64,000 36 bit words of fast

p
memory .

In what follows, subroutines, common blocks, input and output are
described for MIXERG.

- Main Program

The main program in this code is MAIN. It does no calculations itself
but leads the code from acceptihg input through the calculations to the
printing and storing of results. The mesh in radiation temperature-gas
temperature-gas density space over which the results are spread is determined
by parameters passed from subroutine INPUT in common block CONTR. The results
are passed in common block RITE to subroutine OUT, where they are printed and
stored. Finally the results are collected, re-organized and written onto an
output file in subroutine COLL.

COMMON BLOCKS: CONTR, POPU, OPCOM, RITE, TEMP

SUBROUTINES CALLED: INPUT, EOS, POPUL, MESH, ABSCON, INTEG, OUT, COLL

Subroutines

ABSCON: This subroutine calculates the absorption coefficient for values of
the photon energy which are provided by subroutine MESH through common
block ABSORP. The method of calculation of the absorption coefficient is

described in Section III.

COMMON BLOCKS: SAHDT, POPU, CONTR, TEMP, ABSORP
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CALLED FROM: MAIN
SUBROUTINES CALLED: O0SCST, LSHAPE

ATMLY: This subroutine calculates the densities of atoms in atomic levels of

COLL:

the outer shell electrons in the hydrogenic Bohr model. The atoms are
assumed to be in equilibrium at temperature Tp and in ionization state
KION-1. These densities are used in ABSCON.
COMMON BLOCKS: SAHDT, TEMP, POPU
CALLED FROM: POPUL
SUBROUTINES CALLED: None

This subroutine reads the results stored in file 20. These results are
written into fi]e 20’by subroutine OUT. COLL reorganizes the results
into a form which is more convenient for storage and use in other pro-
grams. The reorganized results are written into file 11.
COMMON BLOCKS: None
CALLED FROM: MAIN
SUBROUTINES CALLED: None

CORONA: The ionization state is calculated in the Coronal model in this sub-

routine. The choice of ionization model is made in subroutine IMODEL and
if the Coronal model is indicated CORONA is called by subroutine EMBAR.
The method used here is described in Section IV of this paper.

COMMON BLOCKS: CONTR, POPU, SAHDT, TEMP

CALLED FROM: EMBAR

SUBROUTINES CALLED: None

DNQ(DNIP,DHOR,DOUT,INDMAX): This routine is a trapazoidal rule integrator.

It is called by INTEG to do the integrations for the Rosseland and Planck
whole-spectrum and multigroup mean opacities or mean free paths. INDMAX

integrand values are passed to the routine as are the INDMAX photon
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energies in DHOR. The integral is passed back to INTEG as the scalar
DOUT.

COMMON BLOCKS: None

CALLED FROM: INTEG

SUBROUTINES CALLED: None

EMBAR(TENER): This subroutine computes the average ionization states for each

ENDP:

ion species by using an iterative solution to the transcendental continu-
ous form of the Saha equation or by solving the Coronal model equations
in a call to subroutine CORONA. If Eq. (1) is approximately an equality,
both models are used and the averaging method described in Section II is
used. The total energy density in the plasma is calculated and passed to
subroutine EOS in the scalar TENER.

COMMON BLOCKS: CONTR, POPU, SAHDT, TEMP

CALLED FROM: EOS

SUBROUTINES CALLED: IMODEL, LHSF, CORONA

To avoid discontinuities in «, due to "K-edges," this routine is used
to pick the end points of the integrations in photon energy used to
calculate the opacities. The integrations are broken into smaller inte-
grations where these shorter intervals have end points where the photon
energies are equal to the first 5 atomic energy levels of the 2 most
heavily populated ionization states.

COMMON BLOCKS: ABSORP, COMEND, CONTR, POPU, SAHDT

CALLED FROM: MESH

SUBROUTINES CALLED: None -

EOS(TENER): This subroutine guides the calculation of the equation of state

of the plasma. It calls subroutine EMBAR to obtain the internal energy

density of the plasma at three slightly different plasma temperatures and

33



calculates the heat capacity and the temperature derivativé of the charge
state of the plasma through differentiation. The internal energy density
is passed to MAIN through the scalar TENER.
COMMON BLOCKS: CONTR, POPU, TEMP
CALLED FROM: MAIN
SUBROUTINES CALLED: EMBAR

FPLAN(ERAD,ABSCN,JMODE): This function is the integrand used in the inte-
gration over the photon energy in the computation of the Planck opaci-
ties. ERAD is the photon energy, ABSCN is the absorption coefficient at
the photon energy, and JMODE is a flag telling FPLAN what normalization
to use. To compute this integrand, this subroutine must call subroutine
GEE1l to obtain the properly normalized weighting function gi.
COMMON BLOCKS: TEMP "
CALLED FROM: INTEG
SUBROUTINES CALLED: GEE1

FROSS(ERAD,ABSCN,JMODE): This function is the integrand used in the inte-
gration over photon energy for calculation of the Rosseland opacities or
mean free paths. It is similar to FPLAN in that it has ERAD, ABSCN, and
JMODE as arguments. FROSS calls the subroutine GPRIM to obtain gy, the
properly normalized weighting function for taking Rosseland means.
COMMON BLOCKS: TEMP
CALLED FROM: INTEG
SUBROUTINES CALLED: GPRIM

GEE1(ERAD,G1,JMODE): This subroutine calculates the weighting function used
in the integration for the Planck means. The weighting function is
unnormalized if JMODE=1, which corresponds to md]tigroup opacities and is

normalized if JMODE=0, which corresponds to whole spectrum averaged
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opacities.
COMMON BLOCKS: TEMP
CALLED FROM: FPLAN
SUBROUTINES CALLED: None

GPRIM(ERAD,G,JMODE): This subroutine is very similar to GEEl only it calcu-
lates the weighting function used in the Rosseland means.
COMMON BLOCKS: TEMP |
CALLED FROM: FROSS
SUBROUTINES CALLED: None

IMODEL(FLINER): This subroutine uses Eq. (1) to determine which ionization
model, Saha or Coronal, to use. When the system is near the boundary
between the regions where the two different models should be used, an
average is used as prescribed by Eq. (2). FLINER is the linear averaging
parameter, f, in Eq. (2) and is passed back to EOS in the argument list.
COMMON BLOCKS: CONTR, POPU, TEMP
CALLED FROM: EOS
SUBROUTINES CALLED: None

INPUT: This subroutine reads input data, sets initial parameters, and prints
a heading which lists the initial parametérs used. The input data
includes the integral g table which is read from unit 27, ionization po-
tentials and numbers of electrons in outer atomic shells for each species
from units 12, 13, 14, 15, and 16, and data controlling MIXERG which is
read through namelist INIT from the normal input unit, 5.
COMMON BLOCKS: ABSORP, COMEND, CONTR, POPU, SAHDT
CALLED FROM: MAIN
SUBROUTINES CALLED:  INTGLG

INTEG: This subroutine controls the integrations over photon energies to get
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the Rosseland and Planck means. It does both the whole spectrum averaged
quantities and the multigroup values. It constructs the integrands
through calls to FROSS and FPLAN and does the integrations with calls to
DNQ. The mesh of photon energies is provided by an earilier call to
MESH.
COMMON BLOCKS: ABSORP, CONTR, OPCOM, POPU, TEMP
CALLED FROM: MAIN |
SUBROUTINES CALLED: FROSS, FPLAN, DNQ

INTGLG: This routine creates the data table containing the integral g for use
in calculating the line absorption. This routine is only called by MAIN
if ISW(10)=1. Otherwise, the data is read from a pre-existing table. In
either case that data is read from input unit 27 in subroutine INPUT.
COMMON BLOCKS: None
CALLED FROM: INPUT

LHSF(EM,II,LHS,LGAS): This subroutine calculates one side of the continuous
form of the Saha equation, LHS, which in EMBAR is compared with the
calculation of the right hand side of the Saha equation. II is a para-
meter used in EMBAR, EM is the average ionization state and LGAS is the
index labeling the atomic species.
COMMON BLOCKS: SAHDT
CALLED FROM: EMBAR
SUBROUTINES CALLED: None

LSHAPE (KION ,NPRIN,NPP ,ERAD ,H1 ,H2 ,LGAS ,KCONT,K): This routine calculates the
shape function of the atomic 1ine corresponding to atom number LGAS in
jonization state KION-1 making a transition from a state with an outer
shell electron with principal quantum number NPRIN to one with principal
quantum number NPP. KCONT is the continuous part of the absorption coef-
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MESH:

ficient and K is index of the particular ionization state. Hl and H2 are
returned to ABSCON as the Rosseland and Planck shape functions at photon
energy ERAD. This routine uses the methods discussed in Section III.
COMMON BLOCKS: ABSORP, CONTR, POPU, SAHDT, TEMP
CALLED FROM: ABSCON
SUBROUTINES CALLED: None

This routine determines the mésh of photon energies over which the
integrations are done. The photon energies are chosen so the most promi-
nent "K-edges" are closely bracketted by two points. These points are
found with a call to subroutine ENDP. ISW(1l) equally spaced photon

energies are spread out between each of these "K-edges." Four points are

chosen around the rectangularly shaped absorption lines to insure that

they are accurately integrated. Frequency group boundaries are also made
points. A1l of these photon energies are sorted into ascending order
with a call to subroutine SORT.

COMMON BLOCKS: ABSORP, COMEND, CONTR, SAHDT, TEMP

CALLED FROM: MAIN

SUBROUTINES CALLED: ENDP, SORT

0SCST: This subroutine creates the oscillator strength needed for calculation

ouT:

of the line absorption. For cases where the initial and final principal
quantum numbers are less than or equal to five, tabulated values are
used. For other cases, a Bohr model estimate is used.

COMMON BLOCKS: ABSORP, CONTR

CALLED FROM: ABSCON

SUBROUTINES CALLED: None

This subroutine prints and stores the results of this code. The results

are passed in common block RITE from the main program. Even though the
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calculations have been done with double precision variables, the results
are stored as single precision. .Parameters controlling the printing and
storing of results are contained in common block CONTR. A complete
description of the form of the output is given in the INPUT/OUTPUT part
of this appendix. A sample of the printed output is given in Appendix B.
COMMON BLOCKS: ABSORP, CONTR, POPU, RITE

CALLED FROM: MAIN |

SUBROUTINES CALLED: None

POPUL: This subroutine manages the calculation of the densities of atoms in

SORT:

various ionization states with electrons in various atomic states. Each
of the atoms are assumed to be in one of the six fonization states which
this subroutine chooses. With calls to ATMLV, this subroutine obtains
and normalizes the atomic densities and then calculates the free electron
densities and the electron plasma frequency.
COMMON BLOCKS: CONTR, POPU, SAHDT, TEMP
CALLED FROM: MAIN
SUBROUTINES CALLED: ATMLV

This routine puts the photon energy mesh points into ascending order.
COMMON BLOCKS: ABSORP, CONTR |
CALLED FROM: MESH
SUBROUTINES CALLED: None

COMMON BLOCKS

ABSORP
KAPPA(500) double prec. = Planck absorption coef. (em~1)
PHOT(500) double prec. photon energies (eV)
FNN(20,20) double prec. oscillator strength

ERADO(20,20) double prec. line center (eV)

38



DNPI
DNPPI
GAMMA
DHNUD
NUMLIN

KLINE
KMESH(2)

KAPPA2(500)
GINT(40,10,5)
GSCALE(20)

GRPBD(21)
INDGRP(21)

NGRP
NGRPP1

COMEND

END(10)
HIPT

CONTR

IPRT(20)
ISW(20)

ICNTMX

ITERMX

ITR2MX

double prec.
double prec.
double prec.
single prec.

integer

integer

integer

double préc.
single prec.

single prec.

double prec.

integer
integer

integer

double prec.

double prec.

integer

integer

integer

integer

integer

1/NPRIN

1/NPP

natural transition rate (sec™!)
Doppler line width (eV)

number of lines considered per ionization
state

number of ionization states with lines
indices of the ionization states used in
ENDP

Rosseland absorption coef. (em1)
g—integra1

scalar parameters needed to use g-integral
table

photon energy group boundaries (eV)

index numbers of group boundaries in
PHOT(500)

number of groups

NGRP+1

important "K-edges" (eV)

largest photon energy in integration (eV)

vector controlling optional printing (see
input descriptions)

vector of optional switches (see input
description)

maximum number of inner ijterations in Saha
ionization solution

maximum number of outer iterations in Saha
ionization solution

maximum number of iterations of whole ijoni-
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EPSL
IMAX
JPMAX
JRMAX
DLOW

TLOW
DELTR

DELTP
DELD
UNFAC
IDEN(5)

DEN(5)
BZFACT

INDMAX
OPCOM

—

LROSS
LPLAN

ROPAC(21)
POPAC(21)
POPY

IMA(5)

double prec.

integer
integer
integer
double prec.
double prec.

double préc.
double prec.

double prec.

double prec.

integer

double prec.

double prec.
integer

double prec.
double prec.
double prec.

double prec.

integer

‘densities log (cm™

zation calculation

spacing between photon energies bracketting
"K-edges" (eV)

number of total jon densities considered
number of plasma temperatures considered
number Of‘radiation temperatures considered
Togyg of lowest total ion density log (cm™3)
Togyq of Towest temperatures log (eV)

logyg of the ratio of succeeding radiation
temperatures log (eV)

logig of the ratio of succeeding plasma
temperatures log (eV)

10910 of the ratio3?f succeeding total ion

the output energies are written on the disk
file in units of MJ times UNFAC

if IDEN(LGAS)=1, the density of ions of
species # LGAS is DEN(LGAS*D(1). Otherwise,
density is DEN(LGAS)

see above

width of boundary zone between regions of
Saha3and Coronal model: (eV) if ISW(7)#0,
(cm™) otherwise

number of photon energies in mesh

mean free path (cm)
/gm) otherwise

whole spectrum Rosse]and2
if ISW(8)=0, opacity (cm
mean free path (cm) if
/gm) otherwise

whole spectrum Planck

ISW(8)=0, opacity (cm?

Rosseland group opacities (cmz/gm)

Planck group opacities (cmZ/gm)

average ionization state of each atomic
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NSUBN(5,6,20)

N(5,6)

- MINM(5)

ELDEN(5)

D(5)
MBAR
NGAST
EMA(5)

EMB(5)
TIOND
TIONI
DETOT

EPLAFR
ICOR

ISAHA

NCOR(5,6)

MBARS

MBARC

CORIST(5)

double prec.

double prec.
integer
double prec.

double pkec.
double préc.
integer

double prec.

double prec.

double prec.
double prec.
double prec.
double prec.

integer
integer

double prec.

double prec.
double prec.

double prec.

species (e)

dens1ty of atoms of a given species in a
given ionization statg and a particular
excitation state (cm™2)

density of atoms of a given
given ionization state (cm™

species in a
3

minimum of the 6 jonization states con-
sidered for each species

free electron dens1ty dge to ionization of a
particular species (cm”

ion density of each species (em™3)

total average ionization state (e)
number of species

average jonization for a particular species
for Tatest iteration in Saha model (e)

average ionization state for a particular
species on previous iteration in Saha model
(e)

total ion density (cm=3)

inverse of total ion density (cm3)
total electron density (cm'3)
electron plasma frequency (Hz)

if ICOR=1, Coronal model is used. If
ICOR=0, it is not used

if ISAHA=0, Saha model is to be used. If
ISAHA=1, it is not used

density of ions of a particular species in a
part1cu1ar3state as predicted by the Coronal
model {cm™)

the average total ionization state as pre-
dicted by the Saha model (e)

the average total ionization state as pre-
dicted by the Coronal model (e)

the average ionization state of a particular
species as predicted by Coronal model (e)
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AVIST(5)
TELDC

MINL(5)
NSAHA(5,6)

NATOM(20)
TOTMS

RITE

GR0SS(20,20)

GL1(30,20)

DENS(5)
TMPR(20)
TMPP(20)
EEM(20)
EEN(20)
CP(20)
ZDIR(20)

RGRP(21,20)
PGRP(21,20)
-OUTSCA(30)

ICRPB(21,20)

double prec.
double prec.

integer
double prec.

double prec.

double prec.

single prec.

single prec.

single prec.
single prec.
single prec.
single prec.
single prec.
single prec.

single prec.
single prec.
single prec.
single prec.

integer

average ionization state of a part1cu1ar
species (e)

total elecgron density predicted by Coronal
model {(cm™

Towest ionization state for a given species
for which a population is predicted by the
Coronal model

density of ions of a particular species in a

particular 1on1§at1on state as predicted in
Saha model (cm™
densities of excited states (cm™3)

total mass density (gm/cmd)

Rosseland mean free pgth (cm) if ISW(8)=0;
Rosseland opacity (cm“/gm) if ISW(8)#0 whole
spectrum averaged versus Tp and Tp

Planck mean free path or opacity (see
GR0SS(20,20))

density of each atomic species (cm'3)
radiation temperatures (eV)

plasma temperature (eV)

ionization states versus Tp (e)

plasma internal energy versus Tp (J/gm)

heat capacity versus Tp (J/gm eV)

temperature derivative of charge state
versus Tp (e/eV)

Rosseland group oBacities versus group
number and Tp (cm®/gm) ‘

Planck grogp opacities versus group number
and Tp (cm™/gm)

additional output scalars (not used in
present version)

indices in photon energy mesh of group
boundaries
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SAHDT

POT(5,55) double prec. jonization potentials versus species and
jonization state (eV)

STATE(55) double prec. ionization states. This is a vector running
between 0 and the number of electrons in the
neutral atom

1ZGAS(5) integer number of electrons in neutral atom (< 54)
versus species
ATMAS(5) double prec. mass of atom versus species (gm)
10cC(5,55) integer humber of electrons in outer shell versus
~ species and fonization state
TEMP
TR double prec. radiation temperature (eV)
TP double prec.  plasma temperature (eV)
TRINV double prec. inverse of radiation temperature (eV'l)
TPINV double prec. inverse of plasma temperature (eV'l)
TINC double prec. change in Tp for dif%erentiation (eV) used
in EOS
HTCAP double prec. heat capacity (J/gm eV)
DTEMP double prec. [TINC| (eV)
DZDT double prec. temperature'derivative of charge state
(e/eV)
INPUT/OUTPUT

Input is taken by MIXERG from three general sources: ionization states
and electron shell occupation numbers for each species through formatted reads
from external files 12 through 16, g-integral values from external file 27
through a formatted read, and cbntro1 and initialization parameters through a
NAMELIST input from unit 5, the normal input channel. A sample af the input
of ionization potentials and occupation numbers for argon is shown in Table I.

The data in the file must be in the same form so that it may be read with a
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Table I. Tonization Potential and Occupation # Input Files

Argon

0 0
15.8 4
27.6 3
40.7 2
59.8 1
75. 2
9. 1
124 2
143 1
422 4
478 3
539 2
618 1
686 2
756 1
855 2
918 1
4120 2
4430 1

44



(D12.6,12) formatted read. The data must have IZGAS(LGAS)+1 lines unless
IZGAS(LGAS) > 54 and then it must have 55 lines. Data for species number 1 is
read in from unit 12, number 2 from unit 13, etc. The data from unit 27
should have been generated by INTGLG at some point and will automatically be
1n‘the correct form. The NAMELIST input is described in Table II, where the
optional input variables are listed along with their default values. If no
default is shown, some input must beﬂmade for that variable through this
NAMELIST.

The output of this code is in two forms, printed and data stored in an
output file. An example of the printed output is shown in Appendix B. The
output data is collected into a suitable form in subroutine COLL and output to
unit 11. The first line in unit 11 contains IMAX, JPMAX, JRMAX, and NGRP,
written in the 414 format. If NGRP > 1, the next lines contain GRPBD(IGRP),
ICRP=1 to NGRP+1 written in the 4E12.6 format. The charge state of the plasma
is then written with the same 4E12.5 format, where va1ues for all JPMAX values
of the plasma temperature are written before the density is changed. Data for
all of the IMAX densities are stored in the file. Similarly, data for the
internal energy of the plasma, the heat capacity and the temperature deriva-
tive of the charge state are written into fi1e'11 in that order. The whole
spectrum averaged Rosseland and Planck mean free paths or opacities are then
written with the same format. In these two blocks of data, the radiation
temperature most rapidly progresses through its JRMAX values while changes in
the JPMAX values of the plasma temperature are next most rapidly varying. The
density is most slowly varying. If NGRP=1, this is the end of file 11.
Otherwise, the Rosseland and Planck multigroup opacities follow, written with
the same format. The most rapidly varying index in these two blocks is the

group number IGRP, which varies from 1 to NGRP. The next most frequent
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Table II. NAMELIST Parameters and Default Values

Name Default Value Comment

IPRT(1) 0 if # 0, print absorption coefficient
IPRT(2) 0 not used

IPRT(3) 0 if # 0, print end points of subinte-
, grations after they are sorted into
numerical order

IRPT(4) 0 if # 0, print end points before they
, are sorted
IPRT(5) 0 "~ if # 0, print out details of EMBAR
V . calculations
IPRT(6) 0 ' ~if # 0, print details of POPUL calcu-.
’ lations

IPRT(7) 0 if # 0, print details of CORONA calcu-
lations

IPRT(8) 0o if # 0, print fonization potentials

IPRT(9) 0 if # 0, print photon frequency and
plasma frequency

IPRT(10) 0 if # 0, print oscillator strengths

IPRT(11) 0 if # 0, print details of LSHAPE calcu-
lations

IPRT(12) 0 if # 0, print details of MESH calcu-
lations

ISW(1) 20 number of mesh points between "K-edges"

ISW(2) 0 if # 0, skip opacity calculations

ISW(3) 0 ~if£0, Tp=Tp

ISW(4) 0 if # 0, skip heat capacity calculation

ISW(5) 0 if # 0, don't use tabulated oscillator
strengths

ISW(6) 3 if = 1, use only Saha model

if
if

2, use only Coronal model
3, let MIXERG choose models
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ISW(7)

ISW(8) "
ISW(9)

ISW(10)
EPSL
DELD
DELTR
DELTP
DLOW
TLOW
IMAX
JRMAX
JPMAX
HIPT
HIPOT
ITERMX
ICNTMX
POT(5,55)

STATE(55)
ATMAS(5,55)
NGAST
IDEN(5)
DEN(5)
DTEMP

0
1.D-8
.5D0
.162995D0
.162995D0
14.431400
-.39794D0
17
20
20
2.D4
1.D10
15
25

- 0.D0
.01D0

if = 0, cross boundary between Saha and
Coronal with changes in the density
if # 0, cross boundary in temperature

if # 0, calculate opacities instead of
mean free paths

if # 0, calculate group opacities; if
ISW(9)#0, ISW(8)#0 automatically

if # 0, call INTGLG

Value of POT(I) when IZEE+l < I < 55

This is only needed if the values of
POT(5,55) need to be changed from those
read in from units 12 through 16

same as POT(5,55)

mandatory input
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ITRZMX
BZFACT
NUMLIN
KLINE
GRPBD(21)
NGRP

10.00

20

mandatory if ISW(9)#0
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changes occur in the plasma temperature and the least frequent changes are in
the plasma density. In summary, the blocks of data appear in unit 11 in the
following order: IMAX, JPMAX, JRMAX, NGRP; GRPBD; the charge state; the
internal energy of the plasma; the heat capacity; the temperature derivative
of the charge state; the whole spectrum averaged Rosseland mean free path or
opacity; the whole spectrum averaged Planck mean free path or opacity; the

Rosseland group opacity; and the Planck group opacity.
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Appendix B Sample Computer Run

A sample computer run has been made and its input and output are
presented here. The run is for a mixture of 9.98 x 1018 cm=3 of argon and
1.99 x 1010 cm=3 of sodium at a plasma temperature of 10 eV. The radiation
temperature varies from 10 eV to 30.8 eV. The NAMELIST input element, MIXERG
INIT, is

EINIY 116AS=1b8,11,
Neh§¥=2,
DLOW=12.0U,
TLOow=1.80,
IneEr(Z)=1,
JPHAX=1,
JRMAEX=4
IfAX=1 ¥
DTEMP=T.D-3,
KLIKE=S s
NGRP=20,
GKF%:SQ-‘*O-QU,T*QS;S.DQ,S- 331?05031
TOe Dy T3eb0yTa5T0 1425009342301 44487D1,
75009 1eDcs14250241e502424D2y
ZeDdyboDEySeDEyT14D3,
ISW GYI=1,
&k Ny

The printed output is shown on the next three pages. The first two pages

are a heading giving initial parameters while the third page is the printed

output.
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ISR SRS S S EESeES RS RS EEEEREEEEEEEENSEEE R

* *
* MIXER4 ~ A COpE TO CALCULATE THE *
* EGUATIONS OF STATE AND OPACITIES *
* OF MIXTURES UF MONATOMIC GASES *
* *
* WRITTEN BY ROBLERY R. PETERSOK *
* *
Rk ok de e ko kdk dek kR ok kK ok k ok kk ok ok ok ko kK ok Rk ko ok
IPRT(I)
IPRT(1)= 0 PRINT ABSORPTION COEF?
IPRT(2)= 0
IPRT(3)= 0 PRINT ENDPOINTS AFTER SORT?
IPRT(4) = 0 PRINT ENDPOINTS BEFORE SORT?
IPRT(S)= G PRINT OUT IONIZATION CALC?
IPRT(&)= ¢ PRINT POPUL VALUES
IPRT(7)= 0 PRINT CUORONA VALUES
IPRT(R)= ¢ PRINT IONIZATION POTENTIALS ?
IPRT(9)= g PRINT RAD FREG. AND PLASMA FREG.?
IPRT(1G)Y = 1] PRINT 0SC STRENGTHS?
IPRTC11)= 0 PRINT LSHAPE CALC?
IPRT(12)= ) PRINT MESH CLAC?
ISwW(ld
IsSw(1)= 20 # EGe SPACED STEPS / SUBINTEGRAND
ISw(2)= g SKIP MFP CALCULATIONS 7
ISw(3)= U TR = TE 2
ISw(4)= U CALCULATE HEAT CAPACITY ?
1Sw(5)= G USE TABULATED 0SCe. STRENGTHS 2
ISk(6)= 3 CHOOSE IONIZATION MODEL
ISw(7)= 1] CROSS BOUNDARY IN D OR TP?
ISw(g)= 1 MFP 5 OR OPACITIES
ISw(9d= 1 MULTi-GROUP VAULES
ISw(10)= 0 CREATE G-INTEGRAL?
CONSTANTS USED
EPSL= L1000G0-007 SPACE BETWEEN IKTERGRALS
HIFPT= .200600+005 HIGHEST PHOTON ENERGY
HIPOT= 1000004011 DEFAULT IONIZATION POT
1ZGAS(1)= 18 ATOMIC # GF GAS # 1
1Z6AS(2)= 11 ATOMIC # OF GAS # 2
1Z6AS(3)= O ATOMIC # OF GAS # 3
12G6AS LYY= O ATOMIC & OF GAS # 4
1ZGAS(5)Y= © ATOMIC # OF GAS # 5
ATEAS (1) = J666000-022 MASS GF ATOM # 1
ATEAS(2)= J381760-022 MASS UF ATOM # 2
ATMAS(3)= ,000C00+600C MASS COF ATOM # 3
ATHMAS (4)= .0O0CO0C+00C0 MASS GF ATOM # 4
ATHAES (5)= J000000+000 MASS CF ATOM R 5
IDEN(Z)= 7% DENSITY SWITCH OF GAS # 72
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iben(3)=
IbENC4d= U
IDEN(S)= g

DEN(Z)= .200000-002
DEN(3)= ,000000+000
DENC4)= .000000+C00
DEN(5)= L000000+000
UNFAC= .100000+001
ITERMX= 15

ICNTMX= £5

ITR2ZMX= 3

oTEMP= .100000-002
HZFACT= L100000+C0e
NUMLIN= 5

KLINE= 5

NeRP= 20

CONSTANTS FOR

DENSITY
DENSITY
DENSITY
DENSITY
DENSITY
DENSITY FACTOR

DEKRSITY FACTOR

JOULES PER ENER

SEITCH
SeITCH
SWITEH
FACTOR
FACTOR

OF
OF
OF
OF
OF
GF
OF
GY

GAS
GAS
GAS
GAS
GAS
GAS
GAS
UNIT

I AL T T B W W

WES AN g AN s (N

MAX # OF OUTER ITERATIONS IN EMEAR
MAX # OF INNER ITERATIONS IN EMBAR

MAX A OF SOUNBARY ITERATIONS

TE®P DIFF FOR DERIVATIVES

 BOUNDARY WIDTH
# OF ATOMIC LINES / K-EDGE
S#ITH ATOMIC LINES

# OF K-EDOGES

# OF FREGUENCY GROUPS

RESULT MESH

RATIO OF SUCCEEDIRG RAD TEMPS

SUCCEEDING GAS TEWMPS
SUCCEEDING DENSITIES

5.0000600+000
2.500000+001
1.250000+00¢

IMAX= 1 . OF DENSITIES
JREAX = 4 # OF RAD TEMPS
JPEAX= 1 # OF GAS TEHMPS
bLOwW= L1%0000+002 LOG OF LOWEST DENRSITY
TLOW= T100000+001 LOG OF LOWEST TEMPS
PELTR= .162995+000 LOG OF
DELTP= «162995+000 LOG COF RATIO OF
peELD= L500000+0G0 LO06 OF RATIG OF
FREGUENKCY GRUUP BOUNDARIES
£.000000-001 1.000000+000 2.000000+000
1.000000+0G01 1.300000+u01 1.5700004001
4.87000G+C0T1 7.500000+001 1.000000+4002
2.000000+002 3.000000+00¢ 4.00C0C0+G0K
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