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LEAF: A

FROM A REACTOR

COMPUTER PROGRAM TO

CONTAINMENT BUILDING

CALCULATE FISSION PRODUCT RELEASE

FORARBITRARYRADIOACTIVEDECAYCHAINS

by

Clarence E. Lee, Courtney E. Apperson, Jr., and

John E. Foley

ABSTRACT

This report describes an analytic containment building
model that is used for calculating the leakage into the envi-
ronment of each isotope of an arbitrary radioactive decay chain.
The model accounts for the source, the buildup, the decay,
the cleanup, and the leakage of isotopes that are gas-borne in-
side the containment building.

I. INTRODUCTION

The sources of the radioactive materials that are needed for the calculation

of the consequences of postulated reactor accidents are obtained from estimates

of the leakage of fission products from the reactor containment building. These

estimates are obtained from a mathematical model of the reactor containment build-

ing that accounts for the source, the decay, the cleanup, and the leakage of each

radionuclide in the building. A containment building model, which assumes that

the gas in the building consists of a single, well mixed vollme, is described in

the Reactor Safety Study.’ We have used a similar model
2,3

to estimate the time-

dependent release of ‘3’I from the containment building of a High-Temperature

Gas-Cooled Reactor (HTGR) during the Loss of Forced Circulation (LOFC) accident.

The containment building model of References 2 and 3 is useful only for single

isotopes because the radioactive decay chains are not included.

In this reportwe describe an analytic containment building model that is

used for calculating the leakage into the environment of each isotope of an



arbitrary radioactive decay chain. The model accounts for the source, the build-

up, the decay, the cleanup, and the leakage of the isotopes that are gas-borne

inside the containment building. In the model, the source of an isotope inside

the containment building (which is the result of leakage from the reactor vessel),

its removal rate by the containment cleanup system, and its leakage from the con-

tainment building are all assumed to be constant during short time intervals. We

assume, as is done in Ref. 1, that the gas inside the containment building is

well mixed and all in one compartment. Natural deposition of gas-borne isotopes

onto surfaces internal to the containment building was not included in the model.

Even though we use this containment building model to estimate the time-

dependent release of fission products to the environment for postulated HTGR ac-

cidents, the model is quite general and can be used for other types of reactors.

II. LEAF MODEL EQUATIONS

We consider a system shown in Fig. 1, composed of a reactor vessel emittinga

source of radioactive materials S_, surrounded by a containment building which

leaks at a rate L (s-’). Inside the containment building there is a cleanup

system filter having a cleanup rateV (s-’). Let ~be the amount of an isotope

of a chain in the containment building, and ~the total amount of the isotope

absorbed on the filter.

values of the individual

~, F_,and~are vectors, the elements of which are the

species in the chain.

\ REACTOR VESSEL

Fig. 1. LEAF containment building model,
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Denote ~ the decay

up rate matrices.

ratio factors; the

be filtered by the

form

chain matrix, and L and V the diagonal leak and filter clean-

The negative, off-diagonal elements of ~ include the branching

diagonal elements of ~ are positive. Noble gases will not

cleanup system. This fact is represented by a matrix ~ of the

iij= vi (1-6ij), (1)

where

[

1 if the ith isotope is a noble gas

vi =
O otherwise

and 6..
lJ

is the Kronecker delta, defined by

[

1 ifi = j
6=
ij

Oifi#j.

Defining the matrices A, A*, and A by

A =i-A*,
A* . :8!, (4)

A =~+V+L,

where @ denotes the Cartesian product, then the LEAF model equations are written

as

~.-AN A*F+
dt –- –

dF_= VN - A~.—
dt

If we define new vectors land ~by

and a supermatrix A by

(-)

-A -A*
A=vA,

then Eq. (5) may be rewritten as

!!.Ax+s
dt – –“

(2)

(3)

(5)

(6)

(7)

(8)

We assume that the matrix A and the vector s_are constant over the time interval

(O,T).
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We are interested in calculating the integrated release to the environment

by leakage

~ (T)

where ~ is

i=;

If we

from the containment building. This is given by

= fdt’L(t’)N(tJ) (9)
o

= ip’ll(t’),
o

the average leakage in the time interval -c,defined by

(L(O) + L(T)) . (lo)

define

(11)

then Eq. (9) becomes

X(T) = B~;ds ~ (S). (12)

As we shall prove in detail below, if the matrix A is constant in the time

interval (O,T), the solutions to Eqs. (8) and (12) are given by

X_(T) =1(O) +TD(A-c)
[ 1A~(0)+s_ , (13)

and

X(T) = B [TD(AT) K(O) +T2 Z(AT) ~] , (14)

where the matrix operators D(C) and Z(C) for C = AT are evaluable using the

methods of Ref. 4.

III. ANALYTIC SOLUTIONS TO THE LEAF MODEL EQUATIONS

Because the matrix A is constant in the time interval (O,T), then following

the Volterra method of the multiplicative integral,
4,5

we may construct the

matricant

‘: ‘A)= exp[LTA(s)ds] = ‘Xp (A~~
(15)

The solution to Eq. (8) is given by
T

l(~) = s2: (A) X(O) +
J

dt’ K (~,t’)~(t’), (16)
o

where

[1~(~,t’)+ (A) Q;’(A) ‘l. (17)

As is readily proved,4 both the matrix A and eAT are non-negative.

Substituting Eq. (15) into Eqs. (16) and (17) gives

J1(T) = eAT&(0) +eAT ‘dt’e-At’ s_(t’).
o

(18)
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Assuming that ~(t’) = & is constant over the interval (0,-r),Eq. (18) becomes

1(T) = eAT L(O) +A-l(eAT - I)s.—
Defining the matrix operator D(C) by4

D(C) = C-l(ec - I)

or

TD(AT) = A-l (eAT -I),

Eq. (19) becomes

1(T) = X_(0)+TAD(AT) L(O) + T D(AT)~

=1(O) +TD(AT) ~~(0) +~] ,

which is Eq. (13).

In order to derive Eq. (14) we integrate

x(~) [= B { A-l (eAT - I) ~~0) + -A-l-r-

[
= B {TD(AT) 1(O) + -r -C-l + C-l

= B {TD(AT) L(O) +T2 Z(AT)~},

where we have defined

Cz(c) = D(C) - I
for C =AT and used Eq. (21). The last line

(19)

(20)

(21)

(22)

Eq. (12) to obtain

A-lA-l ~eAT
- 1)]~}

D(C)]~ }

(23)

(24)

of Eq. (23) is just Eq. (14).

Note that the matrix operators D(C) and Z(C) defined by

D(C) =C-l(ec - I) =;
o A and

(25)
n

z(c) = C-l(D(C) - I) = i
Cn

(26)
n = o~

exist even if C = AT is singular.* Although the eigenvalues of ec are bounded by

unity, and the eigenvalues of C are bounded, but not necessarily by unity, the

direct evaluation of D(C) and Z(C) would prove difficult computationally if Eqs.

(25) and (26) are used. We can scale the matrix C so that the eigenvalues are

bounded by unity. Define

H = 2-PC , (27)

where p is determined by

IIHII<; (28)

or4,6

()
p>gn Z’lCij12/(21.n 2). (29)

ij

*For example, a chain involving a stable isotope will lead to a matrix C that is
singular.
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We approximate the D(H) and Z(H) matrix operators by a finite number of

terms M using Eqs,(25) and (26).

(30)

(31)

M is determined such that the excluded terms have an error less than some s, or

(11 11)H
M+l

1
(M+2)! < < ~,

*M+l
(M+2)!

(32)

Knowing D(H) and Z(H), we may recur upwards by powers of2 in H to find D(C)

and Z(C) where C = 2pM using the recursion relations

D(2P+ lH) =
[ iD(2PH) I +~(2pH)D(2pH) and

[1
2

z(2p+1H) =; Z(2PH) ++ D(2PH) .

(33)

(34)

These recursion relationships are proved in Appendix A.

Using the above equations, we,wrote and debugged a computer program called

LEAF . The LEAF program listing is given in Appendix B.

We next discuss the program logic of LEAF, the input structure, and then we

examine some of the comparisons that were made for the validation of the LEAF

program.

Iv. LEAF PROGRAM LOGIC

The LEAF program consists of a driver routine which controls the program

flow (LEAF); nine primary subroutines (INPA, INPC, MAKEA, SOLVER, FSOLVE, PREP,

PAPER, TERM, and PRMAT), which perform input\output tasks; and five Secondary

subroutines (SCALAR, MULTI, EQUAL, MVMUL, VADD), which are called by the primary

subroutines to evaluate matrix and vector operations in double precision.

The dimensions of arrays are set by a parameter statement. The meaning and

the current values of the four parameters in LEAF are

NNT= 10 : Maximum number

NN = 2*NNT : Twice NNT,

NIT = 25 : Maximum number

NBR= 10 : Maximum number

6

of nuclides allowed a problem,

of time intervals plus one, and

of branching ratios allowed.



These parameters can be increased as long as NN = 2*NNT. No use is made of Large

Core Memory in this version of the code. The code runs using both CROS-CDC-7600

BATCH mode and NOS-CDC-6600 time-sharing terminal mode.

The nine primary subroutines are discussed in the order in which they are

called by the driver routine LEAF.

A. INPA

The subroutine INPA reads and prints the basic nuclear data used in construct-

ing the decay chain matrices. The input is stored so that it may be recalled in

subsequent subroutines. The printing of this data is controlled by the value of

NSKIP. If NSKIP is greater than zero, the input read by INPAis not printed.

B. INPC

The subroutine INPCreads and prints the time-dependent data, the initial

concentrations, and the time-dependent source data. The initial concentrations

and time-dependent sources are input in atoms and atoms/s if IAC= O. If IAC>O,

the input is in Ci and Ci/s for radioactive isotopes (A # O), and in g and g/s

for stable isotopes (A = 0), As in INPA, the printing of the input is controlled

by the value of NSKIP,

At this point all of the required inputs have been read and stored.

C. MAKEA

The subroutine MAKEA constructs the main solution matrix A defined in Eq.

(7). The size of the A matrix is NN by NN. The upper half of the A matrix

models the behavior of the nuclides in the containment building. The lower half

of the A matrix models the behavior in the containment building filter system.

The subroutine MAKEA also constructs the matrix B, Eq. (11). B is called

BL in MAKEA, and premultiplies the integrated containment concentration vector

to calculate the integrated release to the environment.

D. SOLVER

The subroutine SOLVER uses the matrix A to calculate three matrix operators:

D(AT), I +ATD(AT), and Z(A~) as used in Eqs. (13) and (14). The value ofp is

determined using Eq. (29) to insure that IIHII <~, where H= 2-PC and C = AT.

Then the power series representations for D(H) and Z(H) are evaluated, Eqs.(30)

and (31). Finally, the recursion relations, Eqs. (33) and (34), are used to

determine the D(C), I + CD(C) and Z(C) matrix operators needed by FSOLVE to es-

tablish the solution for a given time interval.



E. FSOLVE

The subroutine FSOLVE calculates the concentrations of the nuclides in the

containment building and filter as well as the integrated release to the environ-

ment for the specified time interval, Eqs. (13) and (14), using the matrix opera-

tors determined in SOLVER.

The system of subroutines (MAKEA, SOLVER, and FSOLVE) is repeatedly evalua-

ted for each time interval as specified by the input read by subroutine INPC.

F. PREP

Upon completion of the calculation of all the time intervals, the subroutine

PREP is used to prepare the results for final output display. This subroutine

converts the calculated results in atoms into curies for radioactive nuclides and

into grams for stable nuclides.

G. PAPER, TERM

The results of the LEAF calculations are printed by either the subroutine

PAPER or TERM. The subroutine PAPER provides a detailed and labeled presentation

of the results for each time interval in atoms and in curies or grams. The sub-

routine TERM produces an abbreviated output for each time interval in atoms.

This routine is intended for use when the output is to be displayed on an inter-

active terminal and is chosen when NSKIPis greater than zero.
H. PRMAT

The subroutine PRMAT prints the matrix A for each time interval if the vari-

able MATRIX is greater than zero. The A matrix is printed by quadrant in the

trigonometric convention

()

-A -A*

A= Y (35)
v -A

where quadrant 1 = - A*, quadrant 2 = -A, quadrant 3 = V, quadrant 4 = -A, as de-

fined by Eqs. (1) through (4).

Finally, there are five secondary subroutines in LEAF

and vector operations in double precision. These routines

are as follows.

1. SCALAR: Multiplies a scalar times a matrix.

2. MULTI : Multiplies two matrices.

3. EQUAL : Sets one matrix equal to another.

4. MVMUL : Multiplies a matrix times a vector.

5. VADII : Adds two vectors.

which perform matrix

and their functions
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v. LEAF INPUT STRUCTURE

The input for LEAF is contained in seven cards, which are divided into three

sets. The first set consists of card O, which establishes the print options.

The second set consists of cards 1 and 2 and is used to define the decay chains.

The third set is composed of four cards, which define the time-dependent case

data.

The specific data for each of the three sets is detailed in Table I. Note

the use of negative numbers in words 2, 3, and 4 of card 1. If card 1 word 2 is

negative, the nuclide is not retained by the filtev for example, a noble gas.

If words 3 and/or 4 of card 1 are negative, then one or two branching ratio cards,

card 2, must follow the card 1 on which the negative values appeared. It should

also be noted that cards 5 and 6 are entered as pairs for each time interval.

Finally, we remark that the parameter IAC in word 3 card 3 controls the

units used on the input of the initial concentrations and source terms.

VI. COMPARISONS

Extensive testing of the D(C) and Z(C) algorithms was performed and compared

with analytic solutions to validate the programming. Problems involving off.dia-

gonal elements above and below the diagonal, as well as a constant times the iden-

tity matrix,were solved successfully.

Finally, as an independent test of the LEAF model equation solutions, several

problems were solved analytically using a Laplace transform technique on MACSYMA?

We report here three such tests. These test problems are not intended to repre-

sent a real accident sequence; they were designed to test the accuracy of the

LEAF solutions when compared to independently constructed analytic solutions.

The first two problems use the simple decay chain defined by
8

88 88 88 (36)
Br — Kr —Rb.

The basic data involved is given in Table II,

In these first two sample problems the source was held constant in time,

either zero or a fixed value. The filtration rate and leakage rate were held

constant during the course of the problem:
-4 -1V = filtration rate = 2.5 x 10 s

1= = , ,57 x ,.-8s-1leakage rate . .

The containment building inventory, filter inventory,and the integrated release

were evaluated at O, 2, 4, 6, 8, and 24 h.

9



TABLEI
LEAF INPUT CARDS

CARD

o

WORO

1

—

FORMAT SYMBOL DESCRIPTION

14 NSKIP NSKIP = O: Unabridged output
NSKIP = 1: Abbreviated terminal output

2 14 NATRIX MATRIX = O: Oo not print A matrix
MATRIX = 1: Print A matrix

1“ A7 HANNAT ( 1, 1 ) Alphanumeric nucl ide name

2 F4 HANMAT(I, 2) Nuclide IO No. , negative if nuclide not
retained by filter

1 3 F4 HANMAT(I, 3) Decay Parent No. 1, negative if branching
ratio involved

4 F4 HANMAT(I, 4) Oecay Parent No. 2, negative if branching
ratio involved

5 E 12.5 ANMAT(l, 1) Nuclear decay constant ( S-’)

6 E 12.5 ANMAT ( 1, 2) Atomic mass in gram-atoms

2 1 E 12.5 BRV(M) Branching ratio assoicated with first
_ negative decay parent, if applicable

2’ 1 E 12.5 BRV(M+ 1) Branching ratio associated with second
negative decay parent, if applicable

3

4

5

6

ABLNKCA ARO MUST FOLLOW THE LAST PAIR OF CAROS 1 ANO 2 1
1

2

3

—
4

i--

2

.

*
I Number of time intervals

PRINTING FREQUENCY

Ax-L ‘f;:‘~wInput units of initial concentration and

I I source terms
IAC-0: Atoms and atoms/s
IAC= 1: Curies and curies/s i f radio- 1

active, grams if stable

E 12.5 TENO(INT + 1) Time at end of problem in hours

E 12.5 CGKTIC(l) Initial concentration (atoms) of nucl ide 1
in the containment building

E 12.5 CONTIC(2) Initial concentration (atoms) of nuclide 2
in the containment building

. . .

.

I E 12.5 CONTIC(I) Initial concentration (atoms) of nucl ide
I in the containment building

1 E 12.5 TEND(N) Beginning timein hours of the Nth time

2

.

.

E 12.5

E 12.5

E 12.5

E 12.5

.

.

LAMOAV(N) Clean-up rate (s-’ ) for Nth time step

LAMOAL (N ) Leakage rate (S-l ) f~r Nth ~~ _

SOURCE(7,N) Source term (atoms/s) for nucl ide 1
in Nth time step

SOURCE(2,N) Source term (atcnms/s) for nucl ide 2 in
Nth time step

. .

I E 12.5 SOURCE( 1, N) Source term (atoms/s) for nucl ide I in
Nth time step

CAROS 5 ANO 6 ARE ENTEREO AS A PAIR

10



TABLE II

BASIC DATA FOR LEAF
Tests 1 and 2

I

NUCLIDE DECAYCONSTANT CONTAINMENT BUILDING SOURCE (atonls/s) I
(s-’) CONCENTRATION

AtT = O(atoms)
Test 1 Test 2

88Br 4.359 x 10-2 1.912 X 1013 0 1 x 1018

88Kr 6.876x 10-5 1.090 x 1018 0 2 x 1018

88Rb 6.527x 10-4 1.213 X 1014 0 3 x 1018

In order to verify the LEAF results, the same two test problems were solved

analytically using MACSYMA.’ The problem solved by LEAF and on MACSYMA is de-

fined as follows.

d~
~=A~+>,

where

1-
‘1

N
‘2=

—
‘3

‘1

‘2

F3.

‘1

‘2

‘3
0

0

0

1.912 X 1013-

1.090 x 1018

1.213 X 1014
0

0
0

.

(37)

(38)

and

(39)

?1



with

II

‘1

‘2
R=R3,

:
0

[

1.157 x 10-8

0

0

0

:

and the A matrix given by

o
1.157 X 10-8

0

0
0

1.157X 10-8
0
0
0

00Q
000
000

[

-4.384x 10:; o 0 0
*- 4.359XI0

o
-6.8772 X 10::
-6.8760x 10

-4 4.3:9 X1 O-2
-9. O2!12X1O “ :

2.5:0 k 10-4 0 0 -4.359 x 10-2 :
0 0 0 -6.8;6 Xlo:: . c1
o 0 2.5 :10-4 0 6.876x 10 J-6.527x 10-4

, (40)

● (41)

Comparisons of the LEAF and MACSYMA solutions are given in Tables III and IV.

Wenote that in most instances six-digit agreement occurs, with the maximum dis-

crepancy in the fifth digit.

The third test problem was the mass-85 chain defined by8

85AS ~
85” \ a,,r

~ 8~m

/.

~ 85Rb . (42)y,

85mSe 85 Kr

As an illustration of the LEAF program, the problem cards for Eq. (42) are

listed in Table V for a BATCH CROS-CDC-7600 run. In Table VI the decay chainh

and nuclide data LEAF output are displayed.

Table VII lists the filtration removal rate, leakage removal rate and source

terms for the various time intervals. Note in Table VII that a source to the

containment building was non zero for all times. At 42 hours it was changed

and again held constant.

Table VIII displays the A matrix constructed from the input (see Eq. 35) in

quadrant form. Finally in Table IX the fission product inventories are given at

t = O, 2, 4, 6, 8, 24, 30, 36, 42, 48, 54, and 60 hours. Note in Table IX that

85Rb is stable and the listing is marked with an * indicating that the inventory

is given in atoms and grams, not atoms and curies.
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TABLE V

LIST OF TEST PROBLEM 3 DECK FORBATCHCROSCDC-7600

$J08(NAME=Y5APP,Ac=AO01 ,CL”=U,U”4=9P04MUlJl,P~=2Z,FL=50, TL=30S)
SIJliWIFiU(JOBIN)’
SCOPTSF(I=JOMIN,0=OW,N=3)
\AFslitL(Fs=Du~?401sP=~l+l)
SCLOSLI+(FS=JOOIN)
SOPERfl[FS=PACLItj2,0AC=ZD0,FSl=ZfSl )
$MACI?U[MOF=WACL1132,0AC=ZOO)
SPhLITOlf(FS=LEAF)
SUIWATE(F,P=LEAF)
SRUN(I=CONIJILE)
SLDGU(SETA=I)
SFfl.
#COflPILE,LEAF
SFM.

01
AS 85 10 0 3.415 E-01 85.0
Sk 85 P -1 0 1.777 E-o.2 85.0

.800

.21t?
R13 85

.788

11

0.0
1.0
4.0
2.0
1.0
Q.o
4.0
1.0
4.0
6.0
1.0
4.0
8.0
t .0
a.o
24.0
1.0
4.0

30.0
1.0
4.0
36.0
1.0
4.0
42.0
a.o
1.0
AA8.O
4.0
1.0
54.0
a.o
1.0

SEJ.

Sk 05n 3 0 0 3.648 E-02 85.0
BR 85 42 3 U.G.25 E-03 8s.0
KR 85M -5 4 0 lb.298 E-05 85.0
I(R 85 -6 -5 0 2.047 k-09 85.0

7 -5 b 0.0 85.0

1 0 60.0

2.5
E+18 1.5
tt18

2.5
E+18 1.5
Et18

2.5
E+18 1.’J
E+18

2.5
E+18 1.5
E+18

2.5
E+18 1.s
E+18

2.5
E+18 1.5
E+18

2.5
E+18 1.5
E+18

2.5
k+18 1.5
E+18

2.s
Et18 3.5
E+18

2.5
E+18 3.5
Et18

2.5
Et18 3.5
E+18

E-OU 1.157
Etl@ 2.0

E-04 1.157
F+lAI 2.0

k-oa 1.157
E+18 2.0

E-OU 1.t57
E+18 2.0

E-04 1.157
E+18 2.0

E-oa 1.157
E*18 2.0

E-OU 1.157
t+18 2.0

E-ou 1.157
E*18 2.0

E-oa. l.157
E+18 3.0

E-OfI 1.157
E+18 3.0

F-OIA 1.157
E+lh 3.0

E-08
E*18 2.5

E-08
L*18 2.5

E-08
li+18 2.5

E-08
fi+lt! 2.5

E-08
Eti8 2.5

E-08
E+lb 2.5

E-08
E+18 2.5

E-08
Et18 2.5

E-08
k+18 2.5

t-oa
E*18 2.5

E.-O8
Et18 2.s

E+18 3.0

Et18 3.0

E+14 3.0

E+18 3.0

E+18 3.0

t+la 3.0

E+18 3.0

E+I& 3.o

E+18 ?.0

E+18 2.0

E+18 ?.0

E*18 3.5

E+16 3.5

E+16 3.5

E+18 3.5

E+18 3.5

tile 3.5

E+lfI 3.5

E+18 3.5

E+18 1.0

E+l/i 1.0.

E*I6 1.0

E+le

E+18

E+ld

E+lb

E+18

Et16

E+18

E*18

E+le

E+18

f+le
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The MACSYMA analytic solution agreed in all instances to within two digits

in the sixth place. This difference is judged insignificant.

The total running time on the CDC-7600 for example 3 with LEAF was 15.3 s;

the problem solution time was 5.5 s.

VII. CONCLUSIONS

An analytic solution has been obtained for a containment building model to

calculate the leakage into the environment of each isotope of an arbitrary radio-

active decay chain. The model accounts for the source, the buildup, the decay,

the cleanup and the leakage of isotopes that are gas-borne inside the containment

building.

Three assumptions were made in the model: (1) the gas inside the contain-

ment building is well mixed and all in one compartment; (2) that natural deposi-

tion of gas-borne isotopes internal to the containment building is ignored; and

(3) that the source of an isotope inside the containment building which is a

result of leakage from the reactor vessel, its removal rate by the containment

cleanup system, and its leakage from the containment building are all assumed

constant during short time intervals.

With these assumptions the model is representable by a system of linear

differential equations. An analytic solution is obtained to these equations in

terms of matrix operators using the Volterra method of the multiplicative inte-

gral . Recursion formulae are developed to accurately evaluate the matrix opera-

tors for arbitrary matrix element values.

A computer program LEAF was written, debugged, and described. Comparisons

of LEAF with those achieved by Laplace transform techniques on MACSYMA7 indicate

that the LEAF model is accurate. Computationally LEAF is fast.
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APPENDIXA

D(2PH) AND Z(2PH) RECURSION RELATIONS

We demonstrate here an induction proof of the recursion relations for

Eqs.(33) and (34) of the text.

D(2PH): Define

D(H) = H-l(eH-l) (A-1)

and

C = 2PH. (A-2)

Clearly if p = O

D(C) = D(H). (A-3)

Ifp=l

D(C) = D(2H) = (2H)~1(e2H-1)

= H-l(eH-l) (e ~ 1,

= D(H) II + ~ HD(H)]. (A-4)

By induction we may write

D(2pH) = D(2P-lH) ~ +~(2p-1H)D(2p-lH)J. (A-5)

We assume Eq. (A-5), which is true for p = O and 1, is true for p = n. Evaluate

D(2n + lH) as

D(2
-1 2n + lH_l)

‘+lH) = (2n+1H) (e

= (2nH)-1(e2nH-1) ~ (e2nH + I)

= D(2nH) ~ + ~ (2nH)D(2nH)] . (A-6)

Since Eq. (A-5) is true for p = O and 1 and if it is assumed true for p = n, it

is trueforp=n+l; then by transfinite induction it is true for all p.

Z(2PH): Define

HZ(H) + I = D(H). (A-7)

Assume Eq. (A-5) is true, as was proved. Then using Eqs.(A-5) and (A-6) we may

write
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2P + lH Z(2P + lH) i-I = D(2P + lH)

=
[

D(2pH) I + ~ (ZPH)D(ZPH)] , (A-8)

2PH Z(2PH) + I = D(2PH) (A-9)

or substituting the LHS of Eq. (A-9) into the RHS of Eq. (A-8) for D(2PH) we

have

H Z(2P + lH) = H {~ z(2pH) + l;+ ~ (2PH)Z(2PH)]2}

or

z(2p + lH) = ~ z(2hi) +[~+ ~ (2pH)Z(2pH)]2.

If H is singular, we may define a non-singular matrix H’such that

H’=H-cI, g<<l

and

lH’1#0, -1

(A-1O)

(A-n)

(A-12)

(A-13)

which permits Eq. (A-n) to be written with H’, since (H’)-l exists and yet is

arbitrarily close to H. The H matrices in LEAF will be singular if a stable

isotope is in a chain.

Since Z(H) exists even if H is singular [see Eq. (26)1,an alternate proof

of the validity of Eq. (A-n) can be made by direct evaluation of the power

series. That tedious process will not be repeated here; however, term by term

comparison indicates that Eq. (A-n) is indeed correct.

Computationally, Eq. (A-11) is subject to round-off errors even in double

precision arithmetic. Using Eq. (A-9) in Eq. (A-n) we can eliminate that diffi-

culty and obtain

z (ZP + lH) = ~ z(2pH) + ~ [D(ZPH)]2 , (A-14)

which involves evaluating Z(C) after D(C) at each point in the recursion.
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LASL Identification Code:

APPENDIX B: LEAF PROGRAM LISTING

FROGRAM LEAF (INp90UT)
c

LP-0722

c LEAF - A cOMPUTER PI?OGRAM TtJ CALCULATE FISS,IOh PUODuCT RELEASE
c FROM A REACTOR CONTAINMENT BUILDING FOR AR~ITfiARY RADIoACTIVE
c C~CAY $HAINS
c
c @Y CLARENCE Eq LEE
c COURTNEY E. APPERS13N* JR:

c JOHN E. FOLEY
c
c FEAcTOR TECHNOLOGY DIVISION

LOS ALAMUS SCIENTIFIC LABORATORY
: hOVEW3fjR 1976
c
c TI-Is Is THE EIGHTH VERSION OF LEAF. IT WAS CR~ATED ON
c 11 NOVEMHER 1976. THE CHANGES INCORPORATE IN VERSION
c EIGHT R:MOVE A DIMENSION ERRUR.
c
C INPLT INS~RUCIIONS FOR THE COOS FOLLOW
c
C CARC WOR() SYMBOL FORMAT INFORMATION
c O PRIN; OPTION

NSKIP 14
:

0/1 LINE pRIhTER/T~RMINAL
2 MATRIX I+

c 1 NUCLIOE BASIC DATA
o/1 PRINT A PATRIx NO/YES

- ONE cARO PER NUCLIDE
c HAhMAT(I?l) A7 NUCLIDE NAME
c ; hANMAT(I?2) F4 IO NUNBER (NEGATIvE IF NOT
c RETAINEU tJY FILIER)
c 3 HANMAT(I?3) F4 OECAY PARErJT i
c 4 HANMAT(I~4) F4 f)ECAY PARtNl 2
c 5 A~MAT(I,l) E12.5 NUCLEAR DE~Ay CONSTANT
c ANMAT(I,2)
c

E12:5
2 BRAN:HING UATIO -

ATOMIC MAbS
ONE CARU PER BRANCH AFT~? CARO ONE

c FoR EACH NEGATIvE DECAY PARENT

c
P
*

c
c
c
c
c

1 i3Rv(If3f?)
RLAAK CARU AFTER LAST SET

3 NuMB;R OF TIYE STEPS
INT

2 11P
3 IAC

4 TENO(INT*I)
4 INIT;AL vALUE OF ALL

CONTIC(1)
? CONTIC(2)
N CONTIC(N)

5 TIME STEP OATA - INT
1 TEND (N)

E1?.5 BRANCHING RATIO
OF C!RGS ONE ANo TwO

14 NUMBER OF ~IPE INTERVALS
14 PRINT FHEQUE~CY
I+ UNITS OF CONTIC ANO souRcE

o w ATOMS ANC ATOMS/SFC

1 - CURIES 0~ GRAMS AND
CURIES/S~C OR GRAMS/SEc

E12:5 MAXIMUM TIME IN HOURS
NUCLloE cONcENTRATIt)NS IN CONTAINMENT

LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF

LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LE4F
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF

E12~5
LEAF

INITIAL CONCENTRATION-OF NUCLIDE LEAF
E12;5 INITIAL CONCtNTKATION oF NUCLIOE LEAF
E12:5 INITIAL CONC~NTRATION OF NUCLIOE LEAF

CARCI> LEAF
E1205 BEGINNING OF NTH TIME STEP

IN HOURS
LEAF
LEAF

c 2 LAMOAV(N)
c

E12:5 CLEAN UP RATE WRING INTERVAL
LAMOAL(N)

LEAF

c
E12:5 LEAKAGE RATE OURING INTERVAL

6 TIME3STEP SOURCE OATA
LEAF

- CAROS FIVE ANU SIX-ARE ENTERFo AS A SET LEAF
c sOUi?CE(lSINT) E1225 SOURCE TERM FOR NUCLIDE 1
c :

LEAF
SOURCE(201NT) E12.5 SOURCE TERM FOR NIJCLIDE 2

c N
LEAF

SOUf?CE(N,INT) E12:5 SOURCE TERM ~OR NuCLII)E N LEAF

C PROGRAM LoGIc OF LEAF
LEAF
LEAF

2
3
6
!5
6
7
8
9

10
11
12
13
14
15
16

::
19
2C
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
5Z
53
54
55
56
57
58

:;
61

29



c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

c

INPA
INPc
PAKEA
SOLVER
FSOLVE
FREP
PApER OR TERM

NFJ.20 NuMpER OF NUCLIOES ~INfS TWO
NNT=1o
NIT=25

NUMBER OF NUCLIOES
NUMBER OF TIME INT~RV~Ls PLuS ONE

Nf3G=I0 NUM8ER OF BRANCHING fl~~IOS

IMPLICIT 00UBLE(A-GTP-Z)
PARAMETER (NNT=lo) Q(NN=2*NN]) T(NIT=25) otNB~=lO)t(NNpSNNT*l)
COM~ON”/BASISl/ I*IBR*NSKIP
COUi3LE LAMOV*LAMDL
COUELE LAMDAV(NIT) *LAMDAL(NIT)
CIMENSION A(NN~NN) oSOURCE(NNTtNIT) sCONTIC(NN) OXN?OT(NN),

1 XOUT(NNTQ63N1T) $XIENV(NN) O?ENO(NIT) OANMAT(NNFS21 013RV(NBR)~
2 B(NN~NN~*D(NNoNN) oE(NNJNN) $BL(NNQNN) JCSOURc(NN)~HANMAT (NNpt4)~
3 XENVIC(NN)

c ● **
c ● O*

c 4**

10

20

30

40
50

30

EEACI LEAF INPUT DATA
hSKIP ~REATER THAN ZERO - 0~ NOT PRINT xNPu~ DATA AND USE
TERMINAL OUTPUT FORMAT
EEAD 90, NSKIP,MATRIX
CALL INPA(ANMAToHANMATsBRV)
12=10~

CO 10 IK=1s12
XNTOT(IK)So.OD~
XIENV(lK)XO.000
XE?JVIC(IK)=OOODO
CSOURC(IK)=0.00i1
CONTIC(IK)=O06D0
CONTINuE
CALL INPC(INTOCONTICOTENDOLAMOAVOLAMDALOSOURCESHANMATO ITP~ANMAT)
CO 20 J=l~I
XOUT(J? 191)=CONTIC(J)
XOUT(J9391)=5.000
XOUT(J*5*1)=O:OD0
CONTINUE
co 50 IT=I,IN?
TINcu=(TENI) (IT+l)-TENO(IT) ):3600.ODO
co 30 IN=lsI
CSOURC( IN)=SOURCE(IN~IT)
CONTINUE
LAkiDv=LAMDAv(IT)
LAMDL=LAMOAL(IT)
CALL MAKEA(ANMAToHANMAToBRVSASBLoLAMDVTLAMDL)
IF(MATRIX.EQ. l)-CALL PRMAT(AoIT)
CALL SOLVER(A?BOD,E*TINCO)
CALL FSOLVE(BLQB,O,EsCONTICsCSOURCtXNTOTO)(lEN~?TINCOs xENvIC)
co 40 +=1,1
XOUT(JS ISIT+l)=XNTOT(J)
XOUT(Js3, 1T*l)=XNToT(J+1)
XOUT(J05*IT+I )=XIENV(J)
CONTINUE
CONTINUE
INTzINT+l
CALL p~EP(xOUT,ANMAT? INT)

LEAF
LEAF
LEAF
LEflF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
PARAM1
PARAM1
PARAMI
PARAM1
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAc
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LE4F
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF

62
63
64
65
66
67
68
69
70
71
72
73
74
75
76

2
3
4
5

%
80
81
82
83
84
85
8fj
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121



IF fNS~Ip} 60Q60?70
60 CALL PAPER (XOUT~ANMATOHANMA~OINTSITP*TENU)

GO TO 80
70 cALL TERM (XOUT,HANMAT,INT* I~P,TENo)
80 CONTINUE

c
90 FORMAT(214)

END
SUBROUTINE INPA(ANMAT9HANMA!CBRV)

c es~ INPA READS AND PRINTS THE NUCLEAR DATA
IMPLICIT DOU13LE(A-G*P-Z)
PARAMETER (NNT=lo) !(NN=2*NN!) 9(NIT=25) ~(N8R=10) s(NNp=NNT+\)
COMMON”/RASISl/ I*IBR*NSKIP
CIMENSION ANMAT(NNP02) sHANM~T(NNPt4) tBRV(NBR) ?H8RP(39N13R)
I-J=(7H )
1=1
IBR=l

C •a~ FEAO NUCLEAR DATA
10 FEAD 11O* (HANMAT (19J)sJ=194) 9(ANMAT (19K)9K=192)

IF (HANMAT( IQ1)o EO.HJ) GO TV 70
co 20 J=3,4
IF (ABS(HANMAT (I$J) )-1) 20~i?o?30

20 CONIINuE
CO TO 40

30 FRINT 120, I
CALL ExIT

c S*O TEsT FOR BRANcH:NG RATIos
40 Co 60 +=3s4

IF (HANMAT(IsJ)-O.O) 50Q6rIQ60
50 GEAD 130* BRv(I13R)

b8RP(ls IRR)=ABS(tiANMAT(I ,J))
bBRP[2*16R)=I
b@RP(391PR) =BRv(IBR)
IE?R=IB~+l

60 CONTINuE
iXI*l
CO TO 10

70 1=1-1
18R=IBR-1
IF (NSKIP.EI).1) GO TO 100

c ● eo pRINT DEcAY oATA
PRINT 14G
FRINT 150
FRINT 16C
PRINT 150
FRINT 170
LCNT=13
CO 80 J=lsI
FRINT 11300 (HANMAT (JSJJ)QJJ=l *4)!(ANMAT (J,JJ)9JJ=l~2)
LCNT=LCNT*l
IF (LCNT.GE.60) PRINT 140

80 CONTINUE
LCNT=LcNT*IBR*8
IF(LcNT.GT.69) PRINT 140

c o** FRINT &RANcHING RAT1os

IF (IBR.EQoo) GO TO 100
FRINT 150
FRINT 19o
CO 911 J=l,IBN
PRINT 20(j, HBRP(l*J) oHBRP(2*J)oHBRP (3*J)

90 CONTINUE
100 CONTINUE

FETuRN
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PARAM2
PAR4M2
PARAMZ
LEAF
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LEAF
LEAF
LEAF
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LEAF
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LEAF
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134
135
136
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c LEAF

110 FORMAT (A7*3F4Q?012.5) LEAF

120 FORMAT (IHOS4XO*THERE IS AN ERROR IN NuCLII)) 9s13) LEAF

130 FORMAT (6L112.5)
140 FORMAT (lH1)

LEAF

150 FORMAT t/////)

LEAF
LEAF

160 FORMAT (51x*+DECAY CHAINS AND NUCLIDE RELATED DATA*) LEAF
170 FORMAT (61X,*~ARENT*.7X**DECPY*,/s45X**NUCL~UE ID**4X9*1 ~e,5 LEAF

lX,*CONSTANl@*4X**ATOMIC MAS>~O/) LEAF

180 FORMAT (45X*A7clx*F4.2x*F4* lX*F4*2X* lpD12.5~lx~ lpD12.5) LEAF
190 FORMAT (61Xs*t3RANCHING RATIOS**/?58Xt*FROM*S5xt~TO**5X**RATIO@~/) LEAF

200 FORMAT (57XSF4t4x,F4Q3x*F704) LEAF

ENI) LEAF

SUBROUTINE INPC(INTOCONTICO lENOsLAMDAV9LAMDAL*SOURCE9HANMAT9 ITPJAN LEAF
lPAT)

c ● e*

c ***

c ● **

c O*O

10
c ● **

20

30
40

50
60

c ● **

32

INPC R~AOS THE CASE DATA
IMPLICIT DOU13LE(A-G,P-Z)
FARAMETER (NNT=lO) Q(NN=2*NN!) ~[NIT=25) .(NBR=lO) ?(NNP=NNT+I)
COMMON /tiASIS1/ I,IHR,NSKIP
COU$ILE PRECISION LAMDAV(NIT) *LAMOAL(NIT)
CIMENSION SOURCE(NNTQNIT)? ~ANMAT(NN~s4)s cONTIC(NN)~ TENO(NIT)
CIMENSION HTENII(8), ANMAT(NNP*2)
FEAD BASIC TIME [)ATA
READ 120, INT*ITP,IAC*HTIME
INT1=INT+l
TEND(INTl)=tiTIME
FEAD INITIAL CONCENTRATION UF CONTAINMENT
FEAD 130* (CONTIC(J)oJ=l.l)
SEA() TIME STEP OATA
CO 10 J=I,INT
FLAO 130, TEhD!J) oLAMl)AV (J)*LAMDAL(J)
FEAo 130* {SOURCE IMOJ)OM=IOI)
CONTINuE
cotJvfcT COtiTIC AND SOURCE TU ATOMs AND ATOMSISEC
IF (IAC.E(J.0) GO TO 60
co 50 M=l*i
IF (ANMATIM,l)) 20,20*30

CF=6.02250+231ANMAT (M92)
60 TO 4Ll

cF=3.7u*lo/ANMAT(M*l)
CONTINUE
CONTIC(K) =CONTIC(M)@CF
CO 50 J=lQINT
SOURCE (MQJ)=SOURCE (MTJ)*CF
CONTINUE
CONTINUE
FRINT INPuT OATA
IF (NSKIP.EQ.1) GO TO I1o
FRINT 140
PRINT 160
FRINT 170
PRINT 180
LIN1=I
LIN2=MINo(7?INT)
LIN2P=LIN2+I
LIN=I!/1/7.()*o:99
LNCT=9
NLN=b+I
CO 100 JK=l*LIN
PRINT 199
L=LIN2P-LINl*l
L=MINO(80L)
CO 70 J=l*L

LEAF
LEAF
PARAM2
PARAM2
PAl?AM2
LEAF
LEAF
LEbF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
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183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
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201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
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217
218
219
220
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224
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228
229
23o
231
232
233
234
235
236
237
238
23Y
24o
241
242
243



K=LIN1-l*J
bTENl)(J)=TEND(K)

70 CONTINUE
LM=L-I
FRINT 200s (HTEND(J)QJ=l~LM)
PRINT 210, (HTEND(J),J=2.L)
FRINT .221.)* (LAMDAv (J) JJ=LIN1.LIN2)
FRINT 230, (L4MDAL (J),J=LIN1QLIN21
Fi?INT 240
CO 80 JL=l*I
PRINT 250s HANMAT(JLtl )s(SOuRCE(JL~J) JJ=LIN1sL1N2)

80 CONTINuE
LIN1=LIN1*7
LIN?=LIN2+7
l.IN?=MINO (LIN2*INT)
LIN?P=LINz+l
FRINT 150
LNcT=LNCT*NLN+3
LNTS1=60-LNCT
IF (LNTsT-NLN) 9O*1OO91OO

90 FRINT 140
LNCT=O

100 CONTINUE
110 CONTINuE

FETLIRN
c

120 FORMAT (314*E1225)
130 FORMAT (6012.5)
140 FORMAT (~Hl)
150 FORMAT (///)
160 FORMAT (/////)
170 FORMAT (62XS*TIME STEP DATA:,/)
180 i02%AT (59At@TIME PERIOII IN HOuRS*,/)
190 FORMAT (23X,7(12X,* -*))
200 FORM4T (1H**21x*7 (8X,F6,1))
?10 F03MAT (1H**27XQ7 (8X,F6.1))
220 FORM5T (/t5X,@FILTRATION REMOVAL RATE**7(2X* IF012,5))
230 FORMAT (/.5x,@LEAKAGE REMOVAL RATE *s7(2XSl~O12,5))
24o FORMAT (/Q!JX,OSOURCE TERMS*).
250 FORMAT (7x*A7* 14X*7(2X. lpolZ.5) )

END
SUBROUTINE MAKEA(ANMAT,tiANMAT,13RV,A?EiL,LAMUV0LAMUL)

c •e~ pAf(EA CONSTRUCTS THE MAIN SOLUTIOFJ MATRIX

IMPLICIT 00UYLE(A-G,P-Z)
FARAMETEI-! (NNT=lO) o(NN=2+?NN~) *(NIT=25) 9(NBH=10) 9(NNp=NNT+l)

CoMMON /BASIS1/ IQIBRQNSKIP
COUBLE LAMUV,LAMDL
CIMENSION ANMAT(NNPQ2) QBRV(NBR)QA (NN*NN) *f3B(NhT~NNT) ~13L(NN!NN)
CIMENSION HANMAT(NNP.4)
12=1*2
IP=I.1

CO 10 1K=I,12
GO lo JK=IsIi?
A(IK.Jii)=O.0U9
@L(IK,JK)=o.oDo

10 CONT;NuE
co 20 IK=I,I
CO 20 JK=l,I
E!B(IK*JK)=o.01)0

20 CONTINUE
IBR=l
GO 70 IK=I*I
cO 60 JK=l*I
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LEhF
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PARAM1
PAPAM]
PAPAM1
PARAMl
LEAF
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26o
261
262
263
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26tJ
267
2bU
269
27u
2!71
272
273
27+
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276
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co 50 IOX=394
c *** IDENTIFY sOURCE TERMS

IF (ABs(HAhMA~ (IKoIDX)).NEo9K) Go To 50
IF (HANMAT(IKsIfJx)) 30*30?40

30 PR(IKcJK) =~R’J(IBR)*ANMAT (JK~l)
IBR=IBR*l

GO TO 50
40 E!f3(IK~JK) =ANMAT(JK*l)
5(I CONTINUE

A(IKQJK)=BB(IK.JK)
60 CONTINUE

Bt3(IK, IK)=ANMAT(IK,l)
A(IK. IK)=-t!B (IKQIK)-LAMl)L
IF (HANMAT (IK*2).GT.000) A(,lKSIK)=A( IK,IK)-~APDV

70 CONTINuE
CO 80 1K=IP~12
I.IK=TK-I

80

90

100
110
120

130

140

. .... . .. .
IF (HANMAT (JKt2).GToO.0) A(?KsJK)=LAMov
CONTINUE
CO 130 IK=lJI
JJ=IK-1
lL=I+IK
IF (JJ~EQ.0) GO TO 120
CO 110 JK=l,JJ
.jL=I+JK
lF (HANMAT(IK*2)) 90990?1G0
A(IK,JL) =13ti(IKQJK)
GO TO 110
A(IL,JL)=RB(IK,JK)
CONTINuE
CONTINUE
A(IL, IL)=-BB(IKsIK)
CONTINUE
co 140 J=191
F!L(JcJ)=LAMOL
CONTINUE
FETURN

30

40
50

END
SLJBROUTINE SOLVER (A~B*D*EQTLNCD)
SOLVER EvALuATE5 D(A)? I+A*D(A)* ANO z(A)
IMpLICIT DOUBLE(A-G?P-Z)
PARAwETER (NNT=lG) G(NN=?*NNI) 9(NIT=25) s(NB~=lO) ?(NNP=NNT+l)
COMMON /BASIS1/ IQIBR,NSKIP
CIMENSION A(NNQNN), B(NNQNN),! C(NNJNN)9 U(NN*hN)* E(NNQNN)
CIMENS1ON F(NNQNN), G(NN,NN),
P=zo
SUM=O.000
12x102
CO 20 J=1Q12
CO 10 JJ=1s12
5UN=SUM*A( J9JJ)*A(J,JJ)
CONTINUE
CONTINuE
F= (DLOG!SUP) +2.000*OLOG(TIN$O) )/(2.oDo*OLOG(2.ODO))
IF (P) 30,30s4~
NP=l
GO TO 50
NP=P+1OOO(J
CONTINuE
T=TINcu/(2*@L)@**Np)
CALL S;AILAR(A*T$C)
CO 70 J=1,12
CO 60 JJ=I*12
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LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAK
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
PARAM2
PARAM2
PARA142
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF

304
305
306
307
30B
309
310
311
312
313
314
315
316
317
318
319
32o
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60

70
c ***

80

90

100

c ● **

119
c ***

120

130
c a4Q

c ***

E?(J.JJ)=O.ODO

CONTINUE
B(JtJ)=l.oUO
CONTINUE
CALCULATE U(H) AND Z(H)
CO 90 +=l,M
FM=I.ODO/(M+Z.~DO-J)
CALL SCALAR(H?FM,D)
CALL MULTI (C~D,E)
CO 80 JJ=191’2
E(JJ,JJ) =E(JJ,JJ)*I.ODO
CONTINUE
CALL EQUAL(E,B)
CONTINUE
S=1 ,ODO
co 120 J=19NP
c=s/2.oo9
S=5*2.ODO
CALL SCALAH(C?Q9F)
CALL MuLTI(FsB,E)
co 100 JJ=1Q12
E(JJ.JJ) =E(JJQJJ)+l.000
CONTINuE
CALL ~U1.TI(B,ESF)
CALL EUUAL(80S)
CALL EUUAL(F,8)
C(A)
CALL EQUAL(G,E)
CALL !4uLTI(G9EqF)
CALL SCALAR (F,~:25D0,G)
CALL SCALAR (O*O.501)O~E)
co 110 JI=l*12
co 110 JJ=1?12
C(JI,J<)=E(JItJJ) +G(J19JJ)
z(A)
CONTINuE
CALL ScALAN(A,TINCO*F)
CALL MULTI (F~tl,E)
co 130 JJ=1*12
E(JJ,J;) =E(JJ,JJI+I.ODO
I + A * U(A)
EETLIRN
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LEAF
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LEAF

LEAF
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END LEAF
SU81?OUTINE FSOLVE(BLSB*D*E~$ONTICsCSOURC *XNTO??XIENV9TTNCDSXENVIC) LEAF
FSOL’/E CALCULATES THE FINAL CONCENTRATIONS ~Nb INTEGRALs
IMPLICIT OGUHLE(A-G,P-Z)

LEAF
PAR4M2

FARAMETEH (NNT=lo), (NN=2*NNI) Q(NIT=25) 9(NBH=10 )9(NNP=NNT+1) PARAM2
COMMON /BASIS1/ I.IBR*NSKIP PARAM2
CIMENSION tl(NN,NN), BL(b/NsNN)* D(NN,NN)9 E(NNJNN), F[NN,NN), X(NN) LEAF

1, y(NN). xENvIc(NN) I FAF
CIMENSION CONTIC(NN),CSOURC (NN)SXN1OT (NN),XIEAV(NN)

-----

12=1*2
LEAF

CALCULATE CONTAINMENT AND FILTZR INvENTORY
LEAF
LFAF

CALL MvMUL(E,CONTIC9X)
CALL ScALAR(d!TINCDqF)
CALL MVMUL(F,CSOUI?C, Y)
CALL VAUD(X,Y~XNTOT)
CALCULATE INTEGRATED RELEAS~
TINCU7=TINCO*TINC0
CALL ScALAh(El* TINCI),F)
CALL MVMUL(F ?CONTIC,XIEIJV)
CALL SCALAR (Ll~TINC02~F)
CALL MVMULtF,CSOURC~Y)

----
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF

LEAF
LEAF
LEAF
LEAF
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376
377
378
379
38o
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409

2
3

41;
412
413
414
415
416
417
418
419
42o
421
422
423
424
425

35



CALL vADD(XIENV~y*X)
CALL MVMUL(BL.X?Y)
CALL VADU(Y,%ENVIC,XIENV)
CO 10 J=1,12
CONTIC~J)=XNTOTIJ)
XENVIC(J)=XIENVIJ)
CONTINUE
FiETuRN
END
SUSROU~INE PREP (XOUT.ANMATo,iNT)
FREP CONVERTS D:NSITIES TO $uRIES OR GRAMs
IMPLICIT 00UtiLE(A-G,P-Z)
PARAMETER (NNT=lO), (NN=2*NN1) S(NIT=25) ~(NBH=lO) ~(NNP=NNT+l)
COMMON /BASIS1/ IcIRR,NSKIP
CIMENSION aOUT(NNT,6,NIT),ANttAT(NNP,2)
co 50 J=l,INT
co 60 JJ=l~I
IF (ANMAT(JJ~ l):EO.O.0) GO !O 20
cuQIlis=A~MAT(JJ91)/3.7u+l c
CO 10 JX=lS5~2
XOUTIJJQJX*l $J)=XOUT(JJSJX$q) *CURIES
CONTiNUE
EO TO 40
GRA4S=ANMA1(JJ,2) /6.0225D*2:
CO 30 JX=Iq5q2
XOUT(JJ,JX+l,J) =XouT(JJ,JX,q) QGRAMS
CONTINUE’

60 CONTINUE
50 ~ONTINUE

RET(JRN
ENO
SU9QOUTINE PAPEQ(XOUT,ANMATJHANMATt INT,ITPsTEhD)

C ● ** FAPFQ PPINIS TwE RESULTS OF LEAF
IMPL1cIT DuUHLE(A-G,p-z)
F~RAMETER (Nh T:lo), (NN=2*NNI) ~(NIT=25) 9(NBR=10) s(NNp=NNT+l)
COMPON /HASIS1/ I,IRR,NSKIP
CIMENS1ON AOUT(NNT,6,NIT),HANMAT (NNP~4) ~TEND(hIT) *ANMAT(NNPq2)
co 30 J=I,INT,ITP
KTIME=TEND(J)
PRINT 40
FRINT 50, HTIME
FRINT 60
FRINT 70
FRINT 80
CO 20 JK=I,I
IF [ANMAT(JK, l).EQ.O.0) GO ~0 10
FRINT 90s PAtYMA~(JK, I) ?(XOUl(JKoJT.J) .JT=1?6)
CO T(J 20

10 FF?INT 100, HANMAT(JK,l )9 (XO~T(JK,JT,J) ,JT=1J6)
20 CONTINUE
30 CONTIt4UE

GETIJRN
c

40 FORMAT (IH1)
50 FORMAT (47x,*F:ssIoN PRODUC1 INVENTORY AT *sF7.2,~ HOuRS*~/)
60 FORMAT (Z9dS80HSTAljLE NUCLIUE J.NVENTORIES ARE dIVEN IN GRAMS ANO A LEAF

lFE NOTEO BY A * IN THE MARGlN9//) LEAF

LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LE4F
LEAF
LEAF
LEAr
LEAF
PAPAM2
PAPAM2
PARAM2
LEAF
LEAF
LEAF
LEAF
LE4F
LEAF
LEAF
LEbF
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LEAF
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LECIF
LEAF
LEAF
LEAF
LEAF
LEhF
LEAF
LEAF
LEAF

70 FORMAT (20X$*NUCLIDE*,9X,*CUNTAINMENT INVEN~OfiY*tl OX!*FILTER INVEN LEAF
----

lTORY** llXo*INTEGRATED Release?+*/) LEAF
80 FORMAT (30A*3(PX**ATOMS CURIESOGM*)s/) LEAF
90 FORNAT (20X,A704X,3 (3X,IPD1C!.5, IX~lPLJ12c5)) LEAF

100 FORMAT (]8X?II{*! 1X!A7,4X,3 (3X,1PD]2,5, lX!]P~12:5))
END

LEAF
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SUBROUTINE TERM (XOUT+HANMAT~INTq ITPQTENOI
TERM CREATES TI 700 OUTPUT FoRMAT
IMpLIcIT DOUB~E(A-G,P-Z)
FARAMETER (NNT=lO), (NN=2*NN~) *(NIT=25) s(NB~=lO) s(NNp=NNT.1)
COMMON-/UASISl/ I,lf3R,NSKIP
CIMENSION X0UT(NNT,6,NIT),HANMA7 (NNPJ4) ~TEND[hIT)
co 20 J=loINTiIlp
ETIME=~END(J)
FRINT 30$ HTIME
FRINT 40
CO 10 JK=lsI
FRINT 50s HANMAT(JK*l) *(XOU1(JK*JT9J) ~JT=l~5~2)
CONTINUE
CONTINUE
FETuRN

LEAF
LEbF
PARAM?
PARAM2
PARAM2
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF

30 FORMAT (//~2x,*FISSION PROD~CT INVENTORY AI**F7.2.* HOURS IN ATOMS LEAF
la9/) LEAF

40 FORMAT (2x~*IxUCLIOE@p3Xo*CONTAINMENT INVEN1ORY*$3X,*FILTER INVENTO LEbF
1FY*,3XS-1NTE6RATED RELEASE*t/)

50 FORMAT (2x$A7,7X$D12.501OX$UI2.5*8X*D12.5)
END

c *9*

10

20

30

SUt3ROUTINE PRM4T(A*IT)
FRMAT PRINIS THE A MATRIX
IMPLICIT OCUHLE(A-G.P-Z)
PAPAMETER lNNT=lQ) $(NN=2*NNA) *(NIT=25) ,(NB~=lo) o(NNP=NNT+I)
COMMCN /8ASIS1/ 191BR9NSKIP
CIMENSION A(NNONN)
IP=I*l
12=1*2
N=l
FRINT 5091T
PRINT b!)QN
co )0 J=l*I
FRINT 70, (A(J*JJ),JJ=IPo 12)
N=N.1
PRINT 600N
CO 20 J=l,l
FRINT 70? (A(J,JJ)sJJ=I*I)
N=N+I
FRINT 6oQN
co 3(1 J=1P$12
Ff?INT 700 (A(JOJJ)QJJ=lQI)
N=N+l
FRINT 6!)*N
CO 4i) J=IPs12

40 FRINT ?OS(A(J*JJ) *JJ=IP012)
FETuRN

c
50 FORMAT(lH195x**A MATRIX PRINTED BY QUADRANIS FOR TIME INTERVAL**

1 130/)
60 FORMAT(/.5X9*QUADRANT*, 139/1,
70 FoRMAT(2X, 12(lX~~PD]0..3) )

END
SUBROUTINE SCALAR(A*S*B)

c +** ScALAR Multiples A scALAR llMEs A MATRIX IN COUBLE

IMpLICIT DOUtlLE{A-G,P-Z)
FARAMETER (NNT=]o) .(NN=2*NN1) s(NIT=25) !(NB~=lO) ~(NNp=NNT+l)
COMMON /BASIS1/ ITIBR*NSKIP
CIMENSIOhI A(NN,NN)s B(NN?NN),
12=1*2
CO 20 J=1,12
co 10 JJ=1*12
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P[J,JJ)=S*A(J*JJ)
CONTINUE
CONTINUE
FE7uRN
END
SUBROUTINE MULTI (AQB?C)
PULTI MULTIPLIES TwO MATRICES IN DOUBLE
IMPLICIT DOU8LEIA-6,P-Z)
FARAME~ER (NhT=l,]) *(NN=2*NN~) *(NIT=25) 9(NB~=lo)t( NNP=NNT+I)
COMMON /@ASIS1/ I,If3R,NSKIP
CItiENSION A(NN,NN)S t3(NNSNN),o C[NN~NN)
I~=:e2
co .?0 ~=1,12
co ?0 KK=1$12
bt4=o.OoO
co 10 +=1,12
bM=AM+A(K,J) *B(JrKK)

C(KSKK)=AM
RETuRN
END
SUBROUTINE EOUAL(A,B)
EQUAL SETS A MATRIx EQUAL TV A MATRIX IN DOUEiL~
IMPLICIT DOUt!LE(4-G,P-Z)
PARAMETER (NhT=lc) .(NN=2*NN~) *(NIT=25) s(NB~=10 )S(NNp=NNT+l)
cot4woN /8AsIsl/ I,If3R,NSKIp
CIMENS1ON A(NN,NN)s 8(NN?NN),
12=1*2
co ?0 ~=1*12
CO IG KK=1,12
@(K,KK)=A(K,KK)
CONTINUE
CONTINUE
FET{JRN
END
SUf3f?OUTINE MvMUL(A.B.c)
PVt.iUL 00ES PHODUCT OF PATRI~ AND VECTOR
IMPLICIT DOU8LE(A-G,P-Z)
FARAMETER (NNT=lO) 0(NN=2*NN1) T(NIT=25) ,(NB~=lo) *(NNP=NNT+II
COMMON /BAsIsl/ 1,1f3a,NsK1P
CIMENSION A(NNQNN)s B(NN), &(NN)
12=1*2
co 20 KI=1912
4N=0.oDo
CO 10 KJ=1912
OM=AM+A (KI?KJ)*B(KJ)

C(KII=AM
RETuRN
END
SUBROUTINE VADD(A913*C)
VADO 00ES VECTOR AOOITTON
IMPLICIT DOUBLE(A-GSP-Z)
FARAMETER (NNT=lJ) *(NN=2*NN]) ~(NIT=25) ,(NB~=lo) s(NNp=NNT+l)
COMMON /f4AS151/ I,IBR,NSKIP
CIMENsION A(hN)* B(NN), C(NN)
12=1*2
CO 10 KI=I,12
C(KI)=A(KI)+8(KI)
CONTINUE
RETURN
END

* U.S.GOVERNMENTPRINTINGOFFICE1976–777418/24

38

LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
PARAM2
PbRAM2
PARAM2
LEAF

LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
PARAM2
PbNAM2
PAPA142
LEAF
LEAF
LEb F
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
PARAM2
PARAM2
PARAM2
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEb F
LEAF
LEAF
LEAF
LEAF
PARAM2
PARAM2
PARAN2
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF
LEAF

542
543
544
545
546
547
548

2
3

55:
551
552
553
554
555
55b
557
558
559
56o
Sbl

2
3
4

563
’564
565
566
567
568
569
570
571
572
573

2
3

57;
576
577
578
579
580
581
582
583
584
585

2
3

58;
588
589
590
591
592
593


