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ABSTRACT

The radiation transport subroutines of the SPUTTER code for spherical geometry
have been revised. The DIFFU subroutine has been eliminated and RADTN, TRANS,
and KAPPA have been recoded. The results of this work on the codes are (1)
improved logical organization, (2) more efficient and rapid calculation, (3)
improved accuracy, (4) more complete documentation, and (5) comparisons with
test problems. The much simpler and more accurate diffusion approximation is
exploited when a new diffusion criterion is satisfied in shells within the
sphere, A more accurate angular integration of the intensity makes use of the
y-line integration results more efficiently to give improved fluxes. Reorgani-
zation of the calculation, saving of quantities to be used again, and use of
a fast exponential routine have resulted in speeding up the routines by approxi-
mately a factor of 2. The diffusion and angular integration improvements
apparently have resulted in an additional factor of 2 speedup for the same
accuracy.
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The SPUTTER code subroutines for radiation transport in spheres descrtbed
herein are as they existed on July 1, 1965. General Atomic has-exercised due
care in preparation, but does not warrant the merchantability, accuracy, and
completeness of these subroutines or of their-description contained herein.
The complexity of this kind of program precludes any guarantee to that effect.
Therefore, any user must make his own determination of the suitability of these
subroutines for any specific use and of the validity of the information produced
by their use.
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SECTION I

INTRODUCTION

The spherical version of the radiation transport routines for SPUTTER( I)
has been completely revised to increase both the speed and the accuracy of
the calculation. The new subroutines contain a revised diffusion criterion,
the use of Planck means in the traneparent, or thin, limit (Rosseland means
have always been used in the thick limit), and an improved method of
integrating over angles.

The logic in the SRADTN subroutine has been reorganized: first, to
select an initial set of y-lines from which the set for each frequency group
will be chosen later; second, to merge frequency groups for which the source
func ion is small, even for the highest temperature in the mesh; third, to

limit the source calculation to regions of appreciable temperature and thereby
reduce the transport calculation; and, finally, to establish diffusion regions
and perform the diffusion calculation in SRADTN (formerly this was done in
a subroutine called DIFFU). In essence, therefore, the new SRADTN sub-
routine establishes the limiting set of active zones for sources, y-lines, and
frequency groups. The new STRANS subroutine contains the intensity inte-
gration along y-lines for the frequency groups selected in SRADTN.

What has been achieved in recL'ding these subroutines has been the
removal from inside the main y-line loop the redundant calculations made

previously, and this was principally done by storing the complete set of
x-y intersections. The improvement in the angular integration is achieved
by storing intensities along the previous y-line and interpolating between

y-lines for an improved quadrature summation of fluxes. Both the quadratic
and linear forms of interpolation were tested, but since the linear form
appears to be more appropriate in most cases, it is used in STRANS.

Appropriate expansions in optical depth for transparent regions as
well as diffusion boundary conditions are used in the new subroutines. At
present the Rosseland mean is used in the thick limit and the Planck mean
in the thin limit. This approach is only temporary, as e.ventually the
more realistic transmission means, which will automatically iit correctly,
will be used.

The numerical solution of the radiation transport equation along

selected sampling rays through a sphere is discussed in Section II. The
improved diffusion approximation is described in Section III, and the
frequency integrations needed for the SPUTTER calculations are described

in Section IV.



Although most of this report is concerned with the improved SRADTN
and STRANS routines, some changes have also been made in certain auxilliary
subroutines, e.g., a faster exponential subroutine FREXP, the Planck
function subroutine PLNKUT, the absorption coefficient interpolation sub-
routine KAPPA, etc. These improvements are discussed in Section V, and
the listings of the subroutines SRADTN, STRANS, FREXP, KAPPA, and
PLNKUT are given in the Appendixes. The preliminary results of the improve-
ments in accuracy and calculation times from comparison with the old sub-
routines are given in Section VI.

The obvious differences between the new and the old subroutines are
in the new angular integration scheme and criteria for diffusion. The y-line
integration of intensities is essentially the same. Actually, wlat has been
achieved is a careful re-evaluation of the complete code, which has resulted
in many time savings and in some increased accuracy. Additional accuracy
can be achieved by going to more complete and therefore more complex
integration schemes requiring additional core storage. These schemes
will probably need the increased fast-storage capacity of the new generation
of computers (e. g., CDC 6600 and IBM 360). Careful comparisons have
been made between single cycles of multifrequency transport carried out
with the old code and with the new code (as d'scassed in Section VI). These
calculations have pointed up certain limitations in the numerical solution
of the radiation transport equations, which are still not completely resolved.
Questions as to the treatment of thin (optically) hot zones adjacent to thick
cold zones, shock fronts, radiative fronts, the use of Planck emission
means or, for that matter, what is the appropriate average, etc., still

remain. The frequency-dependent calculations lead to questions regarding
the selection of frequency groups and the use of various frequency-group
averages. The present subroutines alLw for a basic solution of the spherical
transport equations, in which many improvements relative to the above
questions, as well as additions in respect to such matters ae retardation,
scattering, etc., can be made.

IZ
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SECTION II

NUMERICAL SOLUTION OF THE TRAESPORT EQUATION

The radiation routines described herein contain a formulation based
on numerical solution of the radiation transport equation along a selection
of sampling rays through the sphere. Relevant averages over the angular
distribution are obtained by numerical quadrature, as described in
Section 2. 3, and the numerical solution of the transport equation along the
photon ray is presented in Section 2. 1. Criteria for selecting the sampling
rays are discussed in Section Z. 2. All of the derivations of this section
apply to photons of a particular frequency; integration over frequency is
discussed in Section IV.

The radiation transport equation in spherical geometry that describes
the changes in the specific intensity I, of photons of frequency v resulting

from pure absorption and emission according to the local thermodynamic
equilibrium assumption is

2 I c2 f (ByI

(Ar r Z V V

where

3
B 2h v

c2 e hv/e
c e -I

a' o 1 e-hv/0)a v = a v ( l - e

and o-, is the pure absorption coefficient. The scattering coefficient is
assumed to be negligibly small compared to the absorption coefficient.
Additionally, the retardation of the photons is neglected, as is valid when
the radiation energy is small and temperatures change slowly. The resulting
equation describes the quasi-steady intensity field resulting from the
distribution of sources existing at a particular time. This equation is
simplified by introducing two new independent variables, x and y, in place
of r and p2, where

x= r/I, y= r F-i , r = +y" 2.
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The distance long the photon ray is measured by x and the distance of
closest approkch of the undeviated ray is given by y. Since each ray is
characterized by a particular y-value, it is also called a y-line. These
relations are illustrated in Fig. 2. 1, where the geometry of two y-lines
is shown in relation to the radius and polar angle (Fig. 2. la) and these
quantities are translated into the corresponding two rays at a typical point
on the spherically symmetric surface (Fig. 2. Ib). In terms of x and y,
the transport equation becomes

8* VaI

-~- r' (By I)(

an equation which could equally well be considered the fundamental defining
equation for the intensity in that it describes the processes that change the
intensity along the ray. Defining the monochromatic optical depth, T, as

x

T f ,dX

the differential equation can then be integrated between two points, T 1 and
Ti, on a ray:

1T

-(T. 1 )(i -(T -T)

I.=. e +T Be dr (2.4)

i-

This equation forms the starting point for the numerical solution of
the transport equation. For a particular ray having a y-value chosen
according to the prescriptions given in Section, 2. 2, the intensity is
evaluated at selected points along the ray, starting from the outside boundary
of the sphere with a prescribed boundary value. The immediate problem,
then, is to prescribe the method for approximating the quadrature in Eq. (2.4).
This prescription and the task of prescribing boundary conditions are
discussed next.

2.1. INTEGRATION ALONG Y-LINES

In the finite-7.one calculation of the SPUTTER code, the value of the
source function, BV, is known only at a series of radii corresponding to
the average positions of zones in the calculation. Intensities are needed,
however, at all interfaces between zones in order to determine radiation
fluxes. Consequently, it is necessary to construct an interpolation function
between known values bo that the integration of Eq. (Z. 4) can be carried out.

4
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Of the many alterna.ives, a simple scheme is chosen which permits the
integration to be perfokmed in closed form.

2. 1.1. General Formula

As indicated in Fig. 2. , the source function is usually assumed to
be linear in r between given -rlues of B aj at the midpoints of zones
ri+i- At certain interfaces, however, hWhen the criteria described in

Sedion V are satisfied, the source function i3 assumed to be constan at
the zone value, which is also shown in Fig. 2.2. Values of the source

fur.ction B i are first obtained by interpolation at the zone interfaces

3 3

Fig. 2. 2- -flust-ation of discontinuous source function

which, together with the midpoint values,form the termini for the integral

of Eq. (Z,41. More specifically, in the interval <irI -r < T, the source

function takes the value,

B=a +b--, T,_1 <T<T-

where

B. T D. B
a- - T T, b 2 (2.5)

and

B = a+ + b T, I < T < T

6
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where

B. -. I B.-
I- t 1 1-1 1-z

a+= b i= -.

For the case of a constant or 5tep- unction source, the source finction B
takes a value dependent on which interface of the zone is affected. If the
left interface ( = ri_) satisfies the criteria for a constant source,

B=B_ <T

If the right interface (-r = r, satisfies the criteria,

!B = Bi-"S Ti' < < T <

The integral of Eq. (Z. 4) can be evaluated with the interpolation function

of Eq. 2. 5) to give for the intensity

'I 1-ixi z-+ ( i- +'y -1)e"  , + ___eA , (2.6)

where

I]
a.a = ab+ i -1 ) ,

i a -a++ (b -b

(I- I - I
In these expressions A = Ti - Ti-l- The coefficients of Eq. (2. 6) can be
re-expressed by using the definitions oi Eq. (Z. 5):

B. - B.

I i A/Z

B. -Bj B. 1 3
- = 1 (2.7)

B .B- B'l1-* = -I 11

BZ A/Z

7



The terms in Eq. (2.7) may be interpreted as containing combinations of
numerical ap.roximations to the values of the 5ouzce function and the -"

derivative of the source function at the boundaries of the interval.

This form of the equation, in fact, can be obtained in another way
starting from Eq. (2. 4. Tvs.o successive integrations by parts transform the
expression for 1 into the following equivalent form:

L = -A i -Be i d-r * (2.8)
(1 I _OTi- 

2

in terms of values of the source function and the first two derivatives of the
source function with re.ect to -r.

In an optically thin interval, the most important contribution arises
from the terms li_1 and B, which represent the transmitted intensity and
the emission from the zone. The derivative terms cancel in this approx-
iantion; this is perhaps more directly indicated by Eq. (2.4). In the
optically thick intervalwhich is :he extreme opposite, only the first two
terms eva!uated at i are usually of significance. The terms from i - I are

* strongly attenuated and 82 B/8TZ in the integral is usually smali. In the
limit, the diffasion approximation results from the term aB/cI3)i. Between
limits, it is necessary to consider the integral term in Eq. (2. 8).

i If A is not too large, a representative mean value of the exponential
in the interval may be taken to give for the integral of Eq. (Z. 8)

I Tr i 1 - z B e-(r.- "r)d =--A / 8[")i - l)i -

fT IT ~e 2 dT =e /2~ e. )

and thus the expression for intensity becomes

T). + TI B(.+

This expression has just the form of Eqs. (Z. 6) and (2. 7) when the difference
expressions are identified with the derivatives.

It is clear from the derivation of Eq. (2. 6) that the resulting intensity
is a posicive quantity. With positive values for zone source functions, the
linear interpolation expression assures that the integral contribution is
always positive. Since the boundary intensity is always a positive quantity,
the positivity of all intensities is assured.

8



In the diffusion approximation limit, however, Eq. (2.9) is to be
! preferred over Eqs. (Z. 6) and (Z. 7), since in this limit only quantities at

interface i will survive, and

-- ~~ = " iBi-B '

i1

which can be evaluated more accurately than the corresponding difference
approximation to the derivative of Eq. (Z. 7). The point is that B depends
only on radial position and not on angle, so that an interpolation formula
using -r is more artificial than one based on a radial quantity, such as

8E 8B
a-r. 10)

where

|r
h =f a- dr

k./-
I0

The independent variable h depends only on r, so that angular integrations
of I i can be performed explicitly in the diffusion approximation, which takes
account of the dependence on angle of Eq. (Z. 10). A difference approximation
can also be based on this expression, assuming that B is linear in h, i. e.,

O /-h i ' (2.11)49Tji h. - h. _  -L

where ;i = xi/r; is the cosine of the angle of the ray at the interface with
radius ri. The corresponding equation for the intensity is Eq. (2. 6),in which

B.. B
- B. p h. -h. ~

. B.-. IB -B.
1 -i i- i-I

- i- - h. I

9



In spherical geometry, however, g varies along the ray, so the
difference approximation in Eq, (2. 11) is not identical with the linear-in--r
difference approximation. Consequently, Eq. (2. IZ) is different from
Eq. (Z. 7). Although Eq. (2. 1Z) is superior in the diffusion limit in that
the surviving terms give the correct diffusion expression, unfortunately,
for the general case, the positivity which applies to Eq. (Z. 7) is lost;
consequently, it is not clear which expression is best. (In slab geometry,
where # does not change alog the ray, the difference equation analogue of
Eq. (2. 10) is exact and the poeitivity of the equation resulting from the
linear-in-h assumption is assured.) The greatest danger of negative
intensity comes from regions of small optical depth; however, these are
calculated by a limiting form of the equations, as described below.
Equations (2 6) and (2. 12) are solved in the STRANS subroutine further
described in Section V. Should negative intensities result from the
calculation, they are replaced by zero.

2. 1. 2. Special Calculation near x = 0

The source function profile shown in Fig. 2. 2 fails to take into account
-all of the information available in the neighborhood of x = 0. Since the source

function along the y-line displays symmetry about x = 0, it is clear that
its derivative should be zero there, i condition violated by the preceding
interpolation rule. Consequently, a special calculation is performed in
the two intervals adjoining x = 0, which are formed by the double penetration
of the zone by the y-line, as illustrated in Fig. 2. 3a. In the half-intervals
immediately adjacent to x = 0 (see Fig. 2. 3b), the source is taken to be
quadratic in x, the constants of which ar- d-termined by requiring that
the derivative be zero at x = 0 and that the function take on the known source
value at the center of the zone. The sQurce in the remaining intervals is
formed from the linear-in-x assumption. Since the interpolation function
is contained within a single zone, the function in Fig. 2. 3b has exactly the
same form as a function of T as it has as a function of x.

The quantity x._ is the x-coordinate of the center of the zone having
inner radius r0 and radial thickness Ar (see Fig. 2. 3a),

xI = [Arlr 0 + O 25 Ar)]Z

and corresponds to the value of the source function BI. Values of
the source corresponding to x = 0 and x = x are B and B

0

10
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Fig. 2. 3--Assumed spatial dependence of scurce

function near x = 0

To illustrate the derivation of the intensities 10 = I(,c = 0) and
=l I(x = xl), the following steps in the calculation of the source integral

for the interval -xi < x < 0 are indicated. In this interval the source
function is represented as two parts (see Fig. 2. 3b)

B a + b x ,-x <x<-x 1
- - lY

where
x B,-xjB 1  ___-B

a_ b_= 7
- x I-x - x -xI

and

Ba+ + b'c 2 -X <x< 0

where

$ Bi- B
a+ O b 0

+ 2

11I



In terms of these quantities, the integral of Eq. (Z. 4) is then

f Be r o dx a (e T eA) + -[(A+l)e "

- !-

I-A 1  -A_.

-(A+ 1)e Z]+a+(1 e )

I

b+ -A 1

-+ 2A + 2)e ]

where A. : exi and A xalI . Substitution and reduction gives the following
z zexpression for 10:

S0 B 0 + F+ e 2 [G- (A, + I)F] +e [I(-x -B 1 -G]

vhere

Z(B- B o) B- B
F -and G (2.13)

In an analogous fashion, I1 is obtained by integration over the
interval 0 < x < xl,

-(A A )
I B - G+ e [G- (l - A)F]+e [I -B -F. (2.14)

[I1 10 0

Equations (2. 13) and (2. 14) are evaluated in the "top slice" portions of the
code when the y-line integration reaches x = 0.

2. 1.3. Small-optical-depth Expansion

If the optical depth ic very small, the intensity expression in Eq. (2.4)
takes a much simpler form,

I I.+ [1i 1 1B

B, + B -B. 1  1i.] A . (2.15)
24 - -

12



Although this result is the limiting form of Eqs. (2. 6) and (2. 7), but not of
Eqs. (2. 6) and (2. 12), the terms must cancel through second order in an

expansion in A before the first surviving term, derived in part from the
quadratic terms of the exponentials, is obtained. Consequently, for
sufficiently small argument, the finite number of figures used in the
exponential will render the result inaccurate. For the exponential from
the IBM-7044 system, this restricts the argument to a number greater
than - 2 x 10-4; but with the lower-accuracy fast exponential (see Section V),
the argument must be somewhat larger. Since the relative error approx-
imately equals the argument of the exponential, the criterion for using
Eq. (Z. 15) in the STRANS subroutine is now set at A < Z X 10-2. With
this value, the greatest relative error arising from the expansion and
cancellation should be on the order of 1 percent.

For the quadratically interpolated intervals near x = 0, the small-
optical-depth result is different from Eq. (2. 15) as follows:

I (-Xl) + 1  B_ - I(-x I  A+ -B0 " BI B
10 1I- r~I 1 H2 B B BNA(2.16)

I A1 ++i O B BI - i0+ B 1 + -B, - F) 0 - ' I - B Ax

1 0 E, 01 oJ 1 6i 0E

The same criterion for performing the calculation of Eq. (2. 16) rather
than that of Eqs. (2. 13) and (2. 14) is used, i.e., A <2 X 10-2.

2.1.4. Y= 0Ray

The special case of the ray passing through the center of the sphere
and having y = 0 is required (as described below) in each use of the STRANS
subroutine. Equation (2. 12) is still appropriate for this case but in a
simplified form. For inwardly directed photons, A = -1; for outwardly
directed photons, 1A = +1. A separate section of STRANS is used for the
y = 0 calculation in order to simplify the code and to take into account that
the angular integration need not be performed.

2. 1. 5. Boundary Conditions

Integration of the transport equation to obtain intensities is performed
through the thickness of a spherical shell, called a "trans" region. At
int, rsections of y-lines with the inner and outer surfaces of each shell it
is necessary to supply the starting value of the intensity Ii_ 1 required in
Eq. (2. 6). Three classes of boundary conditions occur:

1. The trans region outside boundary coincides with outside
radius RIB+ 1 of the SPUTTER calculation and a prescribed

13



function, 1o, is applied as an outer boundary value:

(R) = o , 1 <0 (2.17)

The trans region inside boundary is 'at the center of the
sphere, R = 0.

2. The center of the sphere provides a boundary condition for
the y = 0 ray at R = 0 in the trans region. At R = 0, the intensity
is isotropic, giving the condition for starting the outward-directed
ray calculation:

I(R = 0, =+) = I(R = 0,= -1) . (2.18)

3. All other trans boundaries are bounded by regions in -which the
diffusion approximation is valid (see Section III). Consequently,
the boundary surface intensities on contiguous trans regions
inside or outside of a diffusion region are given by the diffusion
approximation intensity derived in Section III:

8B
=B il h i- Z. 19)i-I 8i- i-

2. 2. Y-LINE POSITIONING REQUIREMENTS

- .The correct placement of y-lines through regions which are changing
rapidly in temperature and/or optical depths is important for an economical
and accurate solution of the transport equations using the direct integration
method. The advantage of being able to locate y-lines only where they are
needed is a decrease in computational thne by reducing the number of y-lines
calculated.

The decision as to where to place a group of rays depends on the
radial position of the region in question. The inner core (or zone) will be
the %east resolved, but, in general, this is a region of isothermality.
For sxample, in fireball calculations, there is a central diffusion region
bounded by a region having rapidly changing conditions due to radiative
fronts and hydrodynamic shocks. Under these conditions, there are fewer
y-lines placed through the central core, many through the transition regions,
and none outside the zones containing sources.

The following description of our placement criteria in SRADTN and
STRANS is based on these considerations.

14



2. L. 1. X-storage Limitation and Frequency-independent Criteria in

SIRADTIN

Ir ordler to remove tae repetitious c1 lation ol x-values at inter-
sections of the y-lines w.th radii x = ,RZ.- yZ a storage array is set up
for the x's as weil as for the quantity yZ (used in STRANS). The size ofI
this array is limited by available storage; the present limit of 2400 in the
x-block allows for approximately 70 y-lines. The principal criterion for

selecting a set of y-lines to be used in STRANS is to place y-lines at
boundaries where the temperature is changing. For example, if log (0 i+ 1 /( )I is greater than CVB (CV.5 = 0 gives the maximum number of y-line s), a
y-lins is placed at that boundary, but if the gradient of log 0 is less than

CVB, that zone is skipped. The practical use of this criterion will result
in reducing the calculational time for y-lines inside isothermal regions.
No y-li-ies are used ;n regions outside zones with the temperature less than
0. 05 ev (0.025 ev is the temperature for ambient air).

2. Z. Z. Transport Criteria per Frequency Group in STRANS

In the transport subroutine (STRANS), y-lines from the set established
in SRADTN are selected using criteria based on the frequency-dependent-
sotl.rce and optical-depth gradients. If a diffusion region having an outer

* Iboundary rD exists inside the transport region, y-lines are placed as near
as possible to 0. 5 rD, 0.75 rD, and rD penetratug the diffusion region. In
addition, if inside of the transport region the gradient inequalities

(b.O4)i " (b.04 -4

ji +- * -T

and

~T. - T.

~> GL
T. + T

are satisfied, where the input number GL is usually around 0. 3, a y-line
is added at the interface i. Finally, in isothermal source regions outside
the diffusion core, every fifth ray is selected. These selection rules could

, be refined, but at the present time they afford a reasonable represe:ItatirI to
be used in the angular integration of the intensities.

15
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2.3. ANGULAR INTEGRATIONS

Intensities calculated in the integratiens along y-lines are used in
several ways in the SPUTTER calculation. In addition to displaying the
intensities in 7- special edit (see Section S. S), integrals over angle of the

- intensity are used in the calculation c f the evolution of the system in time.
Additional integral quantities are of interest in evaluating the progress of

* the problem and in preparing thernial environment data for subsequent
* calculations. The desired integral quantities are formulated in Section 2. 3.1.

To calculate the desired integral quantities from the intensities
obtained in the integrations along a discrete sampling of y-lines, as

-d - escribed in Section 2. 1, it is necessa-y to perform numerical quadratures.
* . At a given interface radius no reg.lar interval in the angle variable

(either p, r, or y) is available. Consequently, the numerical quadrature
is based on an interpolation expression, described in Section Z. 3. Z, in
which no regularity can be assumed. Finally, in Section Z. 3.3, the
numerical quadrature formulas are given.

2. 3. 1. Integral Formulations of Ilux, Energy, and Pressure

One of the most ixnportant of the angular integrals of intensity is the
radiative flux, the divergence of which gi-es the radiative contribution to
the rate of change of the material energy. The net flux is a vector quantity,
the componen- of which ;n the di-ection of the unit vector r I(rl) (in
ergs/cmz-sec), is given by the expression

( c fcfCos*d , (2.20)

which also depends on the spatial position r.

In Eq. (Z. 20) the intensity is a function of position r and direction,

denoted by the unit vector r, the Cartesian componenta of which can be
expressed in terms of the polar angle 0 between r and the radial direction
k and the azimuthal angle measured between the meridian planes of r
and an arbitrary direction j normal to'I, and hence

rcos 0;+ sin e (sin 1+ cos

The angle between r and r is @, so that cos 0 = *rr and the element
of solid angle is dR = d sin 0 dO. The net flux in the '1 direction is given

16



by the integration of dQ over the entire sphere. The forward and backward
currents, .1 and - bowever, are obtained by integration over the hemi-
spheres H and H- about r and about -r, re. ective;y; e e.,

i1
i (4 (r}

}- ! cos- 0d2

I H

In terms of these quantities, the net flux is

n spherical gecrnerry, in which i depenb.s on 6 but not on 6, the
integration over azimuthal angle can be performed, and the result depends
only on the radiai diatance r and the component direction rl. in order to
evaluate the progress of 1.he calcuatio anZo~v. clevant thermal:1
environment data for subsequent calculations, three representative currents
are formed- -the forward and backward currents in the radial direction and
the current in the direction normal to the radius vector. Only one such
lateral current is needed since the currents in all, lateral directions .re the
same for spheres. For the forward current, #4, the quantities in Eq. (2. 21)
are r I = k, cos =os O=s , and the integral is over 0< <i/Z and
0 < 4 < ZT; thus

+ fr
• + =Zwc i cl (2.Z3)

For the backward current, i , the quantities are r I k, cos 0 = g, and
the integral is over /2 < 0 <, 0 <4 < 27r; thus

= -Zrc f ig dp (2. Z4)

17



F-=the later~l caxrren t 40 .the forward-cur-rent oex ression of Eq. (2.. ZIJ
maybeevaluatedbytakiagri, cos@=J1 - Z sin. andO<O< ,

0 < #< -, rgo tar

.0 1

In heric-l geomery the term entering the energy equation, V. 4,
in which + i the radiative net flux. vector, takes the form

II
- I (r Z

r r

in which is th net flux component in the radial direction k. Two of the

above quantities are related to 4, in thatl--
' =9 -- . (Z.z6

A- +
Consequently, of the three quantities, Or, " d -, only two, -0 r and o

are formed.

Two additional angular integrals of the intensity are useful in evaluating
the progress of the transport caiculation and, in addition, they are used in
more accurate forxnulatinns of the radiation transport equation. The first

of these quantities, the radiation energy density, ER (in ergs/cn 3 ), gives a

quantitative measure of the energy stored in the radiation field for corn-
parison with the materizl energy. if ER is not negligible (as assumed to be

the case in this formulation), it should be taken into account in the radiation
transport equation in which retardation ia included (see Section 2. 1 of

I - Volume VI). The same angular integral also plays a role in the Thomson
scattering integral of the Compton acattering by free electrons, as discussed

in Section 3. 1 of Volume VII (the effect of which is also neglected in this
S formulation).

The radiation energy is given by

E = f I d2

which, for spherical geometry, in which the azimuthal integration can be

18



performed, reduces to

ER=Zs l2V I (2-.27)

The second qu~antity is the radiation pressure, PRrrl) (in ergs/cm-),
Iwhic is defirsed as the net rate of transfer of the radiant m~omentum comn-

ponent in the irj direction across the unit surface whose normal is also in
the rl direction. In terms of co3 0 = rl - r, the cosine of the angle whichIthe pho~ton beam makes3 with!h efa nm-,teprsuex
across 71 by the radiation Ifield is

j G PfI CosZ 2 
R If

in which the integral over solid angle extends over the ccan-plete sphere.

The pressure P- ;9 ~ a-so obtained from the radiation pressure
tenso:. P by the operations rw P - r1 . For spherical geometry in which
the azimuthal angle integration can be performed, all of the off-diagonal
elements of the vressure tensor vanish, whereas all of the diagonal elements
can be expressed in terms of the diagonal element in the radial direction,

II
andc the radiation energy integral of Eq. (2. 27). Furthermore, the integral
of Eq. jZ. 28) is also contained in the expression for the Thomson limit of
the Compton scattering into the beamn in both plane and spherical geometries.

In summnary, the radiation integrals are calculated in the radiation
subroutine STRA14S in terms of the following quantities: 4A+, Eq. (2. 23);
*O0, Eq. (2. 25); 4*rs Eq. (2. 26); ER, Eq. (2. 27); and PR, Eq. (2. 28).

1 2. 3.2. Angular Interpolation of Intensities

To form numerical approximations, to the angular integrals derived
above, it is necessary to select a quadrature formula. Equivalently, the
rule muset be specified for the angular interpolation of intensities at a
giv-en radius between values calculated at different values of x (or ps) in the
initegrations along y-lines. Unfortunately, from the point of view of the
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angular integration, as a result of the application of the y-line selection
criteria, the values of x are not regularly spaced so no simple high-order
rule is easily applicable. 61n the current version, the interpolation is

performed within the interval between adjacent x values by making use of
the two values of intensity at the end points of the interval only.

-An accurate integration will result if the interpolation formula conforms

to the actual angular dependence of the intensity. To illustrate the range of

possible dependencies which may occur in a fireball calculation, Figs. 2.4
through Z. 7 show a selection of curves of angular dependence of intensity

corresponding to selected rA-ii an pheton frequencies. It is clear from

these curves that no simple dependence will be universally successful. In
fact, these curves point up the desirability, in a mor#, advanced code, of

having an interpolation formtla in which information from several angular

positions is used.

In the preparation of the current version of the STRANS subroutine,
two interpolation rules were investigated: linear-in-p2 and linear-in-p
dependence. Although% the it interpolation is suitable for some cases,

such as that of Fig. 2. 6, the lin--ar-in-p dependence approximates the:

behavior of most of the cases illustrated. Furthermore, both the diffusion
approximation and the transparent isothermal regime have this dependence
as a limiting value. Consequently, the lizear-in-/p interpolation formula
has been incorporated into the STRANS routine.

2.3.3. Numerical Quadrature Formulas

The contribution of the angular interval (; i , Pui+l) to these integrals at

position r is derived in the linear-in-L approximation. The intensity in this
approximation is

I = a + b i, /i < i+ I

where

14 i+ I i I i+ I i+l i X i i+ I1 -
Ii+l " f i X i+l " x.

Ii+ -x I - I.

b i+l i i+l i

I. is the value of the intensity at j.. According to the y-line integration
I I
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scheme, A. and ;ii+l correspond to the angles formed at the intersections
of two adjacent v-lines with the interface radius, at which point the integrals
are to be formed. Two intervals are symmetrically located about g = 0 by
a pair of y-lines, as show- in Fig. 2. b. It is clear from the figure that

X \

Fig. 2. 8--Angular intervals between adjacent y-lines

these two intervals can be treated together in the integrations over the interval
-1 %: g < 1. Denoting intensities with positive p by I+ and those with negative
u with TL, the integrals can be grouped according to whether the integrand
is even or odd. For even integrands,

1 
1II f(p) d= (I+ + I) f(A)dp , (2.29)

where f(-IjI) - f( I I1), and for odd integrands,

11

If()dp =fo (I+ - I-) f(p) dp , (2.30)

*,here f(-IJA 1) -f(JA1), I(I) * I+() and I(-I1;) -I-(p) in which 0 < I < 1.

For a given radius r, the quantities IA, x, and y associated with the
interval ('1 , i+ 1 J) satisfy the following inequalities:

* Ii+I I > JII! xi+I > i, Yi , Yi+I
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where x i = ILi r and Y. J r " x

In terms of the above quantities, the contributions to the integrals of
the interval (Il gi, Ii+ 1f) in the linear-in-A approximation are obtained as

follows:

+
Forward Flux, * (Eq. (2. 23)):

JA + I A dA +(2 ;2 +b ' ( 3 ,
2 i+1 i 3 i+1 Ai'

Ipp N.) p L. (2.31)

(xi+ I xi) [(x + 2xi) + +(Zxi + Xk) I+i]

6r I
Net Flux, +r (Eq. (2. 2:,,i"

Ai+ 1 +-a3 il .1

- - (a a 2 2 (b-b) 3 3J (I -I) g d= 2 PA+1Pi)+ 3 (U 1 -p.)

1

(x - x) (2.32)
i+l 2 i [(x i+ + Zxi)(I" I)

6 r

+ (2x + x)(I I+
i+ 1 i i+l Ii+l)

Lateral Flux, 0 (Eq. (2.25)):

f I+ i+ 1 yi+l " xiyi

- in I +----!- sin ) (2.33)

+) r1 -

3r 3  - yi+l
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Radiation Energy, ER (Eo. (2. 27)):

1 (I+ I) d. = (a + - i + (b +b) - 2f(i + I)ia' 4O i s ) 2 i+ i

(2.34)
(x i+l " xi) 0I+ + I"+ +l

Zr 1 I i+ 1 )

Radiation Pressure, PR (Eq: (2. 28)):

i+ 4
+ 2-) (a+ +a ) 3  3 (b + b 4 4

3 i+l i 4 i+l - A
Agi

(2. 35)

I++ I)(y 4x 3)+(i+ I+L)(4xi+l _ )I

22r
3

where-y (Zr -y. ~y )(x + x )
h7i i+li + I

27



It tz

SECTION I

THE DIFFUSION APPROXIMATION

The radiation transport equation in the limiting case of an optically
thick medium admits of the diffusion approximation in which the expression
for the radiation intensity is greatly simplified; only the local properties
affect the radiation intensity at the point in question. An expansion of the
radiation source function BV about the point r permits the intensity F,(&) of

the radiation fiald in the direction making an angle, whose cosine is #, with
the radial direction to be formed.

3. 1. DIFFERENTIAL FORM OF THE D-FFUSION FLUX

The general solution of the transport equation forms the starting point
of the derivation. The integral expression for the intencity applicable to
all geometries is

1(T) = - BIT'e-') dT

where r = rVp ds, in which icv is the monochri;natic absorption coefficient
(in cnZ/g) at frequency v. By expanding B(T') in series about the point T,
1- e.,

1 B T)= iB(T') =B(T) +-a- (T; -T) + ? T (T' - ) +

the intensity becomes

I 8BB i 8B

8T

or
I2

I=B B B+1 2 8 8B\
/Cp 8r k'p 8r ycpr/

for spherically symmetric geometry.
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The diffusion approximation results from retention of only the first
two terms, so that the diffusion intensity is

XP ar(3.1)I=B--- _B

and the monochronsatic diffusion fwc #r and radiation energy ER are

* ZVc =pd sc1&
#r L3 zp ar

(3.2)

! E~~R  f . I =

3.2. CRITERIA FOR THE SELECTION OF DIFFUISION REGIONS

The criteria for the validity of the diffusion approximation can be
cbtained by examination of the above derivation- -namely, that the expansion
of the source function be justified and that the expansion converge rapidly
so that the neglect of all but the leading terms is valid, if the source function
is linear in T' at the point in question and is also linear for a distance of
the order of one mean free path on either side of the pointthe criteria are
satisfied. These criteria are difficult to quantify since they ref.-r to a
finite region containing the point in question. If all of the terms (or a large
number of them) were checked for rapid convergence, this would imply
(making a smoothnees assumption) that the diffusion criterion is met. It is
not possible with finite differences, however, to form the higher-order local
derivative approximations.

In the SPUTTER subroutine SRADTN, criteria designed to give an
indication of both the local and nonlocal behavior have been employed. First,
at the zone interface at which the intensity and flux are to be evaluated, the
inequality

8B
I << B (3.3)

is required. In this expression h = J, p dr is the radial optical depth; the
derivative is approximated by the centered first diference of B between
adjacent zones. The resulting expression, of course, contains some non-
local aspects resulting from the finite difference approximation, which
ensures that when neighboring zonea are optically thick, no nonlocal source
perturbation is close enough to invalidate the diffusion approximation.
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However. to provide for the c-ses when a source perturbation is located
a fraction of an optical depth from an interface meeting *he condition of
Eq. (3-3). the diffusion region is cortricted. Starting from the closest
interfaces outside the diffusion rcgion (where Eq. (3.3) is x-nt satisfied),
all of those interfaces lying within a prescribed number of mean free paths

are removed from the diffusion region.

The criteria used in SPUTTER are controlled by input numbers. The
criterion of Eq. (3.3) uses the input number HCB:

ITGj < HCB x Y, , (3.4)

where TG is the difference approximation to the gradient and YZ is the
source function evaluated at the interface by interpolation. The second
criterion uses the input number FIVB (in mean free paths). If

!Q3(I) - 03(3)> HVB , (3.5)

then the interface with index 3 which satisfies Eq. (3.4) is removed from
the diffusion region. In Eq. (3. 5), Q3 is the radial optical depth and I is
the index of the nondiffusion interface adjoining the diffusion region.

Although the diffusion calculation is considerably faster than the

*transport, the establishment of two transport regions separated by the
single zone requires still more calculation to set up y-lines and perform
bookkeeping operations. To avoid the duplicate setup calculations required
for an additional transport region, a test is made to eliminate a diffusion

region consisting of a single zone.

3.3. DIFFERENCE FORM OF THE DIFFUSION F I.JX

The diffusion intensity derived above is

IA8B
I = B - r _

iCP ar

In the group frequency approximation of SPUTTER, the intensity integrated
over a frequency interval (vs, vj 1 ) is required:

: Vj + I dv = vj+ l1 B di- 14 84 fv j+l 8B dv
fv. V p ar V 304 KV

J 3
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IIn terms of the partial Rosseland mean absorption coefficientTI
f 8B. o,

J. 4

4_ .. x,
J

the frequency group intensity becomes

IV f j + l 8 v'

fVj+l Vj+l 4 4 -dv

I dv =B dv 8e 4i fp 8r..

It is desired to evaluate this quantity at each zonal interface in the
mesh. Since the .n q,antties are the zone temperatures and densities,
the absorption coefficients x and the integrated source functions X6 =JB dv
are first evaluated not at the interfaces but at positions rcpresentative of

each zone.

The question remains as to how best to approximate the derivatives
and interpolate for the coefficients in Eq. (3. 6) at the interfaces from the

quantities available at zone positions. The answer depends on the tem-
perature and density profile across the interface from which these terms
could be calculated directly. Since the profile is not known, we must select

a reasonable approximation which will permit the calculation to be carried
out. In fact, the appropriate profile depends on the events which have taken
place in the calculation and on the energy transport mechanisms of greatest
importance in it. As extreme examples, a problem dominated by hydro-
dynami:s might have quantities determined by passage of a strong shock
and subsequent linearization in mass coordinates of the pressure behind
the shock, whereas a radiation-dominated diffuEion problem is characterized
by linearity of the radiation potential, which, in turn, depends on the

Rosseland opacity. Of course, such detailed information about the progress
of a problem is generally unavailable, so, at best, an approximation based

on over-all accuracy is needed.

Since the terms under consideration are the radiation diffusion equa-
tions, the interpolation is performed in a way to give greateat accuracy
when the diffusion terms are most important- -namely, when the profile
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is being determined entirely by radiation diffusion. It is also desirable to
reduce the umnber of coe-ficients requiring interpolation, This can be done
by noting the identity

a; f~ B dv 804 jr J' B dv
r 9 r°4

and by forming the variable r = Spxj dr. In terms of these quantities, the
intensity can be written as

I f B dv

I j f B dv-;t aT
V.

.3

II

I
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SECTION IV

FREQUENCY INTEGRATION

Equations derived in Sections H and III which are applicable to a
particular frequency of the radiation field are of limited usefulness in the
SPUTTER calculations. Although in principle a calculation at a particular
frequency might be valuable for comparison with high-resolution spectro-
scopy, in practice no such data have been available, O much more use are
intensities averaged over a wide frequency band. These quantities can be
compared with data from wide-band measurements and, most important of
all, can be summed for use in the energy integration in the SPUTTER code.
The quantities to be summed are the frequency-integrated radial flux
component, the radiation energy density, and the radiation pressure. For
performing interaction calculations, it is also valuable to form other
components of the radiation flux.

Basically, the quantity which is required for each of the above
applications is the frequency-group intensity Iij,

=fvj+1I. L. di.' (4.1)
13

V.

Then, for example, this quantity can be integrated over angles to form
bij, the contribution to the radial flux at position i of frc juency group j:

Iij - I ..)

and thus the total radiant flux at position i i

r..
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Equation (2. 9) gives the expression for the frequency-dependent intensity

to be used in Eq. (4. 1). The frequency integration of Eq. (2. 9) is discussed

in Section VII of Volume V, but the current SPUTTER code does not include

the transmission functions. The first two terms of Eq. (2. 9) which form

the diffusion limit can be integrated, as in Section 3. 3, to give

aB..

= B.. - A -- (diffusion limit) (4.2)j j -1. 3r

in which the first term

Bij  B. (v) dv
V.

.

is the frequency-group Planck function and the second term contains the

frequency-group Rosseland mean absorption coefficient fR = P Ki . In
this form, Eq. (4. 2) correctly gives the frequency-group mitensity for

the optically thick limiting case. The remaining B i and 8B/8-r) i terms of

Eq. (2. 9) are formed in the same way. Thus,

ij \8R7r ij L k, r O r "$ e a rj i , e,
'TRR /L OR il

2 B -A (4.3)
+ - B .PB+ 0 )a r / i l e

In Eq. (4. 3), mean values of the exponentials have been extracted from the

frequency integrals and the outstanding problem is to specify their values.

Two options are available; they differ in the absorption coefficient used to

calculate the optical depth. The first is

- R' (4.4)
e e

and the second is

-A P
e -e
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where

crB dv

P = B..

and

6=x. -X

For small optical depth, the correct result mzkes use of the Planck mean
absorption coefficient. From Eq. (2. 15) the frequency integration then gives

I I-l + + -B +i,j+ -B. -I rp1

iiy 1nd c fo c (4.5)

The above prescriptions for frequency-group means are far from
satisfying and call for further work. Considerable economies can be made
through reductions in the number of frequency groups if a more accurate

~means of averaging wi hin groups can be found. Presently used choices of
i frequency groups appear to give a reasonably accurate result, however, as

indicated by comparisons between calculations with the nominal number of
frequency groups and calculations with a very large number of frequency
groups. (It is expected that a unique correct result will be obtained as the
number of frequency groups is increased, irrespective of the choice of the
weighting function in the frequency-group-average absorption coefficient.)
Consequently, a very few frequency groups should be adequate if a auitable
averaging procedure were developed.

Even with a crude averaging scheme, considerable improvement in
accuracy results from choice of frequency-group boundaries so as to reduce
the variation of the absorption coefficient within the group.

Work on the absorption coefficient for air indicates that approximately
20 groups, carefully selected as to their locations, afford quite adequate
resolution. Enough information is known about air to make this selection
appear quite reasonable. Air absorption coefficient tapes (DlAN.E)* have
been prepared for 18, 20, and 90 groups, The 90-group tape is used to
check on the frequency integrations at selected times. The proper averages
to use are difficult to decide on at this time. There are provisions for
reading into storage from the DIANE tapes both the Rosseland and Planck
averages, which are used at present in the thick oz thin limits, respectively.

See Section VI of Volume V.
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SECTION V

SUBROUTINE ORGANIZATION AND ECONOMICS

The present spherical transport subroutines were written with the idea

of removing unnecessary calcul-ations from inside the frequency loop and
characteristic ray (y-line) integrations while improving the accuracy in the
angular integrations by using an interpolation between y-lines. These
improvements required an increase in storage for the subroutines to attaiLn
a decrease in calculatiorial time and an increa-se in accuracy. It is now
practical to use fewer y-lines and thus a factor of approximately 4 in savings

I

on calculational times over the old routines may be achieved. The reorganized
subroutines will be discussed in two sections, corresponding to the two
major subroutines: (1) the radiation subroutine (SRADTN) in which most of
the preliminary setup and the diffusion calculation is completed and (2) the
transport subroutine (STRANS) in which the intensity calculation and angular

integrations are performed. The subroutines which execute the opacity

interpolations (KAPPA), Planck function (PLNKUT( 2 )), and fast exponential

(FREXP) will be discussed in Section 5. 3. The input numbers and the output
edits will be presented in Sections 5. 4 and 5. 5.

5. 1. THE SRADTN SUBROUTINE

-$ In SRADTN, the main y-line array is set up, high-frequency groups
are merged, a source region is establisheid, boundary sources and derivatives
are calculated, regions for transport and diffusion are formed, diffusion
fluxes are calculated, frequency integration is performed, and the radiation
time-step control is evaluated. Each of these activities in SRADTN will be

discussed in subsequent paragraphs.

5. 1. 1. Set Initial Y-line Array

The number of y-lines is limited by the storage alocated for the
x-block. A test is made, and if this storage is to be exceeded by the placing
of a y-line at each radius, the y-array is reconstructed by using every other

radius for the y-line placement. However, an additional y-lire is added at
each zone interface where the temperature gradient is large (refer to

Section 2.2. 1)d
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5. 1.Z. Merge Frequency Groups

f Frequency groups that are too far out on the Planck tail for a
"maximum" temperature in the mesh are merged. The criterion used is
as follows: if the- lower frequency boundary hv I of the group in question
(hv1 , hvz) is greater than ten times the maximum temperature (TIHMAX)

in the mesh, this group will be merged with the next lower group. Merging
will continue until over half the groups have been merged; at this point,
either the calculation is terminated or a second DIANE tape is called. On
merging, Rosseland and Planck averages are formed by using the following
equations for dB/d04 and the appropriate sums:

4 4

V 0. 0384974[( -v h 2  %)hv'/ ( /0 hv hv /ej

dB 4 dB
b. , b je p, and (5.1)
SdO 4  dO 4 / R

The Planck weighting functions (b.) are obtained from PLNKUT, as described
later. On completing the merging, the merged opacities are formed:

KR =  dBv/dO Bv/(d0 4 x KR) (CAPAR)

(5.2)

7p= Z bjO4 KP/Ebje 4  (CAPAC)

5. 1.3. Set Up Sources and Derivatives

The frequency-dependent sources must be established at the interfaces
from the zonal quantities b-O.4+ (X6(i)) and T.e. (H3(i)). The difference
equations used were given in Section 2. 1. Before the calculation of the
Planck function (b.) is made, i. e., before calling PLNKUT, a test is made
to see if ul (i. e., the reduced frequency hv 1 /0) > 19; if so, b. = 0 (i.e., the
source X6(i) = 0.0). If ul < 19.0 and u2 < 0.01, then b. = 0 aiso, assuming
that for 0 < 105, the small bj (b 10-5) will produce a negligibly small
source contribution. An index (ICX) is set equal to the last zone that contains
a source. This source index is used to limit the transport calcula'ion to
the region containing sources. While setting up the sources and derivatives,
tests are made on their discontinuous nature to u! either a linear or constant
form in the intensity integrations. The initial check is on the minimum optical
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depth of adjacent zones to ensure that both are tra -. rent (less than 0. 3).
If this condition holds and if both the sources and optical depths are changing
rapidly in r (change greater than a factor of two), the derivative at that
interface (TG(i)) is set equal to zero. The zero source derivative is used
in STRANS, as a test, to set up the constant source terms. For the intensity
integration, special boundary sources and derivatives are also established
at the edge of the source region (I = ICX) and at the outside of the mesh
(I = IM) (see Section 2. 1.4).

5. 1. 4. Determine Diffusion Region

The principal criterion for defining a diffusion region is that the first
derivative of the source function (TG) be small compared to the source (YZ)
(see Section 3. 2). When the zone is found to be diffusion, the boundary is
tagged by setting (X3 = -1. ). Before incorporating this interface into a
diffusion region, the possible influence from sources on either side is
considered and a further test is made. From the last diffusion boundary,
a test is made for an optical depth in succeeding zones to the left. If more
than HVB optical depths appear in the next zone, then this zone is calculated
by transport and removed from the diffusion region (set X4(i) = -1 . 0). HVB
is an input number, which is usually around 5. When r = 0 is reached after
testing each zone, zones out to the right of the present transport region are
tested in the same manner. The above test buffers the transport region
with an (HVB) mean-free-path-thick diffusion boundary. If the zone boundary
stays diffusion, i. e., X3(i) 1.0 and X4(i) = 0.0, a diffusion flux is calcu-
lated from the source gradients, as described in Section 3. 1. The regions
where X3(i) = 0. or X3(i) = -1. and X4(i) = -1. have been established as
transport regions because they did not meet the diffusion criteria or they
reverted to transport regions by the optical-depth test described above.
This transport region is then identified by setting the left boundary to IAX
and the right boundary to IBX. More than one trans region may be set up
in SRADTN, and if so, an STRANS calculation will be made for each region.
No one-zone diffusion region is allowed and the region outside the sources
(I > ICX) is always considered a transport region.

5. 1. 5. Time-step Control and Monofrequency Calculation

These two aspects of the new code are related since the "grey" absorption
coefficients from the DIANE tape are used to estimate a radiation time step
as well as to form the monofrequency time-dependent calculation. In the
multifrequency calculation, after all groups have been processed, an addi-
tional call for KAPPA is made to read in the grey absorption coefficients.
These averages were obtained by integrating the frequency-dependent
abso'ption coefficients for both Planck(icp) and Rosseland (KCR) in the DTANE
code. The actual time step for radiation transfer is then obtained from the
formula
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At = (0.5 + 1. 5 H3(i))/(acxR03 ) x CV(i) , (5.3)

where CV(i) is the specific heat and ac = 4. 12 x 1012. The m .a point in
question is also checked to ensure that it will not gain or lose more than
half its original energy:

AtR = 0.5 X CV(i) x 8(i) x G(i)/IER(i)f (5.4)
1

where ER(i) is the divergence of the flux and G(i) is the mass in the zone.
The minimum of these values is compared to the hydro time step (Courant)
and if smaller,

NRA = FIX(DTHZ/DTRMIN) znd DTR = DTHZ/NRAD (5.5)

is set to cycle NRAD times through the radliation routine.

The monofrequency calculation also uses the grey absorption coefficients
from the DIANE tape. If KMAX = 0. 0 and S15 = 1. 0, the frequency -averagedopacities are bypa sed on the tape and only the grey absorption coefficients

are read into storage. For succeeding cycles, S15 is set equal to zero and
- the interpolations for iCR and i p are performed in KAPPA using-the stored

opacities originally read into KAPPA's common storage. When the problem
is restarted it is therefore necessary to reload S15 equal to onc. If the
DIANE tape is not designated (the tape unit assigned must be stored in

I AMASNO(3+17), where J is the material number), then the KAP routine is
I called (KAP8 for air) and used for the monofrequency calculation.

5.2. THE STRANS SUBROUTINE

The subroutine STRANS is called by SRADTN to carry out the intensity
integration btween IAX and IBX, saving various quant'ties on the inward
pass that will be used on the outward pass as well as the angular integration
of the flux between y-lines (_1 c*). The logic is to calculate first the
in+ensities along the central ray (y = 0), storing these vai.-es and the
exponentials (e "A T) for use on the outward pass. The outward pass is -'en
calculated using the above exponentials and the new intensities are s ed
separately. After the intensity transport along a typical ray (y k O)if, done,
the flux calculation is done while the right side of the calculation is being
completed. The angular integration is based on a linear interpo~atior. of
the intensities betweea y-lines. The logic in STRANS is described in detail
in the following sections.
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5.2. 1. Y-line Placement

In SRADTN, a complete set of y-lines was estalished, based on
storage limitation and temperature gradients. In STRANS, y-lines in each
frequency groupare selected more judiciously, based on anumber of conditions.
First, if a diffusion core exists (lAX > 1), three rays that will penetrate
the core are selected. As each ray is selected, the intensity calculation
and angular integration is completed. In the transport region, a test is
made for steep gradients between pairs of zones, as indicated in Section 2.2.2.
If changes greater than approximately 15 percent occur, a y-line is selected;
ii not, every fifth y-line is used.

5. Z. 2. Intensity Integration Along Y-lines

As indicated in Section L, the central y = 0 integration is carried out
first and the intensities at each intersection are stored in working arrays.
The integration using Eq. (2. 9) starts from the outside IBXPI and works
inward, storing the exponentials e- T in H4(i) and the intensities I. in

1
SUMX3(i) to zone lAX. For the outward pass, these exponentials are used
in Eq. (2. 9), but now the sign of the derivatives is changed to dB/dT - -dB/dT.
After the selection of a y-line, the intensity calculation is performed. Now,
not only the exponential is stored, but also ;4(8B/ah)i+L in X8(i) on the inward
pass for use on the outward pass. During the outwardfpass, the angular
integration is accomplished and stored in X2(i) using the intensities calcu-
lated on both y-lines, as described in Section 5.3. The special condition
where a y-line intersects a zone near x = 0 is treated differently (see
Section 2. 1).

The regions where constant sources, and therefore zero boundary
* derivatives, should be used in the intensity integrations were established

in SRADTN by setting TG(i) equal to zero. In the integration along a
particular y-line, a test is made on TG(i) at each interface; if zero, the
source terms YZ(i - 1) and Y2(i) are set equal to X6(i + ) (see Fig. 2. 2).

As was discussed in Section 2. 1. 1, the accuracy of the exponential
term and the effect of truncation errors mean that the general formula will
not reduce in the limit of small optical depths to the transparent case. To
'rorrect this situation, a test is made on -ri (the one-half optical depth stored

in H3(i) as calculated) and if it is less than 10 "7, a switch is made to the
limiting form of the transport equation (Eq. (2. 15)) developed in Section II.

5. 2. 3. Angular ~ntegration

This section of STRANS uses the intensity information stored on adjacent
y-lines to give a more accurate angular integration. The linear interpolation
of the intensities is used in the quadrature formulation of the fluxes (Eq. (2.3Z)



in Section 2. 3). While th6 intensity integration is being completed on the
right-hand side (RHS), use in made of stored intensities on the left-hand
side (LHS) for adjacent y-lines to calculate the fluxes across radial bounda-
ries X2(i). The stored quantities used are: SUMX3(i) for the LHIS intensity
on the present y-line, FM(i) for the LHS intensity on the previous y-line,iand SUMX4(i) for the RHS intensity from the previous y-line pass. F2 is
the current intensity being calculated along the y-line in question. The

special condition to complete the flux integrations where no y-lines exist
uses a "top-slice" approximation, as discussed in Section 5. 2. 5.

5. 2. 4. Boundary Conaitions

The usual assumption of zero intensity at the surface of the sphere
is used; i. e., Iil = 0 to start the intensity calculation. If the indication
is that a diffusion region bounds the transport region (IBX < IM), a diffusion
boundary condition for the intensity is applied (see Section 2. 1. 5). At the
center, the outward intensity is set equal to the inward intensity.

5.2.5. "Top Slices" and Finish Up

The term "top slice" is used to describe the integration of the
flux for zones which do not have y-lines. For instance, outside the
sources there is no need for y-lines, and therefore it is assumed that the
intensity drops to zero at the outside. If there exist zones with sources
(the normal case) between y-lines, then a linear interpolation from yI to

Y2 is used to establish intensities for integration at those zones. The inter-
polation form used is given in Section III. If a diffusion region bounds the
transport region, a diffusion intensity for the interpolation is calculated
(see Section III).

5.3. AUXILIARY SUBROUTINES

In addition to the two new basic subroutines SRADTN and STRANS,
some changes have been made in the auxiliary subroutines EXP, PLNKUT,
and KAPPA. These changes include (1) a fast exponential (FR{EXP), (2) a

two-argument Planck function, and (3) the use of the average opacities from
KAPPA (0 and p interpolation) for the monofrequency calculation as well as
for the Planck opacities.

The new iast exponential routine uses table lookup and interpolation
rather than the normal expansion methods. The routine is written in
machine language but uses the 1irary routine EXP(X) for positive X or
X > -10. An over-all gain in speed of a few percent was achieved in one
comparison SPUTTER calculation.
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The PLNKUT routine, with its associated tables PLNKTT, has been
corrected and made more efficient by using a two-argument call which now
calculates from either the analytic form or from the tables the difference in

=1 U hv 1 dvb. (5.6)2 B Jl -hv/kT

The accuracy is improved since now not only differences of nearly equal
numbers are subtracted.

The subroutine KAPPA, which calls in the group-averaged absorption
coefficients from the DIANE tape and performs a bilinear log interpolation
in temperature and density, has been modified to obtain the grey absorption
coefficients as well as the Planck averages. At present the format of the
DIANE (absorption coefficient) *ape includes a BCD record for tape identi-
fication, the Rosseland and Planck averages for a selected set of tem-
peratures and densities from 0. 25 ev to 50 ev and from 10 normal to 10-6

normal, and the actual integration, 6 /CV dv, for the grey case. The grey
or frequency-integrated averages are also used for an estimate of the time
step in SRADTN. KAPPA reads in first the tape name, the number of
frequency groups, and the size of the records. If the sentinel for multi-
frequency is set to KMAX = 1, then the first frequency group, hv I , and its
absorption coefficients are read into storage. The interpolations in log ei
and log pi are performed and a return to SRADTN is made. If KMAX = 0,
then KAPPA skips over the frequency-dependent absorption coefficients
and reads into storage the grey averages. A signal, S15 = 0. is subsequently
set, and for further cycles the interpolations are made on the stored quantities;
the tape is not called again.

5.4. INPUT NUMBERS

The input quantities used in the radiation transport subroutines and
their functions are listed below by card number. Included is a se , of values
for the input quantities selected for solving typical problems.

Card
No. Quantity Value Purpose

44 KMAX 1. Signal to do multifrequency

77 CVB 0 Select all y-lines

81 HVB 5. Buffer of trans region in number of optical depths

83 HCB 0. 1 Diffusion criteria (see Section 5. 4)
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Card
No. Quantity Value Purpose

87 CB 0 Brightness print on cycles

88 GA 0.33 Gradients in optical depthn and sources for
applying TG criteria (see 3ection 5. 3)

90 GL 0.3 Gradients in source and M7FP "or selecting
y-lines

121 CMIN 0.3 Minimum depth of adjacent zones for applying
TG criteria (see Section 5. 3)

127 ACO3T4 0.1 One-half optical depth for Planck-Rosseland
transition

147 S12 10. Cycles between multifrequency prints

150 S15 1. Restart on grey calculation

8478 TELM(37) 0.005 Fraction of total energy in zone for time-step
criteria

8725 AMASNO(25) 9. To select B5, in this case for air tape

8858 SOLID(10) 10. Signal to use Planck mean free paths

8466 TELM(25) 1. Constant multiplying radiation time step

5.5. EDITS

The editing of such frequency-dependent quantities as H3, the, optical
depth (Rosseland), X6, the source (b.e 4 ), X2. the flux (in ergs/4/3 r sec),
ER, the radiation energy (in ergs/cn4 3), PR, the radiation pressure (in
dynes/cmru), PHO, the sidewise flux (in ergs/cm2 -sec), PHI, the forward
flux (ergs/cm2-sec), and PHZ, 'he backward flux (in ergs/cmz-sec) versus
radius is accompished by setting S12 to the desired number of cycles between
prints. These multifrequency edits have been used to evaluate the criteria
for the subroutines as well as for diagnostics during the calculdtions. For

example, one quantity found to be mo.-t useful for fireball diagnostics has
been the flux out in rarious frequency g)o ups. Because of this, the flux out
is edited out in the standard SPUTTER o'itput, X7.

A list of sample editing for a particular frequency group is given on

page 45- The HNU is in electron volts.

To obtain a limited set of intensities for purposes of debugging the
code, a "debug print" option can be added. The FORTRAN statements and
input cards necessary for debugging are listed on page 46. The quantities
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found useful to display for e;ach frequency group and for a central y-line
and a selected y-line are listed on pages 47 and 48.
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Table 5.2

INPUT CARDS FOR DEBUG OPTION

* * LOCATION OF VARIABLE IN SPUTTER COMMON
NUMBER OF INPUT WORDS THIS CARD

* INPUT WORD

311 1 0. R1152)
8876 1 5.9 SOLIO( 28)
8877 1 6.1 SOLID(29)

C DEBUG PRINT
C

708 DHNU=HNUP-HNU
IF(R(1521) 713,712,713

713 IF (HNU-SOLID(29)i 712,7149714
714 IF (HNU-SOLID(281) 715,715,712
715 WRITE 16,3) HiJUtHNUP
717 WRITE (6,51 Y(JJI
718 WRITE (6#6) JJIAXIBXICX

WRITE-16,81
IAXP1=MAXO( AX, IAXP-1)
DO 721 I=IAXPItIBXPI
IF(JJ.GT.1) GO TO 720

I C PRINT Y=O INTEGRATION
C

719 WRITE (6,7) IC(I)tX6(U),H2(lthH3(I)SUX3(I)SUMX4iI),X2(I)
GO TO 721

720 KKK=KK-II 4+3
C
C PRINT REGULAR Y-LINE INTEGRATION
C

WRITE 16,7)1,X(KXK),X6(I2PH2([I9H3(IJSUMX3(I),SUMX4(I)tX2 I )
721 CONTINUE
712 CONTINUE
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SECTION VI

TIMING AND ACCURACY COMPARISONS

A timing and accuracy study was made on the new radiation and trans-
port subroutines, SRADTN and STRANS, so that the new routines could be
compared with the old routines to obtain a quantitative estimate of the
improvements. It was estimated that the reorganization of the subroutines
would reduce the calculational time by 50 percent.

6. 1. CALCULATIONS FOR TIMING AND ACCURACY

1. Initial formulation of sources, including source at icx + 1, and
characteristic y-lines was made with the faster exponential
subroutine FREXP. (This is compared with the same calculation
using the library exponential subroutine. ) I

Z. In the subsequent calculations, the FREXP was used and sources
at icx + 1 were set to 0.

3. The index for setting the initial y-line distribution (all y-lines
are not necessarily used) was improved. A calculation was made
where the input number, CVB, that controls the initial number of
y-lines was set to 0 (i. e.. generate all y-lines).

4. The above calculations were done with thick/thick (i. e., Rosseland)
opacities used throughout (SOLID(10) = 10. ). A two-cycle run was
completed to check that the calculation recycles correctly.

5. The main accuracy and timing comparisons were made with cal-
culations having normal y-line and all-y-line configurations and
with the thick/thick and thick/thin approximations (set of 4). The
thick/thin approximation used here differs from the Planck and
Roaseland avtzages used in the old subroutines.

The comparison in calculation time was obtained by using timing calls
at selected locations in the logic of the code. To use the timing calls, it was
necessary to establish a fiducial time from the system clock and then print
the location of the time call, the time,, and the difference in time between
calls for each calL The subroutine that carries out these steps is CLOCK.

In the calculations described above, the subroutine CLOCK was called
at the following locations in SRADTN and STRANS:
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mF>
SRADTN

13. 105 - After setting logl 0 of 0 and SV
13.118 - After calculating x-array
13.140 - After call KAPPA on merge
13. 700 - End of merge and source
13. 701 - After call KAPPA on main frequency loop
13. 151 - After calculating general sources
13. 180 - Before call transport (STRANS)
13. 292 - After edit (normal) end of frequency loop
13. 286 - After last frequency start time step
13. 289 - End of cycle

STRANS

14. 708 - Before debug prirt

6. 2. COMPARISON FOR TIMING

The general conclusions from the timing study are summa-ized as
follows:

1. The use of the faster exponential subroutine FREXP in comparing
a normal y-line problem showed an improvement of approximately
2. 5 percent.

2. The all-y-line calculations did not increase the calculational time
in proportion to the increase in y-lines, i. e. , a factor of 5 increase
in y-lines increased the running time by only 80 percent.

3. The normal setup times and typical frequency-group-dependent
calculational times for a number of runs (in units of 1/60 sec)
are:

Set up logl0 Q and SV '4
Calculate x-array (36 y-lines) -32
Call KAPPA first group '-34
Ccill KAPPA second group '-23
Merge above and calculate source '-10

Total setup time, including merging
two groups -103
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4. A breakdown of the times required for a normal frequency loop
i. e.. normal y-lines) is as follows:

Bring in new z.bsorption coefficients
(call KAPI'A) -18

Source calculation (PLNKUTT) -5 - 8
Calculations before "call trans."

mostly diffusion fluxes "-
y-line calculation of intensities ~7
Normal print (XZ, H3, etc.) -35

Total time per irequency group
with normal EDIT ~68

Brightness print -11

The radiation cycle is completed by calculating a minimum time step
from the grey absorption coefficients obtained at this time from a fit in
KAP8.

The total times for a radiation cycle with -60 zones (36 are active)
and 21 frequency groups require for

3
Normal editing -1.49 x 10 (1/60 sec)
Brightness editing -1. 2 x 103 (1/60)
No special editing -1. 00 x 103 (1/60)

The all-y-line calculation with normal editing takes -2. 40 x 10 (1/60 sec).

In comparison, with the old subroutines the calculation times (in
units of 1/60 sec) for a particular fre-quency group require:

All y- line -200
KAPPA -17
Source -13-30
Normal prints -17
Brightness print -13

The setup time for all groups, including the monofrequency time step, is
-30 (1/60 sec). The total times for a radiation cycle with 60 zones, 21
frequency groups, and all y-.ines require for

3All prints -5.40 x 10 (1/60 sec)

Normal editing -5. 19 x 10 (1/60 sec)
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6. 3. COMPARISON FOR ACCURACY

The new SRADTN and STRANS subroutine calculations are compared
to an all-y-line, all-transport result from HA5. In general, the results
all agree within 5 to 8 percent either from a flux versus radius comparison
(Fig. 6. 1) or from a central brightness comparison (Fig. 6. 2). The dif-
ferences are qualitatively understood and are within acceptable limits. The
close agreement (within 1 percent) of the new all-trans, all-y-line calcula-
tions with the standard routines indicates that the normal y-line calculation
for Rosseland averages (--5 to 8 percent) gives very goo,- results with
fewer y-lines. This result can probably be improved.

6.4. CONCLUSIONS

The over-all computational time has been reduced by a factor of two
from the old standard transport calculation without apparent loss in accuracy.
The new formulation will allow for fewer y-linzs and subsequent further
decrease in running time from the old calculation with estimated differences
of only 5 to 8 p-rcent.
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$JBFTC SRAOTN LISTDECK*REi
SUBROUTINE RAOTN

C DATE COMPILED 3 JUNE 1965

C SPECIAL EDIT ON 512
C REVISED SPHERICAL TRANSPORT (NEW 65)
C MUST USE WITH LATEST KAPPA FOR AVERAGE OPACITIES
C H2(1) NOW CONTAINS PLANCK MFP ON SOLIO(0)=O.O

C# *
C49 S P U T T E R C 0 M M 0 N *
C *

COMMON LMDA(37), NAL f NSMLR I IA t is * ICA ICa •
I KMAX BLANKI, aLANK29 BLANK3, JAPI, IBPi, ICAPI ICBPI tI 2 It I IG i NRAD , BLANK4v IAMI , IBMI v ICAMI , ICBMI I
3 IIPI. t GMI t IALPHA, BLANKS, TH i TMAX I BLANK6, DELPRTt
4 FREQ p CNTMAX, AR u ASMLR , PUSHA 9 PUSHB v BOILA t BOILB t
5 CVA 9 CVB t SLUG t ALPHA i HVA p HVB t HCA t HC3
6 EMINA r EMNI v CA I CB t GA t G8 , GL IGR
T RHOL r RHGR 9 EPIO , EPSI t RIA p RIB v RDIA ,RDIB v

8 RPIA t RPIB t RPDIA 9 RPDIB t TPRINT, TA t TB TC
COMMON TO 0 TE , DTH2 i OTH2P t DTHI I DTRMINt DTMAX ,

I DTNAXIt DTMAX2# DTMAX3, DTR i SWITCH* CO o CMIN , DELTA v
2 GAMA t WCRIT v SIGMAQ, AC t ACO3T4t CNVRT , SUMRA v SUMRB ,

3 ROIA , ROIA419 ROIB o ROIBPI, GMS . SI 9 S2 , 53 04 S4 9 S5 I S6 I S7 9 S8 1 S9 9 $10 f 1 ,I

5 512 , 513 , S14 v 515 , S16 r S17 ,18 5S19 t
6 520 , EO p FO , TAU , ZERO , R (152), DELTAR(152),
7 ASO (152), RD (152)t VO (1521t ROD (15231 SMLR (152),
8 DELR ( 37), P (152), P1 (1521 PB (152), PBI (152)
COMMON P2 (152), SV (152), RHO (1521, THETA (152),
I W (152), E (152), El (1521 EK (1521, A (152),
2 V (152)9 G (152), D (152)1 C (152), X2 1152),
3 XA (152), X4 (152), X5 (152)p X6 (152), X7 (1521t
4 SMLA (152), SMLB 1152)v SMLC (152), SMLD (152), SMLE (152),
5 EC (152)t ER (152), SMLQ (152), SMLH (152), BIGA (152)v
6 BIGB (152)t CV (152), BC (152), BR (152), CHIC (152),
7 CHIR (152)9 CAPAC (152), CAPAR (152)t CRTC (152), CRTR (152),
8 CRTPC (1521, GOrR (1521, FEW (152), CAR 1521 OKLM ( 371
COMMON TELM (37), EKLM ( 37)s ELM ( 37), FCLM ( 37)t
I FRLM ( 37), WLM 437), QLM ( 37), AMASNO( 37), CHRNO ( 37)v
2 ZP1 ( 37), ZP2 (37) SOLID ( 37)t ECHCK ( 37), RK (104),
3 RL 4 37), RHOK (104), RDK (1041 THETAK(104) TEMP 4 16)t
4 HEAD ( 12), MAXL MAXLM

C *

COMMON /LINDLY/ HNUSGNLeiHNUNHNUHNUPNT* tINqDHNUTHICK*NY
C

COMMON /CNTRL/ SCYCLEt JAULT



COMMON /DAVIS/ FEX (152), ICX, ZR, PR(152),
I TG(152), X(24001, OX(152)

C

DIMENSION CSQD (i),ERR(I), FM (Ili, H (I), H2 ii,

1 H3 (), H4 I1) PRR (li, QI (1l, Q2 (1) Q3 il,
2 Q37 (1), Q38 (li, SUMX2 (Ili SUMX3 II, SUNX4 (i), X8 (11,
3 Y (1)p Y2 (I, YSQo (1), P10 (it), PHI 1)

C

EQUIVALENCE (ACO3T4*TRDBGJ, (BC 9SUMX4)t (OIGA ,Y 1t
1 (81GB v 8 1, IBR vH3 It (CAR 9Q37 3t ICHIC #SUNX3),
2 (CHIR PQ38 It (CRTR ,SUMX2Jt (EC ,Q1 )v (GOFR tQ3 if
3 (ROD rERR It 1S12 9EDITMF), tSMLA tH4 it (SNLB tFN It
4 (SNLC vCSQD I, (SMLD tY2 It ($SLE sH2 It (SNLH *X8 It
5 (SNLR tPRR It JV tQ2 It fX7 tYSQD ), (CRTC #PHI I#
6 (CRTPCtPHO

C

C OX CONTAINS X FROM THE PREVIOUS Y LINE
C *
C CSQD SANE AS SNLC
C EDITMF SAME AS 52 *
C ERR SAME AS R&D *
C FM SANE AS SMLB
C H SAME AS 81GB *

C H2 SAME AS SNLE *
C H3 SAME AS BR *
C H4 SAME AS SNLA
C PHO SAME AS CRTPC
C PHI SANE AS CRTC
C PRR SAME AS SNLR
C QI SANE AS EC
C Q2 SAME AS V
C Q3 SAME AS GOFR
C Q37 SANE AS CAR
C Q38 SANE AS CHIR
C SUNX2 SANE AS CRiR
C SUMX3 SAME AS CHIC
C SUNX4 SAME AS BC

C TRDBG SAME AS ACO3T4
C X8 SAME AS SNLH *
C Y SAME AS BIGA
C Y2 SAME AS SMLD

C YSQD SAME AS X7
C *

C

C PHO SIDE FLUX (ERGSICM**2-SEC) *

C PHI FORWARO FLUX (ERGS/CM**2-SEC) *
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CP82 BACKWARD FLUX (ERGS/Cm**2-SEC)
C PRR RADIATION PRESSURE tERGSICll**3J
c RHO RADIATION ENER&GY tERGSJCM**31
C-

NTINES=BOILB

IN=IA
I NM 1=IN-I.
CALL DVCHK(K00FXJ
GO T0117s.J1K00FX

17 IR=IN
rHTAMX=.025

104 00 105 IwINsIM
X3C1)mQ.
X41I)S0.
X5(11-0.
X61lI)0.o

X7(11=0.

S SET V P FO0R KA P PA I N TE R P L AT 1ION *

Q3?fI1'Ag.OG(THETMI))
Q381 11=ALOGt SV( I I
CSQD(I )=Cditi**2

CI
C FIND IR LARGEST INDEX OF ZONE WIT" THETA
C GREATER THAN 0.05
C

3(IFtTHETA(Ih-THTAMXJ00v100#101
11THTAI4X=THETA~I)

1130 IF(THETAI-0.05)1059105t106
106 IR=I
105 CONTINUE

CSQ(8)=C(1B)**2
C
C PROBLEM STOPS IF MAX TEMP LESS THAN 0.05

C IF(THTAMX-0.05) 108t108.107

308 S1=13.108
CALL. UNCLE

107 K-IFIX((FLOAT(18)+2.O)/(2.4E3/FLOATIR)+(FLOA(IR)+10/2.))
r C

C DETERMINE WHETHER TO SKIP ZONES WITH Y-LINES
C

L11 K1=K



- q it -0.0--- -~--

YSQD( 1)-O.O
IRMI1Z R-i
JK=1

CS ET U P Y L IN ES

C DRAW Y LINES-ONE FOR EACH LARGE TEMPERATURE CHANGE
C
C NO Y GREATER THAN CUIR)
C

DO 112 I=IN*IRMI
IF (ABS(Q3711)1-Q3711))-CV8) 113,113,114

114 JK=JK+l
YCJK)=Ct 1.1)
YSQD(JK)=CSQD( 1,1)
KL=K
GO TO 112

113 IF(K1)l14t114vl15
115 K1=KlI
112 CONTINUE

NY=JK
GO TO 116

117 K=K+1
GO TO III.

C
C F IN D CO0M PL ET E S ET OF- X V A LU ES
C (INTERSECTIONS OF RADII WITH Y LINES)

C*

C ~FORJAT=-YSQD,-NUN8ER OF IN4TERSECtIONSWXS.

116 K2=1
D0 118 J=2vJK

* I=IMPI
X(K2)=-YSQD(Ji
K2-K2+2

120 TS1=CSQD(I)-YSQDIJ)
IF(ISI) 122,122*119

119 XtK2)=SQRT(TSI)
K2=K2+l
IF(K2-2400) 1191,1191,117

1191 1=1-1
KK=KK+.



GO TO 12O
122 KKKaK2-KK

X(KKK) =-(KK-1)
118 CONTINUE

C
C FINISH X-BLOCK WITH NEG NUMBER
C

X(K2)=-1.0

C 
CS E T U P F R E QU E N C Y LOOP

C HNUP=4000o
C

C SET UP MAX FREQ BOUNDARY
C

HNUP 4= 2. 56E 14
IHNU-I
00 121 I=INI9MP1

ERR( I I 0.0,
PRR(I)1O O

121 SUMX2(I)=040

C -C TEST FOR MONOF REQUENC *

IF (KNAX .EQ*. 0-) GO TO 150

140-CALL KAPPA(INtIM)
HNU4=HNU**4

C *

C MERGE GROUPS HA V I NG HNU LESS *
C THAN TEN TI MES LARGEST THE TA *

IF(THTAAIX-O°l*HNUI 1429141 141
CC REJECT TAPE IF MORE THAN HALF OF GROUPS MERGE

C;
142 IF(IHNU+IHNU-NHNUi1431449144
144 S1=13.0144

C
C USE SIATEMENT AS IN PLANE CODE NOW
C
C WILL HOPE TO CALL NEXT TAPE IN FUTURE
C

CALL UNCLE
143 DO 145 I=IN,IM
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8ETA=HNUITHETA( I)
BETAP=IHdUPJTHETA( 1)

* DFB=PLNKUT(BETAtBETAP)
IF(DFB .EQ. 0.) GO TO 145
TEMP(1)=DFB*Ql(I)
Eti8l=EXP (-BETA)
EMB2=EXP (-BETAP)
TEMP(2)=DFB4O.0384974/Ql(IJ*(HNU4/(1.0-EMBIJ
1*EH4BL-1NUP4/(1.O-E4B2)'*EMB2)

C FORM NUMERATORS AND DENOMINATORS OF MERGED KAPPAS
C

X6(1)=X6(I)+TEMP(l)
X4(l)=X4(1)+TEMP121
X5(11=X51I)*CAPAC(I)*TEMP(l)
X311)=X3(IJ+TEMP(21/CAPAR(I)

145 CONTINUE
HNUP=HNU
IHNU=IHNU+1
HNUP4=HNU4
IF(THTAMX-O.1*HNU) 140t703,703

C MO0N0FR E QU E NCY CA L CU LA TIO0N

150 NHNU=1
C
C CALLS KAPPA ONE TIME ON RESTART IS15=1.0) FOR
C AVERAGE OPACITIES FROM DIANNE TAPE AND STORED
c IN KAPPA FOR FUTURE INTERPOLATIONS

CALL KAPPA(INt 11)
00 704 I=IN,114
X5(1)=l.

704 X6(.I)=QI{I)
ICX=IR

141 TOIUL 15,72149
14 FIN-C 510Y4

C FORM MERGED KAPPAS
C

703 D0 700 I=INIM
IF 4X6(l)) 210,700,200

210 S1=13.210
CALL UNCLE

200 CAPAR(I)=X4(I)/X3(1)
215 CAPAC(I)=X5lI)/X6(I)
700 CONTINUE

HNUP=4000.

64



HNUP4=2*56E14
INNAUzIMNU-1
GO TO 702

CTYPICAL GROUP CALCULATIONS OF SOURCES

701 CALL KAPPAININIf HNU4-HNU**4
702 ICXsIN

00 151 I=IN,IR
BETAxHNU/THETA( I)
EMBI-EXP(-BETA)

C
C AVOWD CALCULATION OF DEB LESS THAN IE-5

IF(BETA-19.i146,147vI47
146 BETAPzHNUP/THETAII)

ENB2=EXP(-BETAP)
14IF(BETAP-*01) 147,147,148
17IFI ICX-IR) 149,157,157

157 ICX=I-l

149 X6(I)=O.0

C X5(11=0*0

GO TO 151

148 OFB=PLNKUTIBETA#BETAP)

X6(1I)sjDFB*Ql( I)
132 I-X aI R
151 CONTINUE
19Q31=0.0

cFORM ROSS AND PLANCK OPTICAL DEPTHS

IF(CAPAR(IJ)1539153,154
154 lF(CAPAC(IJ)153s153,155
153 S1=13.153

CALL UNCLE
C
C CHOOSE ALL ROSS IF SOLID 10 IS POS.
C

155 IF(.SCLIO(1O).EQ.O.)GO TO 167
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2~i)=CAPAR(X3/SV( I)
GO TO 169

167 I2(I)=CAPACt1J/SVt1)
169 H(I)=CAPAR(L)/SV(ll

H11~)=CAPAR( I)/SV(IJ*DkLTAR(1)
Q31=Q31+H3 (11

H(IJ=O.5*HtI)
H2(1I)=0.5*H2(1)
H3( I)=O.5*H3( I)

C ZERO DIFF INDICATORS AND X2
C

X2111=0.0
X3(I1z0.O
X4(1)=C.O
Y21lI)zg.O
TG( 1)=0.O
SUMX3(11)=O.O
SUMX4(1I)=Q*O
PH1(I)=O.O
PI4O(1)=O.O
PRII)=O.O

152 RHOIIJ=O.O
X2( IMPI)=O..O
PHof INPI)=0.O
PHL( IMPIIZO.O
X3(IMPI)=O.O
X4( ZMPI)=OoO

C
c X61IR+1)=O.O
C
c
c X5(IR+11=O.O
c

TGIIN)=O.O
Y211N~J=X6( IN)

c S ET U P SO0UR C ES*

C FORM Y2 AND TG
C
C SET X3=-l IF DIFFUSION CRITERION MET USING HCB
C

00 156 I=INICX
IF (I-IM) 135t1369136
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zo-

135 TEMPI1)zi43(1+1)*H3(1)
IF (AMIU~1(J3(I)tH3lI+11)-C9IN) 11157571156

1157 IF(A8S(IH3(1)-H3(I1i1)/TENP(1)3-GAi 1156,1156PI158
1158 IF (X6(l) EQ. 0.0) GO TO 1159

GO TO 156
1156 TG(I+1)=lX6(I+1i-X6(I1)/TEMP(1)

C, TG(1.1i=tQ1(I,1)-QlII))/TEI4P(1)*(X5(141)4X541J)/2.0-

Y2(l41iztX61l+l)*H3(1)+X6(IJ*H3(l+l))/TE#4PilJ
IF(ABS(TGII+1)3-HCB*Y2(I+1)i 158,158,156

158 X3(141)=-1.0
156 CONTINUE

C
C, RADIATION BOUNDRY CONDITIONS AT ICX

136 Y2(IMPl)=X6(ICX)
TG( IMP1)=0.0

C
C ENLARGE TRANSPORT REGION 8OUNDRIES BY HV8

C MEAN FREE PATHS

137 IzKN+1
159 1FlX3lI)1160t16l62

IF( I-ICX-11159tl6l,172
162 51-13.162

CALL UNCLEf165 IF(Q31i-Q3(JJ-HVB)163*163,164

IF(J-INR164,165,165I164 1=1+1
IF(I-ICX-1) 166,172,172

166 IF(X3(I)1168,164#162

17 lFQ(JQ3(I 1) HVB) 170 110 1l60

170 X1)-.

IF(J-ICX-1) 171,60,160
172 I=IN+l

C TEST TO FORM TRANS REGIONS
C

IF(X3( INI) 173,174, 162
173 IF(X4(IN))174,175,162
174 IAX=IN

176 IF(X3(I))177tl78t162
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177 IF(X4(IJ)178tl79t162

C REMOVE ONE ZONE~ 01FF REGION
C

178 1-1+1
IfiI-ICX-1i 176,180,180

t179 1-1+1
IF(J-ICX-1) 181,180,180

187 IFIX3(IJ))88vI769162
188 IFlX4(I))176*189t162
189 18X=1-3

GO TO 181
175 X2(IN)=O.0

PR (IN)-Y2(LN)*45.666
RHO( IN)=Y2( IN)*137.0
PHO( IN)=YZ( [N)*1.E!2
PHiltIN)=PHOL IN)

185 IF(X3(1)JI829183t162
182 IF(X4(i)i183v184,162

C FORM X2 FOR VIFF ZONES IN ORDER
C

184 X2(1I)=-4. 12E12*TG( I)*CSQD( I)
PR (11iY2(1)*45.666
RHOI I)=Y2(I)*137.O
PHO( I)=1.E12*Y2(11
PHl(I)=PHO(I)
1=1+1
IF( I-ICX-1) 185,186,186

C
C DO TRANS TO IM IN REGION OF NO SOURCE
C

183 IAX=I
GO TO 178

180 IBX=IM
181 CALL TRANS(IAX,[BX)

IFI IBX-IM) 190,760, 760
190 1=IBX+2

GO TO 184
186 IAX=I

GO TO 180

C OPT 10N AL E DI T O F X 2 E T C

760 IF (EDI114F)282,282,280
280 l'ARG1=SOLI0(18)+G.001

!ARG2=EDITMF-A~00
IF (MOD(IARGIt IARG2J) 282,281,282



281 WRITE (3) HNU* IN# lNIMPIt SOLID(18)t TH9 DHNU
WRT 3 C I~pIINtIMP1) H() 10N1~ (X6LI1, IsINvIMPI),

XX=-2.0
WRITE (3) XXXXXXXXXvXXvXX
BACKSPACE 3
JNULt= 1.0

282 0O 292 11N114P1
SUMX2(I) =SUMX2(1I)+X2( f)
ERR(I~xERR(I)+RHO(I)
PRR(I)xPRR(I)+PR(I)

292 CONTINUE
C
G ADVANCE FREQUENCY AND STORE EMERGENT FLUX
C

C TEST FOR COMPLETION OF GROUPS

C N~xN
HNUP4*HNU4

CRTPC(IHNU+50) = X2(IMPl)
IHNU z IHNU + I
IF IIHNU - NHNU) 283t 283, 285

* 283 CALL DVCHK (KOOOFX)
GO TO(284,701),KOOOFX

C
C E ND FR EQ U EN CY LOOP *P

284 Si = 13.0284
CALL UNCLE

285 DO 286 I-INM1,IMP1
288 X2(1)=SUMX2(I)
286 ERtI) - SUMX2(I) - SUt4X2(1+1)

C
C FORM MONOFREQUENCY QUANTITIES AND FIND MIN TIME STEP
C

WSB=0.O
00 81 1=1,MAXLM

81 WSB=WSB+ELM(I)

DTR1=1.EIO
DTR2=1.ElO

c FOR MULTIFREQUENCY WILL CALL KAPPA ONLE MORE FOR
C AVERAGED OPACITIES

C IF IKMAX .EQ. 0) GO TO 1110

CALL KAPPA(IN,114)
1110 00 124 l=IN,IM
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C IF ROSS IS ZERO EXIT
C

IF(CAPAR(I ))Ill111,11v12
11I=13.1111

-i ~ CALL UNCLE -TI T

THC TI T

1112 TEMP(3)=CAPAR(I)
JF(SCLIDl10fl1113t1114jl113

1113 TEI4P(1i=CAPAR(I)
114GO rO 1117
114TEIPf1)=SQRT(CAPAR(I)*CAPAC(I)1

1117 IF(TEMP(1)1111,1111,1118
1118 H(I)=0.5*TEt4PI1)/SV(I)

H3(I) = H(1) * DELTARMI
IF(C.05-THETA(I)) 1120t1201i,201

1 1120 IF (113(l) .GT. 0.1) GO TO 1201
IF (ERMI .EQ. 0.0) GO TO 1201

IF (TELM(37) .EQ.0.)GTO11
IF (WSBB-TELM(373*WSB) 1201,120-3,1203

1203 TEMPX2)=O.5*CV(I)*THETA(I)*G(il/ABS(ER(1))
GO TO 1202

1201 TEMP121 = (.5 + 1.5 * H311)**2) * CVtI) i t(C*TEMP(3J*THETAUI*4*3)
TE4P (2) =TEMP(2) *TELM( 25)

F FIN 0 MI NI M UM T IM E S T E P

1202 IF(TEMP(2i)124,124t12l1
1211 CONTINUE

IF(TEi4P(2)-DTR1)1122vli30,1l30
1122 OTR2=DTRI

IMN2=IMNI
OTR1=TEMP( 2)
I MN I= I
GO TG 124

1130 IF(TEMP(2)-DTR2)1140t 124v124
1140 DTR2=TEMP(2)

IMN2=I
124 CONTINUE

OTRM IN=OTR 1
EO=IMN1

C
C PRINT MINTMUM TIME STEPS BETwEEN EDITS

1F(OTR1-TELIM(26) al50,1160,1160
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1150 TELM(246)=DTRI
TELM (2 7)= IMN 1
TELM (28)=DTR2
TELM(29)=IMN2
TELM(3C)=SCLID( 18)41.0

1160 CONTINUE

C DETERMINE IF RADIATION OR H1YDRO WILL SUBCYCLE

IF (OTRMIN-DTR) 125,240,1165
1165 8LANK3=TH.AMIN1(!)TRMIN,GR*DTH2)

IF IS17) 240,323,240
123 S9 = 1.0

C
C, R ED U CE T I ME S TE P

125 NRAD=ZP1(18)/DTRMIN+1.0
0TRzZP 3.(18) /FLOAI( NRAD)
IF(NRAD-NTIMES) 240,240,238

238 S1=13.238
CALL UNCLE

240 RETURN
END
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SIBFTC, STRANS LIST,DECKgREF
SUBROUIJTNE TRANS(NIMi

C DATE COMPILED 3 JUNE 1965
C ANGULAR INTEGRATIONS ON LINEAR FORM
C CONNECTED LINEAR-QUADRATIC INTERPOLATION AT 1(=O.
C EDITING OF VARIOUS M.F. QUANTITIES ON 512 CYCLES
C TRDBG USED TO TRANSFER FROM THIN-PLANCK 10 THICK-ROSSELAND

C*
C*SP U TT ER CO0M M 0N

C
COMMON LMDi'37)t NR v NSMLR * IA 0 18 v ICA , Ica I
I KMAX i SLANK19 BLANK2# BLANK3# IAPI , IBPI ICAPi ICBPl
2 1I , IG i NRAD 9 BLANK4v IANI , 18Ml ICAMI ,-- vC
3 IIPI, IGW t IALPHA, BLANK51 TH 9 TMAX v 8LANK6v DELPRT,
4 FREQ v CNTNAX9 AR 9 ASNLR I PUSHA , PUSHO v BOILA 9 BOILB
5 CVA ,CVf vSLUG *ALPHAiHVA t HVB 9 MCA I HC8
6 EMINA EMi(NBCA GB 9 GA sGB tGL I GR I
7 RHOL ,RHOR ,EPIO t EPSI I RIA 0 RIB i RDIA v RDIBv
8 RPIA v RPIB t RPDIA , RPDIB , TPRINTv TA I Ta I TC
COMMON TO t TE , DTH2 s DTH2P , 0TH i DTRI4IN* OTMAX

I DTMAX19 DTMAX2# DTMAX3v DTR , SAEITCH9 CO t CMIN , DELTA
2 GAMA rWCRIT , SlGMAQ* AC , ACO3T49 CNVRT * SUMRA * SUMRB
3 ROIA s ROIAMI, R018 ROlBPI, G?45 Si S2 , S3
4 S4 ,S5 9 S6 57 'SE 9 S9 ,S10 1 11
5 S12 ,S13 ,S14 ,S15 ,S16 1 S17 p S18 , S19
6 S20 *ED ,FO v TAU ,ZERO R (152), DELTAR11521i
7 ASQ (152)t RD (1521, VD (152), ROD (152), SMIR (152),
8 DELR (37)v P 11523, PI (1523, P8 (152), Pal (152J
COMMON P2 (),52)o SV (152), RHO (152)t THETA (152)t
1 w (152), E (152), El (152), EK (152), A 41521o
2 V (152), G (152), D (152),p C (1521, X2 (152)v
3 X3 (152), X4 115219 X5 1152), X6 (152), X7 (152),
4 SMLA (152)t SMLB (152)t SMLC, (152), SMLD 1152), SMLE (152),
5 EC (1521, ER (1521, SMLQ (152it SMLH (152)r BIGA (152),
6 81GS (152), CV (152), BC (152), BR (15241 CHIC (152)v
7 CHIR (152)t CAPAC (152), CAPAR t1521, CRIC 115219 CRYR (152),
8 CRTPC (152), GOFR (152), FEW~ (1521, CAR 1152)t OKLM 1 37)
COMMON TEIM (37), EKLM 1 57), ELM 1 37), FCLM ( 37)t
1 FRIM 1 37)v WIN 37), QLM ( 37), AMASNO( 37), CHRNO ( 37),
2 LPl i 37J, 1P2 1 37), SOLID 1 37), ECHCK ( 37), RI( 1104),
3 Ri. 4 37)t RHOK (104)t ROK (104), THETAK1104), TEMP C16)v
4 HEAD (12), 34AXL ,MAXLM

C**

C
COMMON /LINDLYi HNUSGNLIHNUNHNUHNUPNTiMlIDHNUTHICK,NY

C
COMMON /CNiRL/ SCYCLE, JMULT

Ymn=~PA" WAS MANK MW US M -
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COMNON /DAVIS/ FEX 1152)v 1CA, IA, PR(152),
I TG4152), X(2400), OX152)

DIMENSION CSQO (I),ERRL, FM 1)11 H ,Il)s H2 flit
1 H3 41), H4 (1),. PRR Ills Q1 11) v 027 tll#'Q3 (1},

2 Q37 (1), Q38 (Ii SUXX2 (1), SU1.X3 It)* SUMN4 (.I), X8 (1i,
3 Y (I), Y2 (1), Y50D flit PH0 -(1, PHI 411

EQUIVALENCE (AC03Y4,TRDBG), (BC sSUMX4)e (BIGA 9Y tv
I (SIGB , H it (BR tH3 I, ICAR ,Q37 I, ICHIC 9SUMX3),
2 (CHIR ,938 3v ICRTR ,SUMX2), (EC ,QI It IGOFR ,Q3 3,
3 (ROD ,ERR , $12 ,EDITAIF)a (SMLA *H4 3, (SmLB fM ),
4 (SNLC ,CSQD , (SILD ,Y2 i, (SK.LE #H2 )I tSMLH jX-8 3
-5 (SILR *,PRR I V ,Q2 3, (X7 ,YSQD ', ICRTC vPHI ,
6 (CRTPCPHO i

C

C; *

C OX CONTAINS X FROM THE PREV:IOUS ¥ LINE ,

C CSQD SAME AS SXLC
C EDITNF SAME AS Si 2
C ERR SAME AS ROD
C. FM SAME AS SMLB *
c H SANE AS BGB
C H2 SAME AS SMLE *

c H3 SAME AS BR *

c H4 SAME AS SHLA *

C PHO SAME AS CATPC *
C PHI SAME AS CRTC
C PRR SAME AS SMLR *
C Qi SAME AS EC *

Q2 SAME AS V *
C, Q3 SAME AS GOFR *
c Q37 SAME AS CAR *
c Q38 SAME AS CHIR *

SUMX2 SAME AS CRTR *
SUMX3 SAME AS CHIC *

C SUMX4 SAME AS BC

C RBG SAME AS ACO3T4 *
C X8 SAME AS SMLH

C Y SAME AS BIGA *

C Y2 SAME AS SMLD *
YSQ) SAME AS X7

C *

c PHO SIDE FLUX IERGS/CM**2-SEC)
c PHI FORWARD FLUX IERGS/CM**2-SEC) *

PH2 3ACKWARD FLUX (ERGS/CM**2-SEC) *
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rC RADLAtiON PRESSURE IERGS/CIA**31
C RHO RADIATION ENERGY (EaGSICM**3 *

c H(1J=0o5/ROSSELAN0 MFP*
£ TEMP(1)=DfLTAX*HilJ

C H2fI)=O.5/PLANCK HFP
C TEM#~(21=DELTAX*H21l

11rH3(1)=tTAU SUB R)

LAX=tA

99 Q21l)=C.
CALL DVCHK(KCDOFXv)
6O Totl0O,1O1i,KO0OFX

100 Slztl400100
CALL UNCLE

101 18xplifBx+1
IALPHA=ALPHA

C
C ERROR IF NOT SPHERE

GO TO 1102v162t1031 t IALPHA

102 S1-14.0102
CALL UNCLE

C SPHERE ONLY
c

103 I=I8XP1

* 113 II:(IBX-IMi 106,108,110

*c ERROR IF INDEX EXCEEDS NORMAL RANGE

c
110 S1=14.0110

CALL UNCLE

C*
C C AL C Ui.A TE Y =0 R A Y

-~C LHS OF RAY FIRST, STORE F2 IN SUMX3.*

III TEMP42)=H211)*0E4JAR4I)
IF (TEMP42)-1RD6G) 131,131; 132



C SMALL OPTICAL DEPTH EXPANSION
C' 13i*F2:i;F2+(gY2fI)+Y2ji+13Po*.5+X6(N)-F2-F2*TEMP(2j

GO TO 112

C GENERAL EXPRESSION FOR F2(YZQ.)

C SAVE EXP

132 H4(1)=FREXP(-H3(11)
F2zYZ(I J.TGII)(IF2-Y2(!+1)-TGtI+1)J
1 *H4lI)+TGl1+1)-TG1IJ.l*H411)

112 I1F(F2,LT.O.) GO TO 115

c SAVE LHS, INTENSITIES IN SUMX3

114- SUMX3(I)=F2
IFITG(I).EQ.0.) Ml(1=X641-l)
1=1-1f
IFITGII).EQ.0.J Y2(11=X641)
I911-lAX) 1181llv111

C F2=0. IF I GREATER THAN ICX
c

105 1=1-1
108 SUMX3(1J=O.0

IF(I-1-ICXJ 110,114,105

C DIFFUSION BOUNDARY CONDITION AT IBXP1
C

106 IFITG(I),EQ.O.) Y2(I)=X6(f)
TEMP(2)=42( I)*DELTAR( I)
IF ITEMP(21-TRDBG) 133,133,134

c SM'ALL OPTICAL DEPTH EXPANSIONIBIFF)
C

133 F2=Y2(1+11+TG(1+1J4((Y2(I)+Y24I41))*O.5+X6(I))$TEMP(2;

GO TO 112

C GENERAL EXPRESSION FOR F21DIFF)Y=O.,LHS

134 H4(11=FREXP(-H3(i))
F2 =Y2(I).TG(1)+(TGiI+1J-TG(lIi*H441)
GO IC 112

C
c NEGATIVE F2 ZEROED
C

115 F2=0.0
GO TO 114



C RHS OF RAY

116 I-IAX
tAXPsIAX
IF(IAX-INJI110,222,119

222 IAXP-IN*1
RI0A 1JzSUNX3(1)*137.0
PR (1I=SUJIX3f1)*45.66
PHd 1)=1.O)2kE12*SUMX3(1I
PHII1JzPHO(1)

CO G0C223f C DIFFUSION BOUNDARY CONDITION AT IAX

119 TEMP(2J=H2 I-lJ*DELTAR( 1-13

IF 4TENP(23-TRDBG) 135v135,136

GCT 2 SMALL OPTICAL DEPTH EXPANSION(DIFF)

C

C GENERAL EXPRESSION FOR F2 (DIFFtY=09RHSJ
13C 4J1=RX(H(-)

C 3 411=RX(H(-) F2-Ytli-GIIJITGII-T~i-Ll*H~l-l
GO TO 121I c

C REGULAR INTEGRATION STEP (Y-09RHS)

120 TENPL2)xHZ(1I*OELTAR~i-1)

JF (TEMP(21-TR08G) 137,137,138
C
C SM~ALL OPTICAL DEPTH EXPANSION FOR F2
C

137 F2zF2.(CY2(1).Y2(I1)11*0.54x6II-1)-F2-F2)sTEHP(2)
GO TO 121

c
C GENERAL EXPRESSION FOR F2(YsO,RHS)

138 F2Y()T4)IF-21-1T~-~4H(-.
I 4TG(I)-TG(I-I))*H4tI-l)

121 IF(F2.LT*.dGO TO 221

C SAVE RHS INTENSITIES IN SUI4X4

223 SUMX4(1)=F2
OX(I )=C(I)
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IEIT( I.EQO.)Y2(1)=X6t I-1)
lF(I-IBXPI)122tiZ2,Z6

122 IF(I-1-lCx) 120,120,124 [i
221 F2-0.0

GO TO 223
124 IFIF2.EQ.0.J GO TO 223

F2=F2*FREXP(-H3( I-IJ-H3(1I-1))
GO TO 223

C C0M P L E TE Y 0 R A Y
~ C

126 YSQOI=0.0
.iJ= 1
JJJ=1
KK=1

C
C SEARCH FOR Y-LINE NEAR HALF OF CI lAX)

C1=O.50*C( IAX)
IIl*IAX+l

GO TO 708

C S ET U P Y-L IN ES

C FIRST, TEST IF Y LIES OUTSIDE OF ACTIVE MESH,,

127 IF(JJ-NY) 129,129,308
1.28 IF(C(LI)-YtJJ)1152*150,150
152 11=11+1I GO TO 128
129 IF(C(ICX)-Y(JJ)307,151,151
146 lF(C(lAX)-YtJ.J))I28t145,130
130 IF(CI-Y(JJ))l'd,141,142
140 IF(C1-YIjJJ+)144*140v140

10JJ-JJ+1
KK=KK-IFIXIX(KK+1) 1+2
GO TO 127

C SEARCH FOR Y-LINE NEAR THREE QUARTERS OF MIAX)
C

141 C1=CI+0.25*C(IAX)
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60 TO 14

GO TO 15
).44 IFl(I3XJ)Y(JJ)-C1-Cl)10,146,4

145 ESQDP=!-1--1KI.

TEN (5) P =YQD -Q ,6PT0=J_-f00k i0 N P H

F.LAT (CRITERION BASED ON 160

157 JJgJ4*+ Lj KK=KK-IFIXIXIKKe1) 3+2
GO TO 127

GO-TO 305I
308 TEMPi1)=CSQD(It+l)

GO TO305 -

COMPLETE X2 INTEGRATION WijEN LA T Y-LINE UTSEb

300 'DO 310 l=1APX"P1

C ANGULAR INTEGRATION OF X2 USING LINEAR ITr'RPOLATION

X2(I)=X2(Ij.(OX(I,[+OX(I))*(SUMX4(I)-.SUMX3(I) )*OX(I

C OPTIONAL CALCULATION ON Sf2

IF(IOD(IARG1,IARG2) )310,627,310
67IF(,IBX-IM) 3159317v510

315 IFII-IAXP) 510#312,340
312 XS= SQR T(C SQD i I .XP 1+1) -C SQD ([ 1 P 1

FM(IBXP1)=Y2(IBXPI;+XS/C(IBXPl+1n*TG(IBXPL+1)*
*1 EXP(-XS*H(IBXPl)j

GO TC 340
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-EP11 - _ -DI-I--SQ-

37FUCITEXPl)ZO.OXIIFIBPIS(SDISPI

I CSQD(I))*(SUMX4(IAXP)*SUMXI(IAXP)I/TWg4(5)
FL-SUMX3L I)+SUMX4( I)
lEXP(6)=0X-(l)*OX~l)

RftO(I)-RHO(I)4.OX(I)*EP
PR(I)J=PR(I),TEHP(6)*(F:PLFL)*QXLI)
PHO(I)-PHOI),FU*(OX(II)TEMP(9)4CSQD(II*ARSINCDX(1)ICtI))
I *.667*(FL-FU)*(C( I)*CSQD(II)-TEHP(9J*YSQO1J /OX1I)
PH1( I =PHl( IJeFPL*TEMPf61

310-CONTINUE

c CO0M P LETIO0N O F X 2 1INT EG R A T1 N Ar T
c E ND O0F TR A NS R E GIO-N

C

C BRIGHTNESS PRINT
c
320-IFICB) 726,725,726
726 IARGl=SOLID(18)*0.001

IF IIARGI .EQ. 0) GO TO 725
IARG2=CB*0.001
IF (NOD(IARGI41ARG2i) 725,727t725

727 XX =-1.0
WRITE (3) XX, lAX, IBX, 'NY, S0110(18), TH, XX
WRITE (3) (Y(J)t J=INY), IQ2(J~p J=lNYI
XX = -2.0
WRITE (3) XX, XX, XX, Xx, XXt XX, XX

BACKSPACE 3
725 00 321 I=lAXIBXPI

-J C OPTIONAL CALCULATION ON S12

IF(EOITMFJ 3210321,730
730 IARGI=SOLIO(18),0.001

RHO(I)=RHO(I)*34.25/C( I)
PR( I)=PR(I)*5.71/(CSQD(I)*C( 1))
PHO(I)=PHO( I)*O.327El2/CSQDI I)
PHI([)=PHL(I)*O.343E!2/CSQO(I)

321 X2(I)=X2(1)*1.026El2
322 RETURN
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C

30 F2=0.0

TERPE 5)=TEMPII1)-YSQDI
DO 306 I=IAXPIBXPI
TEKPt 15)=TEOP( 1)--CSQD(.l)
IFITEMP115)) 318*319,319

316 FK(I)=O.0

C.- ANGULAR INTEGRATION OF X2 USING LINEAR INTERPOLATION

XM=SQRT(-TEMP( 15))
X2(1I)=X2(1I)+(Ox(tl)-XM) *(OX( I)+OX( I )XM)*tSUMX4(1I -SUMX3$ IJi
IF(EDITHF) 306,306,323

323 IARGI=SOLIO(18)40.0O1
IAkG2=EOITMF40o001
IF(MOD(IARGltIARGZ)) 306,324#306

324 FL=SUMX3(1I)+SUMX4( 1)
TEMP16J=OX(1)*OX(I)
TEtIP(7)=-TEMP( 15)
FCA=SQRr(TEMP( 1))
FXm=OX(l)j-Xm
FXP=CX( I)+X14
RHOt I)=RHOt I).FXt4*FL
PRLI )=PRI )-FXP*(fEMP(6)+TEMPL7) )*FL

I +4.C*FL.*OX( I)*TEMP(6)I. PHO(I)=PHOII)-(FL*XM*(OX(I)*E4P(9)-XM*FCA+CSQD(I)*
1 (ARSIN(OXtII/C(I) )-ARS[NIXM/Cil)))-0.66?*FL*tFCA*TEMPII)
2 -TEMP(91*YSQOIJ8)/FXM
PH1(I)=PHltI)+FXM*FL*(FXP-OX(I))I
GO 16 306

C
C ANGULAR INTEGRATION OF X2 USING LINEAR INTERPOLATION
C

319 X2(I)=X2(1)+(OX(L)+OX(1))*(SUMX4(I)-SUMX3( 1))*OXf I)
C
C OPTIONAL CALCULATION ON S12

IF(EOITMF) 306,306,635
635 IARG1=SOLIO(18)+O.001

IARG2L-DI~TMF+0.001
IF(MOD(IARGltIARG2J)1306,637,306

637 TEMP(5)=TEHP(1)-YSQD1
FU=TEiP415)*(UMX4(IAXP)+SUMX3(IAXP)J/TEMP(5)
FL=SUMX3 I )+SUMX4( I)
TEMP(6)=OXIl)*OX(l)

* FPL=FP+FPL
RHOA ;)=RH1alI)+OX(I1*FP



PR(I )=PR(I )*TEMP(6)*tFPL+FL)*OX(t)
PHO( II-PHO('I)4.EU*(OXtII)*TEMP(9)+CSQD( I)*ARSZNLOX(iI)/C( I))I

1 +.667*IFL-FU)*(C(I)*CSQO(I)-TEMP(9)*YSQDI) / OX(I)
PHlt I)=PHltI)+FPL*TEMP(6)f

306 CONTINUE
GO TO 320

* C T Y PI CAL Y L I N E I NT EG R AT 1 0N

C

503 I=IBXP1
F2=0.0

502 IFlIBX-IM) 50605089510
C
C ERROR IF INDEX EXCEEDS NDRMAL RANGE
C

510 S1=14*0510
CALL UNCLE

C
C DIFFU~SION BOUNDARY CONDITION AT IBXPI
c

506 IF (TG(I) EQ. 0.0) Y2(IJ=X6(l)
X8(11=XIK)ICtI)*TG(I)
TEMP 12J=(XlK-1)-XiK) )*H2(I)
IF (TEMPt2)-TROBG) 533,533,534

C
C SMALL OPTICAL DEPTH EXPANSION (01FF)

* C
533 F2=Y2(14l)IX(K-I)/C(I+1)*TG(I+1)+((Y2(I)4Y2(1+1))*0.54X6(lI)

I *TEMP(2)

GO TO 512

C

534 TENP(1J=(X(K-l)-X(K))*H(I)
H4(1I)=FREXP(-TEMP( 1)1

GO TO 512
C
C S A V E X8 FOR RHS=(DIFF INTENSITY)
C,

511 X8(1)=X(K)/C(I)*TG(I)
TEMP (2)=4X(K-1J-X(KJ )*H2( I)

C
C REGULAR INTEGRATION STEPILHS)
C



rM

IF (TEMP(2)-TRDBG) 531,531,532
C
C SMALL OPTICAL DEPTH EXPANSION (LHS)
C

531 F2=F2+L(Y2(I)e-Y2(1+1))*O.5+X6tI)-F2-F2)*TEMP(2)
GO TO 512

C
C GENERAL EXPRESSION FOR F2(LI4S)

C SAVE EXP FOR RHS

532 TEMP(1)=4X(K-1)-X(K))*HllJ
H4( I)-FREXP(-TE4P( 1)
F2=Y2(l)+X8(I)+(fF2-Y2(1i11-X8(1+1))*H4(I)
I +X8(l+1)-XB(I))*H4(i)

512 IF(F2.LT.O.) GO TO 515
C
C SAVE F3 OF LIIS IN FM FOR INTEGRATION.
C

613 FN(I)=F2
IF(TG(I).EQ.O.) Y2t1)=X6(I-1)

K=K+l
IFITGII).EQ.0.) Y2(I)=X6(l)
IF( I-1AXi5l6t513t513

513 IF(X(K))5l4t5C9v5l1
514 TEMP(3)=SQRT(OELTAR(I)*14.O*C(I)+DELTAR(I)))*H(I

IF (TEMP13) .GT. 0.0) GO TO 517I

CALL UNCLE
517 TEMP(2)=XIK-I)*H2(1)

IF ITEI4P(2)-TRD8G) 535,535,536
535 TEMP(16)=(Y2(141)+X6LI1)TEMP(214(0.667*Y2(I)-0.5*Y2(I+1)

I -Co.67*X6(1))*TEMP(3)*H2(I)/H(I)
F2=F2*( 1.0-2.0*TEMP(2) )+TEMP( 161
GO TO 521

536 TEMP(1)=2.0*X(K-1)*H([)
H4(1I)=FREXP(-TEMP( I))
TEt4Pf7Y=FREXP(-i'EMP(3))
TEMP(l3)=(X6( I)-Y2(I) )/TEI4P(3)**2*2.O
TEMP(15)=tX6(I)-Y2(I+1))/(TEJ4P(I)-TEMP(3))
F2=Y21l,)+TEMP(13)+TEMP(7)*(-TEM4P(15i-TEMP(13)*ITEMP(3)+1.0)
1 +H4fli*tF2-Y2(I+1)4-TENP(15)!
GO TO 521

c
C NEGATIVE F2 ZEROED
C

515 F2=0.0
GO TO 613

85



c FIRST TRANSPORT ZONE ON ILHS
2c

507 X8(I)=X(K)/CtI)*TG(Il
GO TO 613

c
c X =ZERO ERROR

509 S1=14.0509
CALL. UNCLE

508 FM(I)0O.O

K-K+l
IF(X-1-ICX)51O,507,.508

523 F2=0.0

GO TO 522

c DO Y-INTEGRATION TO X=O

521 IF(F2.LT.O.)GO TO 523
522 F#N(I)=F2

C. FORM~ TOP SLICE CONTRIBS TO X2

DO 524 J=IAXPI
333 TENP(11J=CSQDIJ)-YSQDl

X2(JJ=X2(J)4(OX(J)+OX(J) )*(SUf4X4(Ji-SUt4X3(J) )*OX'(J)

c OPTIONAL CALCULATION ON SI2

IF(EVITMF)524,t,24913
331 lARG1=SOL1O(18)+0od)j1

1ARG2=EOITMF+0.0O1
IFAMOO( KARGI ,IARG2))524,332,524

332 FU=(TENPtl1)*IFM(I)+F2)+(YSQDilCSQ04Jhl*LSUMX41IAXP)
I +SUMX3(IAXP)))/TEMP(5)
FLaSUMX3LJ) +SUMX4(J)
TENP(61=0XIJ)*OXIJ)
FP-FL+FU
FP = FP+FL
RHO(JJ=RHO(J)+CX(J)*FP
PR(J)=PR(J)4IEMP(6)*(FPL+FL)*OX(J)
PHO(J)=PHO(J)+FU*(OXIJ)*TEMP(9)+CSQD(J)*ARSiNIOX(J)/C(J)) I

I 4+O667*(FLFJ*(C(I)*CSQDII)TEMP(9)*YSQDI)/0X(I)
PII(JI=P81(Ji+FPL*TEMP(6)

524 CONTINUE
IAXP=I+l
SUMX3(11=F2
SUMX41f)=F2
I=IAXP
K=K-1



c IF (TEIAP121-TRDBG) 538,538,700

C SMALL OPTICAL DEPTH EXPANSION (x=O,RHSI

538 F2=F2*(1.C-2,0*TEMP(2)GEHPII6)
GO TO 704

700 F2=Y2(I)+TEMP(15)+FREXP(-TENPtl)4TEMP(3))*(-TEMP115)
I +TEMP(133*(1.0-TEMP(3)))+H441-1)*F-Y2(-1-fi4P(13))
GO TO 104

C
c CALCULATE RHS Y-LINE INTEGRATION

C516 IAXP=IAX

I=IAX
K=K-1

!F(X(K+1J )525% 509,526
526X8IlfK1/I1*TI-.

TENP(2)=IXIK)-X(K+li )*H211-1)

C DIFFUSION BOUNDARY CONDITION AT IAX
C

IF ITEMPt2)-TROBG) 537,531t102

C SMALL OPTICAL DEPTH EXPANSION (DIFFLlHS)
C

537 F2=Y2(I-1)-X8(I-1)+((Y2([).Y211-1))*0.5 + X6(I-1))*TEMP12)
GO TO 704

c GENERAL EXPRESSION FOR F2(DIFJ-,RHS)

C702 TEMP(11=(X(K)-X(K+1))*H-Il-i

701 F2=Y2(1)-XIII+(X8(1)-X8(I1)1)*FREXPI-TEMP(l))
GO*TO 104

710 TEMP(2)=(X(K)-X(K+lfl*H2(1-1)
IF ITEMP421-TRDBG) 539#539t540

C

C SMALL OPTICAL DEPTH EXPANSION(RHS)B C
539 F2=F2+((Y2(I)+Y2(1-1))*O.5+X6(I-1i-f2-F2)*TEMP(2)

GO TO 104
540 F2=Y2( I)-X811I)'-((-2-Y2( I-1)+X8(1-1) )*H4(1-1J

I *X6(I)-X8(I-l))*H4(1-.)I 704 IFIF2.LT.O.)GO TO 705
C
C FCRM CONTRIB TO X2
C

106 CONTINUE

C ANGULAR INTEGRATION OF X2 USING LINEAR INTERPOLATION

8-?



I+(O)X(I).OXtJX(KjJ*tSX4(I-StjMX3(iijJ)*(OX41)-XKjij

OJPTIONAL CALCULATIOM~S OF M.F. OLAMMIIES ONLY ON EOITHF
C

IF(EDlTHF)735,735,736
736 IMRGI=SOLIO(-18)+O.O0i

IARG2=ED ITMF.O.OCL
IF (MODILIAR6111ARG2)J 735,732v73=

732 FU=Fm'i)4-F2
FL=SUMX3(1I )SUJIX4( I)
TEMP(6)=OX(I)*OXIJ
TEMPL73=X(K)*X(K)
FXM=OX(I I-XK)
FXP=OX( r;+x(Ki
FMI=Fts-FL
RHO( I)=RH~f Ii+FXM*(FIJ+FLI
PRI)=PR( IJ+FXP*(TEMP(61+TEMP(7) )*FMl
I +4.0*WFL*OX(1)*TeMP(6)--FU*XIK)*TEMP(7))
PHO(1l=PH0(I)+((OX(I)*FU-X(K1*FUJ*(OX(TI*TEMP(9)-XtK)SYfjj)
I *CSQD(It*(ARSIN4OXII/C~i))-AFSIX(KJ/C(I))))-0.667*FR1
2 *ty(JJJ*YSQDP-TEMP(9)*YSQO1J)/FXM
PHl(II=PH1(I)+FXM(F2*(FjXP+XIKIJ4+SUiX4(1J*(FXPOX(I)))

C
c SAVE F2 AND FM FOR NEXT Y-LINEf
C

735 SUMX41I)=F2
SUMX3(1I =F~)~f
OX(I)=X(K)
IFiTG(I).EQ.O.) Y2(I)=X6(li
1=1+'1
K=K-1
IF(TG(I).EQ.0.) YZ(13=X6(1-1)
IFII-I8XPI)707,707,708

707 IF(I-1-ICX) 710,710,11

C NEGATIVE F2 ZEROED

705 F2=0.0
GO TO 706

711 IF(F2.EQ*.. GO TO 706

H4( I-li =FREXPl-TEMP{ 1)-rEMP( 1))
F2=F2*H4( I-I)
GO 10 706

C,
C. DIFFUSION BOUNDARY CONDITION WHEN X0.,
C

525 X841-1)=O.0
TEMP(1)=X(K)*H( 1-1)



GO To7
60 QHNU=HAIUP-KhJ

712 !FJJ.EQ~1i GCc ri 722

- C

KK=KK-AF1X1XIKK+1JJ#.2
722 YSQG1=YSQD(4jj

fEMPM9=YfJij
* * JJ=JJ+l

724 JJJ=.J
Q2tjj-l)=F2*3.274t4

-s OTic 12?
f END
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I

$I BAP FREEMA L[STtOECKtREF

DECK FREEMA EVALUATES FUNCTION FREXPIARG)
EVALUATE THE NEGATIVE POWER OF E(E**-XIFOR X BETWEEN

- 0.0 AND -10.0 TO FOUR SIGNIFICANT FIGURES. WHEN X LIES

* OUTSIDE THE RANGEr THE STANDARD ROUTINE(EXPI IS USED.
* THE METHOD IS AS FOLLOWS, E*-X=E**-N*E**-P*Et**--Z
* WHERE N IS THE INTEGRAL PART OF THE EXPONENT AND P IS THE

* . r MULTIPLE OF 2**-7 CONTAINED IN THE FRACTI JAL PART.
* R--X-N-P. THE VALUES OF E**N AND E**P ARE FOUND BY
* TABLE LOOK-UP ZN ITAB AND FTAB RESPECTIVELY, E**-R IS FOUND
* AS I.0-R.

ENTRY FREXP

E XTERN EXP
AXT **r2 RESTORE

AXT **,4INDICES 2 AND 4
FREXP TRA ** RETURN AOWRESS

SXA *-3,4 SAVE INDICES 2 A10 4
LAC FREXPt4 LOCATE ARGUMENT
CLA* 2*4 PICK UP THE ARGUMENT
C.As =-9.99 SELECT THE
TNl *+3 NUMBERS SETNEEN
!I **2 0.0 AND-9.9
-1A NORMAL OUTSIDE THAT RANGE

* ARGUMENT IN THE RIGHT RANGE

UFA =0633000000000 EXTRICATE THE INTEGER PART
CAS =0633C00000000
TRA NORMAL
TRA SIMPLE
PAC Ot4 PUI THE INTEGER PART IN THE iNDEX
STQ I PUT THE FRACTIONAL PART
SXA FREXP-2f2 SAVE INDEX 2
CLA TI IN THE AC
UFA =0624000000000 EXTRICATE THE 2**-l HULTIPLE
PAC 0,2 PUT UT IN INDEX 2

* REMAINDER LEFT IN MO
FMP FTA6,2 FIND THE FRACTiONAL
FAD FTAB,2 POWER
STO TI PUT IT
LDQ TI 9N THE AC
FMP ITA.?4 MULTIPLY IT BY THE INTEGRAL POWER
TRA FREXP-2 RETURN WITH ANSWER IN THE AC

THE EXPONENT LIES BETWEEN 0.0 AND -Ia

SIMPLE STQ TI
CLA TI
UFA =0624000000000
PAC 0,4
FMP FTAB,4
FAD FTA8,4
TRA FREXP-l
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WRAL CLA 2,4
STA NI
TSL EXP
TXI +3,1"
act IIFEXP

Ni PZE **
TRA FREXP-1

TI PZE
ITAB DEC 1.0 0

DEC 0.3678794411 1
DEC 0.1353352832 2
DEC 0.0497870683 3
DEC 0.0183156388 4
DEC 0.0067379469 5
DEC 0°0024787521 6
DEC 0.0009118819 7
DEC 0003354626" 8
DEC 0.0001234098- 9

FTAS DEC 1.0 0
DEC .99221794
DEC o98449644
DEC .97683503
DEC .96923324
DEC .96169060
DEC .95420668
DEC .94678098
DEC .93941307
DEC .93210250
DEC .92484882
DEC .91165159
DEC .91051038
IJ EC .90342472
DEC .89639421
DEC .88941842
DEC .88249691

DEC .87562926
DEC .86881506
DEC .86205389
DEC .85534534
DEC .84868899
DEC .84208444
DEC .83553128
DEC .82902913
DEC .82257757
DEC .01617622
DEC .80982469
DEC .80352259
DEC .79726952
DEC .79106511
DEC .78490900
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UEC o77880079
* DEC .77274011

DEC .76672660
UEC .76075989
DEC .75483961
DEC .74896540
DEC .74313691

DEC .73735377
DEC .73161563
DEC .72592215
DEC .72027299
DEC .71466778
DEC .70910619
DEC .70358787
DEC .69811252

DEC .69267976
DEC .68728928
DEC .68194076
DEC .67663385

- DEC .67136824
DEC .66614361
DEC .66095965
I I

DEC .65581602
DEC .65071242
DEC .64564854

DEC .64062406
DEC .63563868
DEC °63069209

DEC .62578401
DEC .62091413
DEC .61608213
OEC .61128774
DEC .60653067
DEC .60181060
DEC .59712727
DEC .59248041
DEC .58786967
DEC .58329484
DEC .57875560
DEC .57425170
DEC o56978284
DEC .56534874
DEC .56094916

DEC .55658382
DEC .55225246
DEC .54795480
DEC .54369058
UEC 53945954
DEC .53526144
DEC .53109600
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DEC .52696298
DEC .52286212
DEC .51879318
DEC .51475589
DEC .51075003
DEC .50677535
DEC .50283159
DEC .49891852
DEC .49503590
DEC .49118350
DEC .48736108
DEC .48356841
DEC .47980525
DEC .47607137
DEC .47236656
DEC .46869057
DEC .46504319
DEC .46142419
DEC .45783336
DEC .45427047
DEC .45073532
DEC .44722766
DEC .44374731
DEC .44029404
DEC .43686765
DEC .43346792
DEC .43009464
DEC .42674762
DEC .42342664
DEC .42013151
DEC .41686203
DEC .41361798
DEC .41039918
DEC .40720543
DEC .40403653
DEC .40089229
DEC .39777252
DEC .39467703
DEC .39160563
DEC .38855813
DEC .38553435
DEC .38253409
DEC .37955719
DEC .37660345
bEC .37367270
DEC .37076476
DEC .36787944
END
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SIBFTC KAPPA FULISTDECKREF
SUBROUTINE KAPPA(NM)

CC THIS ROUTINE WAS RECOMPILED JANUARY 11v 1965

C TWO-D 1ANE-TAPE VERSION
C ASSUMES EXTRA CALL FOR GREY DATA -- NO GOOD WITH STANDARD RADTN
C DOES MONOFREQUENCY WITH AVERAGE KAPPAS

C

S P U T T E R C O M M O N
C* *

COMMON LMDA(37)t NR , NSMLR , IA I Is t ICA t ICB 0
1 KNAX , BLANK1, BLANK2, BLANK3, IAPI • ASP1 t ICAPI I ICBPs
2 11 , IG , NRAD, BLANK4, IAM1 p IBM1 , ICAM1 v ICBN1 9
3 IIP1 , IGM1 , IALP)HA, BLANKS, TH t TNAX s BLANKEv OELPR~t
4 FREQ i CNTMAX9 AR i ASMLR i PUSHA t PUSHB -t SOILA v BOILS t

5 CVA , CVB , SLUG v ALPHA * HVA I HV8 I HCA I HCB ,

6 EINA , EMIN8 t CA I CB , GA v GB i GL i GR I
7 RHOL , RHOR t EPIO ,EPSI ,RIA , RIB t ROIA v RD-iB •
8 RPIA , RPIB , RPOIA 9 RPDI8 , TPRINTv TA • "3 , TC•

COMNON TO , TE , OTH2 , DTH2P , OTHI , DTRMINq DU4AX v
I DTMAXI, DTMAX2, DTMAX3t DTR , SWITCH* CO I CHIN , DELTA ,

2 GANA v WCRIT t SIGMAQ# AC , ACO3T4j CNVRT v SURRA s SUMRB
3 ROIA , ROIAMI, ROB , ROI8PIt GMS I SI v S2 * S3 S
4 S4 , S5 , S6 , S7 .58 , s 510 $ Il
5 S12 , 13 , S14 , $15 , S16 s S17 , S18 , S19 ,
6 S20 r EQ 9 FO I TAU , ZERO t R i1521# DELTAR(1521#
7 ASQ 1152), RD (152), VO 11521, ROL (152), SMLR (1521,
8 DELR ( 37), P (152), PI (152), PB (152), PB1 (1521
COMMON P2 (152), SV (152), RHO (152), THETA (152),

1 W (152)l E (152), El 1152), EK (152)} A (152),
2 V (152), G (152), D (152), C (152), X2 (152)v
3 X3 (152)v X4 (152), X5 (1521, X6 (152)9 X7 (152),
4 SMLA (152), SMLB (152), SNLC (152), S4LD 4152)o SMLE (152),
5 EC (152), ER (152)t SMLQ (152), SMLH (152. BIGA (152),
6 BIGB (152), CV (152), BC (152), BR (152), CHIC (152)f
7 CHIR (152)t CAPAC (152), CAPAR (152)v CRTC (1521, CRTR (152)v
8 CRTPC (152), GOFR (152), FEW 152), CAR 1152), OKLM 1 37)
COMMON TELM I 37J, EKLM ( 37), ELN E 371 FCLM ( 37),
1 FRLM A 37), WLM ( 37), QLM 1 37), AMASNO( 37), CHRNO ( 37),
2 ZP1 ( 37), LP2 ( 37), SOLID ( 371, ECHCK 1 37), RK (104),
3 RL ( 37)r RHOK (104), ROK (104), THETAK(104)9 TEMP 4 16),t
4 HEAD 4 12)t HAXL , MAXLM **

! DIMENSION CSQDIlJ, FM(lJ, H4(1}, Y2(IJY X(I)v Y(I t H(l)t SUMX2(11

DIMENSION SUMX3(1), SUMX4(1), SUMRHO1l), Q37(11, Q38(l), H3(1)
DIHENSION THETAT(23), KAMAX(23), KCNT(23), BUFS(750,l), ID(12)
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COMOCN /LINDLY/ HNIJ,SGNL, IHNUNHNU,HNUPNTIMiNDHNU,.THICKNY

CEQUIVALENCE, (SNLC#CSQO),v (SMLBlFM), ISMLAI141, (SILDqY21, (GOFRvX)

EQUIVALENICE (8IGAY),(BlG&,-H).(CRTRSUMX2),(CNICSUNX-),(BCsSUMX4)
-~ EQIFVALENCE LSMIMSUMRHO),(CARQ37).(CHIRQ38,(BRftH3I

EQUIVALENCE (ECHCK118)tU1);

-~]ceAVE&Tr1 KAPPA WILL FAIL ON- ANY TWO LAMBDA REGIONS OF THE SANE MATERIAL
V_ IF THERE IS BETWEEN THEN AT LEAST GNE REGION OF A DIFFERENT MATER!
V FOR WHICH A DIANE TAPE -I5 TO BE READ*.

C- MSO1-9 RESERVED FOR DESIGNATION OF DIANE TAPE UNIT.

NT =0
.NNAT -

1-10;-00 600 J=IAAXLN
IKaLMOA(J)
lLaLMDA(J41J-1

* IF (IL-IN) 60091301120
120-irF (1K-IN) 130,1*0,140

1 JI K=IN,
GO TO 170

* 140-IF (IK-IN) 150,160,600
150 f (IL-IN) 110,110v160
150 ILaJM
176":CONTINUE'

SOLID(20)=IK
SOLIO( 21)=IL
SOLID22)zJ
L=OKLM( J)

180 IF 1AMASNO(L*17j) 190,190,320
C D ONT READ A DIANE TAPE. CALL A KAP INSTEAD.

1L90 GO TO 1200,210,220,230,240,250,2609270,?280,290,300,3t0), L
200, CALL KAP4

GOTO 590

2A.0CALL KAP2IO 2 O59
220 CALL KAP3-

GO TO 590
20CALL KAP6

* GO TO590
20CALL KAP8'

GO TO 5i90

250 CALL1K00

60 TO 59



280 CALL KAP9
GO TO 590

290 CALL KAP 30
GO TO 590

300 CALL KAP11
GO TO 590

310 CALL KAP1.2
GO TO 590

320 1 - ANASNG(L41?)I IF (NT-1) 3309460#330
C, READ OLANE TAPE

330 NT - ANASNO(L+17)
NNAT x NNAT + I

C LIMIT ON NNAT SET BY DIMENSION OF BUFS,
IF (NU4AT-11 345,345,340

340 Si - 15.0931
CALL -UNCLE

345 IF (KMAX) 374#350#370

350 IF IS15.EQ*.l GO TO 420

REAOINT) TBUFINNA),aND

NHNU=THN

REWID NT

360 SlzlS.036

30IF (HNUG*1) 380,38039

READ (NT) TNU, F1NWD~vw*N
NHNU THN

30REAID (NY) HU AA

G00 IF 420~HN-)40,1,0
36 SI 15057
CALL UNCLE

40REAID (NTJTNtFW

30 READ (N) 0NPFAA

CL NCLE
41 EIDN

420~ ~ ~ 0040JI12



00 450 JA=19JAMAX
THETATCJA) BUFS(NCNT.NNqAT)
KAMAXIJA) SUFSINCNT+1,NMAT)
IF (JA-JAMAX) 440,450,450

440 KCNT(JA41) -KCNTlJA) + 3 * KAMAX(JA) 2
450 NCNT =NCNT + 3 *KAMAX(JA) + 2
460 IL - SGLID(211

IK =SOLIO(20)
DO 580 11IKvIL
1TST - Q37(1)
RTST =Q38(l)
00 470 JA=2*JAMAX
IF (TTST-TIIETAT(JAI) 480,480,470

470 CONTINUE
JAYT JAMAX
GO TO 490

480 JAY = JA
490 KAM =KAMAX(JAT)

KAMI =KAMAXIJAT-11
DO 500 KA-2,KAN
NCNT =KCNTJAT) + 3 KA I
IF (RTST-SUFSINCNT+3vNMAT3) 510,510,500

500 CONTINUE
KAT2 -KA- I
GTO 520

510 KAT2 = KA
520 00 530 KA=2*KAMI

NCNT2 = KCNTIJAT-1)l + 3 * KA - I
Ir (RTSI-SUFS(NCNT2+3tNMAT)) 540,540,530

530 CONTINUE
KATI = KA - 1
G0 TO 550

i40 KATI = KA
550 NCNTI a KCNT(JAT-I) + 3 * KATI - 1

NCNT4 =KCNT(JAT) +*3* KAT2-I
AAI = BUFS(NCNTI-2,NNA1)
AA2 = BUFSINCNT1+1*NMAT)
AA3 - UFS(NCNT4-29NMArP
AA4 = BUFStNCNT4*1#NMAT)
AA5 =BUFS(NCNTIPNMAT)
AA6 = BUFS(NCNTI+3#NMAI)
AA7 z BUFS(NCNT49NMAT)
AA8 = BUFS(NCNT4+3#NMAT)
AA9 = THETAT(JAT)
AAIO = THETAT(AT-1)
AAl1 = BUFS(NCNT1-1.NMAT)
AA12 =BUFS(NCNT1+2,NNAT)
AA13 = SUFS(NCNT4-1#NMAT)
AA14 =BUFS(NCNT4+2tNMAT)
IF (AMINI(ABSIAA6-AA55,A8:;(AA8-AA7btA3S(AAIO-AA

9I))I 5709560,570
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560 51 = 15.0915
CALL UNCLE

570 AAC = AA:l + (RTST - AA5) * (AA2 - AAll I AA6 - AA51
MAE = AAII + (RTST-- AA5) * tAAlZ - AA111 / (AA6 - AA5;

* MD = AA3 r( RTST - AA7) * IAAM - AA3) i tAS - AAT

AAF = AA13 +4 RTST - AA7) * 4AA14 -AA131 / (MB AA?)
CAPARLI) = EXPfAAC + lAAD - MC) *(TTST - MW) I AA9 - AAlO))

*50CAPAC(I3J EXPIAAF + (AAF -AAE2 * ITST AA) /(AA9 - AJO))
50CONT INUE

590 CONTINUE
600 CONTINUE

515=0.0
CINDUCED EMISSION CORRECTION FOR KAPPAS OBTAINED FROM KAP ROUTINES*
CNOT DIANNE TAPES, IN MULTIFREQIJENCY CASE

IF MKAX) 610,650,610
610 IF(HNU) 650,650,615
6615 DO 640 J1l,)AXM

IK = LMDA(J)

IL = LMDAIJ41) - 1
L = OKLM(J)
IF (AMASNO(L*17)) 620962OP640

62000O 630 I=IK*IL
630 CAPAR(I)=-CAPARtl?*fl.-EXPI-HNUITHETA(1J))
640 CONTINUE
650 CL V' .

CA % VHKIKDMY)
GO TO 1660r670), KOt4Y

660 S1 = 15.0152
CALL UNCLE

670 RETURN

END
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C P
SIBFTC, PLI4KUT FULISTjDECKvREF

FUNCTION PLKKUTiBETAl, SETA2g
C THIS ROUTINE WAS RECOXPILED NOVEMBER 19. 1964
C

DIMENSION SUNX311, SLMX4!1)9 SURRHO(1), 037411, Q3811), H3Uz11

C

C *

C. *

COMMON LNDA(37)t MR * USMLR I IA , is 9 ICA v Ica
1 KMAX v BLANKi BLANK2, BLANK3, 1API , ISPI v ICAPI v XCBP1v
2 1K p lG , NRA)) s BLANK41 IAN) 9,l8MI t ICAMI t ICBMI
3 IIP1 9 1GNI t IALPHA, BLANK59 TH s TMAX t BLANK69 DELPRT,
4 FREQ ,CNTHAX, AR p ASFLR I PUSHA 9 PUSHB v &JILA v SOILS 9

5 CVA ,CVB 9 SLUG v ALPHA v VA t HV8 , HCA t Nce I
6 EMINAvEKINB #CA ,C ,GA ,GB , GL ,GR
7 RhOL 9,RHOR v EPIC EPS' ,RIA , RIB ,ROZA t R51B v
8 RPIA ,RPIB ,RPDIA ,RPIS TPRINT, TA ,T8 I TC

COMMGN To TE , 01)2 , THZP , OTHL DTRMIN, DTAX
1 DTMAX1, OTMAX2, DT!4AX3, DTR I SWITCH, CO .CHIN DELTA
2 GAMA WCRIT , S!GMAQt AC 9 AC03T4v CNVRT , SUMRA , SUMRB
3 ROIA t RCJAMI, ROIB ,ROlBPlt GJ4S I St v S2 S3 r3
4 S4 ,S5 ,S6 ,S7 so ,S9 ,SID) ,SI
5 512 5S13 ,S14 .515 ,S16 ,S17 ,S1 f ,S19)
6 S20 ,EC FO3 TAU) ZERO 7 R (152), DELTAR(152),
7 ASQ (1592), RD (152), VD (152), RDO (152), SML-R (152)v
8 OELR (37)t P (152)t P1 (152)t P8 (152), PBI (152)

COMMCN P2 (152)v SV (152), RHO (152), THETA 1152),
1 W (152), E (152), El (152), EK 1152), A (152),
2 V (1521, G (1521, 0 4152), C (152), X2 11523,
3 X3 (152), X4 (152)t X5 (152), X6 (152), X7 (152),
4 SMLA 1152)t SML8 (152)p SI'LC (152)t SMLD (152), SMLE (152),
5 EC (152), ER (152), SMLQ (152?, SMLH (152)t 31GA (152),
6 81GB (152), Cv (152)t BC (152)v BR (152), CHIC 1152),
7 CHIR 11521t CAPAC 1152), CAPAR (152)v CRTC (152), CRTR (152)#
8 CRTPC 1152), GOFR 1152)v ; EW (152), CAR 41521, OKIM ( 37)
COMMOJN TELM ( 37), EKLM f 37), ELM I 37), FCLM 1 37),
1 FRLM I 37), WLM 1 371, QIM 4 37), AMASNO( 371t CfIRNO 137)s
2 ZPI ( 37)t ZP2 4 371, SOLO' ( .37)t ECHCK I 37)t RK (104),
3 RL 1 37), RHOK 1104), ROK 4104), THEIAK(1O4), TEMP (16).,
4 HEAD (12), MAXL ,MAXLA

G
C**

EQUIVALENCE (StMLCvCSQ01, iSMLdoFMhf 4SML~qH4,f 0-ML~vY2), (GOFRX;
EQUIVALENCE 116GAvy iiUl'vt3,i)CRTRUMX2,CHIC,UMX3) ,(1C,SUMX4)
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EQUIVALENCE ISMLH, SUMRHO OctCAR,Q37)(CHRQ38,(1BRsH3J

C COM.MON /TBLC/ TBL(120)
c __

C uALKINGWIIDO NOT COMPILE Aklo GO/I/TABLES MUST BE
i; SUPPLIED *

C ASSUME SETA2 XORE THAN BETAL
IF tBETA2 - TBL(1))10, 15, 15

10 PLNKUT .05132911 * IBETA2**3 t'11.0- BETA2 * 1.375 - BETA2 *
1 .05)) - BETAIr#3 1 (1.0- BETA1 1 (.375 - BETA1 * .05))J
REFURk

15 J = 1
BETA = BETA1

17 iF (BETA - TBL(UMJ18, 21, 21
18 FCN = 1.0- .051329911 * BETA**3 1 (1.0- BETA * (.375 - BETA *

1 .05)|
GO TO 35

21 IF (BETA - 10.) 19, 30, 30
19 1 = t
16 IF (BETA-TBLLI+1)) 20,20,25
20 FC.N =TL+Ie60) (aET. -TBL(1))*TBL I+61)-TBtAI -601

I /(TBI(I+1)-TBL(I) )

GO TO 3-5
25 I = I + 1

IF i- 60) 16, 30, 30
30 FCN = .153989733 * EXP(-BETA) * (((BETA + 3.0) * BETA 6.01

1 BETA + 6.0)
35 GO TC (37t 40, J
37 J T 2

OFCN = FCN
BETA = BETA2
GO TO 17

40 PLNKUT = OFCN - FCN
RETURN
END
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SIBIGAP PLNKTT LIST,L)ECKREFI
* TNIS ROUTINE WAS ASSEMBLED NOVEMBER 9, 1964

TSLC CIJNTRL TBLrTBL+112I
TBL DEC 1.0,1.04,1.08,1.12,l.16,1.20,l.26,1.32,1.38,1.44,1.50

DEC 1.6,1.7,1.8,1.9,Z2.,2.2,2ZtZ4,2.6,2.9,3.2t3.5,3.8,4.O
DEC 4.2,4.4,4.6,4. e,5.0,5.2,5.4 .5.6,5.8,6.0,6. 16,6.32,6. 48
DEC 6.64,6.80,6.96,7. 12 ,l.2 8 ,7f.44 .?.6 0jl.76,7 .9 2,8.0 8,8 .2 4

DEC 8.40,8.56,8.72,8.88,9.04,9.20,9.36,9.52,9.68,9.84,10.0
'1DEC .965382,.961696,.957807,.953716,.949426,.944936, .937836

DEC .930303,.922348,.913982..905220,.889?8,.873349.85598
DEC .837799.818869.799269..1909,.73736,.69435..62882,.56372
DEC .50062,.44071,.40298,.36721t.33353,.302019.27266,.24547
DEC .22O41,.197409.17637,.l57229.13984,.127l4,.11544,.1O469
DEC .05482,.08579t.07753,.06999,.06311,.05686,.05'17,.04601
DEC .04134,.03710,.03327,.02981,.02669,.02388,.021359.01907
DEC .01702,.0".518,.01354,.GI206,.01074..00955
ENTRY PLhKTT

PLNKTT OSS 0
END
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