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ABSTRACT

A method, called the highep mode synthesis method, for
the solution of the two—dimengional neutron diffusion equa-
tion is developed. In this method, the two-dimensional
eigenfunction is expanded in terms of one-dimensional funda-
mental and higher eigenfunctions. A substitute, weight, and
integration procedure is applied and the two-dimensional
équation is reduced to a one-dimensional equation in terms
of expansion coefficients. The expansion coefficients are
combined with the trial functions in order to obtain the two-
dimensional eigenfunction. This procedure results in a
significant reduction of computation time as compared with

standard iteration methods.
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I. INTRODUCTION

The purpose of this thesis is to demonstrate a method of

solving the equation

~V-D(E,u)V¢(E,u) + Irem(E,u)¢(E,u) = f ZS(E'+E,3)¢(B',g)dE'

0
+ v/x £(E,u) rzf(E',g_)cb(E',y_l_)dE' : (1)

0
This is the energy dependent, steady state diffusion equation
of reactor physics. The symbols used in this equation are
defined as follows: |

D(E,u) diffusion coefficient

¢$(E,u) neutron flux

Zrem(E,u) removal cross section

ZS(E'+E,E) = scattering kernel

f(E,u) = fission yield

Zf(E,g) = fission cross section

E = energy

u = gpatial variables

v = number of neutrons/fission

A = effective multiplication constant

Equation (1) has been used extensively to ascertain
basic parameters of nuclear reactors when they are operating

#*
in the steady state. Many methods of solving this equation

* . *
Discussed in the Literature Survey



have been proposed and used. Almost without exception, the
method of solution is so complex that digital computers must
be used to do the calculations. Because of the high cost of
computer time, a method of solution must be used that is no
more accurate than 1s needed for a particular application.
For example, in the final stages of designing a reactor, a
method must be used which results in a high degree of accu-
racy. On the other hand, for survey studies a high degree of
accuracy is not a necessity, and a method should be used
which requires a minimum amount of computer time.

Many methods of solving the diffusion equation have been
used in the past. These include the iteration method, a
method which uses the assumption that the diffusion equation .
can be treated as an initial value problem, and various
synthesis techniques. These are discussed in the Literature
Survey.

The method of solution which is presented in this thesis
is an approximate one requiring fewer calculations and, there-
fore, less computer time than comparable methods. This
method is referred to as the Higher Mode Synthesis (HMS)
method. HMS is based on the assumption that the spatial
dependence of the eigenfunction of Eq. (1) can be expanded in
terms of one-dimensional eigenfunctions. This method was
first proposed by Edwards [l1].

In the Discussion the multigroup approximation and a

derivation of HMS are presented. A description of the code,



MUD-SYN, used to verify HMS is also given. Next, results
from MUD-SYN are compared to a more conventional production

code. This thesis is concluded with a summary of the results

and recommendations for further study.



IT. LITERATURE SURVEY

Most methods of solving Eq. (1) use the multigroup
approximation and.usually divide the space interval into dis-
crete segments [2]. Equation (1) is normally solved by
iteration methods. However, other methods have been devised,
such as the stabilized march technique [3] and various syn-

thesis techniques. These methods are described below.

A. Iteration Methods
For simplification, Eq. (1) may be written in operator

form as:
Le(x) = 1/x Me(x) (2)

where L. and M are linear operators, 1l/A is the éigenvalue,
and x represents all the independent variables [gj. The
general iterative solution of Eq. (2) proceeds [5] as follows.
Equation (2) is solved for ¢(x) to give A¢(x) = L'1M¢(§). The
iterative method requires an initial guess for both ¢(x)

and for i, denoted by ¢(°)(5) and A(o), respectively. A new

approximation, ¢(1)(5), is obtained by the relation
A9 My = LM

After ¢(1)(§) is known, a new approximation may be obtained

from the equation

A(o)¢(z)(£) - L-1M¢(l)(§) .



This iteration may be continued until the difference between
-1 . . .
¢K (x) and ¢K(§) is smaller than some preset value. This is
what is normally called the inner iteration. After the ¢(x)

have converged, a new A may be calculated using the relation

(1)) - [9(x)Le(x)dx

(172 Fe(xIMp(x)dx °

This 1is the outér iteration. The new value of A is then used
in the inner iteration. This procedure continues until both
¢(x) and A have satisfied the convergence criteria. Other
iterative schemes have been used, but the general procedure
varies only slightly from that presented above. Many compu-
ter codes have been written which use the iteration method

[6-9].

B. The Stabilized March Technique

Another method for solving the multigroup diffusion
equation is the Stabilized March Technique (SMT) [3]. The
basis of SMT is that the diffusion equation can be treated as
an initial value problem. This difference equation is
inherently unstable. The instability cannot be eliminated,
but it can be controlled by performing a conditioning trans-
formation at various intervals during the march. The eigen-
value is determined by requiring that the flux goes to zero
at the outer boundary or at the extrapolated boundary. The
SMT requires an initial guess of the eigenvalue only. If

the flux is not zero at the outer boundary, another guess for



the eigenvalue is made and the march is repeated. This pro-
cedure is continued until an eigenvalue is found which makes
the flux satisfy the boundary conditions.

A one-dimensional code, MUD-MO, which utilizes SMT, has
been written. This code is used to solve the one-dimensional

form of Eq. (1) in order to calculate the trial functions,

adjoint functions and expansion coefficients used in HMS.

C. Comparison of SMT and Iteration Methods

The iteration methods have a disadvantage in that they
aré very sensitive to the form of the scattering matrix.

When up-scatteripg is present, the convergence of the itera-
tion methods is slowed considerably. For problems involving
down-scattering only, the iéeration methods are faster than
SMT. However, SMT is independent of the type of scattering
matrix; and for problems involving both up-scattering and
down-scattering, SMT is faster.

SMT has an advantage in that it can be used to calculate
higher eigenfunctions and eigenvalues. The higher eigenfunc-
tions and eigenvalues can be calculated in the same amount of
time as the fundamental. Only one iteration method is avail-
able to calculate'higher eigenfunctions. This method is the
Wielandt fractional iteration [10]. It requires a matrix
inversion at each point along one of the spatial axes; there-
fore, it can run into trouble near internal zeroes of the
higher eigenfunctions [11]. Both SMT and the iteration

methods can be used to calculate the adjoint function.



D. Synthesis Methods

In many situations a one-dimensional method does not
provide an adequate representation, and the problem must be
treated two-dimensionally. The normal approach to this pro-
blem is to use an iteration method for a two-dimensional
mesh; however, calculations on such a mesh require an inor-
dinate amount of computer time. Because of this fact, a
considerable amount of effort has been devoted to devising
methods of constructing approximations to two-dimensional
flux shapes using one-dimensional calculations. These
methods are referred to as synthesis methods. Most synthesis
methods rely on the assumption that the neutron flux is, or
almost is, spatially separable. For most reactors this
assumption can be made. However, if the reactor is small or
highly heterogeneous, this is a bad assumptionj; then other
methods must be used.

In the case of a cylindrical reactor, the flux is not
truly separable if the materials are not uniform axially.
However, the reactor may be divided into a small’ number of
axial zones and the assumption may be made that the flux is
separable within each zone. A method based on this assump-
tion has been used extensively [12].

Two variations of the procedure may be illustrated by
considering a reactor which is divided into two axial zones
by a control rod bank.partially inserted into the core in the

axial direction. The first technique is to write:



) . sz(r) z, <z <L
$3(r,2) = od(2) ( (3)
Hl](r) 0 <z <z,

j = group index

where r is the radial direction, z is the axial direction,
z, is the point where the control rods begin, L is the height
of the reactor and Hlj(r) and sz(r) are solutions of the
one-dimensional equation in zone (1) and zone (2), respec-
tively.* This approximation is substituted into the two-
dimensional equation and a one-dimensional equation in ej(z)
obtained. The major failing of this method is that the
synthesized flux normally has a large discontinuity at the
zone interface.

The second technique eliminates the discontinuity by

using an expansion of the form

1 (2) Hg (r) (4)

¢J(r,z) = ay

H o~

k=1

where the ai (z) are the expansion coefficients and the Hi(r)
are the trial functions which satisfy the boundary conditions
in the r directioh. The trial functions must be chosen

intuitively such that this expansion would be expected to be

a good approximation.

# . . .
Zone (1) is.the region without control rods, and zone (2) is
the region with control rods.



An expansion of the form in Eq. (4) is much preferred
over the form in Eq. (3) because it will not result in a
discontinuity at the zone interface as will the form in Eq.
(3).

There is no set rule as to how to determine the expan-
sion coefficients, ai(z). The procedure to determine the
expansion coefficients depends on the choice of trial func-
tions. Several methods have been proposed and a few of these
are described below.

In order to illustrate these methods, a right cylindri-

cal reactor will be studied. The following notation will be

used.
> > ! > ,
-v:DV¢(r,z) + A¢(r,z) = 1/x M¢(r,z) (5)
where
> _ 1 3
s(r,z) = col [¢!(r,2), ..., ¢-(r,2)] ,
D = diag [D!,D2, ..., D'],
A= [H]1,
}_d = [vle%] ’
¢j(r,z) = neutron flux of the j-th group,

pJ

diffusion coefficient of the j-th group,

® . .

Throughout this thesis the convention will be used that sym-
bols representing matrices will be underscored and vectors
will be represented with arrows above the symbols.
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£J = fission yield,
z% = fission cross section,
£t = scattering cross section from group i to

group Jj.

The boundary conditions to be used with Eq. (5) are
3(r,2z) = 0 at the outer boundary
and ag(r,z) 28(r,z) _

3T = 52 = 0 at the center.

The problem is to synthesize the flux of the form
;(r,z) = ﬁ(r)g(z) . (6)

If K is the number of trial functions, a(z) has as its ele-
ments [glk(z)/k = 1,2,...K and each [glk(z) has as its
elements [a]j(z)/j = 1,2,..5J. H(r) is a row matrix having
as its elements [E]k(r)/k = 1,2,...K, and each [ng(r) is a
matrix having as its elements [H]ij(r)sij.
In order to determine the expansion coefficients, ;(z),
Eq. (6) is substituted into Eq. (5), the governing equation.
Equation (5) is then multiplied by Q*T(r), where Q*T(r) is
the transpose of the matrix obtained when the adjoint func-
tion is used instead of its corresponding trial function.

The result is integrated over r. If this is done, the follow-

ing equation will result:

. .
-p 932&2 + [A' + (D'B,2)1 3(2) = 1/x M(2) (7
dz
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®T .
where D' = rg (r)DH(r)dr
and A', (D'Brz), and M' are similarly defined.

In order to obtain Eq. (7) it is assumed that the flux obeys

the Helmholtz equation. The Q%-s%-r sg-term is replaced by

D B 2. Equation (7) can also be derived from a variational
principle [12, 13].

In the development of Eq. (7), H*(r) was used as the
weighting function. The choice of the weighting function is
not necessarily limited to the‘adjoint function. If the
exact solution is given by Eq. (6), Eq. (7) can be obtained no
matter what weighting functions‘are used. An interesting
method is to use H(r) as the weighting function. This method
has the advantage that the necessity of calcplating the
adjoint function is eliminated. Hereafter, this method will
be referred to as "Galerkin's Method."

Methods similar to the ones described above have proved
themselves to be very useful in reactor analysis. Synthesis
methods have been used to construct three-dimensional power
shapes [1li-16]. Yery good results have been obtained for
this application. The flux synthesis technique has also been
used in burnup studies [17].

Another interesting.synthesis technique is the Natural
Mode Approximation, (NMA). This technique is similar to the
one developed in this thesis except that the Natural Mode

Approximation deals with reactor kinetics problems. The NMA
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is based on a modal expansion technique where the time-
dependent and space-dependent variables are approximated by a
series of products of time-dependent expansion coefficients
and space-dependent expansion modes. The space-dependent
modes are eigenvectors of the steady-state diffusion equa-
tion. The details of this method are not given here; however,
the reader can find a more complete discussion in a paper by
Foulke and Gyftopoulos [18]. NMA is similar to the other
techniques described in this section. One difference is that
instead of assuming that the spatial variaﬁles are separable,
it is assumed that the time variable can be separated from
the spatial variables. The major difference between NMA and
other synthesis approximations lies in the choice of trial
functions. The normal methods use as trial functions the
solutions for different regions of the reactor. However, NMA
uses as trial functions the fundamental and higher eigenfunc-
tions of the equation which approximates the equation to be
solved. NMA has been applied successfully to thé:calculation

and interpretation of reactor kinetics experiments.
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ITIT. DISCUSSION

A. The Multigroup Approximation

The form of ﬁq. (1) which will be discussed is the two-
dimensional, multi-group, multi-region diffusion equation.
The coordinate systems used are the cartesian and cylindrical
systems (x-y and r-z). The multigroup approximation of Eq.
(1) may be made by multiplying by dE and integrating from Ei
to Ei-l' If this is done Eq. (1) becomes, for the i-th

group,

. i . i
- L1 2 p¥(r,z)r2¥ (r,2)y _ 2 [Dl(r,z)ii—gzLél] (8)

r? ar ar 3z 3z
i i Ng 5.4 j
+ frem (r,z)¢ (r,z) = ZS’ (r,z)¢"(r,2)
j=1
jei
i Ng . .
+ vw/2 £ (r,z) I 2%(r,z)¢3(r,z)
j=1

where

. E;ia -
¢l(r,z) = $(E,r,2z)dE

Ei
i
Zreml(r,z) - -Ei zrem(Eir,z)Q(B,r,z)dE
' ¢ (r,z)
Ei-ljgj-l '
. . . I (E'+E,r,z)¢(E',r,z)dE'dE
j,i . ‘Ei Ej s 2
z (r,z) =

63 (r,2)
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and

Z%, fl, and D' are defined in a similar manner.

The exponent, a, has the value 0 for cartesian coordi-
nates and 1 for cylindrical coordinates.

When the entire energy spectrum is considered, a set of
coupled differential equations is the result. The number of
these equations is equal to the number of energy groups being
considered. This set of equations may be represented in
matrix form by defining

>

o(r,z) = Coll¢l(r,z), ¢2(r,z),..., ¢Ng(r,z)]

where Ng is the number of groups [19]. The resulting equa-

tion is a matrix differential equation of the form

-> -»>

- _l— _§_. [Q(r’z)ra M] - _2. [_D.(r’z) MJ (9)
r? ar ar A A 9z

+ gpem(r,z)z(r,z) = §s(r,z)3(r,z) + v/ g(r,z)g(r,z)

where
D(r,z) is a diagonal matrix with [D(r,z)] ii = Di(r,z),
frem(r,z) is a diagonal matrix with [Zrem(r,z)] ii =
zirem(r,z),
gs(r,z) is fhe scatter matrix with [Es(r,z)] s2 =

Ji
zg’l(r,Z) '
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and
F(r,z) is the fission matrix with [F(r,z)] = fi(r,z)

B. TFormulation of the Higher Mode Synthesis Method
Equation (9), the multigroup diffusion equation, is
repeated here for easy reference. For simplicity, the form

of Eq. (9) in cartesian coordinates, a=0, is considered.

) 3o (x,y) ) 3¢(x,v)
- 3% [D(x,y)—i—gix—] - 3y L[D(x5¥) _1_351_]

(10)
+ grem(x,y)$(x5y) = gs(x,y)$(x,y) + v/a g(x,y)z(x,y) .

The validity of HMS depends upon the amount of error

introduced when the following approximation 'is made

> K >

¢(x,y) = E ak(y)ek(x) (11)

k=1

where the gk(x) are the fundamental (k=1) and higher eigen-
functions (k=2,3,4,...,K) which satisfy the one-dimensional
form of Eq. (10). The expansion, Eq. (11), is substituted into
Eq. (10). Each side of Eq. (10) is pre-multiplied by 3;T(x),
where T denotes the transpose and the EZ(X) (the adjoint
flux) are the fundamental and higher eigenfunctions obtained
by using the adjoint operator in the one-dimensional case of
Eq. (10). The result is then integrated over x, where x goes

from center to the outer boundary. These operations on
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Eq. (10) will now be done. TFor élarity, the equation is con-

sidered term by term. D, Irem, Es and F are considered

independent of spatial coordinates within each region.

FIRST TERM
- —3-[Q(x,y)33£§&zl] - - Q'i—— z ak(y)gk(x)
ax ~ ax ax2 k=1
K 2 .
> | 37T0o p 8, oax Ey)
k=1) 1 ax?
X
where Sky) = Cdl[al(y),...,ak(y)]
SECOND TERM
-2 [Q(x,y)éiiz&Xl] - -D Ll ak(y)Kk(x)
3y 3y 3y2 k=1
K 22 23
+ - I E*T(x) ng(x)dxg—ESXL + - D' 37aly)
k=1 n ayz 3y2
x
*
where ED']n,k = J gnT(x) ng(x)dx

X

THIRD TERM

K .
zrem(x,y)K(x,y) + Irem I ak(y)gk(x)
LR =1
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->

TR I

1

*
J 8 T(x) Zremﬁk(x)dxg(y) > X'remg(y)
K n - B

X

where [Z'rem]n

k- J EZT(X) gremgk(x)dx

X

FOURTH TERM

n M

-
I (xy)0(x,y) > 2

a (y)a (x)
" k k

1

->

k

1"H M

> ®T > -+
, J 6, (x) L 6 (x)dxaly) » I_'aly)

X

' _ >%T >
where [xs ]n,k = [en (x) gsek(x)dx

X

FIFTH TERM
-+ X -»>
v/A E(x,¥)9(x,y) > v/2 F I a,(y)e, (x)
k=1
K >%*T > > >
+ v/A I 8" (x) Fek(x)dxa(y) + v/x F' a(y)
ple
_ > %7 > ]
where [F'Jn,k = J 6 " (x) Fo, (x)dx
X

These terms are substituted into Eq. (10) to give
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-

-
22 K & d26 (X)
- 2' Q_ESXL + [gtrem - T gnT(x) 2 ———E———dX] g(y) =
dy 2 k=1 dx?
P4
I 'Aly) + v/ E' aly) . (12)
dzgk(x)
The 5 term can be approximated by finite differences
dx
[gg]. In general, the one-dimensional Laplacian operator can

be written as

v2g = + = —

2 -

but 3 ej _ ej+l 26:1 + 63__1

ar? (ar)?

6. 8.
and ] = J+l J'l R

ar 20T
therefore , ,

8. - 6. + 9. 0. - 8.
v2p. = —atl 2 ] 1-1 . a __j+1 -1
J (Apr)?2 r 2Apr

If this is done, the expansion coefficients can be determined
by solving Eq. (12). |

At this point both the expansion coefficients and the
expansion functions are knownj; and by using Eq. (11), the
two-dimensional flux, $(x,y), can be calculated.

This solution represents the solution of a perturbed

system. For example, when the multigroup diffusion equation
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is solved in one dimension for a cylinder in the radial
direction, the cylinder is considered infinite in the axial
direction. Therefore, leakage in the axial direction is
ignored. If the cylinder is not infinite, thelaxial leakage
represents a perturbation to the one-dimensional solution.
This situation is analogous to the solution of systems
which are time dependent. In this case, a common expansion

for a slab reactor is

p(x,t) = L ¢n(t)coanx s
n,odd
where Bn = %} and a = thickness of the reactor [3;]. It has

been found that the higher modes are present immediately after
a perturbation, but they die out in time. This illustrates
the major difference between the time-dependent and the time-
independent expansion. The higher modes in the time—’
independent case do not die out in time, because they
represent a perturbation due to constant leakage in the axial
direction. The leakage is due to the system not being
infinite in the axial direction and, obviously, the dimen-
sions of a given system are time independent. Thus, it can
be said that the system possesses "steady-state transients."
If, in Eq. (11) an infinite number of terms is used,
Eq. (12) would be exact within the framework of diffusion
theory. However, in actual practice only a finite number of

terms can be used, and a truncation error is present. The
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magnitude of the truncation error depends upon the conver-
gence of the series, and the convergence of the series in
Eq. (11) depends upon the degree of separability of the
spatial dependence of the eigenfunction of Eq. (10). Most
reactors are very complex in the horizontal plane, and a high
degree of inseparability would be expected. However, in the
vertical plane the reactor configuration is usually fairly
simple and convergence of the series in Eq. (11) would be
expected to be fairly rapid. If this criteria is used, the
trial functions (the eigenfunctions of the one-dimensional
equation) should be those which describe the flux in the
direction of highest complexity; and the synthesis should be
in the direction of least complexity. Another aspect which
should be considered is the size of the perturbation of the
one-dimensional equation, i.e., the amount of axial leakage.
The trial functions, gk(X)’ should approximate the two-
dimensional flux, z(x,y). Therefore, the trial functions
should be calculated for the direction of largest leakage,
and the synthesis should be done in the direction of 1least
leakage. These are two criteria which should be used to
decide in which direction the synthesis approximation should
be made. These may be conflicting criteria, but normally
the direction of greatest complexity is alsoc the direction of
largest leakage in a given reactor; and, when this is true,

no conflict will result.
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The advantage of HMS is the reduction in the number of
computations which must be performed, thus the computation
time should be considerably less than when the more conven-
tional methods are used. Another advantage of HMS is that
the trial functions (solutions of the one-dimensional equa-
tion) remain unchanged even if changes of parameters are made
in the direction of synthesis. The trial functions may be
stored and used at a later time if it is desired to make
parameter changes in the synthesis direction. This would
eliminate the need to calculate new trial functions. It
would be necessary to calculate only the expansion coeffi-
cients and do the summation of Eq. (11), which would reduce
the required computer time to a small fraction of the time

that would otherwise be needed.

C. Results

A computer code, MUD-SYN, has been developed to test the
Higher Mode Synthesis method. The code, MUD-MO, used to
determine the trial functions, adjoint functions, and expan-
sion coefficients, is based on the Stabilized March Technique.
As mentioned previously, this code has the ability to calcu-
late higher eigenfunctions; fherefore, it is very adaptable
to this application. MUD-MO is incorporated into MUD-SYN as
a subroutine. -

The capability of MUD-SYN was tested by studying three
different types of reactors. These reactors were selected

because of their various geometrical and material properties.
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The main points of interest are the effective multipli-
cation constant, the flux shape, and the computation time.
Another important factor is the number of terms needed in the
series in Eq. (11) in order to obtain accurate results. The
results from MUD-SYN are compared with the results from a
production code, EXTERMINATOR-2. EXTERMINATOR-2 is a two-
dimensional code which uses an iteration method. Problem one
is relatively simple and has an analytical solution. The
results using HMS are compared directiy to this analytical
solution. In problems two and three, the flux shape and
effective multiplication constant from EXTERMINATOR-2 are

considered to be "exact."

1. PROBLEM ONE

The first problem studied is one selected from the
Benchmark Problem Book [22]. This book is a compilation of
problems of varying complexity for which analytical or very
accurate approximate solutions exist. One of the main objec-
tives of the book is to assist in evaluation of computer
programs . |

The problem selected, a homogeneous, two-dimensional
slab, is one for which an analytical solution exists. The
reactor configuration and boundary conditions are shown in
Figure 1. Seven energy groups are used, four fast and three

thermal; and full up-scattering is treated in the thermal



23

13.5em.

Q-0

——
el

@’ O 67.5em.

— e s e——— v o v s wem meem e —

l 1
X ' ' 0 —
9 X O Mesh size »31x16

PROBLEM ONE CONFIGURATION
FIGURE 1




24

groups. Because of the criteria discussed previously, the
synthesis was done in the x - direction. The mesh size used
is 16 x 31 (16 points in the y - direction and 31 points in
the x - direction).

Because of the simplicity of this problem, it was
expected that convergence of the series in Eq. (11) would be
fairly rapid and truncation error would be small. This
proved to be true, and it is demonstrated by the relative
size of the expansion coefficients. The first three expan-
sion coefficients for various points in the x - direction are
shown in Table I. For each point the third expansion‘coeffi-
cient is approximately 0.0001 times the first expansion
coefficient. This suggests that good results could be
obtained by truncating the series in Eq. (1ll1) after only one
or two terms. This is done and the results are summarized in
Table II. Excellent agreement with the analytical solution
is obtained by using only two terms in the series in Eq. (11).
The calculation time as compared with that of EXTERMINATOR-2
is véry low.

The relative flux shape as calculated by MUD-SYN is in
good agreement with the flux shape as calculated by EXTERMI-
NATOR-2. vThis is shown by Figures 2, 3, and 4. Figure 2
shows the group 1 flux shape in the y - direction for x =
0.0cm. Figure 3 shows the group 1 flux shape in the y -
direction for.x = 31.5cm. Figure 4 shows the group 1 flux

shape in the x - direction for y = 0.9cm.



RELATIVE SIZE OF EXPANSION COEFFICIENTS

TABLE I

Distance From Center

of Reactor

(cm. )

0.0
4.5
9.0

13.5

20.25

36.0

42.75

51.75

65.25
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Expansion Coefficients

First

0.99999
0.99452
0.97815
0.85105
0.83098
0.66800
0.54445
0.35809

0.52142

Second

X 10°3

0.19891
0.18984

0.18102

0.17916

0.16805
0.12534
0.10138
0.06910

0.02205

Third

x 10~ 4

-0.95055
-0.94532
-0.92991
-0.90408
-0.84698
-0.63595
-0.51769
-0.34040

-0.0u4925



Analytical Solution
EXTERMINATOR-2
MUD-SYN

2 Terms

3 Terms

*% Difference = 100 x

TABLE II

PROBLEM ONE DATA

Mach%ng Time Eeff
{min.) —
0.7745

34.03 0.7731

5.50 0.7747
10.10 0.77u47

(Analytical) - Ke

Kees £F
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% Difference®

K (Analytical)

eff

0.18

0.025

0.025
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2. PROBLEM TWO

The second problem studied is a slab with a reflector.
The configuration is shown in Figure 5. The mesh size is
21 x 41, and the energy spectrum is divided into two groups,
one fast group and one thermal group.

This problem is not as separable_as problem one and
convergence of the series in Eq. (11) is not as fast for this
problem as compared to problem one. This is illustrated by
the expansion coefficients given in Table III. The third
expansion coefficient is approximately one tenth the size of
the first expansion coefficient.

Synthesis was done in the x direction. In order to
determine the weighted cross sections in the upper reflector,
the reactor is divided into two zones in the x direction as
shown by Figure 5. The zone (2) trial functions are approx-
imated by the zone (1) trial functions. Problem three is
treated in a similar manner.

The computation time and value of Keff for each run are
given in Table IV. The value of K_c¢ obtained by using HMS
is in good agreement with the value calculated by EXTERMINA-
TOR-2 while the computation tiﬁe of MUD-SYN is considerably
less.

The flux shape as compared with the flux shape calcu-
lated by EXTERMINATOR-2 is illustrated by Figures 6 and 7.
Figure 6 shows the flux shape in the y direction for x =

0.0cm. Figure 7 shows the flux shape in the x direction for

y = 0.0cm.
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RELATIVE SIZE OF EXPANSION COEFFICIENTS

TABLE III

Distance From Center

of Reactor

(cm.)

c.00

7.08
14.17
23.60
30.69
42.50
59.03
66.11
73.19
80.28
85.00

32

Expansion Coefficients

' First

0.99999
0.99240
0.96969
0.91650
0.8602u
0.73785
0.51556
0.40605
0.29036
0.17025
0.08849

Second

x 10”1

-1.0391
-1.0311

-1.0075

-0.95220

~-0.89375
-0.76659
-0.53568
-0.42199
-0.30081
~-0.17556
-0.09026

Third

x 10”1

0.76671
0.76114
0.74368
0.70298
0.65993
0.56613
0.38577
0.31182
0.22252
0.13028

0.06769



EXTERMINATOR-2
MUD-SYN
2 Terms

3 Terms

*#% Difference = 100

Mesp size = 21 x 4l
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TABLE IV

PROBLEM TWO DATA

Machine Time K % Difference®
(min.) - —eff
6.42 0.9563 0.15
7.77 0.97u45 2.1

Keff(EXTERMINATOR-2) - Keff(MUD—SYN}
Keff(EXTERMINATOR-Z)
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3. PROBLEM THREE

The third problem is a cylinder with axial and radial
reflectors. The configuration is shown in Figure 8. The
energy spectrum is divided into two groups, one thermal
group and one fast group. The mesh size is 31 x 48 (31
points in the r direction and 48 points in the z direction).
Synthesis is done in the axial direction.

In this case, convergence of the series in Eq. (11l) is
similar to that experienced with problem two. Two, three,
and four terms are used in the expansion. The results are
summarized in Table V. Because of available storage, the
mesh size for EXTERMINATOR-2 1s 31 x 32. Even though the
mesh size for EXTERMINATOR-2 is much smaller, the computation
time for MUD-SYN compares favorably. The value of Keff
calculated by MUD-SYN varies only slightly from the Keff
calculated by EXTERMINATOR-2.

The relative flux shape calculated by MUD-SYN and
EXTERMINATOR-2 is illustrated by Figures 9 and 10. Figure 9
shows the flux shape in the r direction for z = 2l.4cm. and
Figure 10 shows the flux shape in the r direction for z =
35.7cm..

In problems two and three it is observed that as more
terms are used in the expansion the value of Keff calculated
by MUD-SYN is converging to a value higher than the wvalue of
K fs calculated by EXTERMINATOR-2. This error is partially
due to the way the axial reflector was treated. As mentioned

in problem two, the trial functions in the axial reflector
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EXTERMINATOR-~2
MUD-SYN
2 Terms
3 Terms

4 Terms

%% Difference

100 x

38

TABLE V

PROBLEM THREE DATA

%

Mesh Machine = K_c¢ Difference®
Size Tlime S —
(min.)
31 x 32 18.51 0.8376 —_—
31 x u8
6.5 0.8392 .19
7.5 0.8430 0.64

11.13 0.8527 1.80

K f(EXTERMINATOR) - Keff(MUD-SYN)

ef
Keff (EXTERMINATOR)
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were approximated by the trial functions in the core.

Since the flux shape in the axial reflector is not the same
as the flux shape in the core this approximation results in
convergence to a Keff slightly higher than the true value.
The rest of the error is due to error in the integration and
error in calculating the tfial functions and expansion

coefficients.
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IV. CONCLUSIONS

The Higher Mode Synthesis method for the solution of the
multigroup diffusion equation is very useful when this equa-
tion is used to describe systems of intermediate complexity.
For most problems only two or three one-dimensional eigen-
functions are needed to provide an adequate representation.
Using HMS, the flux shape and effective multiplication con-
stant can be calculated with only a small error. This small
error is not significant if the results are to be used in the
first stages of reactor design, survey studies, or similar
applications. HMS is from two to five times faster than
EXTERMINATOR-2, depending on the complexity of the problem
and the form of the scattering kernel. This savings in

computation time is very important because of the high cost

of computer time.
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V. RECOMMENDATIONS

Three-dimensional studies of reactor systems are much
preferred to one- or two-dimensional studies. However, the
problem of obtaining three-dimensional flux and power shapes
is, at best, very difficult. Three-dimensional computer
codes, using iteration methods, have been writtenj; but their
requirement of large amounts of computer time restricts
their use to problems of utmost importance.

Using the synthesis method tested in this thesis, three-
dimensional problems could be studied. This could be done by
substituting the expansion

$(x,y,2) = ak(x)ek(y,z)

k=1
into the three-dimensional diffusion equation and using the
adjoint weight and integration procedure to obtain a relation
for the ak(x).

The two-dimensional trial functions and adjoint function
could be obtained by using MUD-SYN or they could also be
obtained by using a two-dimensional code based on SMT. At
present, the latter code is not available; however, the pro-
blem is being studied.

In problem two and problem three, difficulty was exper-
ienced in obtaining proper trial functions for the reflector
in the synthesis direction. The proper method is to use

solutions of the one-dimensional diffusion equation for the



by

reflector. In order to do this fhe core eigenfunctions must
be considered as a source. This would involve the solution
of an inhomogeneous equation. A code, similar to MUD-MO,
which has the ability to solve inhomogeneous problems has
been developed [23]. This code could be incorporated into
MUD-SYN and an axial reflector could be treated more rigor-

ously.
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APPENDIX A

The MUD-SYN Code

The MUD-SYN code solves the multigroup diffusion equa-
tion for a slab and for a cylinder in the r-z plane. It was
written to prove that the Higher Mode Synthesis method is
valid. Thus, it is a proof of principle code and not a pro-
duction code, even though it was compared to a production
code. The size of the problem is restricted to 10 energy
groups and 50 mesh points in each direction. This limitation
is not due to theoretical aspects, but is due to available
storage capacity.

The MUD-SYN code is divided into subroutines. Subrou-
tine MUDMOD calculates the trial functions, adjoint functions,
and expansion coefficients. Several other subroutines are
included in MUDMOD, but their functions are not significant
to this application. Subroutine VOLINT does the integration
by Simpson's rule. Subroutine TWOSYN calculates the two-
dimensional flux by combining the expansion coefficients and
trial functions in a manner dictated by Eq. (11). It also
prints the two-dimensional flux.

The input reQuired for MUD-SYN is described below. The
first card is a title card with any characters permissible
between columns 2 and 72. All the fixed point data is
punched using a 20I3 format. Some of the variables are
relevant only to the MUD-MO code. In these cases, recommen-

ded values will be given. The fixed point data is:



NREG

NFCT

NOG
NPTS

KCOND
IFOUND

IFUNCT
INDEXM
NUMAX
KPOW
MORE
KAPP
KBCI

KBCO

48

This is the number of regions in the direction
in which the trial functions are to be calcu-
lated, < 3.

This is a dummy variable equal to the number of

groups.

This is the number of groups, < 10.

This is the number of mesh points in the direc-
tion in which the trial functions are to be

calculated, =< 50.

The recommended value 1is 5.

If IFOUND equals 1, search for K-eff; 2, K-eff
is read in.

The recommended value is 2.

The recommended value is 120.

The recommended value is 1.

The recommended value is 1.

The recommended valde is 1.

The recommended value is 0.

This is the inner boundary conditions. If KBCI

is 1, the flux goes to zero at the zeroth space
point. If KBCI is 2, the derivative of the flux
goes to zero at the zeroth space point.
This is the outer boundary condition. If KBCO
is 1, the flux goes to zero at the outer space

point. If KBCO is 2, the flux at the outer

. space point is governed by the relation,
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y¢npts-1 + d¢'npts-1 = 0 where d is the extra-
polation distance and v is 1 or 0, depending on
how the coordinate system is established.

KREG This is the region in which the criticality
search takes place.

KCHO The recommended value is 2.

KHUNT If KHUNT is 1, no search for K-eff will be done.
If KHUNT 1is 2, a search for K-eff will be done.

IA This variable has the value 0 for a slab and 1

for a cylinder.

K1 If K1 is 1, K f., radius, EPA, EPB, and DEL are
read in. If K1 is 2, these variables are not
read in.

K2 If K2 is 2, the expansion coefficients and trial

functions are punched on cards. If K2 is 3,

these variables are printed.

K3 The recommended value is 0.
KG The recommended value is 1.
KGA This denotes the group in which the trial func-

tions are normalized.

KNA This is the space point where the trial func-
tions are normalized.

MODE This is the number of terms used in the expansion
in Eq. (11).

KNORM If KNORM is 1, the flux in the fuel region is

divided by the reciprocal of the fission cross
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section. If KNORM is 2, the flux is not normal-
ized as stated above.

NPTZ This is the number of points in the synthesis
direction.

NREGZ This is the number of regions in the synthesis
direction, < 2.

KNR This is the mesh point in the direction perpen-
dicular to the synthesis direction where the
flux is to be normalized.

KNZ This is the mesh point in the synthesis direc-

tion where the flux is to be normalized.

KNG This is the group for which the flux is normal-
ized.
MPOW If MPOW is 2, the power shape will be calculated.

If MPOW is 1, the power shape will not be calcu-
lated.

KGEL If KGEL is 1, the adjoint functions are used as
the weighting functions. If KGEL is 2, the
trial functions are used as the weighting func-
tions and the adjoint functions are not calcu-
lated.

INDZ(I) This is the mesh point at the outer boundary of
each region in the direction of synthesis.
There are NREGZ values and INDZ(NREGZ) = NPTZ
+ 1-KBCO. INDZ(I) is given on a separate card

from the rest of the fixed point data.



IND(I)
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This is the mesh point at the outer boundary of
each region in the direction perpendicular to
the direction of synthesis. There are NREG
values and IND(NREG) = NPTS + 1 - KBCO. IND(I)

is also given on a separate card.

The floating point data is read on a 15X 4E15.8 format.

The first 15 spaces are reserved for card identification.

The subscripted data is read as (((S(I,J,K),I=1,NI),J=1,NJ),

k=1,NK). Each subscripted variable is begun on a new card.

RRO and RZ0 are on the same card and EPA, APB, and DEL are

on the same card.

RRO

RZO

This is the space point corresponding to the
first mesh point in the direction perpendicular
to the direction of synthesis.

This. is the space point correspénding to the
first mesh point in the direction of synthesis.

RRO and RZ0 are normally input as 0.0.

The following data is not read if Kl=2.

RAD(I)

CEFT(I)

GNU(I)

This is the thickness of each region in the
direction perpendicular to the direction of
synthesis. There are NREG values.

This is the reciprocal of the guess of Keff in
each region. For a reflector region the value
is usually input as 1.0. There are NREG values.

This is the number of neutrons per fission in

.each region. There are NREG values.
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EPA This is the criteria for convergence of Keff’
EPB It is recommended that EPB = EPA.
DEL This is the increment of Keff before the true

value 1is located.

At this point there are NOG + 2 cards which are used for
problem identification. Any characters are permissible in
columns 2 through 72. The cross section data is the next
input.

SSIG(I,J,K) This is the scatter cross section. There are
NOG X NOG X NREG values.

RSIG(I,J) This is the removal cross section. There are
NOG X NREG values.

FSIG(I,J) This is the fission cross section. There are
NOG X NREG values.

F(I1I,J) This is the fission yield. There are NOG X NREG
values.

BUCK(I,J) The recommended value is 0.0. There are NOG X
NREG values.

D(I1I,J) This is the diffusioq‘cgciiigéggx. There are
NOG X NREG values.

GAM(I) This is the vy for the outer boundary condition.
There are NOG values.

EXTP(I) This is the extrapolation distance for the outer
boundary condition. There are NOG values. If

KBCO is 1, GAM(I) and EXTP(1) #¥y be left blank.
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APPENDIX B

Listing and Sample Input and Output for the MUD-SYN Code

In the following pages a Fortran listing of the MUD-SYN
code and sample input and output are given. The sample input
and output are for problem three with three terms used in the

expansion.
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FORTRAN LISTING OF THE MuD-SYN CODE

MUD- SYN A TWO-DIMENSIONAL, MULTIGROUP DIFFUSION THEORY CODE
USING THE HIGHER MODE SYNTHESI S METHOD

D IMENSION PHI(10,450),RHOZ(3),FISIG(10,3,3),22(100),
3PHIC(20) ,BKWD(20+20)yFRWD(20,20) ,CURR{20,3) 4POW(190),N(10),
500G(2)

DIMENSION RADR(3)

COMMON IND(3),RAD(3),CEFT(3),GNU(3),SSIG(20+20+3),RSIGA(10,10,3),
2FS1G(2043),2(20,20),WA(20),WB(20) ,GAMA(L0,10),EXTPA(10,10),
3P(20,2043)9T(20920)9S(60920) 9y TEMP(20,20) ,TEMPA(20,20),RHC(3),
SPSI1(10410,10),Y(20)},V(20),KSOLV{20) 4 IHUNT,KQUIT,KPRINT yNUMBER,KCON
6Dy KSTORe ISOLY IT*H,KH,ISTOP, IREG,KINDM,NPTS ,NREG,KREG,KIND,
TMARSTP ,LOLIM,MNDEX,KBCO,KBCI o IFOUND, IFUNCT s INDEX, INDEXM, NUMAX,
8KPOW,MORENFCT,NOG KAPP,KCHO, KHUNT, IAyK1 yEPA,EPB,DELy Ay NAJNBy Xy
IXA XB9KAoKBoKC oKDy KNy XCo ALPHAY BETA,DT,DTO0, I SOLVM,KROSSyKEND,K2

COMMON K3 ,KG,KGA,KNA,BKWDyFRWD yNSCR,NMODE,ACEFT yEPC yKNORMy
2PHIA(10y 509¢6)9FLX(10, 5046) ,CURRN(10,3,6),RADZ(3),RRO,RZ0,NPTZ,
3INDZ(3) yNREGZ yKNGyKNR ¢KNZy IHOP ySSIGA(1092093)9RSIG(10,3),F(10,3),
4FSIGA(10,10,3)4DA(10,10,3),0(1043),GAM(10),BUCK{10,3),EXTP(10),
SZA(10,10),8BCEFT(2,8) yNREGR+NPTRyINDR(3),RHOR(3) ,MPOW,KGEL

EQUIVALENCE (PSI(1),PHI(1)),(PSI(501),PHIC(1)),(TEMPA(L), ,POWI(1)),
S(TEMPA{191)+PONWC)+ (TEMPA(192),POWAVG),{ TEMPA(193),P0WCAV]},
6(TEMPA(L194) 4 XT), (TEMPA(195),XTA)y(PSTI(521)+CURR(L))

IHOP=1

DEFINE FILE S(51,500,U,IFFILE)

CALCULATE TRIAL FUNCTIONS AND WEIGHTING FUNCTIONS

CALL mupmoD
CALCULATE PSEUDO CrROSS SECTIONS

CONT INUE

CALL CALCRS

ITA=]A

00 69 I=1,NMODE

DO 69 J=1,NMODE
ZA(I,J)=0.0

DO 103 1=1,NMODE
WA(I)=1.0
ZA(I,1)=1,.0
NA=NMODE
NB=NMODE

NC=NMODE

KAPP=—1

IHOP=2 ‘
CEFT(1)SBCERT(1s1)
'"REMR%EV“"i-‘;, Co
NETRsNPTS

By
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DO 3 I=1,NREGR
RADR(I)=RAD(I)
RHOR{(I)=RHO(I)
INDR(I)=IND(I)
INDEX=1
NPTS=NPTZ
NREG=NREGZ

DO 2 1=1,NREGZ
RAD(I)I=RADZ(I)
IND(I)=INDZ(TI)
IA=0

DO 4 I=1,NA

DO 4 J=1,NA

Z( I’J)=O 00

D0 5 I=1,NA
Z(1,1)=1.0
DEL=00001

CALCULATE EXPANSION COEFFICIENTS

CALL MUDMOD
[A=11A

CALCULATE 2-D EIGENFUNCTION

CALL TWOSYN
RETURN

END

SUBROUTINE MUDMOD

MUD-MO A ONE-DIMENSIONAL, MULTIGROUP DIFFUSION THEORY CODE
USING THE MARCH-0OUT METHOD

INTEGER SKIP

DIMENSION PHI(10,50)RHOZ(3),FISIG{10+3,3),22(100),
3PHIC(20) yBKWD(20+20),FRWD(20,20) ,CURR{20+3) ,POW(190),N(10),
500G(2)

COMMON IND{(3),RAD(3),CEFT(3),GNU(3),SSIG(20+20¢3),RSIGA(10,10,3),
2FSIG(2093)92(20,20)4WA(20) 4WB(20) yGAMA(10,10)4EXTPA(10+10),
3P(2042093)9T7(20920)95160,20),TEMP{20,20),TEMPA{20,20)RHO(3),
5PSI(10,410,10),Y(20)4V(20),KSOLV{20) s IHUNT+KQUIT,KPRINT,NUMBER,KCON
6Dy KSTORy ISOLV. IT,HyKHy ISTOP, IREG,KINDMyNPTS,NREGyKREGyKIND,
TMARSTP,LOLIMy MNDEXy KBCO,KBCI 4 I FOUND, IFUNCT, INDEX, INDEXM,NUMAX,
axpou,noRE.NFCT.NGG,KAPP.KCHG,KHUNT.1A.K1.EPA,EPB,DEL,A,NA,NB.x,
IXAyXBy KA yKBoKC 9KD g KNy XCy ALPHAyBETAyDTyDTOs I SOLVM;KROSS s KENDy K2

COMMON K3,KGsKGA9KNA,BKWD,FRWD ¢NSCR,NMODE,ACEFT,EPC+KNORM,
2PHIA(10y 50,6)FLX(10, 50,6) yCURRN{10+3+6),RADZ{(3),RRO,RZO4NPTZ,
3INDZ(3) yNREGZyKNGyKNR yKNZy IHOP ¢SSIGA(1041043),RSIG{10+3),F{(10+3)»
4FSIGA(10¢1093)sDA(1051093)4D(10,3),GAM(10),BUCK(10,3),EXTP(10),
5ZA(10,10)BCEFT(2,8) yNREGRyNPTRyINDR(3)sRHOR(3) 4MPOW,KGEL

EQUIVALENCE (PST(1),PHI(1) ), (PSI(501)4PHICI1))(TEMPA(1) POWI(L1)}),
S{TEMPA(191)+PONWC)(TEMPA{192),POWAVG),(TEMPA(193),POWCAV),

OITEMPA(L19434 XTI ¢ LTEMPA(195) ¢+ XTA)+ (PSTI(521),CURR(1)})

NSCR=8.-; . nrEs
JumMp=1 >
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GO0

10

20
28

30
40
50
60
70
13
73

169

12

31

99

51

41

42

SKIP=2

MMM=1

GO 70 (5,10),IHOP
SKIP=1

CALCULATE TRIAL FUNCTIONS

CALL MUDONE(SKIP)
IF(KQUIT) 20,20,60

CALL MUDTHWO

SKIP=2

IF {NUMBER-NUMAX) 30,60,60
IFOUND=1

GO TO (40,50),KCHO
RAD(KREG)=RAD{(KREG)+DEL
G0 TO 10
CEFT{(KREG)=CEFT(KREG)+DEL
GO 70 10

GO TO (7045)4MORE

DO 13 I=1,4

GO TO (13,169),JUMP

N({I)}=C
KK=NMODE+1
DO 73 J=KKs4
N(J)=1
JJJ=NPTS-2
KONTE=1

DO 12 I=244JJ

IF (PHI(1,1+1)%PHI(1,1).LT.0.0) KONTE=KONTE+1
IF (KAPP) 71412,12
CONTINUE

DO 31 I=1,NOG
FLX(I1,1,KONTE)=PHIC(I)
NN=NPTS+1

DO 4 J=24NN

DO 4 1=1,N0OG
FLX(I9JyKONTE)=PHI(IyJ-1)
D0 99 I=1,4NOG

DO 99 J=1,NREG
CURRN(1,4JyKONTE)=CURR(I,J)
60 TO (51,52)+KGEL
CONTINUE

TRANSPOSE MULTIGROUP OPERATOR

DO 41 I=1,NREG

DO 41 J=1,NOG
EXTPALJII)=FSIG(JyI)
GAMA(J I )=F(J,s 1)

00 42 I=14NREG

DO 42 J=1,NOG
FUJoT)=EXTPA(J,I) -
FSIGUJy 1)1=GAMALJy I -
DO T K=l4NREG

56



OO0

32

21

22

43

44
52

;_

DO 6 I=1,NOG
DO 6 J=1,4NOG

6 TEMP(I,J)=SSIG(I+JrK)
Do 7 I=1,NOG
DO 7 J=1+NOG

T SSIG(IJyK)I=TEMP(J,I)

CALCULATE ADJOINT FUNCTION

CALL MUDONE(SKIP)
CALL MUDTWO
D0 32 I=1,NOG

PHIA(I,1,KONTE)=PHICI(I)

DO 8 J=2,NN
DO 8 I=1,NOG
8 PHIA(I,JyKONTE)=PHI(I4J-1)

3 ]8)

22 K=1,NREG

DO 21 I=1,NOG
D0 21 J=1,NOG

TEMP(I,J)=SSIG(I,J,K)

DO 22 I=14NOG
DO 22 J=1,NOG

SSIG(IJyK)=TEMP(J,I)

DO 43 I=1,NREG
DO 43 J=1,N0OG
EXTPA(JSI)=FSIG(J, 1)

GAMA(J,I)=F(J,1)

DO 44 I=1,NREG
DO 44 J=1,NOG
FUJs I)=EXTPAL{JIHI)

FSIG(J, I)=GANA{J,I)
CONTINUE

BCEFT(1+KONTE)=CEFT(1)
N(KONTE)=1

IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF

(NC(1)+EQelANDN(2) .EQ.0.,AND.N(3) .EQ.0.AND.N(4) .EQ.O)
(N(1) eEQeOAND.N(2).EQe1.AND.N(3).EQs0«AND.N(4).EQ.O)
(NC1) eEQ.O.AND.N(2).EQ.0.AND.N(3).EQ.1.AND.N(4).EQ.0)
(N(1)eEQeOAND-N(2).EQ.0.AND.N(3) .EQ.0.AND.N(4).EQ. 1)
(N(1) eEQe 1 AND.N(2).EQe 1e ANDeN{3) cEQe O« AND.N(4).EQ.0)
(N(1).EQeloANDN(2).EQ.O0.AND.N{3) .EQ.1.AND.N(4).EQ.O)
(INC1)eEQeloAND.N(2).EQ.O.ANDN(3).EQ.0.AND.N{4).EQ. 1)
(N(1) eEQ.O.AND.N(2).EQs1.AND.N(3)EQe1.AND.N(4).EQ.O)
(NC(1) .EQeOAND.N{2).EQs1.AND.N(3) .EQ.0.AND.N(4).EQ.1)
(NC1) eEQeO«ANDN(2).EQ.O.AND.N(3) .EQ.1.AND.N{4).EQ. 1)
(N(1) .EQ.O-AND.N(2).EQe 1. AND-N(3)eEQ.1.AND.N(4).EQ.1)
(N(1).EQelAND.N(2).EQ.0.AND.N(3).EQ.1.AND.N(4).EQ.1)
(N(1)eEQ.1.AND.N(2).EQ.1.AND.N(3).EQ.1.AND.N(4).EQ.0)
(N{1) .EQ.1.ANDN(2) cEQe 1. ANDeN(3) .EQ.0.AND.N(4).EQ.1)
(N{1).EQ.1.AND.N(2). EQ.I.AND.N(B) EQ.1+AND.N(4).EQ.1)

1 ACEFT=ACEFT*2,5

IF
IF

(KONTE.EQ«3) ACEFT=ACEFT*0.59
(KONTE.EQ.2) DEL=0.1

IF (KONTE.EQ.3) DELBI.O
80 iétﬂ ﬁtz i} .
2 ACEFT'&CEFTIZ.O
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GO TO
GO TO
GO 1O
GO 1O
GO TO
GO 70
GO 10
GO TO
GO 10
GO TO
GO 10
GO TO
GO 71O
GO 710
MMM=2

et S NNNN=N=NNN -
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172

71

10

11
15
26

20

30
.40

150
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GO 7O 172
ACEFT=ACEFT/1.5

CEFT(1)=ACEFT

JUMP=2

IF (KONTE.GT.NMODE) CEFT(1)=CEFT(1)/3.0

IFOUND=1

GO TO (10,71),MMM

RETURN

END

SUBROUTINE MUDONE(SKIP)

INTEGER SKIP

DIMENSION PHI(10,50),RHOZ(3),FISIG(10,43,3),2Z(100),
3PHIC(20) yBKWD(20+20),FRWD(20+20),CURR{20,3),POW{190),N(10),
500Gt 2)

COMMON IND(3),RAD(3),CEFT(3),GNU(3),S551G(20,20,+3)4RSIGA(10,10,43),
2FS16G(2043),2(20420),WA(20)9WB( 20),GAMA(10,10),EXTPA(10,10),
3P(2092093),T(20,20)9S(60,20),TEMP(20+20) +TEMPA{20920) ,RHO(3),
5PSI(10,10,410),Y(20),V{20),KSOLV(20) , THUNT KQUIT,KPRINT yNUMBER,KCON
6Dy KSTORy ISOLV,yITsHyKHy ISTOP, IREGyKINDMyNPTS,NREGyKREG,KIND,
TMARSTP LOLIM,MNDEXsKBCOyKBCIoIFOUND, IFUNCTy INDEXs» INDEXM,NUMAX,
BKPOW,MORE,NFCT,NOGsKAPP,KCHO s KHUNTy 1A, K1l yEPA,EPByDELsAyNAJNB,yX,
IXAyXByKA9yKBy KCyKDyKNy XCy ALPHA, BETA,DT,DTO,ISOLVM,KROSSyKEND,yK2

COMMON K3 ,KGyKGA)KNA,BKWD,FRWD ¢yNSCRyNMODEYACEFT,EPC,KNORM,
2PHIA(10, 5046),FLX(10, 50,46) ,CURRN(10,3,6),RADZ{3),RROyRZ0+NPTZ,
3INDZ(3)yNREGZyKNGyKNRyKNZ, [HOP ,SSIGA{10,10,43)},RSIG(10,3),F(10,3),
4FSIGA(10,1043)yDA(10,41043)+D{(1043)yGAM(10),+BUCK{10,3),EXTP(10),
5ZA(10,10),8BCEFT{2,8) 4NREGR,NPTRyINDR{3) ,RHOR(3) 4 MPOW,KGEL

EQUIVALENCE (PSI(1),PHI(1)),(PSI(501),PHIC(1)),(TEMPA(L),POW(L1)),
S(TEMPA({191),POWC)y (TEMPA({192),POWAVG)+(TEMPA(193),POWCAV),
6(TEMPA(194)4XT) o (TEMPA(195),XTA),{PSI(521),CURR(1))

GO TO (10+15)+SKIP

CALL DATA

SET INITIAL PARAMETERS

INDEX=1
NUMBER=1
ACEFT=CEFT(1)
IHUNT=-1
KQUIT=0
KPRINT=1
KCOND=KSTOR
ISOLvV=0
REWIND NSCR
IT==-1

H=1.

KH=1
ISTOP=1
IREG=1
KINDM=NPTS
IF(NREG-1) - 40440,50
KEND=NPES -

GO TO 60 . 23, 44 50is
K!ﬂ&tﬂﬂﬂl:‘,&xm Siied v, Bty

10 G0 TO §380, 3201, ey
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60
70

80
90
100
110

120
130
140

150

160
165

170
180

190
195

200
210

220

230
240
250
260
270
280
290

300
305
310

CALL SET

IF{KQUIT) 80,80,430

CALL START

IF{xQuUIT) 100,100,430

CALL CONDIT(MARSTP—1,MARSTP)
IF{KH) 120,120,170

BACKWARD MARCH

IF(KQUIT) 130,130,150
IF(ISTOP) 400,400,140
LOLIM=3
MARSTP=MNDEX-ISTOP +2
GO TO 260

CONDIT FAILED RESET FREQUENCY GOF CONDITIONING

KCOND=KCOND-1

KQUIT=0

IF (KCOND-1) 1654165,20
CALL YEGADS(3,KSTOR, 0}
GO TO 430

FORWARD MARCH

IF(KQUIT) 200,200,180
MARSTP=MARSTP-1

KQUIT=0

MNDEX=MNDEX~-1

IF {MARSTP-2) 195+195,100
CALL YEGADS(4,MNDEX,0)
GO TO 430

NUMBER OF STEPS TO NEXT CONDITIONING

IF(IT) 220,210,210

LOLIM=3

MARSTP=3¢KBCO

IT=1

GO TO 260

LOLIM=3

MARSTP=2+KCOND

IF (MNDEX+MARSTP+KBCO~NPTS) 260+250,240
MARSTP=NPTS—-MNDEX~-KBCO

IT=0

CALL MARCH(1)

IF(IT) 100,100,280

GO TO (290,310), IFOUND

CALL EVAL{MARSTP-KBCO+1)
CALL ZERO

CALL OUTPUTI(1)
IFOUND=IFOUND

GO T0: (3053304, IFOUND
IF(INDEX~INDEXM) 20,430,430
GO TO (3804320),IFUNCT

59
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OO

320
330
340

350
360
370
380
390
395

396
397
400

430
440

10
20

60

START BACKWARD MARCH

IT=0

IF(NREG-1) 340,340,350
KIND=1

GO TOo 360

KIND=IND(NREG~-1)

CALL RESTRT

IF(KQUIT) 100,100,150
IFC(INDEX-INDEXM) 390,430,430
[F(NUMBER-NUMAX) 395,430,430
IFOUND=1

GO 7O (3964397),KCHO
RAD(KREG)=RAD(KREG) +DEL

GO TO 15
CEFT(KREG)=CEFT(KREG) +DEL

GO 1O 15

RETURN

GO YO (440,10),MORE

CALL EXIT

END

SUBROUTINE MUDTNWO

CALCULATE EIGENFUNCTION

DIMENSION PHI(10,50),RHOZ(3),FISIG(10,3,3),22(100),
3PHIC(20) sBKWD(20+20),FRWD(20,20)yCURR{20,3) ,POW(190),N(10},
5D0G(2)

COMMON IND(3)yRADI(3),CEFT(3),GNU(3),SSIG(20,+20,43)4RSIGA(10,1043),
2FSIG(20+3)+2(20920),WA(20),WB(20),GAMA(10,10),EXTPA(L0O,10),
3P(2092043)4T(20420),S(60,20)+TEMP(20+20) ,TEMPA(20,20),RHO(3),
5PSI(10,10,10),Y(20),V(20)4KSOLV{20) 4 IHUNT,KQUIT,KPRINT,NUMBERyKCON
6D ¢ KSTORYISOLV s ITyHyKHe ISTOP L IREGyKINDM,NPTSyNREGsKREGyKIND,
TMARSTP,LOLIM, MNDEXsKBCO+KBCI I FOUND,y IFUNCT, INDEX s INDEXM,NUMAX,
8KPOW, MOREyNFCTyNOG ¢ KAPPyKCHOyKHUNT 3 T A9yK1 yEPALEPBsDEL Ay NAyNBy X,
IXA XBoKAgKBeKC oKDy KNy XC o ALPHA,BETA,DT4DTO,ISOLVM,KROSSyKENDy K2

COMMON K3 ¢yKGyKGAsKNABKWDyFRWD sNSCR + NMODEJACEFT,EPC,KNORM,
2PHIA(10, 5096)4FLX(10, 5046),CURRN{10,3,6)4yRADZ(3),+RRO+RZO+NPTZ,
3INDZ(3)yNREGZ KNGy KNRyKNZy IHOP ,SSIGA{10,10,3),RSIG(10,3),F(10,3),
4FSIGA(1041043)4DA(10910+3)9D{(10+3),GAM(10),BUCK{10,3),EXTP(10),
SZA{10,10) oBCEFT(2,8) NREGRyNPTR,INDR(3},RHOR(3) yMPONWsKGEL

EQUIVALENCE (PSI(1),PHI{1)),(PSI(501),PHIC(L)),(TEMPA(L1),POW(L1)),
S{TEMPA(191),POWC), (TEMPA(192)+POWAVG) ,{TEMPA(193),POWCAV),
6({TEMPA(194) 4 XTI, (TEMPA({195) 4 XTA),(PSI(521),CURR{1))

CALL FUNCT

CALL OUTPUT(2)

GO TO (20,10),KPOW

CALL POWER

CALL OUTPUT(3)

RETURN

SURRAOUTIEINE : DATA :

£
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READS ALL INPUT

DIMENSION PHI(10,50)4RHOZ(3),FISIG(10+3,3),22(100),
3PHIC(20) vBKHD(ZO,ZO,'FRHDfZO 920’ yCURR(20,3) ,POW(190)+N{10) s
sSDOG(2)

COMMON IND(3),RAD(3),CEFT(3)4yGNU(3),SSIG{20+20+3)+RSIGA(10,10,3),
2FSIG(2093)92(20420),WA(20),WB(20) ,GAMA(10,10) ,EXTPA(10,10),
3P({2092043),T(20,20),S({60,20)+TEMP(20+20)» TEMPA(20,20) ,RHO(3),
5PSI(10,10410),Y(20),V(20) oKSOLV(20)  IHUNTKQUIT o KPRINT ,NUMBERyKCON
6D, KSTOR ISOLV,y IToHsKHy ISTOP IREG,KINDM,NPTS,NREG,KREG,KIND,
TMARSTP,LOLIM, MNDEX,KBCOyKBCI,IFOUND, IFUNCT, INDEX, INDEXMs NUMAX,
SBKPOW,MOREsNFCToINOG KAPP ,KCHO ¢y KHUNT o TA,K1 yEPALEPB,DELyAyNAyNB X,
IXA g XByKAgKByKC yKD9KNyXCyo ALPHA,BETAsDT9OTOy I SOLVYM,KROSS,KENDsK2

COMMON K3,KGyKGA,KNA,BKWD,FRWD ;NSCR ¢ NMODE s ACEFT,EPC,KNORM,
2PHIA(10, S50,6),FLX{10s 5096) yCURRN(10,3,6),RADZ{3),RRO,RZ0,NPTZ,
3INDZ(3),NREGZ ,KNGyKNR ¢yKNZy THOP ySSIGA(10+1093)4yRSIG(L0¢3)+F(10,3),
4FSIGA(10+10,3),DA{10,10,3),D(10,3),GAM(10),BUCK(10,3),EXTP(10),
SZA(10410)4BCEFT(2,8)yNREGR+NPTRyINDR{3) ,RHOR{3) 4MPOW,KGEL

EQUIVALENCE (PST(1),PHI{1)),(PSI(S01),PHIC(L1))»{TEMPA(1),POW(1))},
S(TEMPA({191),PONC), (TEMPA({192), POWAVG) (TEMPA(193),POWNCAV),
6(TEMPA(194) XTI, {TEMPA(195)+XTA), (PSI(521),CURR(1))

READ (1,270) (POW(I)eI=1,18)

WRITE (3,300) (POW(I),I=1,18)
READ (1,280) NREGyNFCT,NOGsNPTS,KCOND,IFOUND,IFUNCT,INDEXM,NUMAX,

2KPOW, MORE KAPP,KBCI19yKBCOyKREGy KCHOyKHUNT 9 TA9K1L+1K29K39KGy KGAKNA,
3NMODE yKNORMyNPTZ ¢ NREGZ ¢ KNR 9 KNZ yKNG » MPOW s KGEL
READ (1,280) (INDZ(I)sI=1sNREGZ)
KSTOR=KCOND

READ (1,280) (IND(I)sI=1,NREG)
READ (1,290) RROyRZO

READ (1,290) (RADZ{(I),I=14NREGZ)
GO TO (20,430),K1

READ (1,290) (RAD(I),I=1,NREG)
READ (1,290) (CEFT{(I)yI=14NREG)
READ (1,290) (GNU(I),I=1,NREG)
READ (1,290) EPAYEPB.DEL,EPC
IF(EPC) 25,25,30

EPC=0.1%EPA

A=1A

IF(KAPP) 50,60,70

NA=NFCT

NB=NFCT

GO 70O 80

NA=NOG

NB=NOG

GO 70O 80

NA=NOG

NB=NFCT

COMMENT CARDS

READ (1,270):€Y(1),I=1418)
WRITE (3,310} (Y(I),I=1,18)
READU(L#ZTOP EMEER)4#I=1,18)

WRITE (3,310) (Y(I},I=1,18)
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WRITE (3,330)
DO 100 J=1,NOG

READ (1,270) (v(I),I=1,18)
WRITE (3,320) (Y(I),I=1+18)
IF{(KAPP) 120,180,180

VARIATION I

READ {(1,290) (({SSIGA({I,JsK),I=1,NA)sJ=14NA),K=1,NREG)
READ (1,290) (((RSIGA(I+J9K),I1=1,NA),4=1,NA),K=1,NREG)
READ (1,290) (({(FSIGA{I3JsK)I=14NA)9J=1,NA) +K=1¢NREG)
READ (1+290) ((FSIG(14J)sI=1,NOG),J=1,NREG)

READ (19290) (({(DA{IyJ9K)sI=14NA)yJ=19NA},K=1,NREG)
READ (15290) ({(ZA(I1,J),4,1I=1,N0G)yJd=1yNA)

READ (1,290) (WA(I),I=1,N0OG)

READ (1,290) ((GAMA(I,J),I=14NA),J=1,4NA)

READ (19290) ((EXTPA(I,J)eI=1yNA),J=1,NA)

DO 160 I=1,NA

DD 150 J=1,NA

Z(1,J)=0.

I(I41)=1.

RETURN

NORMAL MARCH-0UT AND VARIATION I1

READ (1,290) (((SSIG{IsJsK)yI=14NA)J=19NA) 4K=1yNREG)
READ (1,290) ((RSIG(I4J)eI=14NA),J=1,4,NREG)
READ (1,290) ((FSIG(I+J)sI=1,NA),J=1,NREG)
READ (15290) ((F{l4J)sI=14NA),y J=14NREG)
READ (1,290) ((BUCK{I,J),1=1,NA),J=1,NREG)
READ (14290) ((D{I,J)sI=1,NA),yJ=14NREG)
READ (1,290) (GAM(I),I=1,NA)}

READ (1,290) (EXTP({I1),I=14NA)

IF(KAPP) 200,200+250

DO 230 I=14NA

DO 220 J=14NA

Z{I+J4)=0.

Z‘I’I’alo

RETURN

READ (1,290) (WA(I),I=1,NA)

READ (1,290) (WB(I),I=1,NA)

READ (1,290) ((Z(I1,J),I=1,NA),J=1,NB)
RETURN

FORMAT (1X 18A4)

FORMAT (2013)

FORMAT (15X 4E15.8)

FORMAT (1H1 18A4)

FORMAT (1HO 18A4)

FORMAT - (1H 18A%4)

FORMAT CIH”,"'

END =

SUBROUTINE SET

CALCULATES P HATRIX.

R R ) %
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DIMENSION PHI(10,50),RHOZ(3),FISIG(1043,3),22(100),
3PHI%(20),BK“D(ZO,ZO)yFRHD(ZO.ZO),CURR(20,3),POHKIQO)'N(IO),
500G(2)

COMMON IND(3)yRAD(3),CEFT(3),GNU(3),SSIG(20,20,3),RSIGA(10,10,3),
2FSIG(2043),2(20420),WA{20) ,WB(20) yGAMA({10+10)+EXTPA(10,10),
3P(2042093)9T7(20,20),5(60,20) ,TEMP(20,20) ,TEMPA(20,20),RHO(3),
SPSI(10,10,10),Y(20),V(20)+KSOLV(20) ,IHUNT,KQUIT,KPRINT yNUMBERyKCON
6D, KSTOR, ISOLV s IT,HyKH, ISTOP, IREGyKINDM,NPTS ,NREGyKREG+KIND?
TMARSTP,LOLIMyMNDEX,KBCO,KBCI,IFOUND, IFUNCT, INDEX, INDEXM, NUMAX,
B8KPOW, MOREyNFCT,NOG4KAPP s KCHO, KHUNT y TA9vK1vEPA*EPB,DEL, A, NA,NB,X,
IXA g XByKAJKByKCoKDyKNyXC,y ALPHA, BETA,DTDTO,ISOLVM,KROSS yKENDyK2

COMMON K3,KGyKGA,KNA,BKWDs FRND+NSCR,NMODE ,ACEFT,EPC,KNORM,
2PHIA(10, 50,6),FLX(10, 50,6),CURRN{10,3,6)yRADZ(3)+RRO*RZO*NPTZ,
3INDZ(3) yNREGZ KNG, KNR ,KNZ, IHOP ,SSIGA(10,10,3),RSIG(10,3),F(10,3),
4FsSIGA(10,10,3),DA010,10,3)4D(10+3)9GAM(10)BUCK{L10,3),EXTP(10),
5ZA(10,10) ,BCEFT(2,8) yNREGR,NPTR,INDR(3),RHOR(3) y MPOWKGEL

EQUIVALENCE (PSI(1)sPHI(1))+(PSI({501),PHIC(1)),{TEMPA(1),PONW(L1)),
S{TEMPA(191),POWC), (TEMPA(192),POWAVG)  (TEMPA(193)yPOWCAV)
6(TEMPA(194) s XT), (TEMPA(195),XTA),(PSI(521),CURR(1))

IF{INDEX-1) 30,30,20

GO 7O (30,100),KCHO

RHO(1)=RAD{(1}/IND(1)

IFI(NREG—-1) T0+70,50

DO 60 I=2,NREG

RHO{I)=RAD(I)/C(IND(I)-IND(I-1))

DO 90 I=14NREG

IF{RHO(I)) 80,80,90

CALL YEGADS(1,1,2)

GO TO 230

CONTINUE

IF(KAPP) 110,240,240

VARIATION I

DO 220 K=1,4NREG

X=RHO(K) *RHO(K)

G=GNU(K)*CEFT(K)

DO 140 I=1,NA

DO 140 J=1,NA

TEMPA(I 4 J)=RSIGA(I,J9K)=-SSIGAC(I,J,K)-G*FSIGA(I¢+JsK)
S( IyJ’=DA(IQJ7K,

CALL DETINV(1.2)

IF(KQUIT) 160,160,230

DO 200 I=1,NA

DO 200 J=1.NA

P(IgJ,K)=O.

DO 190 L=1,NA
PUIsJoeK)=PlEoeJeK)+T(I,L)XTEMPA(LyJ)
P{IsyJeK)=X®P (I 9JyK)

DO 220 I=1leNA

P(l'I'K’=20§P(11IQK,

RETURN -

NORMAL MARCH-OUT AND VARIATION II
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DO 340 K=1,NREG

G=GNU(K) *CEFT (K)

X=RHO(K)*RHO(K)

DO 270 I=1,NA

DO 270 J=1,NA
P{IsJsK)==SSIGIIsJoK)=GRF(I,K)*FSIG(J,K)
DO 290 I=1,NA
PlIsI+KI=RSIGIIsK)+D(I,K)*BUCK(I , K)+P{I,1I,K)
Do 320 I=1,NA

DO 320 J=1,NA
PlIosdsKI=(X¥P(I4JyK))/D(I,K)

DO 340 I=1,NA

PlIaIeK)=2,4P(I,1,K)

RE TURN

FORMATY (2013)

FORMAT (15X 4E15.8)

END

SUBROUTINE START

BEGIN MARCH

DIMENSION PHI{(10,50),RHOZ(3),FISIG(10,3,3),22(100),
3PHIC(20) +yBKWD(20,20),FRND(20,20) yCURR(20,3) ,POW{190),N(10),
SDOG(2)

COMMON IND(3)4RAD(3),CEFT(3)4GNU(3)ySSIG(20+920+3)4RSIGA(10,10,3),
2FSIG(2093)92(20,20)4WA(20) 4WB(20) ,GAMA(10,10),EXTPA(10,10),
3P(20920493)9T7(20920)9yS160+20) s TEMP(20,20) yTEMPA(20,20) ,RHO(3),
5PSI(10,10,10)Y(20),V(20)4KSOLV{20) 3 IHUNTKQUIT»KPRINT » NUMBER,KCON
6Dy KSTOR,ISOLV o IT HyKH, ISTOP,IREG,KINDMyNPTS sNREG»KREG,KIND,
TMARSTPLOLIM,MNDEX  KBCOyKBCI+IFOUND, IFUNCT, INDEX, INDEXM, NUMAX,
BKPOW,MOREJNFCTyNOGsKAPP,KCHOyKHUNT g IA,K1 yEPA,EPB,DELyAy NA,NB, X,
IXA 9 XB g KA KBy KC oKD o KNy XCoALPHA,BETA,DTyDTO,ISOLVM,KROSSyKEND,K2

COMMON K3,KGyKGAsKNAyBKWDy FRWD 4NSCR,NMODE,ACEFT,EPC,KNORM,
2PHIA(10, 5046),FLX(10, 50,6) ,CURRN{1093+6}9RADZ{3)+RRO,RZ0,NPTZ,
3INDZ(3),NREGZ yKNGyKNR ¢KNZ, IHOP ,SSIGA(10,10,3),RSIG(10,3)4F(1043),
4FSIGA(10,10+3),DA{10+10+3),D(10,3),6AM(10),BUCK(10,3),EXTP(10),
SZA(10,10)+BCEFT(2,8) yNREGRyNPTRyINDR{3) yRHOR(3) yMPOW,KGEL

EQUIVALENCE (PSI(1),PHI(1)),(PSI(501),PHIC(1)),(TEMPA(L1),PON{1)),
S(TEMPA(191),POWC)s (TEMPA(192),PONAVG) ,{ TEMPA(193),POWCAYV),
6(TEMPA(194) XT), (TEMPA(195) ¢4XTA) 4 (PSI{(521)yCURRI(1))

MNDEX=1

IF(KAPP) 20,20,50

DO 40 I=1,NA

DO 40 J=1,NA

PSI(T14Jel)=Z2(1,J)

GO TO 80

DO 70 I=1,NA

DO 70 J=1,NB

PSI(IoJel)=WA(IIXZ(1,J)

GO TO (90,190),KBCI

PHI(O) = O
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X=2%MNDE X

ALPHA=X/(X+A)

DO 130 I=1,NA

DO 130 J=1.NB

PSItILJ,e2)=0.

DO 130 L=1sNA
PSI(I,3,2)=PSTI(I4J92)¢ALPHA*P(I9Les1)*PSI(LyJr1)
MNDEX=2

X=2%MNDE X

ALPHA=X/ {X+A)

BETA=(X-A)/(X+A)

DO 170 I=14NA

DO 170 J=1,NB

PSI(I4J93)=—-BETA*PSI(1,J,1)

DD 170 L=1y4NA
PSI(14J93)=PSI(I4J93)+ALPHAXP(I,L,1)%PSI(L,Jy2)
MARSTP=3

RETURN

D(PHI(O))/DR = O

DO 220 I=14NA

DO 210 J=14NA
S(I4J)=P(1yJ,1l)}
S{I,1)=S(1,1)-2. “
X=1e/{2.%(1.¢A))

DO 260 I=1,NA

DO 250 J=1.NA
S{I4J)=X%S(1+J)}
S{IyI)=S(I,1)+1.

CALL DETINVI(1,3)
IF(KQUIT) 280,280,330
X=2¥MNDE X

ALPHA=X/(X+A)
BETA={X—-A)/(X+A)

DO 320 I=1,NA

DO 320 J=1yNB
PSI(IvJvZ"O.

DO 320 L=1,yNA

PSI(I 4Js2)=PSI{IoJy2)+{ALPHAXP(I4Ly1)-BETA*T(I+L))*PSI(LyJ,1)
MARSTP=2

RETURN

END

SUBROUTINE DETINVI(M,I1)

INVERTS S TO GIVE T OR EVALUATES DETERMINANT(S)

DIMENSION PHI(10,50),RHOZ(3),FISIG(10,3,3),22(100),
3PHIC(20) ,BKWD(20,20),FRWD(20,20) yCURR(20+3) ,POW(190),N(10),
5D0G(2)

COMMON IND{(3),RAD(3),CEFT(3),GNU(3),SSIG(20,20+3),RSIGA(10,10+3),
2FSIG(2043)¢2(20,20),WA(20) 4WB(20) yGAMA(10,10),EXTPA(10,10),
3P¢20,20,3)§TE20520),5S(60,20) 4 TEMP(20,20) o TEMPA(20+20),RHOL3),

 SPSItE0:10+107 ;%6200 ,V(20),KSOLV(20) o THUNT,KQUIT s KPRINT yNUMBER s KCON

609 KSTORy ISOLV s ITyHeKHy ISTOP, IREGy KINDMyNPTS s NREGKREG,KIND,
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TMARSTP,LOLIMyMNDEXyKBCOyKBCI I FOUND,y IFUNCT, INDEX, INDEXM,NUMAX,
8KPOWy MOUREYNFCTyNOGyKAPPyKCHOyKHUNT s TAy KLy EPALEPB,DELsAy NA,NB,X,

XA XBgKAyKByKC9yKDyKNyXC,y ALPHA, BETA,DTDTO,1ISOLVM,KROSS ,KEND,K2
COMMON K34KG9KGA9sKNAyBKWDs FRWD yNSCR,yNMODE ,ACEFT,EPC,KNORM,
2PHIA(10y 50+46)FLX(10, 5056) yCURRN{10,3,6)9RADZ{3),RROyRZ0,NPTZ,
3INDZ(3)¢sNREGZ9yKNG,KNR yKNZ,y IHOP ,SSIGA(10,+10,3),RSIG(10,3),F(10,3),
4FSIGA(10,10,3),DA(10,10,3),D(10,3)+GAM{10)yBUCK{1G,3),EXTP(10),
5ZA{10,10) yBCEFT(2,8) yNREGR,NPTR,INDR{3) ,RHOR(3) y MPOW,KGEL
EQUIVALENCE (PSI(1)+sPHI(1))+(PSI(501),PHIC(1)),(TEMPA(Ll),PON(1])]),
S{TEMPA(191)4POWC) 4 (TEMPA(192),POWAVG) »{TEMPA(193),POWCAV),
6({TEMPA(194) s XT), (TEMPA(195)4XTA),(PSI(521)4CURR(1))

BIG:I.EZS

GO TO (2'29112'2'1’1’2929171'27212'2’7‘1

NC=NA

GO 70 10

NC=NB

GO TO (20+470)4M

UNIT MATRIX NEEDED FOR INVERSION

DO 40 I=1,NC

DO 40 J=1,NC
TEMP(I,4)=0.

DO 60 I=1,yNC
TEMP(I,I)=1,
IF({ABS(S(1,1))-EPR)8B0,80,130
GO TO (904110) M
CALL YEGADS(2,1,11)
RETURN

DT=0.

RETURN

CROUT REDUCTION

IF{NC-1) 160,160,140

D0 150 I=24NC
S(1yI)=S{1,1)/5(1,1)

GO TO (1704180),M
TEMP(1,1)=TEMP(1,1)/S(1,1)
IF(NC~-1) 370,370,185

DO 360 K=2,NC

IMIN=K~1

DO 200 I=1,IMIN
SIKyKI=S(KyK)=S{KyI}%S{I,4K)
IF(ABS(S(K,K))-EPB) 220,220,250
GO TO (230,240),M

CALL YEGADS(2+K,11)

GO TO 460

D¥=0. :

GO TO 540

IMAX=K+1 .

IF(NC~IMAX) 310+270,270

00 :30Q I=IMAXNC
D0 .290 :J=ke IMIN = ..

C oy o g pe o FN S L
Gk ‘»,;{tlf Thiy o e v3 o RRL L L




sNaNe)

sNeNe)

e NeaNel

290
300
310
320
330
340
350
360
370

380
390
400
420

430

440
450
460

470
480
500

510
520
530
540

67

1K

SCIsKI=S{IsK)=S{I,J)%S(J,K)
(J,1)

S(KeyI)=S{KyI)=S{K,J)%xS
SIKyID)=S{KsI1)/S{K,K)
GO TO (320,360),M

DO 350 I=1,K

DO 340 J=1,IMIN
TEMP(K,y I )=TEMP{K,I)-S(KyJIXTEMP(J, 1)
TEMP(K,I)=TEMP(K,I)/S(K,K)

CONTINUE

GO TO (380,470),M

INVERSE MATRIX

DO 390 J=14yNC
TINC,J)=TEMP(NC,J)
IF{NC—1) 460,460,420
DO 450 K=2,NC
IMIN=NC+1-K
IMAX=IMIN+1

DO 450 J=1,NC
TIIMINLJ)I=TEMP({IMIN, J)
DD 450 I=IMAX,NC
TOIMINGJ)=T(IMINyJ)=SUIMIN,I)*T{I,J)
RETURN

DETERMINANT

DT=S(1l,1)/10.

IF(NC-1) 540,540,500

DO 530 I=24NC
DT=DT*S(1,1)/10.
IF(ABS{(DT)-8B81G)530,530,520
DY=SIGN(BIG,DT)

CONTINUE

RETURN

END

SUBROUTINE CONDIT(N,M)

CONDITIONING TRANSFORMATION

DIMENSION PHI(10,50),RHOZ(3),FISIG(10+43,3),22(100),
3PHIC(20) +BKWD(20,20)yFRWD(20,20) yCURR(20,3) ,POW(190),
5D0G(2)

COMMON IND(3),RAD(3),CEFT(3),GNU(3),5SIG(20,20,3),RSIGA{10,10,3),
2FSIG(2043)+92(20420)+WA(20),WB(20) yGAMA{10,10),EXTPA(10,10),
3P(20,2093)4T(20,420),5(60,20),TEMP(20420) 4 TEMPA(20,20),RHO(3),
5PSI(10410,10),Y(20),V(20) 4KSOLV(20) s IHUNTKQUIT,KPRINT y NUMBERy KCON
6D 9 KSTORy ISOLVyITeHyKHy ISTOP, IREGyKINDMyNPTS 4 NREGyKREGoKIND,
TMARSTP LOLIMyMNDEX s KBCOyKBCI oI FOUND,y IFUNCTy INDEXy INDEXM, NUMAX,
BKPOWy MORE ¢yNFCToNOGoKAPPy KCHO s KHUNT y TA9yK1 yEPA,EPB,DELy Ay NA,NB X,
XA XByKA9KByKC9KDy KNy XCy ALPHA, BETA,DT,DTO,ISOLVM;KROSS ¢KEND,K2

COMMON K3 ¢KGyKGAyKNAyBKWD 9 FRWD yNSCR ¢y NMODE,ACEFT,EPC,KNORM,
2PHIAL10y 5056)4FLX(10y 50,6) yCURRN(10+3+6)yRADZ(3),RRO+RZ0OyNPTZ,

“3INDEC(BYoNREGZ yKNG¢KNR yKNZ 4 IHOP ,SSIGA(10,+10,3),RSIG(10,3},F(10,3),

4FSIGA{1041043)4DA(10+41043)4D(10+3),GAM{10),BUCK(10,43),EXTP(10),
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5ZA110,10) 4BCEFT(2,8) yNREGRyNPTRyINDR(3) RHOR(3) ¢ MPOW,KGEL
EQUIVALENCE (PSI(1),PHI(1)),(PSI(501)4PHIC(1))s(TEMPA(]L),PON(1)),

5(TEMPA(191),PONC),(TEMPA(192), POWAVG) , (TEMPA(L193),PONCAV]),
6(TEMPA(194) 4 XT) 3 ({TEMPA(195),XTA)»(PSI(521),CURR(1))
IF(KAPP) 20,20,50

DO 40 I=1,NA

DO 40 J=14NA

S(IyJ)=PSI(1sJeM)

TEMPA(I,J)=PSI(14J4N)

GO TO 90

DO 80 I=1,NB

DO 80 J=1yNB

S(1,J)=0.

TEMPA(I,J)=0.

DO 80 K=1lyNA

S{I4J)=S{TyJI)+Z{KyII*WBIK)*PSI (KyJsM)
TEMPA(I2J)=TEMPA(TJ)+Z(KyI)*WB(K)*XPSI(KyJyN)

CALL DETINV(1,5)

IF{XQUIT) 110,110,210

IF(H) 270,120,120

FORWARD MARCH

ISOLV=1IS0OLV+1

KSOLV{ISOLV)=MNDEX+1

DO 160 I=1,NB

DO 160 J=1,NB

FRWD(1I,J)=0

DO 160 K=1,NB

FRWD(I 3J)=FRWO(IJ)I+TEMPA(I K) *T(K,yJ)
WRITE(NSCR) FRWD

IF(KAPP) 180,180,220

DO 200 I=1y4NA

DO 200 J=1lsNA

PSI(I4sJel)=FRWD(I,yJ)
PSI(Iede2)=2(1,4J)

RETURN

DO 250 I=1esNA

DO 250 J=1,NB

PSI(I4J,y1)=0.
PSI(IeJy2)=WA(I)*Z(1,J)

DO 250 K=1,NB
PSI(I4Jyl)=PSI(I4Js1)+WALT)I*Z(I,K)*FRWD(K,J)

RETURN
BACKWARD MARCH

DO 300 I=1.NB

DO 300 J=1,NB

BKWD(1,J)=0

DO 300 K=1oNB

BKWO(I g J)=BKWD(I,J)+TEMPA(I,K)*T(KyJ)
WRITE (NSCR) BKWD
{F(KAPP) .320, 3204350

He 0 3
L B 4 BE 2

00 B0 TS & SR
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DN 340 I=1,NA

DO 340 J=1,NA
PSI(T4Jy1)=BKWD(1,J)
PSI(ILJde2)=2(1,J)

GO TOo 390

DO 380 I=1,NA

DO 380 J=1,NB

PSI(I4+Js1)=0.
PSI(IvJe2)=WA{I)%2(1,J)

DO 380 K=1,NB
PSI(I9del)=PSI(IeJse1)+WA(TII*Z(1,K)*BKWD(K,J)
ISOLV=ISOLV-1

IF(ISOLV) 410,410,420

ISTOP=0

GO TO 430

ISTOP=KSOLV(ISOLV)

RETURN

END

SUBROUTINE CROSS(KLKRyK,KFOP)

MARCH ACROSS BOUNDARY

DIMENSION PHI(10,50),RHOZ(3),FISIG(10,3,3),22(100}),
3PHIC(20) yBKWD(20,20) s FRWD(20+20)+CURR(20,+3) ,POW{190) 4N(10),
500G(2)

COMMON IND(3),RAD(3),CEFT{3),GNU(3),SSIG(20,20,3),RSIGA(10,10,3),
2FSIG(2043)42(20420)yWA(20),WB(20) yGAMA(10,10)EXTPA(10,10),
3P(2092093)9T(20920),S(60420) +TEMP(20,20),TEMPA(20,20)4RHO(3),
SPSTI(10010,10)9eY{20),V(20)KSOLV(20) s IHUNT KQUIT,KPRINT 4 NUMBER,KCON
6D KSTORZISOLVy IToHoKHe ISTOP, IREGsKINDMyNPTSNREG+KREG,KIND,
TMARSTPLOLIM,MNDEX yKBCOyKBCI»IFOUND, IFUNCT, INDEXs INDEXM, NUMAX,
BKPOWy MORE yNFCT ¢ NOG o KAPP ¢ KCHO ¢ KHUNT s TAK]L yEPALEPByDELyAs NAJNB X
XA XBeKAJKBeKC oKDy KNe XCy ALPHA, BETADT,DTO,ISOLVYM,KROSS s KEND,K2

COMMON K3,KGyKGAsKNA,BKWD o FRWDyNSCRyNMODEACEFT 4 EPC yKNORM,
2PHIA(10y 5046),FLX(10y 5046) CURRN{1043,+6)RADZ(3),RRO4RZO4NPTZ,
3INDZ(3) ¢ NREGZyKNGy KNR ¢yKNZ o IHOP ySSIGA(10,41043),RSIG(10,43),4F(10,3),
4FSIGA(105,10+3),DA(10510+3)9yD(1GCy3),GAM(10),BUCK(10,3),EXTP(10),
SZA(10,10),BCEFT(2,8) yNREGRNPTRyINDR(3) RHOR(3) ¢y MPOW,KGEL

EQUIVALENCE (PSI(1),PHI(1)),(PSI(501),PHIC(1)),(TEMPA(L1),POW(1)),
S{TEMPA(191)4PONMC) s (TEMPA{192)y PONAVG) (TEMPA(193),P0OWCAV]),
6{TEMPA(194) s XT) o (TEMPA(195) 4 XTA),(PSI{521),CURR(1))

KA=K+1

KB=K~-1

X=0,

KTEMP=(KL+KR)/2

DO 1 I=1,KTEMP

X=X+RAD(I)

XA=0,5%H* A*RHO (KR)

ALPHA=X/ (X#XA)

BETA=(X=0.5%A*H*RHO(KL) )/ (X+XA)

IF(KAPP) 20+100,100

DO 40 ImlyNA

00 40 iJm1lyoNA

S(Ivd)=OAl T o J o KR} -

CALL DETINV(1,6)
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IF(KQUIT) 60,460,300
DO 90 I=1,NA

DO 90 J=14NA

TEMP(I,J)=0.

DO 90 L=1sNA
TEMP(I+J)=TEMP{I,J)+T(I,L)*DA(L,JyKL)
GO TO 150

DO 120 I=1,NA

DO 120 J=1,NA

TEMP(I,4)=0.

DO 140 I=1,NA
TEMP(I+I)=D(I+KL)/D(I,KR)
X=RHO (KR )/RHO(KL)

XA=BETA*X

Q=ALPHA/ 2.

QQ=(BETA-ALPHA)*X

QQQ=1.—ALPHA

DO 205 I=1yNA

DO 200 J=1.NA

S(I1,J1=0.

DO 190 L=1,NA
S(I,J)=S{I9J)+XXTEMP(I,L)*P(L,y JyKL)
T(I,J)=XAXTEMP(I,J)
SU1,J)=Q*(P(I4JsKRI+S{T,J)1+QQ*TEMP(I,J)
S{I,1)=S(I,1)+QQQ

GO TO (220,270),KFOP

EXPANSION VECTORS

DO 250 I=1sNA
DO 250 J=14NB
PSI{I4JeKA)=0.
DO 250 L=14NA
PSI(I,J,KA;=PSI(IpJ,KA)+S(IoL)*PSI(LvJ,K)-T(I,L)*PSI(L,JgKB’

GO 7O 300
EIGENFUNCTION

KA=MNDEX +KH

KB=MNDEX-KH

DO 290 I=1.NA

PHI({I,KA)=0.

DO 290 L=1,4NA
PHI(I.KA)=;HI(I,KA)*S(I,L)*PHI(LvMNDEX)—T(l9L)*PHI(L9K8)
RETURN

END

SUBROUTINE MARCH(M)

MARCH BETWEEN POINTS OF CONDITIONING

DIHENSfDN PHI(10,50) yRHOZ(3),FISIG(10,3,3),2Z(100),
3PHIC(20)yBKHD(ZO:ZO);FRHD(ZOvZO)9CURR(20;3),POH(190§1N(10lv

SDOG(2Y: 175 <10 o
COMMON IND(3),RAD(3),CEFT(3),GNU(3),SSIG(20+20,3)»RSIGAL10+10+3),
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2FSIG(204+3)92(20420),WA(20) yWB(20) yGAMA{10,10),EXTPA(10,10),
3P(120+2043)47(20,20),S(60,20),TEMP{20,20),TEMPA{20,20),RHO(3),
5PSI(10410410),Y(20),V{20)+KSOLV(20), IHUNTKQUI Ty KPRINT yNUMBER,KCON
6Dy KSTORy ISOLVyITyHyKHy ISTOP, IREGyKINDMy NPTS yNREGsKREG,KIND,
TMARSTP,LOLIMy MNDEX,KBCO,KBCI oI FOUND, IFUNCT,INDEX, INDEXMy NUMAX,
BKPOWy MOREyNFCTyNOGyKAPPy KCHO»KHUNTy IA+K19yEPA,EPB,DELyAyNA,NB,X,
IXA g XByKA KBy KC oKDy KNy XCy ALPHA,BETA,DT,DTO,ISOLVM,KROSS s KEND,K2
COMMON K34KGyKGAyKNAyBKWDs FRWD ¢NSCRyNMODE y ACEFT,EPC ,KNORM,
2PHIA(10, 50,6),FLX(10, 50,6),CURRN(10,3,6),RADZ(3),RROyRZ0O,NPTZ,
3INDZ(3)yNREGZ+KNGyKNRyKNZ, IHOP ,SSIGA(10,10,43),RSIG(10,3),F(10,3),
4FSIGA(10,10,43),DA(10,10,43)4D(1093)4GAM(10)+»BUCK(10,3),EXTP(10),
SZA{10,10),BCEFT(2,8) yNREGR,NPTRy INDR(3),RHOR(3) +MPOW,KGEL
EQUIVALENCE (PSI{(1),PHI(1))+(PSI(501),PHIC(1)),(TEMPA(L),POW(L1)),
S(TEMPA(191),POWC) s (TEMPA(192),POWAVG)»(TEMPA(193),POWCAV),
6(TEMPA{194) ¢y XT), (TEMPA(195),XTA),(PSI(521),CURR(L))

IREG=IREG

DO 240 J=LOLIM,MARSTP

MNDEX=MNDEX+KH

BETA=BET({IREG)

TEST FOR BOUNDARY CROSSING

IF(MNDEX-KIND) 150,30,150
IF(KINDM-KIND) 50440,50
IT=4-1

GO TO 250

CALL CROSS(IREGIREG+KHyJ-14M)
IF(KQUIT) 70,700,250
IREG=IREG#KH
KROSS=KR0OSS+1

IF(KH) 90,90,120
IF(IREG-1) 100,100,110
KIND=1

GO 10O 240
KIND=IND{IREG-1)

GO TO 240

K IND=IND(IREG)

IF (NREG-IREG) 140,140,240
KIND=K IND+KBCO-1

GO 70O 240

GO TO (191,160),M

EIGENFUNCTION

KA=MNDEX +KH

KB=MNDEX-KH

DO 190 I=1,NA
PHI(I,KA)==BETA*PHI(I,KB)
DO 190 K=1,NA

PHI(I,KA)=PHI(I,KA)+ALPHAXP (I, K, IREG)*PHI(K,MNDEX)
GO TO 240 '
EXPANSEON VECTIORS -

00 192 I=1,NA
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DO 192 K=1,NA
192 TEMP(I,K)=ALPHA%P(I,K, IREG)
200 DO 230 I=14NA
210 DO 230 K=1,N8
PSI(I+KyJ)=—BETA%XPSI(I,K,J-2)
220 DO 230 L=1,NA
230 PST(IsKeJ)=PSI(I KeJ)+TEMPLI,L)*PSI(L,K,J-1)
240 CONTINUE
250 RETURN
END
FUNCTION BET (M)

ALPHA AND BETA

XX

DIMENSION PHI(10,50),RHOZ(3),FISIG(10,3,3),22(100),
3PHIC(20) +BKWD(20420)4FRWD(20,20) yCURR{2043) yPOW(190),N(10),
5006(2)

COMMON IND(3),RAD(3),CEFT(3),GNU(3),SSIG(20420+3)4yRSIGA(10,10+3),
2FS1G(2093)92120920)+WA(20)4WB(20)sGAMA(10910)+EXTPA(10,10),
3P(2042093),T(20920),S(60420)TEMP(20,20) »TEMPA(20,20),RHA(3),
SPSI(10+910,10),Y(20)yV{20),KSOLV(20) yTHUNT KQUIT4KPRINT yNUMBERyKCON
6Dy KSTORyISOLVyIToHoKHy ISTOPLIREGy,KINDMsNPTSyNREG,KREG,KIND,
TMARSTPL,LOLIM, MNDEX ,KBCOyKBCI oI FOUNDs IFUNCT , INDEX o INDEXM,NUMAX,
BKPOWsMOREJNFCT o NOGyKAPPyKCHO s KHUNT 9 IAy K1 JEPALEPBDELyAy NAyJNB¢ X,
OXAIXBe KAy KBy KC oKD g KN XC o ALPHA,BETADTyDTO,ISOLVM,KROSSyKENDoK2

COMMON K3 ,KGyKGAKNABKWD ¢ FRWD yNSCRyNMODE y ACEF T, EPC o KNORM,
2PHIA(10y 50:,6)FLX(10, 50,6)yCURRN(1043,6),RADZ(3)4RRO4RZ0O,NPT2Z,
3INDZ(3) yNREGZ y KNGy KNRyKNZy IHOP SSIGA(10+10,3),RSIG(10,3),F(10,3),
4FSIGA(10+51043),DA(1041043),D0(10,3) ,GAM(10),BUCK(10,+3),EXTP(10),
SZA(10.10) +BCEFT(2,8) 4NREGR¢NPTRy,INDR(3),RHOR(3) y MPOW,KGEL

EQUIVALENCE (PSI{1).,PHI(1)),(PSI(501),PHIC(1)),(TEMPA(]1),POW(1)),
S{TEMPA(191),POWC), (TEMPA(192),POWAVG),(TEMPA{193),POWCAYV),
6{TEMPA{194) ¢ XT), (TEMPA({195) 4 XTA),{PSI(521),CURR(1)})

10 IF(IA) 20,20,30
20 ALPHA=1.
BET=1.
GO 70 80
30 GO TO (409:50,60)4M
40 X=MNDEX
GO 7O 70
SO X=RAD(1)/RHO(2)+MNDEX~-IND(1)}
GO 10 70
60 X={(RAD(1)+RAD(2))/RHO(3)+MNDEX~-IND(2)
T0 XA=0.5%H*A
ALPHA=X/ (X+XA)}
BET=(X-XA)}/ (X+XA)
80 RETURN
END
SUBROUTINE EVAL(M)

L
g
E SET UP MATRIX FOR DETERMINANT EVALUATION

DlHENéIUﬂ;Fﬁll10&§0),RHOZ(3)'FISIG(100313!'21(100)’
3PHI€€20§65K?§(ZO,ZO),FRHD(ZO.ZO):CURR(ZO:B)9P0H(190)1N(10)v
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500G(2)

COMMON IND(3),RAD(3),CEFT(3),6NU(3),SSIG(20,20+3)4RSIGA(10,10,3),
2FSIG(2043)92(20920)+WA{20)4WB(20) ,GAMA(10,10),EXTPA(10,10),
3P{20+20+3)9T(20420)4S(60,20),TEMP{20,20) 4 TEMPA(20,420)yRHO(3),
5PSI(10410+410)9Y{20),4V{(20),KSOLV(20) y IHUNT ,KQUIT,KPRINT ¢ NUMBER, KCON
6Dy KSTORy ISOLVyITeHyKHy ISTOP, IREGyKINDMyNPTSyNREG,KREG,KIND,
TMARSTP,LOLIM,MNDEX ,KBCO,KBCI yIFOUND, IFUNCT, INDEX, INDEXM, NUMAX
8KPOWyMOREJNFCT 4y NOG s KAPPy KCHOsKHUNT y TA, K1 yEPA,EPB,DELyAsNAyNBy X,
IXA ¢ XByKA,KByKC yKDyKNyXCy ALPHA, BETA,DT,DTOs ISOLVM,KROSS yKENDy K2

COMMON K3,KG+KGArKNA,BKWD,FRWD 4NSCR ¢ NMODE ,ACEF T, EPC s KNORM,
2PHIA(10, 5046),FLX(10, 50,6)+CURRN{104346)RADZ{(3},RRO,RZ0,NPTZ,
3INDZ(3),NREGZ KNGy KNRyKNZy THOP ySSIGA(10,10,43),RSIG(10,3),F(10,3),
4FSIGA{10,10¢43)¢DA(10+10+43)+D(10+3),GAM(10),BUCK(10,+3),EXTP(10),
SZA(10,10)+BCEFT{2,8) yNREGRsNPTR,INDR(3) ,RHOR(3) s MPOW,KGEL

EQUIVALENCE (PSI{1)+PHI(L) ), (PSI(501),PHIC(1)),(TEMPA(L),POW(1)),
S{TEMPA(191),POWC), (TEMPA{192),POWAVG) »({TEMPA(193)+PUOWCAV),
6({TEMPA({194) 4XT)y (TEMPA(195),XTA),(PSI(521),CURRI(1))

GO TO (20,100),KBCO

PHI(M) = O

IF(KAPP) 30,330,460
DO 50 I=1,NA

DO 50 J=14NA
S{IsJ)=PSI(IyJsM)
GO0 1O 290

DO 90 I=1,.NB

DO 90 J=14NB
StI,J4)=0.

DO 90 K=14NA
S{IyJ)=S{IsJ)+Z(K,I)*WBIK)*PSI (KyJsM)
G0 1O 290

GAMRPHI(M) ¢ EXTP*D(PHI(M))/DE = O

X=1./12.*%RHO{NREG))

IF(KAPP) 120,190,220

DO 140 I=14NA

DO 140 J=14NA

TEMPUIJ)=X*(PSI(I4JyM+1)=PSI(IyJsM-1))

DO 180 I=1eNA

DO 180 J=1,NA

S(I.J)=0.

DO 180 K=14NA
S{ToJ)=S{IosJ)+GAMA( T 4K)RPST(KyJoM)+EXTPALI K)*TEMP(K,J)

GO 71O 290

DO 210 I=14NA

DO 210 J=1,NA
S(IoJ)=GAM{T)*PSI(I,Jy M)+ XXEXTP(I)*(PSI(14JsMe1)-PSI(I,J,M-1))
GO 1O 290

D0. 240 I=1,4NA

DO 240 J=1.NB
TEMgquj)SéAN(I)*PSI(IoJ'Hl+X*EXTP(I)*(PSI(I:J9M+1)-PSI(IkoM‘l))
DO: 280::I=1)NB

DO 280 J=1.,NB
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S{1,J)=0.

DO 280 K=1,4NA

S{IyJ)I=S{T yJI+UB(K)IXZIK,IIXTEMP(K,J)
CALL DETINV(2,8)

RETURN

END

SUBROUTINE ZERO

SEARCH FOR DETERMINANT EQUAL ZERO
THREE POINT INTERPOLATION

DIMENSION PHI(10,50),RHOZ(3),FISIG(10,3,3),2Z{(100),
3PHIC(20) +BKWD(20420),FRWD(20420)4CURR(2043)4POW(190)4N(10),
5006G(2)

COMMON IND(3),RAD{3)4CEFT(3),GNU(3),SSIG(20420+43),RSIGA(10,10,3),
2FS1G(2043)920(20+420)4WA(20)4WB(20),GAMA(10,10),EXTPA(10,10),
3P120+20+3),7(20420),S(60,20),TEMP(20,20) ,TEMPA(20,20) ,RHO(3),
SPSI(10+410410)4Y(20),V(20)+KSOLV(20) y IHUNT KQUIT,KPRINT ¢yNUMBER,KCON
6D KSTORy ISOLVy ITyHyKHy ISTOPHIREG,KINDMyNPTS ¢NREGyKREGyKIND,
TMARSTPoLOLIM,MNDEX 4KBCO,KBCI oI FOUNDy IFUNCT, INDEXy INDEXMy NUMAX,
8KPOW, MOREyNFCTyNOGyKAPP ¢ KCHO 9 KHUNT s TAoK]1 yEPALEPB,DELyAyNAyNBy Xy
XAy XB KA KBy KC oKDy KNy XCo ALPHAy BETA9DTyDTO»ISOLVMyKROSS yKEND K2

COMMON K3,KGy KGA,KNA,BKWD 9y FRWD yNSCR yNMODE+ACEF T 9 EPC y KNORM,
2PHIA(10, 50+6),FLX{10y 504+6) ,CURRN{10+3,6),RADZ(3)+RRO4RZO4NPTZ,
3INDZ(3)yNREGZ ¢yKNGy KNRyKNZy IHOP ySSIGA(10+10+3)4RSIG(10,43),4F(10,3},
4FSIGA(10,410,+3),DA(1041043)4D(10+3),GAM(10),BUCK(10+3),EXTP(10),
SZA(10410)+8BCEFT(298) yNREGRyNPTRyINDR(3) RHOR(3) yMPOW,KGEL

EQUIVALENCE (PSI(1)4PHI(1)),(PSI(501),PHIC(L1)){(TEMPA(L1),POW(1)),
S(TEMPA(191),PONWNC),{TEMPA(192), POWAVG) . (TEMPA(193),PONCAV]),
6(TEMPA(194) 4 XT),(TEMPA(195),XTA),(PSI(521),CURR(1))

KB=1

GO TO (20470)yKHUNT

NO SEARCH

GO TO (30440} ,KCHO
V{1)=RAD(KREG)
RAD(KREG)=RAD(KREG)+DEL
GO 10 50

VI1)=CEFT(KREG)
CEFT(KREG)=CEFTIKREG)+DEL
INDEX=INDEX+1

RETURN

SEARCH

IF({DT) 90,80,100

GO TO (85486),KCHO
V(1)=RAD(KREG)

GO TO 210

V{1)=CEFT(KREG)

GO T0 210

KB22: - 3itn i 10,8000
JFLINUNT ). iﬁ&i!ﬁﬁo%ﬂﬂ s
20564 2Y
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GO TO (110,120),KCHO
VIKB}=RAD(KREG)

GO T0 125
VIKB)=CEFT(KREG)
ViKB+3)=DT
IF(IHUNT) 140,150,250
DTO=DT

IHUNT=0

GO 70 20

X=1.
X=SIGN({X,DT0)
XA=1,
XA=SIGN(XA,DT)

TEST FOR PROPER CHANGE IN SIGN

IF(X*XA) 170,180,140
IF(XA) 180,180,140
THUNT=1
VV=0,5%(V{1)+V(2))
IF(ABS((V(1)-V(2))/VV)-EPA)210,210,220
IFOUND=2
NUMBER=NUMBER+1

GO TO (2304240),KCHO
RAD(KREG)=VYV

GO TO 60

CEFT(KREG)=VV

GO 10 60

Vi3)=V(KB)

V(6)=V(KB+3)

GO TO (260,270),KCHO
VI{KB)=RAD(KREG)

GO 70 280
V(KB)=CEFT(KREG)
V(KB+3)=DT
H=V(4)*V{5)%V(6)

vv=0

DO 1020 I=4,6

PP=V(I)

DO 1010 J=4,.6

IF(1-J) 1000,1010,1000
PP=PPX(V(I)-V(J))
CONTINUE
IF(EPAXABS{PP)~-ABS(H)) 190,190,1020
VV=VV+HEV(I-3)/PP
IF(V(2)-vV) 190,190,290
IF(Vv-v(1)) 190,190,200
END

SUBROUTINE RESTRT

BEGIN BACKWARD MARCH
DINENSIBN?FKI(lO,SOl,RﬂOZ(B!'FISIG(IO;3:3),ZZ(100)9

. BPHIC(20)+8KMD (20,20) ¢ FRWD(20,20) ,CURR(20,3) ,PON(190),N(10},

5006(2}

75
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COMMON IND(3),RAD(3),CEFT(3),GNU{3),SSIG(20,2093)4yRSIGA(10,10+3),
2FSIG(204+3)42(20,20),WA(20) 4WB(20) yGAMA(10,10),EXTPA(10,10),

3P(20+920+93)+T{20920)4S160,20),TEMP(20,20) ,TEMPA(20,20),RHO(3),
SPSI(10410410),Y(20)4V{20),KSOLV(20) s IHUNTKQUIT,KPRINT,NUMBER,KCON
6D KSTOR,y ISOLV s ITyHyKHy ISTOP, IREG,KINDM,NPTSyNREGyKREG,KIND,
TMARSTP LOLIMyMNDEX s KBCOsKBCI + I FOUND, IFUNCT, INDEX, INDEXMy NUMAX,
BKPOWsMORE¢NFCTyNOG ¢ KAPPy KCHO o KHUNT g I A9 K1 yEPALEPB+DELsAyNA9NB9 X
GXAy XBeKA KBy KCy KDy KNy XC,ALPHA,BETA,DT,DTO,ISOLVM,KROSSyKEND,K2
COMMON K3 ,KGyKGAKNA,BKWDyFRWD yNSCRyNMODEACEF Ty EPC,KNORM,
2PHIA(10, 50CG,6),FLX{10, 50,6),CURRN{10,3,6)4RADZ(3),RRO,RZO,NPTZ,
3INDZ(3) ¢y NREGZ ¢y KNGy KNR yKNZy IHOP sSSIGA(10,410,43),yRSIG(10,3)4F(10,3),
4FSIGA(10910,3)9sDA010,10¢3)4D(1043),GAM{10),BUCKI{10+3),EXTP{(10),
SZA{10,10)BCEFT(248)+NREGR,NPTR,INDR{3) ,RHOR{3) MPOW,KGEL
EQUIVALENCE (PSI(l),PHI(1)),{(PSI(501),PHIC(1))»(TEMPA(L),POW(1)),
S{YTEMPA(191),POWC),(TEMPA{192),POWAVG) ,(TEMPA(193),P0OWCAV),
G6({TEMPA(194) 4y XT)(TEMPA(195)+XTA)»{PSI(521),CURR(1))

KH=-1

Hz-lo

MNDEX= IND(NREG)

IF(KAPP) 20,20,50

DO 40 I=1,NA

DO 40 J=1,yNA

PSI(IoJdsel)=Z(1,J)

GO TO 80

DO 70 I=1yNA

DO 70 J=1,NB

PSTI(IsJel)=HWA(I)X*Z(1,4J)

GO TO (90,140),KBCO

PHI(M) = O

MNDEX=MNDEX-1

BETA=BET (NREG)

DO 130 I=1,4NA

DO 130 J=1,NB

PSI(I?J,2’=00

DO 130 K=1y,NA
PSI(IQJ12)=PSI(IvJvZ)*ALPHA*P(I,KvNREG’*PSI(K’Jvl’

GO YO 440
GAM®PHI(M) + EXTP*D(PHI(M))/DE = O

BETA=BET (NREG)
X=1./(2.*RHO(NREG))

IF(KAPP) 160,210,210

DO 200 I=1,NA

DO 200 J=1,NA

S(I,J1=0.

DO 190 K=1,NA
S(IsJ)=S(IyJ)+EXTPALI,K)*P{KsdJ ¢NREG)
SCI,J)=ALPHARX®S(I,J)+BETAXGAMA(L,J)
GO YO 250 © -~

D0 2640 FmLyNA ! - «

‘D0 230 JmEgNA {70

BOLIVALENTY IPRTELI AT T
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S(IyJ)=X*ALPHA®EXTP(I)*P(],J,NREG)
S{I+I)=S(I,1)¢BETA*GAM(I)

CALL DETINV(1,10)

IF(KQUIT) 265,265,470
X=(1«+BETA)*X

IF(KAPP) 280,330,330

DO 320 I=1,NA

DO 320 J=1,NA

TEMP(1,J)=0,

DO 310 K=1,NA
TEMP{IJ)=TEMP(I4J)+T(I,K)*EXTPA(K,J)
TEMP(IoJ)=XXTEMP(I1,J)

GO TO 360

DO 350 I=1,NA

DO 350 J=1,NA
TEMP(IJ)=X*EXTP(J)I*T(1,J)
MNDEX=MNDEX-1

BETA=BET (NREG)

DO 390 I=1,NA

DO 390 J=1,NA
S(I,J)=ALPHA*P (I ,J,NREG)-BETA*TEMP (I ,J)
DO 430 I=1,NA

DO 430 J=1,NA

PSI(l,J'2’=Oo

DO 430 K=1l4NA
PSI(I9d92)=PSI{I9Js2)+S{IsK)*PSI(KyJyl)
ISOLVM=]ISOLYV

MARSTP=MNDE X+2-KSOLV(ISOLV)
LOLIM=3

IREG=NREG

IF{MARSTP-LOLIM) 470,460,460

CALL MARCHI(1)

RETURN

END

SUBROUTINE FUNCT

SOLVES FOR EIGENFUNCTION

DIMENSION PHI(10,50),RHOZ(3),FISIG(10,3,3),22(100),
3PHIC(20) yBKWD(20,20)yFRWD(20,20)yCURR(2043) 4POW(190),
5006G(2)

COMMON IND(3),RAD(3),CEFT(3),GNU(3),SS1IG(20,20,3),RSIGA(10,10,3),
2FSIG(20+3),2(20,20),WA(20),%B(20) ,GAMA(10,10),EXTPA(10,10),
3P{20+92093)97(20,20),S1(60,20) +TEMP(20,20) +TEMPA(20,20),RHO(3),
5PSI1(10,10,410),Y(20)4V(20)+KSOLV(20) o THUNT,KQUITyKPRINT yNUMBER y KCON
6D KSTORy ISOLV o IToyH KHy ISTOPy IREGsKINDMyNPTS+NREGyKREGyKIND,
TMARSTPLOLIM MNDEX,KBCO,KBCI oI FOUNDy IFUNCT, INDEXy INDEXM, NUMAX ,
BKPOWy MOREJNFCTyNOGoKAPP ) KCHO9y KHUNT 3 IA9K1 yEPAL,EPB,DELyAyNAyNB, X,
IXA s XBygKA KBy KC oKDy KNeXCo ALPHAy BETAyDT4DTO,ISOLVMyKROSS ¢ KEND K2

COMMON K3 ,KGyKGAKNAyBKWD)FRWD ¢yNSCR¢NMODE,ACEFT EPC o KNORM,
2PHIAC10, 50,46)FLX(10y 50+6)+CURRN(10,3,6),RADZ(3),RROyRZOyNPTZ,
3INDZ(3) yNREGZ ¢KNGy KNR yKNZ o IHOP 4SSIGA(10410+3),RSIG(10,3),F(10,3),
4FSIGA(10+910943)4DA(10910¢3)4D0(10+3),GAM(10)BUCK(10+3),EXTP(10),
SZA(10410)+BCEFT{298) yNREGRyNPTRyINDR(3) ,RHOR(3) s MPOW,KGEL

EQUIVALENCE (PSI(1)oPHI(1))y (PSI(S01),PHIC(1)),(TEMPA(L),PONW(1)),



S(TEMPA(191)+POWC), (TEMPA(192), POWAVG) » (TEMPA(193),PONCAV),
6(TEMPA(194) ¢ XTIy {TEMPA(L195)4XTA){(PSTI(521)4CURR(1))

OO0

10

20
30
40

50

60
70

IREG=NREG
KEND=NPTS+1
DO 520 J=1,1ISOLVM

MARCH FORWARD TO LAST VALUE OF PHI

K=1ISOLVM+1-J

H=1.

KH=1

N=KSOLV(K)

CALL HOSIEQ{1,K)
IF{IREG~-1) 50,450,30
IF(N-IND(IREG-1)) 40C+40,50
IREG=IREG-1

GO 1O 20

MNDEX=N-1

MARSTP=KEND-N+1

LOLIM=3

IF(MARSTP-LOLIM) 110,770,470
KRGOSS=0

K IND=IND(IREG)

80 IF(NREG-IREG) 90,490,100
90 KIND=KIND+KBCO-1
100 CALL MARCH(2)

101
109
110
120
130

140
145
150
160
170

180

182
186

190

IF{KQUIT) 109,109,1000
IREG=IREG-KROSS
IF(J-1) 300,300,120
IF(KEND-N) 130,130,140
KN=N

GO YO 145

KN=KEND~-1

KEND=KN+1

DO 180 I=14NREG
IF{KEND-IND(I)) 180,170,180
KA=1 '

GO 70 190

CONTINUE

KA=IREG+KROSS
IF(KN-IND(KA)) 186,182,186
KA=KA+1

KB=KN+1

KC=KN+2

KD=KN

KH=-1

H=~1.

60 TO 200

KB=KN

KC=KN-1

KD=KN+1

KH=1

He=le
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200

210
220

221

222
229

240

230
250

255

300
310

320
330

340
350

360
370

380
390

400
410
420
430

440
450
460

MATCH

MNDEX=KB

BETA=BET(KA)

DO 220 L=1,NA

Y{L)=-BETA¥PHI(L,KC)

DO 220 I=1,4NA
Y{L)=Y(L)+ALPHA*P(Ly I KA)*PHI( I,KB)
IF(KH) 222,221,221
CM=PHI(KGyKD}/Y(KG)

GO TO 229

CM=Y(KG) /PHI(KG,KD)

LOL IM=N-1

X=({(1+KH)*CM+1~-KH) /2

DO 250 I=1,NA

Y{I)=X*Y(I)

DO 250 L=LOLIM,KN
PHI(I,L)=CM*PHI(I,L)

DO 255 I=14NA
Y{I)=(Y(I)-PHI(I,KD))*100./PHI(I+KD)

WRITE MATCH ERROR

WRITE (3,1010) KNyKG

WRITE (3,1020) (Y(I),I=1,NA)
DO 310 I=1,NA

VII)=PHI(I,N)

MARCH BACKWARD HALFWAY TO NEXT POINT OF CONDITIONING

H=“10

KH=-1

CALL HOSIEQ(2,4K)
IF(K-1) 330,330,340
KEND=1 -

GO 70 350
KEND=N-1-({KSOLV(K)-KSOLVI{K-1)) /2
LOLIM=3
MARSTP=1+N-KEND

IF {MARSTP-LOLIM) 430,370,370
MNDE X=N

KROSS=0

IF{IREG-1) 390,390,400
KIND=1

GO TO 410

K IND=IND(IREG-1)

CALL MARCH(2)
IF(KQUIT) 430,430,1000
IREG=IREG

LOL IM=KEND

CM=V{KG) /PHI(KG,N)
MARSTP=N-1 - =

DO: 470 I=14NA .

09: 460 L=LOLIMyMARSTP
PHI(IL)=CMEPHI(I,L)

79
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OO0

OO0

80

470 PHI(ISN)=V(I)
520 CONTINUE

KH=1
H=1.

PHI(O)
530 IF(A-1.2) 660,4660,540
SPHERE

540 DO 570 I=1l,NA

550 DO 560 J=1,NA

560 S(I¢J)=P(1yJy1)

570 S(I,1)=S(I,1)-2.

580 DO 610 I=1,NA

590 DO 600 J=1,NA

600 S(I4J)=S(I,J)/6.

610 S(I,I1)=S(I,1)+1.
CALL DETINV(1l,11)

620 IF(KQUIT) 630,630,1000

630 DO 650 I=1yNA
PHIC(I)=0.

640 DO 650 J=1,NA

650 PHIC({I)=PHIC(I)+T(I,J)*PHI(Js1)
GO TO 700

CYLINDER OR SLAB

BETA=(2.¢+A)/(2.-A)
670 DO 690 I=1,NA
PHIC(I)=—-BETA*PHI(I,2)
680 DO 690 J=1,NA
690 PHIC(I)=PHIC(I)+ALPHA*P(I,J,1)*PHI(Jy1}
700 IF(KAPP) 710,900,900

VARIATION I '~ CALCULATION OF PHI FROM EXPANSION COEFFICIENTS

710 GO TO (2790,720),KBCO
720 X=1./(2.*RHO(NREG))
730 DO 750 I=1,NA
Y(1)=0.
740 DO 750 J=1,NA
750 Y(l)=Y(I)*GAMA(IyJ)*PHI(J'NPTS-1)+EXTPA(I,J!*(PHI(J.NPTS)-PHI(J,
2NPTS-2)) %X
2790 DO 2810 I=1,NREG
KA=IND(I)
MNDEX=KA
BETA=BET(I)
X=BETA+1l,.
DO 2800 J=1,NA
V(S )==XEPHI S eKA=1)
DO ‘2800 U yNA 5o
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2800

2810

900
910
920
930
2940

2950

2960
940
942

946
950

960
970
980
990
1000
1010

1020

81

VIJ)I=VI{J)+ALPHA*P (U, L, I )*PHI (L yKA)
X=0.5/RHO(1)

DO 2810 J=1,NA

CURR{J,1)=0.

DO 2810 L=1,NA
CURRUJyIV=CURR(J9T)-DALJISL,IIRVILI%X
GO TO 940

NORMALIZE TO PHI(KGA,KNA) = 1.

GO TO (2940,4910),KBCO
X=1e/(2.%¥RHO(NREG) )

DO 930 I=1yNA

YUI)=GAM( I} *PHI(I NPTS=1)+X*EXTP(I)*(PHI(I,NPTS)-PHI(INPTS-2))
DO 2960 I=1,NREG

KA=IND{I)

MNDEX=KA

BETA=BET(1I)

X=BETA+l.

DO 2950 J=1,NA .
V(J)=—XkPHI(J,KA-1)

DO 2950 L=1,NA
V(J)=V(J)+ALPHAXP( J, L, [ )*¥PHI (L,KA)
X=0.5/RHO(I)

DO 2960 J=1,NA

CURR(J T )==X%D(J, 1)%V(J)
IF{KNA) 942,942,946
CM=1,./PHIC(KGA)

GO TO 950
CM=1./PHI(KGA+KNA)

DO 990 I=1,NA

Y(I)=CMxY(I)
PHIC(I)=CM*PHIC(I)

DO 970 J=1,NREG
CURR(I,J)=CM*CURR(1,J)

DO 990 J=14NPTS
PHI(I,J)=CM*PHI(I,J)

RETURN

FORMAT (1HO 14X 42HHERE IS THE PERCENT ERROR FOR MATCH AT X = 13,
215H FOR Y MATCH AT I3, lH.)
FORMAT (1HO 14X 4E15.8)
END

SUBROUTINE HOSIEQ(M,K)

SOLVES (S-1)Y = 0O

DIMENSION PHI(10,50),RHOZ(B),FISIG(1093:3),21(100)v
3PHIE(§O’,BKHD(ZO’ZOlvFRHD(209ZO)vCURR(20c3)pPDH(19O),N(10)o

50

ng;ga IND(B)'RAD(3)'CEFT(3)9GNU(3!,SSIG(20920’3!,RSIGA(IO,IO’B)1
ZFS16(2013’01(20920’9HA(20’9“8(20,1GAHA(10,10),EXTPA(10,10)’
39(20;20{3)@TF20¢20)yS(60g20l,TEHP(ZG'ZODoTEMPA(ZOoZO)yRHO(3)a KCON
SPSILLGwIOfLO%,Nizo)yV(ZO)oKSDLV(ZO),IHUNT:KQUIT;KPRINT.NUMBE ’
60#KSTDK¥JSOLV,IT'H'KHgISTOP’IREGyKlNDM,NPTS,NREGgKREG,KIND;Ax
7RARSTP1L0LIHaﬂﬁDExvKBCO'KBCI9IFGUND'IFUNCT,INDEX,INDEXHcNU ’
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S8KPOWy MOREyNFCT 3 NOGKAPP , KCHO ¢y KHUNT 3y IAyK1 yEPALEPByDELs Ay NA,NBy X,
IXAsXByKA KBy KC yKDg KNy XCo ALPHA, BETA DT ¢DTOsISOLVMyKROSSyKENDyK2
COMMON K3 4yKGyKGAyKNAyBKWDoFRWD 4NSCR ¢ NMODE 4 ACEF Ty EPCyKNORM,
2PHIA(10y S5046)4FLX(10y 50,6)yCURRN(1093+6)9RADZ{3),RRO4RZO4NPTZ,
3INDZ(3)4NREGZ yKNGyKNR ¢yKNZy IHOP 4,SSIGA(10,41043),RSIG(10,3)4F{1043),
4FSIGA(10410,3)yDA{1091043)+D(10+3),GAM(10)+BUCK(1G+3),EXTP{10),
5ZA(10,10),BCEFT(2,8)yNREGRNPTR,INDR(3) yRHOR(3) yMPOW,KGEL
EQUIVALENCE (PSI(1)+PHI(1)),(PSI(501),PHIC(L)),(TEMPA(]1),POW(L1)),
S5({TEMPA(191),POWNC ) (TEMPA{192),POWAVG) ,{TEMPA(193),POWCAYV),
G6(TEMPA({194) 4 XT){TEMPA(195),XTA),{PSI{521),CURRI(1))

REWIND NSCR

DO 2 I=1,K

READ (NSCR) FRWD

KK=K+1

KKK=2%«ISOLVM+1-K

DO 8 I=KK,KKK

READ (NSCR) BKWD

GO TO (204+90)¢M

FORWARD MARCH

IF(K-ISOLVM) 40,30,30

WRITE (3,610)

D0 80 I=14.NB

DO 75 J=1,.NB

St1,J)=0.

DO 70 L=1,NB
S(I¢J)=S(I4J)+FRND(I 4L )*BKWD(L yJ)
TlI«Jd)=S(1,J)

S(I,I)=S(I,1)-1.

GO TO 140

BACKWARD MARCH

DO 130 I=1,NB

DO 125 J=1,yNB

S{I+J)=0.

DO 120 L=1,NB
S{I¢J)=S{1,J)+BKWD(I,L)*FRWD(L ,J)
T(I4J)=S(1,J)

S(IQI’=S‘IyI’°10

IF(NB-1) 150,150,160

Y{l)=1l.

GO TO 400

WILKINSON2S METHOOD

DO 270 I=24NB

KA=I-1

DO 270 J=1,KA

IF(SCI4J)) 190,270,190
IF(ABS{S(JyJ))-ABS(S(1,4))1210,200,200
X=S{14yJV/S(JeJd}

B8 TO: 2A0. ;. ~~

IR LR C AR
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X=S{J.Jd)/S{1,J)

DO 230 L=1,NB
XA=S{J,L)
S(J’L)=S(IOL,
S{I,L)=XA

KB=J+1

DO 260 L=KB,NB
S(IL.L)=S({I,L)-=-X*S{J,L)
CONTINUE

XA=S{NB,y,NB)

Y{NB)=1,

DO 350 I=2,NB
KB=NB-1I+1

X=0.,

KA=NB-1+2

DO 295 L=KA,NB
X=X+S(KB8,L)*Y(L)
IF(ABS(S{KByKB))-1.E-10)310,310,340
Y{KB)=1. v
XA=0.

DO 330 J=KA,NB

Y{J)=0.

GO TO 350
Y(KB)={XA-X)/S(KB,KB)
CONTINUE

IF{(K3) 359,359,890

[TERATION TO REDUCE ERROR

DO 1000 L=1,K3

DO 960 I=1,NB

Y(I1)=0,

KA=1-1

KB=1+1
IF{ABS(T(I,1)-1.)-EPB)960,960, 900
IF(KA) 930,930,910

DO 920 J=1,KA
Y{I)=Y(I)+F(I,J)%Y(J)
IF{KB~-NB}) 940,940,955
DO 950 J=KB,NB
YII)=Y(I)+T(1,J)%*Y(J)
Y{I)=Y(I)/(1.-T(I,1))
CONTINUE

X=AB8S{(Y{1l))

XA=1,
XA=SIGN{XA,Y(1))

DO 980 I=24N8B
IF(X-ABS(Y(1)))970,980,980
X=ABS(Y(I))

XA=1l,
XA=SIGN{ XA, Y(I))
CONTINUE .
X=XA/ZX -

DO 990 I=1I.NB
Y{I)=XeY(})

83
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480
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530
540

550

CONTINUE
GO TO 400

NORMALIZE TO MAXIMUM VALUE OF Y =

X=ABS(Y(1)})
XA=1.
XA=SIGN{(XA,Y(1))
DO 390 I=2,NB
IF(X-ABS{Y(1)))380,390,390
X=ABS(Y(I))
XA=1.
XA=SIGN(XA,Y(I))
CONTINUE

X=XA/X

DO 395 I=1,NB
Y{I)=X*Y (I}

PHI(J) AND PHI(J-1)
GO TO (4104500} ,M
FORWARD MARCH

KA=KSOLV(K)-1
KB=KA+1

IF(KAPP) 430,430,460
DO 450 I=1sNA
PHI(IKA)=Y(I])
PHI(I.KB)=0.

DO 450 J=1,NA

PHIC(I KB)=PHI(I,KB)+BKWND(I,J)*Y(J)
GO TO 590

DO 490 I=14NA
PHI(I+KA)=0.
PHI(I,KB)=0.

DO 490 J=1.NB

PHI(I KA)=PHI{I,KA)+WA(I)*Z(I,J)%Y{J)

DO 490 L=1,NB

PHI(I KB)=PHI(I,KB)+WA(I)*Z(1,J)}*BKWO(J,LI*Y(L)

GO TO 590
BACKWARD MARCH

KA=KSOLV (K)

KB=KA-1

IF(KAPP) 520,520,550

DO 540 I=1,NA

PHI(1,KA)=Y(I)

PHI(I.KB)=0.

DO 540 J=1yNA

PHI(IyKBI=PHI (I,4KB)+FRWO(I,J)*YLJ)
GO T10:590

DO: 5801 I=1,NA
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PHI(1,KA)=0.

PHI(TI,KB)=0.

DO 580 J=1,NB

PHI(I KA)=PHI(I,KA)+WA(TI)*Z{ 1, J)%Y(J)

DO 580 L=1,N8B
PHI(I4KB)=PHI(I,KBI+WA(TII*Z (1, J)*FRWD{J,L)*Y(L)
WRITE (3,620) KA

WRITE (3,630) (Y{I),I=1,NA)

RETURN

FORMAT (1H1 19X S51HTHE EXPANSION COEFFICIENTS ARE GIVEN FOR THE RA
2DIAL /7 15X 21HMESH POINT INDICATED.)

FORMAT (1HO 14X 24HTHE RADIAL MESH POINT IS , 13)
FORMAT (1H 14X, 4E15.8)

END

SUBROUTINE POWER

CALCULATES POWER AS (FSIG,PHI)

DIMENSION PHI(10,50)4sRHOZ(3)4FISIG(1043,43),22(100),
3PHIC(20) yBKWD(20,20)4FRWD(20,420)yCURR(20,3) 4POW(190),4,N(10),
5D00G{(2)

COMMON INDI(3),RAD(3),CEFT(3),GNU(3),SSIG(2042043),,RSIGA(10,104+3),
2FSIG(2043) 470209201 +WA(20) 4WB(20) +GAMA(10,10),EXTPA(10,10),
3P(2092093),T(20420)yS(60920)+TEMP(20420)+TEMPA(20,20),4RHO(3),
SPSTI{10910,10),Y(20)4V(20)KSOLV(20)  THUNTsKQUIT,KPRINTyNUMBER,KCON
6Dy KSTORy ISOLV e ITsHeKHy ISTOP IREGyKINDM NPTSoNREGyKREGsKIND,
TMARSTP yLOLIM MNDEX s KBCUOsKBCI oI FOUNDy IFUNCT INDEX s INDEXM, NUMAX,
BKPOWsMOREJNFCT ¢ NOGsKAPPKCHOyKHUNT o TA, K1 yEPASEPBDELyAyNAJNBy X,
OXA g XBoyKA KBy KC oKD KNeXCoALPHAL,BETA,DTDTUO4+ISOLVM,KROSSyKENDyK2

COMMON K3 ,KGyKGA KNAyBKWDFRWD ¢yNSCR y NMODE»ACEFT,EPC 4 KNORM,
2PHIA(10, 50+6),FLX{10, 5046) yCURRN{10,3,6)4RADZ{(3)4+RROyRZO4NPTZ,
3INDZ(3)yNREGZ ¢ KNGy KNRyKNZ, IHOP ,SSIGA(10,10,3),4,RSIG(10,3),F(10,3)},
4FSIGA{10+10+93)9DA{10410,43),D(1043),GAM(10),+,BUCK{(10,3)},EXTP(10),
5ZA(10,10),BCEFT{248) yNREGR,NPTRy,INDR{3) RHOR(3) yMPOW,KGEL

EQUIVALENCE (PSI(1)yPHI(1)),(PSI(501)4PHIC(L)) (TEMPA(1),PON(1)),
S{TEMPA(191),POWC) ({TEMPA(192),POWAVG),(TEMPA(193),PONCAYV),
6(TEMPA(194) ¢ XT), (TEMPA(195)4XTA),(PSI(521),CURR(1))

IREG=1

PI=3.1415926536

IF(IA-1) 20,30,40

XA=1,

GO TO 50

XA=2,.*%P]

GO 70 50

XA=4 ., %P1 /3.,

POWC=0,

IA=1A+]1

DO 70 I=19NOG

POWC=PONCH+PHIC(I)*FSIG(I,1)

XTA‘XA*‘(RHO(I’/Z.)**(IA’)

XT=XTA*POHWC -

MARSTP=INDC1)~-1

KQ’IHD‘L,hﬁhugfﬂ

LOLIN=L SRR

X=Xﬁ*‘RHO(lREG,'*‘IA,’
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DO 120 I=LOLIM,MARSTP

XB=X*{ ([+0.5)%*[A-(I-0,5)%%]A)
POW(I)=0.

DO 110 J=1,NOG
POW(I)=POW( 1) +PHI(J, I)*FSIG(J, IREG)
XT=XT+XB*POW(1I)

XTA=XTA+XB

XB=X*x(KAX*] A-(KA-0.5)%*[A)
XTA=XTA+X8B

DO 150 1=1,NOG
POH(KA)=PDN(KA)+XB*PHI(I,KA)*FSIGllyIREG)
IREG=IREG+1

IF(NREG~-IREG) 210,170,170
X=XA*( (RHO( IREG))*%{]A))
XC=Xk({(KA+0,5) %% JA-KA%*%][A)
XTA=XTA+XC

DO 190 I=1,NOG
POW(KA)=POW{KA)+XC*PHI(T,KA)*FSIG(I,IREG)
XT=XT+POW(KA)
POW(KA)=POW(KA)/(XB+XC)
LOLIM=IND(IREG=-1)+1
KA=IND(IREG)

MARSTP=IND( IREG)-1
IF(MARSTP-LOLIM) 130,90,90
XT=XT+POW(KA)
POW{KA)=POW{(KA)} /XB
POWAVG=XT/XTA
POWCAV=POWC/POWAVG

IA=]A-1

RETURN

END

SUBROUTINE OUTPUTI(M)

WRITE RESULTS

INTEGER Q

DIMENSION PHI(10450)4RHOZ(3),FISIG(10,43,3),22(100),
3PHIC{(20) yBKWD(20+20) s FRWD(20,20)yCURR{20,3) ,POW(190),N(10),
5006G(2)

COMMON IND(3),RAD(3},CEFT(3),GNU(3),SSIG(20,20,3),RSIGA(10,10,3),
2FSIG(20+3)+2(20420)4WA(20),WB(20),GAMA(10,10),EXTPA(10,10),
3P120+20¢3)¢7(20,20)4S{60,20),TEMP(20,+20) ,TEMPA(20,20),RHO(3),
5PSI1(10,10410),Y(20),V(20)+4KSOLV(20) 4 IHUNT KQUIT,KPRINTyNUMBER, KCON
6Dy KSTORs ISOLVYy ITyH,KH, ISTOPy IREGyKINDMyNPTSyNREG+KREGyKIND,
TMARSTP,yLOLIM MNDEX s KBCOyKBCI o IFOUNDy IFUNCT » INDEX 9 INDEXM, NUMAX
BKPOWs MORE ¢yNFCT ¢y NOGyKAPP, KCHOyKHUNT y IA9K1 yEPALEPB+DEL Ay NA, NB ¢ X,
IXAyXByKA KBy KC yKD9KNyXC oy ALPHA, BETA4DT,DTO, I SOLVMyKROSS s KENDy K2

COMMON K3,KGyKGAKNABKWDyFRWD ¢NSCR yNMODE,ACEFT,EPC,KNORM,
2PHIA(10y 50,6),FLX(10y 50,46) CURRN{10,43,6)4RADZ(3),RRO,RZ0,NPTZ,
3INDZ{3) 9y NREGZ yKNGy KNRyKNZy IHOP ySSIGA(10410+43)4RSIG(10+3)4F(10,3),
4FSIGA(10,1043)+DA(10+10+43),,D(10,3),GAM{10),BUCK(10,3),EXTP(10),
SLA(10,10)+BCGEFTF(2+8) yNREGRyNPTR,INDR{(3) 4RHOR(3) ¢ MPOWy KGEL

EQUIVALENCE (PSI(1)yPHI(1)),(PSI(501)4PHIC(1)),(TEMPA(L1),POW(1)),

ELLENEGRTVINE



S5(TEMPA(191),POWC), (TEMPA(192), POWAVG
S

TEMPA(193
6({TEMPA({194) s XT), {TEMPA(195),XTA),(P 2 (

POWCAV),
1) yCURR )

| PR |
I1(5 1)

e NNl

OO OO0

10

20
30
40

50
60
70
80
90
100
110
120
130
140
150
160
170

180
190

200

210
220
230
235
240
245

250
260

270

Q=K2
GO TO (2042601 ,KPRINT

GENERAL INFORMATION

KPRINT=2

IF({IA-1) 40,450,460
WRITE (Q,570)

GO T0 70

WRITE (Q4580)

GO 10 70

WRITE (Q,590)
IF{KAPP) 80,90,100
WRITE (Q,600)

GO 70 110

WRITE (Q,610)

GO 70O 110

WRITE (Q,620)

G0 TO (120,130),KBCI
WRITE (Q,630)

GO TO 140

WRITE (Q,640)

GO 1O (150,160),KBCO
WRITE (Q,650)

GO 70 170

WRITE (Q,660)

WRITE (Q,670) NREGyNAyNPTS
GO TO (190,260,260) M
WRITE (Q,680) KCOND,EPA
WRITE (Q4690)

WRITE (Q,700)

X=0,

D3 210 I=1,NREG
XA=1.,/CEFT(I)
X=X4+RAD( 1)

WRITE (Q,710) I4XA, IND(I)yX

GO TO (2304240),KCHO
WRITE (Q,720) KREG
WRITE (Q,700)

WRITE (Q,740) VI{KB),DT
GO TO 250

WRITE (Q,730) KREG
WRITE (Q,700)
XA=1./V(KB)

WRITE (Q,740) XA,DT
RETURN :
GO TO (27092904490) M

EIGENVALUE AND DETERMINANT
GD TO (235#245!1KCH0‘

5 “gv"’f{/? L 8 @
EIGENFUNCTION



290

300

310

320
330

340
350
360
370
380
390
400
405

410
420
430
435
440
450

460
470
480

490

500
510
520
530
540
550

WRITE (Q,750)

WRITE (Q,690)

WRITE (Q,700)

X=0,

DO 310 I=1.NREG

X=X+RAD( 1)

XA=1./CEFT(I1)

WRITE (Q,710) I,XA,IND(I),X
WRITE (Qy4680) KCOND,EPA
WRITE (Qy760)

WRITE (Q,700)

X=0.

DO 330 I=1,NA

WRITE (Q,770) X, I,PHICI(I)
IREG=1

WRITE (Q,700)

DO 405 J=1,NPTS
IF(J-IND(IREG)) 380, 3804360
IF(NREG-IREG) 380,380,370
IREG=IREG+1

X=X+RHO( IREG)

DO 400 I=1yNA

WRITE (Q9770) Xy I4PHI(I,J)
WRITE (Q,700)

WRITE (Q,780)

DO 435 I=1,NREG

DO 430 J=1,NA

WRITE (Qy790) I,JsCURR{JyI)
WRITE (Q,700)

GO TO (480,450),KBCO
WRITE (Q,800)

WRITE (Q,700)

DO 470 I=1sNA

WRITE (Q,810) I,Y(I)
RETURN

POWER

WRITE (Q,820)

WRITE (Q.830) XT

WRITE (Q,840) POWAVG
WRITE (Q,850) PONCAYV
WRITE (Q,860)

X=0,

WRITE (Q,700)

WRITE (Q¢870) X,POWC
IREG=1

DO 550 I=14NPTS
IF(I-IND(IREG)) 540,540,520
IF(IREG~NREG) 5309540,540
IREG=IREG*1.

X=X+RMO( IREG)

HRiFQ%(Q&ﬂ?O) x.Pouxll

TR s EETRS IS T ms
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560 RETURN

570 FORMAT (1H1 19X 36HTHE REACTOR BEING STUDIED IS A SLAB.)

580 FORMAT (1H1 19X 4OHTHE REACTOR BEING STUDIED IS A CYLINDER,)

590 FORMAT (1H1 19X 38HTHE REACTOR BEING STUDIED IS A SPHERE.)

600 FORMAT (1HO 19X S4HTHE COEFFICIENTS OF AN INCOMPLETE SET OF FUNCTI
20NS ARE /7 1H 14X 18HUSED IN THE MARCH.)

610 FORMAT (1HO 19X 49HA COMPLETE SET OF FUNCTIONS IS USED IN THE MARC
2H.)

620 FORMAT (1HO 19X 52HAN INCOMPLETE SET OF FUNCTIONS IS USED IN THE M
2ARCH.)

630 FORMAT (1HO 19X 53HTHE INNER BOUNDARY CONDITION IS THE FLUX EQUALS
2 ZEROD,)

640 FORMAT (1HO 19X S51HTHE INNER BOUNDARY CONDITION IS THE GRADIENT OF
2 THE /7 1H 14X 17THFLUX EQUALS ZERO.)

650 FORMAT (1HO 19X 4THTHE OUTER BOUNDARY CONDITION IS THE HOMOGENEOQUS
2 / 1H 14X 14HDIRICHLET ONE.)

660 FORMAT (1HO 19X 47HTHE OUTER BCUNDARY CONDITION IS THE HOMOGENEOUS
2 / 1H 14X 10HMIXED ONE.)

670 FORMAT (1HO 19X 28BHTHE NUMBER OF REGIONS EQUALS I3, 22H, THE NUMBE
2R OF GROUPS / 1H 14X 6HEQUALS 13, 39H, AND THE NUMBER OF SPACE PO
3INTS EQUALS I3, 1H.)

680 FORMAT (1HO 19X 36HTHE FREQUENCY OF CONDITIONING EQUALS I2, 19H AN
2D EPSILON EQUALS /7 1H 14X E10.3, 1lH.)

690 FORMAT (1HO 14X 6HREGION 12X SHK-EFF 12X BHLAST PT. 10X 9HRADIUS-C
2M)

700 FORMAT (1H )

710 FORMAT (1H 17X I1, 13X F9.6, 13X I3, 12X F9.5)

720 FORMAT (1HO 22X 7HRADIUS{ Il, 4H)-CM 20X 1L1HDETERMINANT)

730 FORMAT (1HO 24X 6HK-—EFF( Il, 1H) 22X 11HDETERMINANT)

740 FORMAY (1H 21X E15.8y 16X E15.8)

750 FORMAT (1H1)

760 FORMAT (1HO 17X 9HRADIUS-CM 13X SHGROUP 12X 16HFLUX-N/SQ CM/SEC)

770 FORMAT (1H 17X F9.5, 15X 12, 14X E15.8)

780 FORMAT (1HO 17X 6HREGION 13X SHGROUP 11X 19HCURRENT-N/SQ CM/SEC)

790 FORMAT (1H 20X Il, 17X 12, 14X E15.8)

800 FORMAT (1HO 28X SHGROUP 19X 18HBOUNDARY CONDITION)

810 FORMAT (1H 26X 12, 22X E15.8)

820 FORMAT (1H1 19X 53HPOWER IS IN FISSIONS/SECOND SUBJECT TO THE FLUX
2 SCALE /7 1H 14X 32HFACTOR., 1 UNIT = 1 FISSION/SEC.)

830 FORMAT (1HO 19X 13HTOTAL POWER = 20X E15.8, 7H UNITS.)

840 FORMAT (1HO 19X 23HAVERAGE POWER DENSITY = 10X E15.8, 10H UNITS/CC
2.)

850 FORMAT (1HO 19X 33HCENTER TO AVERAGE POWER DENSITY = E15.8y 1lH.)

860 FORMAT ( 1HO 23X 9HRADIUS-CM 16X 22HPOWER DENSITY-UNITS/CC)

870 FORMAT (1H 23X F9.5, 19X E15.8)

END
SUBROUTINE YEGADS(N14N2,N3)

WRITES ERROR MESSAGES

DINE“SION~PHi(10'50,98HDZ(3)oFISIG(10v3'3"Zl(100’v
3PHIC(ZO’fBKﬂﬂ(ZOvZO’oFRﬂD(ZO:ZOl'CURR(ZOQ3)gPDH(190)vN(10)'
SDOGE2YE - - o o

COMMON _ENDE3 ?ﬁ‘ﬂﬁ3¥f€€ﬁt&3liﬁﬂﬂ(3)15516(20.2093)'RSIGA(10v1013)¢
2F5l5(2013,11120¢20l0UA(2019“8(20"GAHA(10'10loEXTPA(10'IOl’



C

10
20

30
40
50
60
70
80
90

100

30

3P(20+2093)yT(20420),5S(60,20) 4 TEMP(20,20),TEMPA(20,20) ,RHO(3),
5PSI1(10410,10),Y(20),V(20),KSOLV(20) 4 IHUNT,KQUIT,KPRINT 4 NUMBERyKCON
6Dy KSTORy ISOLVsITyHyKH,y ISTOP, IREG,KINDMyNPTS 4NREG,KREG,KIND,
TMARSTPyLOLIMyMNDEX s KBCOyKBCI » I FOUNDy IFUNCT INDEX» INDEXM, NUMAX,
8KPOWs MORE yNFCT 4 NOGoyKAPP,KCHOyKHUNT 3 T Ay K1 yEPASEPByDEL Ay NAyNB, X,
IXA9XBsKAyKByKC KDy KNy XCy ALPHAyBETA,DT,DTO0,ISOLVM,KROSS,KEND,K2
COMMON K3 4KGyKGA¢KNAyBKWDy FRWD yNSCR y NMODE s ACEFT 4 EPC s KNORM,
2PHIA(109 50¢6)sFLX(10y 50,6) ,CURRN(10,+3,6),RADZ(3),RRO4,RZO,NPTZ,
3INDZ(3) yNREGZ yKNGy KNR yKNZ » ITHOP ySSIGA(10+10+3)+RSIG(10,3),F(10,3),
4FSIGA(10,1043),DA(10,10,3),D(10,3),GAM{10),BUCK{1043),EXTP(10),
52ZA(10,10) ¢BCEFT(2,8) yNREGR+NPTRyINDR(3) ,RHOR(3) yMPOW,KGEL
EQUIVALENCE (PSI(1),PHI(1)),(PSI(501),PHIC(1)),(TEMPA(L1),POW(1)),
S{TEMPA(191)+PONC) s (TEMPA(192),POWAVG) ,{ TEMPA(193),P0OWCAV),
6{TEMPA(194) +XT)y (TEMPA(195),XTA),{(PST(521),CURR(1))

KQUIT=1 '

GO TO (20,30,40,450)4N1
WRITE (3,70) N2

GO T0O 60

WRITE (3,80) N2,N3

G3 TO 60

WRITE (3,90) N2

GO TO 60

WRITE (3,100) N2
RETURN

FORMAT (1HO 19X 25HRHO IS NEGATIVE IN REGION I2, 1H.)

FORMAT (1HO 19X 32HMATRIX INVERSION FAILED AT POINT I3, 22H. THE
2INVERTED MATRIX /7 1H 14X 18HWAS FOR SUBROUTINE I3, 1lH.)

FORMAT (1HO 19X 27HKCOND WAS REDUCED TO 1 FROM I3, 22HBY REPEATED
2FAILURE OF /7 1H 14X 21HCONDIT ON MARCH BACK.)

FORMAT (1HO 19X 28HMARSTP WAS REDUCED TO 2 NEAR I3, 22HBY REPEATED
2 FAILURE OF /7 1H 14X 24HCONDIT ON MARCH FORWARD.)

END

SUBROUTINE CALCRS

DATA PREPARATION FOR 2-D FLUX SYNTHESIS

DIMENSION PHI(10,50),RHOZ(3),FISIG(10,3,3),22(100),
3PHIC(20) yBKWD{20,20),FRWD(20,20)yCURR{20,3),POW(190),N(10),
4F1(20420+3)9R(90),RP(90)yAA(20,420+3)4B(10+3)+6(10,10+3),C(10,100),
5006 2)

COMMON IND(3),RAD(3),CEFT(3),GNU(3),SSIG(20+2043)4RSIGA(10,10,3),
2FSIG(2093),2(20,20),WA{20) 4WB{20) yGAMA(10,10),EXTPA{10,10),
3P(20,2093)sT(20520),5(60,20),TEMP(20,20) ,TEMPA(20,20),RHO(3),
SPSTI(10,10,10),Y(20),V(20)4KSOLV(20) 9 IHUNT KQUIT,KPRINT,NUMBER,KCON
6Dy KSTOR ISOLV o ITyH KHy ISTOP, IREGyKINDMyNPTSNREGyKREGKIND,
IMARSTP,LOLIM, MNDEX yKBCO,KBCI I FOUND s IFUNCT» INDEX s INDEXMy NUMAX,
8KPON¢MDRE.NFCT.NOG,KAPP,KCHO,KHUNT,IAyKl.EPA,EPB,DEL,A.NA,NB,X,
9XA,X8,KA,KB,KC,KD,KN.XC,ALPHA’BETAoDTvDTO'ISULVH;KROSS,KEND'KZ

COMMON K3,KG,KGAoKNA,BKWD,FRWD yNSCR ¢ NMODE»ACEFT,EPC,KNORM,
2PHIA(10e 50+6)¢FLX(10, 5046) yCURRN{1043,6)4RADZ(3)+RRO4RZ0O4NPTZ,
3["02(3"NREGZ'KNG'KNROKNZ'IHOP'SS[GA(10!1003)1RSIG(1093"F(1093’t
4FSIGA(10010'3’,DA(1001093390‘10,3)'GAM(10),8UCK(10o3lyEXTP(10)'
5ZA(10010QQBCEFT(208)oNREGR'NPTR:INDR(3)pRHOR(B)oHPOH’KGEL

COMMON RoRP4¢FUD,DUF(10,10)
EQUIVALENCE (PS;(l!pPHI(I)’9(PSI(501),PHIC(1))'(TENPA(I)oPOH(I)),

EEIE LD 1 .



OO

OO0

OO0

S(TEMPA(191)4POWC ), {TEMPA(192),POWAVG) (T
6{TEMPA(194)yXT){TEMPA(195),XTA),(PSI(52
NPT=NPTS ‘
ALPHA=IA
GO 7O (20,10),KGEL
10 NN=NPTS+1
DO 11 I=1,NN
DO 11 J=1,N0OG
DO 11 K=1,NMODE
11 PHIA{Jy I4KI=FLX(JsI4K)
20 CONTINUE
DO 50 K=1,NREG
D0 50 I=1,NOG
D0 40 J=1,NOG
40 FI(IyJ+K)=FUI,K)I*FSIG(JyK)
50 RSIG(IK)=RSIG(I+K)}+D(I,K)I*¥BUCK(I,K)
60 IF(IA-1) 70,490,130

EMPA(193),POWCAV),
1) ,CURR(L))

SLAS

70 BETA=1.
DO 80 I=1,NPT
R{Il}=1.

80 RP(I)=1.
GO TO 160

CYL INDER

90 BETA=6.28318531
R{1)=0.
RP(1)=0.0
LOW=2
KU=]IND(1)
DO 120 I=1,NREG
DO 100 J=LOW,KU
R{JI=RHO(I}+R(J-1)
100 RP({(J)=BETA*R({J)
IF{NREG-1) 120,120,110
110 LOW=KU+1
KU=IND(I+1)
120 CONTINUE
GO TO 160

SPHERE

130 BETA=4.18879020
X=0.
R{1)=0.
Rp(l)=00°
LOW=2
KU=IND(Y) .
DO 160 I=1,NREG .
DO 140 J=LOWs KU - o
K XERMOEE) (0 ovipay oy
R{J)=X .
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92

140 RP(J)=BETA%RX%X
IF{NREG~-1) 160,160,150
150 LOW=KU+1
KUu=IND(I+1)
160 CONTINUE
GO TO (190,220)+KNORM
190 CALL VOULINT(FI,D.FSIGA,1,1)
DO 210 K=1,NMODE
X=FSIGA(K.K,1)
XA=1,
XA=SIGN{ XA, X)
X=SQRT(ABS(X))
X=1./X
XA=XA%X
DO 210 I=1,NOG
DO 200 J=14NPT
PHIA(T 3JsK)=XAXPHIA(TI, J,K)
200 FLX{I93JeK)I=X¥RFLX{IyJyK)
DO 210 J=1,NREG
210 CURRNI(I4J4K)=X®CURRNII,J,K)
220 CONTINUE
CALL VOLINT(F1,D4FSIGA,1,2)
CALL VOLINT(FI,RSIG4,RSIGA,2,3)
CALL VOLINT(FI,DyDA+344)
CALL VOLINT(SSIGyD¢ySSIGA,1,5)
GO T0 (300,240),KBCO
240 DO 250 K=1,NREG
DO 250 I[=14N0OG
250 RSIG(I,K)=GAM({1)
CALL VOL INT(FI,RSIGyGAMA,3,1)
DO 1 I=1,NMODE
DO 1 J=1,NMODE
1 GAMA(I,4J)=DUF(1,J)
D0 260 J=1,NREG
DO 260 I=1,NOG
260 RSIG(I,J)=EXTP(I)
CALL VOLINT(FILRSIG.EXTPA,3,1)
DO 2 I=1,NMODE
DO 2 J=1,NMODE
2 EXTPA(I+J)=DUF(I1,J)
300 RETURN
END
SUBROUTINE VOLINTU(AA,B,GsKHCOy KKK)

EVALUATE INTEGRAL OVER PHIA®AA*FLX

DIMENSION PHI(10,50),RHOZ(3),FISIG(10+3,43),22(100),

3PHIC(20) y BKWD(20,20) ,FRWD(20,20) ,CURR(2043) ,P0W(190),
4FI(20¢20,3)'R(QO),RP{90).AA(ZO,ZOyB),B(10,3),G(IO’IOvBIvC(IO,IOO)o
50 2 ‘

ngéﬂa IND(3) yRAD(3),CEFT{3),GNU(3),SSIG(20420,3)yRSIGA(10+10+3),
2FSIG(2093)92(20920)4WA(20) 4WB(20)sGAMA(10,10),EXTPA(10,10),
3P¢20y2063)t¥€30'201yS(60’20),TEMP(ZOoZO)9TEHPA(20v20)'RHO(3),
wSBSl‘lOiiOiIﬂi{YGZG‘yVQZOIQKSOLV(ZOIo1HUNT0KQUIT'KPRINT'NUHBER,KCON

AR At IR SRR B RFIFR L1 IS R



11
22
21
33

32

10

20

30
40

50

60

70

80
90

100

93

6Dy KSTORy ISOLVeITyH KHy ISTOP 4 IREG,KINDMyNPTS yNREGyKREG,KIND,

TMARSTPoLOLIM,MNDEX ¢ KBCOyKBCT oI FOUND, IFUNCT, INDEXy INDEXM,NUMAX,
BKPOWyMOREYNFCTyNOGoKAPPyKCHOWKHUNTy IA9yK1 yEPAEPB,DELsAyNA,NB,X,
IXAJXBy KAy KBy KC oKDy KNy XCyALPHA, BETA,DTDTO,ISOLVM,KROSS s KEND,K2

COMMON K3 ,KGyKGAJKNAyBKWDy FRWD yNSCRyNMODEACEFTLEPC,KNORM,
2PHIA{10, 5046)4FLX(10y 5046)4CURRN(10+3,6),RADZ{3),RROyRZ0,NPTZ,
3INDZ(3) s NREGZ yKNGy KNR ¢yKNZ 4 IHOP 4SSIGA(10410453)4RSIG(10,3),F(10,43),
4FSIGA(10,10,3),DA(10,1043),D(10+3)9GAM{10),BUCK(10,3),EXTP(10),
5ZA(10,10),BCEFT(2,8) yNREGR,NPTRyINDR(3) ,RHOR(3) ,MPOWyKGEL

COMMON R,4RP,,FUDyDUF({10,10)

EQUIVALENCE (PSI(1),PHI(1)),(PSI(501),PHICI(1))+(TEMPA(L1),POW(1)),
S(TEMPA(191)yPONC)o(TEMPA(192),POWAVG)  (TEMPA(193) , PONCAV ),
6(TEMPA(194) 4 XT) o (TEMPA(195)4XTA),(PSTI(521),CURR(1))

DO 240 KK=14,NREGZ

IF (KK.EQ.2) GO TO 11
GO T0O 6

GO TO (6922933433,22),KKK
DO 21 MM=1,NREG

DO 21 NN=1,NOG

DO 21 JJ=1,N0OG

AA{(NN, JJ s MM)=AA(NN,JJy2)
GO YO 6

DO 32 MM=1,NREG

DO 32 JJ=1,NOG
BlJJyMM)=B(JJ,2)

DO 240 N=1,NMODE

DO 240 M=1,NMODE

GO TO (10,60,60)4,KHCO
DO 50 I=1,NREG
KU=IND(I)}

IF{I-1) 20,20,30

LOW=1

GO TO 40

LOW=IND(I-1)

JJ=L0OW-1

DO 50 J=L0OW,KU

11=J-JJ

S{II,1)=0.

DO 50 K=1,NOG

DO 50 L=1,NOG
S(II’I,35([I,[)*PH[A(K,J,N)*AA(K,L,[’*FLX(LQJ:M)
GO 70 190

DO 100 I=1,NREG
KU=INDI(I)

IF{1-1) 70,70,80

LOW=1

GO TO 90

LOW=IND(I-1)

JJ=L0W~-1

DO 100 J=LOW,KU
II=d=~dJ

S(1141)=0.

DO 100 K=%,NOG-
5‘15;2033(xlbx)0?31‘@‘040")*5(KOI,*FLx(K'J'"’
GO TO (10:1104190),KHCO
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110 DO 180 I=1,NREG
X=1./(RHO{I)*RHO(I))
KU=IND(I)-1
IF(I-1) 120,120,140
120 LOW=2
XA=2.%X* (1, +ALPHA)
DO 130 J=1,NOG
130 S{1+1)=S{1ly1)-PHIA(JeLoNI%D{Jy 1) R{FLX(J9y2sM)=FLX{Jy1l9M))%XA
GO TO 160
140 LOW=IND(I-1)+1
DO 150 J=14NOG
150 S{1sI)=S{LlyI)-PHIA(JsLOW=14N)IR{D(JeI)R2, kXX (FLX(JgLOW,M)-FLX(J,LOW
2=-1 M) )+ ( 2. /RHO(I })-ALPHA/R{LOW—1) ) *CURRN(JyI-1,M))
160 JJ=LOW—-2
XA=ALPHA/ (2 *RHO(I1))
DO 170 J=LOW,KU
11=J-JJ
DO 170 K=1,NOG
170 S{IT4I)=S{II oI )-PHIA(KyJyN)XD(KyI)X{(X*¥{FLX{(KyJ#lsM)+FLX(KyJ-1yM)—
22 %FLX(KgJy M) I+ IXA/R{JIIR{FLX{ Ky J+1 s M)-FLX{KyJ=14M)))
I1I=INDI(I)-JJ
DO 180 J=1,NOG
180 S{IIoI)=S{IIsI)-PHIA(J KU*L1oN)R(XR2,%D(JyI)*(FLX{JyKUJM)-FLX(JoKU#+
219M))=(2./RHO(I)Y+ALPHA/RIKU+1) )*CURRN(J,I4M))
190 G{NsM,KK)=0.0
DUF{N,M)=0.0
DO 240 I=1,4NREG
KU=IND(I)-1
IF{I-1) 200,200,210
200 LOW=2
GO 10 220
210 LOW=IND(I-1)+¢1
220 JJ=LO0OW-2
X=RP(LOW-1)%5(1,1)
DO 230 J=LOW,KU,2
I11=J-JdJ
230 X=X+4.%RP(J)%S(IT,1)1+2.%RP(J+1)*S(II+1,1)
II=KU+1~-JJ
X=X=-RP{KU+1)}*S(II,1)
X=X*RHO(I)/3.
DUF(NsM)=DUF(NyM)+X
240 G{NsM,KK)=G(NyM,KK)+X
250 RETURN
END
SUBROUTINE TWOSYN

COMBINE EXPANSION COEFFICIENTS AND TRIAL FUNCTIONS

DIMENSION PHI(10,50),RHOZ{(3),FISIG(10+3,3),2Z(100),

3PHIC(20) ¢y BKND{20,20)yFRWD{20,20)yCURR(20,3),POW(190),
4F[(20¢2093)78!100)9RP(100)'AA(20,20,3).B(ZO,B),G(B,B,B),C(B'IOO),
SPHE(10450) -+ ©/
COHNDNf&ﬁﬂ#?ki&ﬂﬂ(3)yCEFT(3),GNU(3)cSSIG(ZO’ZOyB’oRSlGA(10'10'3),
2FSIG120,3).¢Z£20,20) 4WA(20) ,WB(20) yGAMA(10,10),EXTPA(10,10),

1 B3 gv L NP TR
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51
61
76

81
91

72

20
21

95

3P(209204+3)97(20420)9S(60,20),TEMP(20,20),TEMPA(20,20),RHO(3),
5PST(10+10+10),Y(20),V{20)4yKSOLV(20) 4 IHUNT KQUIT,KPRINT yNUMBER,KCON
6Dy KSTORy ISOLV9ITyHyKHy ISTOP, IREGyKINDMyNPTSyNREG,KREG,KIND,
TMARSTP yLOLIM,MNDEX,KBCOyKBCI yI1FOUND, IFUNCT, INDEX, INDEXM, NUMAX
BKPONy MOREyNFCTyNOG+KAPP oy KCHO s KHUNT y TA9K1 yEP A, EPB,DELyAy NAJNB X,
IXAyXByKALKB,KCyKDyKNyXCy ALPHA,BETA,DT,DTO,ISOLVM,KROSSyKENDsK2
COMMON K34KGyKGAsKNA,BKWD,FRWD 4NSCR s NMODE 4 ACEFT,EPC,KNORM,
2PHIA(10y S5046)4FLX(10y 50,6)yCURRN{10y396)+RADZ(3) ,RRO,RZ0,NPTZ,
3INDZ(3),NREGZ 4KNGy KNRyKNZ, IHOP,SSIGA(10,410,43},4RSIG(10,3),F{(10,3),
4FSIGA(10,10,3),DA(1G+10+3)+D(10+3),GAM{10),BUCK(10,3),EXTP(10),
SZA{10,10) +BCEFT(2,8) yNREGRyNPTReyINDR(3) yRHOR{3) yMPOW,KGEL
EQUIVALENCE (PSI(1)+PHI(1))4(PSI(501)4,PHIC(1)),{TEMPA(L) ,POW(1)),
S(TEMPA(191),POWNC){TEMPA(192),POWAVG)(TEMPA{193),PONCAV),
6(TEMPA(194) +XT)(TEMPA(195),XTA)4(PSI(521),CURR(1))

WRITE (3,1100)

XXA=1,0/CEFT(1)

WRITE (3,1090) XXA

NPHE=S

NPTZ=NPTZ+2-KBCO

NPTR=NPTR+2-KBCO

DO 1 I=1,NMODE

C{l,1)=PHIC(I])

DO 1 J=2,NPTZ

ClI4J)=PHI{I,J-1)

RHOZ(1)=RADZ{1)/INDZ(1])

IF (NREGZ-1) 76,76451

DO 61 I=24NREGZ

RHOZ(I)=RADZ(I}/CINDZ(I)-INDZ(I-1))

DO 91 I=1,NREGZ

IF (RHOZ(I)) 81,81,91

CALL YEGADS(1.,1,2)

CONTINUE

DO 72 K=1,NREGZ

DO 72 J=1,NREGR

DO 72 1I=1,NOG

FISIG(I,JeK)=FSIG(I,J)

FLUX=SUM(A*TRIAL FUNCTIONS)

DO 21 K=1,NPTZ

DO 20 I=1,NOG

DO 20 J=1,NPTR

PHE(I »J)=FLX(I,Jse1)*C(1,K)

DO 20 L=2,NMODE

PHE(I yJY=PHE( I, J)+FLX(I4J,L)*C (L4K)
WRITE (NPHE'K) PHE

NORMALIZATION

READ (NPHE®*KNZ) PHE
X=1.0/PHE(KNGyKNR)
DO 31 K=14,NPTZ
READ (NPHE'X) PHE
DO 30 1# [ ,NOG

DO 30 J=1,NPTR



30
31

40
50

60

70
80
90

95

105
100

110
111

112
113
114
115
120

130

140
150

96

PHE(I,J)=X*PHE(1,J)
WRITE (NPHE'K) PHE
R{1)=RRO

LOW=2

KU=INDR{1)+1

DO 60 I=1,NREGR

DO 40 J=LOW,KU
R{J)=R{J-1)+RHOR(I])
IF{NREGR-1) 60460+50
LOW=KU+1
KU=INDR(I#+1)+1
CONTINUE

22(1}=R20

LOW=2

KU=INDZ(1)+1

DO 90 I=1,NREGZ

DO 70 J=LOW,KU
ZI(J)=2Z(J—-1)+RHOZ(])
[F{NREGZ~-1) 90,90,80
LOW=KU+1
KU=INDZ{(1I+1)+1
CONTINUE

IPR=1

DO 180 1=1+NOG
IPAGE=1

KCK=0

LOW=1

KU=26

IF(NPTZ~-KU) 100,100,110
KCK=1

KU=NPTZ

GO TO (111¢1129113),1IPR
PRINT 1040, I1,IPAGE
GO TO 114

PRINT 10704 I,IPAGE
GO 70 114

PRINT 1080, IPAGE
KCQ=0

LOWR=1

KUR=6

IF (NPTR-KUR) 120,120,130
KCQ=1

KUR=NPTR

PRINT 1050y (R{K),K=LOWR,KUR}
DO 140 X=LOW,KU

READ (NPHE'K} PHE

PRINT FLUX

WRITE (3,1060) ZZ(K),(PHE(I,J) 4J=LOWR,KUR}
IF(KCQ) 150,150,160

LOWR=KUR+L. = ¢

KUR=KUR+6

TPAGE=IPAGE+1

s AETHIRR



151
152
153

160
170

180

181

190
191

200
210
220

230

240

250
251

255
256

260

GO 70 (151,152,153),1PR
PRINT 1040, I,IPAGE
GO TO 115

PRINT 1070, I,IPAGE
GO TO 115

PRINT 1080, IPAGE
GO 70 115

IF(KCK) 170,170,180
LOW=KU+1

KU=KU+26
IPAGE=IPAGE+1

GO 70 105

CONTINUE

NPTZ=NPTZ-2+4KBCO

NPTR=NPTR~-2+KBCO

IF {MPOW.EQ.l) GO TO 260
GO TO (181,240,260),1IPR
LOW=1

KU=INDZ(1)

DO 23C I=1,NREGZ

LOWR=1

KUR=INDR (1)

DO 210 J=1,NREGR

DO 191 K=LOW,KU

READ (NPHE'K) PHE

DO 190 L=LOWR,KUR

DO 190 N=1,NOG
PHE(N,L)=FISIG(NyJy I)*PHE(N,L)
WRITE (NPHE'K) PHE
IF{NREGR-J) 210,210,200
LOWR=KUR+1
KUR=INDR(J+1)

CONTINUE

IF(NREGZ-1) 230,230,220
LOW=KU+1

KU=INDZ(K+1)

CONTINUE

IPR=2

GO TO 95

DO 251 K=1,NPTZ

READ (NPHE'K) PHE

DD 250 1=2,NOG

DO 250 J=14NPTR
PHE(1,J)=PHE(1,J)+PHE(I,J)
WRITE (NPHE*K) PHE

READ (NPHE*KNZ) PHE
X=1.0/PHE(19KNR)

DO 256 K=14NPTZ

READ (NPHE'K) PHE

DO 255 I=1,NPTR
PHE(1,1)=X%PHE(1,1)
WRITE (NPHE'K) PHE
IPR=3

6o YO 95

RETURN

97



1000 FORMAT (72H
2 )
1010 FORMAT (2013)
1020 FORMAT (5E15.8)
1030 FORMAT (58X E15.8)
1040 FORMAT (///754X SHGROUP 12, S5H FLUX 37X 4HPAGE 13/)
1050 FORMAT (/18X 6{(2X 3HR = F9.5, 3X)/)
1060 FORMAT (2X 3HZ = F9.5, 1X 6(2X E15.8))
1070 FORMAT (50X S5HGROUP 12, 14H POWER DENSITY 32X 4HPAGE 13)
1025 FORMAT (6E13.8)
1080 FORMAT (50X 19HTOTAL POWER DENSITY 34X 4HPAGE 13)
1090 FORMAT (1HO 24X *K-EFFECTIVE = ' F9.6/)
1100 FORMAT (*'1°)
END



2. SAMPLE INPUT FOR THE MUD-SYN CODE

PROBLEM NUMBER THREE TOTALLY REFLECTED CYLINDER

2 2 230 5 1 2170 1 1 1 0 2 1 1
0 1 1 0 3 247 2 1 1 1 1 1
42 47

26 30
ORIGIN
RADZ 1.0 E 02 5.0 E 00
RADR 55 E 01 5.0 E 00
1.136 1.0
1.0 1.0
100 E"‘OS 1.0 E-Ob'
THE REACTOR IS A CYLINDER
THE NUMBER OF GROUPS EQUALS TWO
GROUP ONE IS THE FAST GRQUP
GROUP TWO IS THE THERMAL GROUP
SSIG o : O.46 E-02
O. 0.66 E-02
RSIG 0.72 E-02 0.66 E-02
FSIG 0.18 E-02 O.1 E-0l
CHI l. O.
BUCK 0. O.
D 0.93 0.9
GAM O. O.

EXTP O. 0.

2

0.01

0.
0.
0.67
0.
1.
O.
0.9
O.

2 1 1 3

E-02

99

O.
0.
O.14
O.

O.
0.9
O.
O.



SAMPLE OUTPUT FOR THE MUD-SYN CODE

3.
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