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A CODE TO GENERATE MULTIGROUP CROSS SECTIONS
FROM THE LOS ALAMOS MASTER DATA FILE

EVXS:

by

Margaret W, Asprey, Roger B. Lazarus, and Robert E. Seamon

ABSTRACT

EVXS 1s a program for computing multigroup microscopic neutron
cross sections from experimental data. It is a translation into
FORTRAN-IV of a MADCAP code written by Roger Lazarus of LASL for the
MANIAC computer. The sources of data contained in the library proc-
essed by EVXS are varied, but the evaluations come primarily from
AWRE, LLL, and LASL. The neutron cross sections, fluxes, and
secondary energy and angular distributions are given in the library
in tabular form with interpolation schemes such that the integrations
over neutron energles may be performed exactly in arriving at the
group-averaged cross sections. Higher order components of the multi-
group cross-section matrices through L = 8 have been generated using
EVXS. The ~ode is written in standard ASA FORTRAN and is designed to
be computer independent. In addition to the printed results, the
output can, at the user's option, include punched cards or magnetic
tape suitable for input to neutronics and burn codes.

I. INTRODUCTION

For some time the Los Alamos Scientific Labora-
tory (LASL) has maintained a nuclear data library,
_referred to here as the Los Alamos Master Data File
’ (LAMDF), consisting of a collection of sets of
evaluated date prepared primarily at the Atomic
VWeapons Regearch Establishment (AWRE), Lawrence
Livermore Laboratory (LLL), and LASL. The mainte-
nance of the LAMDF and the generation of multigroup
cross sections and transfer matrices from this
library have been carried out at LASL ueing codes
written by Roger Lazatus in the MADCAP language for
the MANIAC computer. To make the LAMDF and the
processing codes morz easily available to a wider
group of users and to avoid dependence on the
MANIAC, the libracry has been transferred to the
CDC-€600 computing machine, and the data handling
and processing codes heve besn rewritten into
FORTRANI-IV. Such codes are ussd either for the pre-
paration and maintenance of the pointwise data on
the librery or for the processing of the pointwise

data on the library into complete cross-section
sets suitable for input to neutronics or burn codes.
The EVXS program described in this report is of the
latter type; it is a translation by Margaret Asprey
Sfrom MADCAP into FORTRAN-IV of the original data
procassor for the LAMDF.

The basic function of any multigroup averaging
code like EVXS is to calculate the average cross

section

I dEo (E)w(E)

g = ’ 1)

I dE w(E)

vhere integration extends over the appropriate ensr-
*

gy intarval, The quantity O(E) is the eross saction

being avaraged and wW(E) is soms appropriate weight-

ing function. In Eq. (1) and throughout this report

'All enargies throughout are given and used in
million electron volts; cross ssctions are in
barns.



we follow the convention that a quantity with argu-
ment E represents the magnitude of that quantity at
a particular energy E, whereas the quantity without
an argument denotes an averaged value, One unique
feature of the LAMDF is the inclusion not only of
the pointwise neutron cross-section data, denoted
generically as o(E) in Eq. (1), but also of the
energy group structure information. The boundaries
of the energy regions over which the averaging is to
be performed are given and an appropriate neutron
flux 1s tabulated at certain energy points within
each of the energy groups. The flux distributions
#(E), which are normalized within each of the G
energy groups, are used as the weighting functions
ir Eq. (1).
g and the upper and lower energy boundaries of the

Denoting one of the G energy groups by

gth group as E+ and E;, the statement on normaliza-
tion implies that

j ¢E #(E) = 1 , (2)
g
E+
g
where j dr implies j dE .
&
8 g

Thus, Eq. (1) can be written

°g = f dEo (E)@(E) . 3
3

Group-averaged cross sections must be calculated
for each of the R reactions for which pointwise
cross sections are tabulated for a given material.
Denoting one of the R reactions by r, we can write,

starting from Eq. (3),

%8 " I dE or(E)U(E) . (4)
8

In the case of reactions for which angular
probability distributiona are tabulated, the nth
Legendre component of the scattering cross section
for the rth reaction is defined as

+1
- e, @om [ aranpe) o ®
g ~1

g
r,n,g

where Pn is the Legendre polynomial of order n, Yy,
is the cosine of the scattering angle in the lab-
pratory system, T(y,E) is the normalized angular
probability distribution, and u is the scattering
angle cosine in whichever system T(u,E) is specified.
If u is in the center—-of-mass system, then Wy is
computed as a function of u as explained in Sec. III.
Contributions to the nth Legendre component of
the multigroup transfer matrices from elastic, dis-
crete inelastic, and nonelastic scattering are
calculated from certain scattering integrals which
define the number of neutrons in group g that are
downscattered in energy to group g”. For elastic
scattering (r = 1 in the LAMDF),

duT(u.E)PB(UL) » (6)

f
°1,n,g,g‘ = J dEol(E)D(E)
g bu(E,8")

where Au(E,g”) is the range of scattering cosine i

for which tne scattered neutron has energy E” within

the boundaries of energy group g”. Note that
g
o =Y o ;
l,n,g > lin,g,g @
g=1
For discrete inelastic scattering o - 1s
I,0,8,8

calculated as showm in Eq. (6) except that T(u,E)
in the center-of-mass system is assumed to be 0.5.
For nonelasiic reactions, except fission, the con-
tribution to the scattering matrix is defined as

9. 0,8:8" = j dBar(E)O(E)Nr's.(E)

8
+1
x j duLT!(uL,E)Pn(uL) . (8)
-1

It 1is explicitly indicated in Eq. (8) that for non-
elastic reactions Tr(uL.!) is always given in the
lsboratory system. The extra factor L& “(!) in

»



Eq. (8), compared with Eq. (5), is the fractional
number of peutrons entering group g~ from reaction
r induced by a neutron of energy E. The factor is
obtained by incegrating the secondary energy prob-
ability distribution pr(E + E”) over the g" = 1,

-+sy & energy groups; viz.,

!
Nr,g’(E) = J‘ dE pr(E + E7) . (9

2

There are several representations, or “laws,"” for
the secondary energy probability distributions; the
same parametrization of these laws is used in the
LAMDF as is used in the UKAEA Nuclear Data L:Lbrary.l

For fission reactions, the fission spectrum ¥,
the average number of neutrons per fission V, and
the total fission cross section are calculated.

For example:

(vog), = f dE S(E) o (E) B(E) (10)
g

where V(E) is the average nuuber of neutrons per
fission produced at enargy E.

The formats and conventions used for dercribing
the pointwise neutron crcss-section data in the
LAMDF are similar to those of the UKAEA Nuclear Data
Library.l There are, however, enough significant
differences to warrant a corplete description of
the LAMDF in Sec. II.

sectlion data stored and the way they are used in

The types of neutron cross-

calculation sre also discussed in Sec. II, and de-
tails of the format for the library are presented
there, along with e description of the materials in
the library at this writing. The methods of calcu~
lation are described in detail in Sec. III, and im
Sec. IV the EVXS PROGRAM 1is described.

maiiual for EVXS is given in Sec. V.

A user's

TI. DESCRIPTION OF THE LOS ALAMOS MASTER DATA FILE
Al Library Format

1. General Remarks. The library tape that is
used as input to PROGRAM EVXS conteins energy group
structure informaticr and many sets of evaluated

cross sections. The division of the binary library

tape into NS files* is shown schematically in

Fig. 1. The first file contains tﬁé énérg&.éﬁéﬁp
structure informetion and the remsaining NS-1 files
contain the neutron crcss-section data for NS-1. )
materials, one material per file. The first record.
of File 1 has descriptive information to identify ..
the edition of the LAMDF and the total number of .
fileg, NS, on the library tape. The remaining NG
records in File 1 contain the energy boundaries

and neutron fluxes for each of the NG group struc-.
tures. As indicated in Fig. 1, the general struc-
ture of all remaining files, one for each material,
is the same. The first record contains the material
identification number and other control parameters;
the next R records contain cross sections for the

R reactions appropriate for this material, as well
as information about the energy distribution of
secondary neutrons; the final ND records contain

the angular distribution information.

TILE 1
RECORD 1 Tape description and number of files ¥$
RECORD 2
N Energy boundaries and fluxes for the
. NG group structures
RECORD NG + 1
END-OP-FILE
PILE 2
RECORD 1 Indicstors for materiasl SID
RECORD 2 Data for
. Cross sections for R resctions first
RECOD R + 1 materisl
RECORD R + 2 in the
. Data for ND angular distributions 1ibrary
RECO:ND R + ND + 1
END-OF-FILE
.
.
.
.
.
.
FILE N3
Data for
last
asterial
ia the
1ibrary
END-CP-FILE
END-OF-TAPE
Fig. 1. Overall file structure of library tape.

*Dur use of the word file conforms with the general

practice of the computer industry; the NS files on
the 1ibrary tape are well defined binary files
separated by END-OF-FILE warks which can be detected
using “IF (EOF)" tests. NS, NG, ND, KG, etc., are
single integers in the FORTRAN sense.



2. Croup Structures. A detailed description

of the first file of the binary library tape is
given in Table I. The integer variables can take on
values no largazt than those indicated in parentheses
following the variable name; the size of the descrip-
tive arrays TAD and GDES as provided in PROGRAM EVXS
is given in the parentheses following those variable
names. For each of the NG group structures in the
library there is one long record containing a unique
identification number, alphanumeric descriptive
information, the group boundaries Eg’ the flux dis-
tributions @(F), and appropriate control information.
There may be as many as 80 energy groups for which

a total of up to 500 values of the flux distribution
can be tabulated, allowing many values within each
group. The 2KG words at the end of the record con-

tain XC pairs of values of the flux @(E) and energy

E. These values are alternately read into arrays
PHk and EKk with subscript k running from 1 to KG.
The first energy EKI corresponds to the low energy
boundary of the first group g = 1; the highest
energy EKKG corresponds to the upper boundary of the
Gth energy group. The function @(E) represented by
the values of PHk 1s assumed to vary smoothly enough
to be regarded as continucus (see Sec. II.D.l) every-
where except at the group boundaries Eg. This dis-
continuity is a result of the required within-group
normalization, namely:

E+

g
I dE #(E) = 1 , (11)
-

g

TABLE 1

CONTENTS OF LIBRARY TAPE - FILE 1

Variable Name

Degcription

Format Comments

Record 1:

TAD (100) Tape description Display (Al0)
NS (< 500) Total number of files Integer Positive
Record 2:
GID Group set identification Integer Positive
number
GDES (B) Description of group set Display (A10)
G(< 80) Kumber of energy groups Integer Positive
MGg, g=1, ..., G Two packed integers Il Octal I1 = HG(g)/Zza
and I2 to delimit range > = _ a2t
of indices in PH and FK I2 = MG(2) 2
for group g
Group GE , g=1, ..., G Median energy for each Floating
Structure g group
Library
KG (< 500) Number of flux and energy Integer Positive
pairs
(PHk,EKk), Pairs of values of the Floating Energy in MeV
k=1, ..., KG flux and energy
Record 3: (and following)

{Record 2 is repeated to LCnd-of-File

NG - 1 Times (NG < 100)

J



where the lower and upper energy bounds of the gth
group are designated E; and E;, respectively. Thus
for every value of g except g = G, there will be
some value of k such that EKR"= EKk+1 - E: wnich
also equals the lower bound Eg+1 for the next higher
energy group. The array MG contains for each of the
G groups two values of k, packed into one word,
which indicate the lower and upper energy bounds of
each group in the EK table. Each 60-bit word in MG
is divided into two parts--the first 36 bits for an
integer Il ard the remaining 24 for integer I2. The
range of values for k corresponding to one energy
group is then delimited by Il and I2., From the dis-
cussion of the discontinuities in the tabulation of
P#(E), it can be seen that Il for group g + 1 is one
more than I2 for group g. The GE array consists of
weighted mean energies for each of the G groups in
the group structure; these are used only in special

calculations described in Sec. III.F.

3. _Control and Cross-Section Records. As

shown in Fig. 1, all remaining files on the library

tape have the same structure; each file is asso-
ciated with some material and is tagged with a unique
identification number. Within each material file
there are three different types of records. The
contents of the first record are sumarized in

Table II.
ger identification number SID.
made to a particular SID in the LAMDF, it is under-
stood that one is referring to a particular set of

evaluated cross sections for some material; there

The first word in the record is the inte-
When reference is

can be, and often are, several different evaluations
for the same material. The second word of the re-
cord gives the number of sets of angular distribu-
tions stored (for this SID) on the library tape; the
following ND integers are identification numbers for
these sets of which there can be no more than 25.
The next 8 words contain the cross-section set
description (SDES)--80 optional alphanumeric char-
acters to identify the SID more completely as to
material described and source of data. The total
number of reactions for which cross sections are
tabulated in succeeding records is given by the
integer R. By "reaction” we mean elastic scattering,
discrete inelastic scattering, nonelastic scatter-
ing, fission, and absorption as will be discussed

in connection with Table V. The TIDR array consists

of R integers to indicate which of the ND sets of
angular distributions is appropriate for each reac-
tion, The first set of angular distributions is
always used for elastic scattering. The nonexist-
ence of an appropriate angular distribution set
among the ND sets available is indicated by a neg~
ative number in the TIDR array. FExceptions and
extensions to these rules are discussed in Sec. III.
The cross sections for the R reactions are
tabulated on a common energy mesh. The total number
of energies NES must be less than 3000; this control
parameter 1s followed by NES values of the energies.
The IDR array contains integers to identify the
type of cross section represented by each of the R
reactions. These numbers are larger by 100C than
the standard reaction identification numbers summa-
rized in Table V.
action may not be given at all of the NES energies,

but only in the energy raiuge over which they are

The cross sections for each re-

available. For example, cross sections for a re-
action with a threshold energy are not tabulated at
energles below the threshold. The array ME contains
R octal numbers with two packed integers, J1 and J2,
one pair for each reaction., They are packed in the
same manner as described in Sec. II1.A.2 for the MG
array. Integers J1 and J2 are indices for entries
in the ES array corresponding to the initial and
final energles for which the reaction cross section
is tabulated, The R entries in the IRS array give
the number of entries in the ESJ array for each of
the R reactions; the ESJ block contains information
used to describe the energy distribution of second-
aryvneutrons. The reaction energy Q values for
each of the R reactions are stored in the QR array.
The last three integers in Record 1 of a material
file are the proton number Z for the material, a
flag to indicate whether the material is a single
isotope or a mixture of more than one, and a firpal
control flag K2 to describe the energy distributions
The last flag, K2, is not

With the exception of the

of outcoming neutrons.
used in PROGRAM EVXS.
energles ES, reaction energies Q, and descriptive
display information SDES, all items in the first
record of a material file are control parameters in
integer format used to govern the reading of suc~-
ceeding records in the material file,



TADLE 11

FIKST RECORD OF A MATERIAL FILE ON LIRKARY TAPE
CONTROL PARAMETERS FOR MATERIAL SID

Varicble ilame Description Format Comments
Record 1:
SiD Cross-section set jden~ Integer Positive

tification number

ND(< 25) Number of sets of angular Integer Positive
distrisutions
TIDSn, n=1,..,., ND Identification numbers Integer

for angular distribution
sets in order as stored
on library tape

SDES{8) Description of eross- Display (AlD)
section set
R(< 50) Number of reactions Integer Positive
TIDRr, r=1,..., R Identification of angular Integer If negative, no
distribution to be used angular distri-
with rth reaction bution
NES (€ 2000) Number of energies in FS Integer Positive
block
ESi. i=1,..., NES Energies at which cross Floating
sections are tabulated
IDRr. r=1,..., R Reaction identification Inceger Positive
numbers
MEr' r=1,..., R Two packed integers, J1 Octal J1l = ME(r)/ZZA
and J2, to indicate - T
range of entries in ES J2 = ME(r) J1*2
for which reaction r cross
sections are tabulated
IRsr, r=1,..., R Number of words in ESJ Integer Positive numbers
for the rth reaction greater by 1000
than the identi-
fication numbers
in Table V
QRr’ r=1,..., R Energy released by rth Floating
reaction
NZ Z number for material Integer Positive
MIX Nonzero for isotope Integer Positive
mixture
K2 Number of data to de- Integer Positive; not used
scribe energy distribu- in EVXS

tion of outcoming neutrons



The contents of the R records following the
first record are summarized in Table III. For each
reaction there is one record consisting of the cross
sections SIG and the secondary energy parameters ESJ.
The number of cross-section values for the rth reac-
tion is calculated from the two packed integers J1
and J2 in MEr; the number of ESJ values for reaction
r is given by IRSr. Data will be given in the ESJ
block for all reaction types that produce secondary
neutrons unless the secondary energy distributions
can be implicitly determined from the angular dis-
tribution information. Thus, for elastic scattering
(r = 1 in the LAMDF) and discrete inelastic scatter-
ing, the ESJ block is omitted. There should be
entries in ESJ for all reactions r such that 15 <
IDRr < 31, which are the nonelastic reactions in-
cluding inelastic scattering to the continuum, fis-

sion, (n,2n), and (n,3n).

4. Anpgular Distribution Records. The contents

of the last ND records of a material file for a
particular SID are summarized in Table IV. As shown
in Fig. 1 and indicated in the table, the first of
these records in the material file is numbered R + 2,
The first word of each of the ND records is the
number TID used to identify the set of angular dis-
tributions; this word is followed by eight words of
alphanumeric descriptive information TDES.

The set of angular distributions consists of
NED normalized probability distributions T(u,Ei) at
NED energies E,. The integer SYS indicates whether

i
the probabilities are given in the center-of-mass or

TABLE ITI

CONTENTS OF LIBRARY TAPE
CROSS-SECTION RECOEDS FOR MATERIAL SID

Varisble Nsoe Description Format Cooments
Racord 2: =1
5IG,, 1 = 1,..., 1S Cross ssctions for thm Floating Where IS = J2 - J1 + 1,
4 rth reaction J1 and J2 obrained
from HE'

Paramaters to be used Floating Omitted if IRS = 0
in cslculating the ¥
function pe(E + E7)

(r=2,..., R) to de-

seribe the energy dis-

tributioa of secondary

neutrons

esy, 1=,
15,

Record 3: (r=2)

Same Eormat as Record I

Record 2 + 1: (r = R)

Sane format s¢ Record 2

laboratory system; the atomic mass A of the material
is measured in units such that for the ground state
of Clz, A is exactly 12,
the probability distributions T(u,Ei) are given in

the TK block which has a total of KT entries, where

The specifications for

KT must be no larger than 3000. For each of the

NED erergies, there is a group of entries in the TK
array; the MD array contains NED gctal aumbers con-

sisting of two integers Kl and K2 packed as describ-
ed for the MG block in Sec. II.A.2.
the first and last entries in the TK array for each
The number of entries in TK

The prob-

These specify

of the NED energies.
for the ith energy is K = K2 - K1 + 1.
ability functions are given either in tabular form
or in terms of Legendre expansion coefficients.
Integer flag LEGN specifies the number of energies
for which probability distributions are given in

If LEGN = 0, the
probabllities are tabulated for all energies and the
TK block contains K/2 pairs of values for i and
T(u,Ei) for each of the energies with the pairs in
order of increasing y, with p = ~1 and p = 41 always
present. If LEGN > 0, then for all energies Ei

such that i < LEGN, the TK block contains Legendre
expansion coefficients Fn. The number of coeffi-
cients is specified by NF, the first word of the IK
block for this energy; this is followed immediately
by the NF values of Fn. It is evident that

NF = K -1, When LEGN > 0 and 1 > LEGN, the TK
block contains (u,T(u,Ei)) pairs as described for
LEGN = 0. The integer NINC specifies the number of
intervals to be used in the numerical integration

terms of Legendre coefficients.

with respect to u over the range -1 € p < +1,
Angular distributions for elastic scattering
ave given in the center-of-mags system; for dis-
crete 1lnelastic reactions, isotropic scattering in
the center-of-mass system 1s assumed; for nomelastic
reactions the laboratory system is used. I any
case where this convention is not followed, PROGRAM
EVXS proceeds as if it were, but a warning measage

is printed.

B. Reactions Available

Within the file for each material SID, cross
sections are given for many different reactions. A
summary of all the reactions for which reaction
crosg-section data can be entered in the LAMDF is

listed in Table V. The various reactions are



TABLE IV

CONTENTS OF LIBRARY TAPE
ANGULAR DISTRIBUTION RECORDS FOR MATERIAL SID

Variable Name Description Format Comments
Record R + 2: (n=1)

TID Identification number for Integer Positive
angular distribution set

TDES (8) Description of angular dis- Display (Al0)
tribution set

NED (< 400) Number of energies at which Integer Positive
distributions are given

Ei’ i=1,..., NED Energies Floating Pogitive

sYS 1 or 2 -~ Center-of-mass Integer Always 1 for elastic
or laboratory system Always 2 for nonelastic

A Atomic mass of material Floating Mass of c12 (ground)

= 12 units

LEGN(< NED) Number of energies with Integer At present, if LEGN # 0,
Legendre coefficients LEGN = HED

KT (< 3000) Number of words in TK Integer Positive

TKk, k=1,..., KT Specifications for the prob~ Floating
ability distribution T(u,E)

MD,, i=1,..., NED Two packed integers Kl and Octal Kl = MD(i)/Z24 2
K2 to indicate range of K2 = MD(i) ~ K1*2
entries in TK for the
ith energy

NINC Number of intervals to be Integer Positive

used in integrating with

respect to u

Record R + 3: (n = 2)

Same format as Record 2

Record R + ND + 1:
(n = ND)

Same format as Record 2

identified by number in accordance with the classi-
fication scheme prescrited for the UK Library,l
the only difference being that reactions numbered
1, 3, and 4 are omitted from the LAMDF. The reac-
tions can be grouped into broader categories: elas-
tic, discrete inelastic, nonelastic, and absorption.
For all materials, the first reaction (r = 1) is
elastic scattering with ID = 2,

Inelastic scattering to the discrete levels is

represented by reactions with identification

numbers ID such that 5 € ID € 14 and 51 < ID < 80;
I numbers 81 through 100 have been reserved for
future needs in describing discrete irelastic reac-
tions. For discrete inelastic reactions the nota-
tion (n,n”{) is used to represent inelastic scatter-
ing such that the target nucleus is left in its jth
excited state. Inelastic scattering in which suf-
ficient energy is transferred from the incident

neutron to the target to leave it with energy



TABLE ¥

REACTIONS FOR WHICH NEUTRON CROSS-SECTION DATA CAN BE ENTERED IN THE LAMDF

Number® 'I}gpeb Reaction Reaction Description
2 1 (n,n) Elastic (note that reactions numbered 1, 3, and & are

omitted from the LAMDF)

5 1 (n,n"1) T
6 1 (n,n"2)
7 1 (n,n"3)
8 1 (n,n74)
] 1 (n,n”"5)
10 1 (n,n°6) ® Discrete inelastic
11 1 (0,n"7)
12 1 (n,n"8)
13 1 (0,n"9)
14 1 (n,n"10)
15 1 (n,n"C) (n,0°) to the continuum ]
16 2 {n,2n)
17 3 (n,3n)
18 0 (n,f) Fission total = (n,f) + (n,n"f) + ...
19 0 (n,f) No prefission neutrons
20 1 (@.X) (X = nf) | Not currently handled rpa
21 2 (X (X = 2n"E) by EVXS
23 1 (n,n"30) P tions are de-
24 2 (n,2na) ,
25 3 (n:3na) ::'i'::.: in terse
26 2 (n,2niso0)
27 1 (n,n’0)
28 1 (n,n"y)
29 1 (n,n"d)
30 1 (n,n"He3)
31 1 (n,n"t) J
32-50 0 (N,X) Undefined (allowed for other nonelastic reactions)
51 1 (n,n°11)
52 1 (n,n"12)
53 1 (n,n"13)
54 1 (n,n"14)
55 1 (n,n"15)
. . . > Discrete inelastic (continued)
78 1 (n,n"38)
79 1 (n,n"39)
80 1 (n,n740) J
81-100 0 (n,X) Undefined (allowed for other discrete inelastic reactions)
101 0 (n,par adb) Parasitic absorption
102 0 (n,v)
103 (] (n,p)
104 0 {n,d)
105 0 (n,t) Absgorption
106 0 (n,He3)
107 0 (n,a)
108 0 (n,2a)
109-150 0 (n,X) Undefined (allowed for other absorption reactions)

%The convention used for reaction identification numbers is the same ss that prescribed for
the UK Library.l

b'l‘he nunber of outcoming neutrons from the given reactions is given by TYPE.



correspording te thé continuum of levels 1z repre-
sented by (n,n"C), ID = 19,

Yonelastic reactions with 15 € 16 € 31 are
those for which secondary neutrons are produced
vhose energy discributicns car ba describsd fn teros
ef so-called lavs which will ke daerited in
Sec. 11.5.2. The fission rescilens wkich have
18 € 16 € 2§ are 3 subset of che nonelastle vesce
tions.

Absorption raactions ave these fuy wvhich there
are no cutconiog neutrens, se that Iz iy pesningless
to speak about the energy disteibution of secondary
reutrong. The abtsaorption rzactlons for whieh dats
carn be antered fn the LAMDBF are Kisted umder
101 S IB € 108, Nueders E0Y € 1D € 130 ave sexcrved
for other sbsorprien reactiens.

The integars lisced under TYRE Jdescribe the
nunber of cutcoming neutrons from & resecion: how-
eYRr, an excaption ls made with the fission reac~
tions viich have TYPE = € and shich are handled
specially. The type descriprion employed have fol-
lous the <onvantion used in the U¥ lcml.l

€. Macarials and Sroup Strectures Avaiigble o
the LAMDF

Although the purpose of this report (5 to we~
scribe & multigroup averaging code and the formit of
the library en which cthe procassor opévates, it is
appropriate o consider the currenc contancy of tha
LAMDF as a means of better understanding the cype of
information contained therein. The most racent
edicion (Jenuary 1972) contains cross sections for
78 macerials, eath vith a saparate §1D; thus, as
discussed in connection wicth Fig. }, thers sra 19
files on the library tape. This number (s consider-
ably less than 500, vhich is tha mauisum ausber of
tiles alloved. 1In Table V1 there i & list of all
the cross-sextion seis currently in the library,
with the cress-section set identiffcavion number SID
and the ser descripetion. The line of alphanuvmeric
informarion in the column ticled "Descriprion” is o
reproduction of the 80 charactere of dsta tontained
in the SDE5S array for esch SID. The integer KD for
sach SID is lisced in the third column under the
ticle “Number of Seta of Angular Disteibutione.” In
this edition of the librery the largest value of KD
fs 1, wmuch less thsn the alloved maximum of 25. The
number of raactions R is listed In the fourth column;
the largest value is 27 (maxisum allowed is 50)

10

A ¥
KRR S Y o
ey of Pris
W s Ny ¥ Bar oF
- o — gy, moos L
& " 2 [
) H <
i34 3 -
Fe [4 =
Lo 3 m
% H [
= . k3
(143 L] ﬁ
e *
e 1 i
I
) 3 ¥
P o
% Y
i &
g % "
i i B
S
3 B 1
H o
¥ 1 =
! 5 n
; V-
E 1 "y
2 ? it
i i '{5
i i u %
P M iR H 1 e
Rk an ik - ¥ ) R
o 4 aringy 3 ] 23
Lo g H frr
¥t H : @
3 g i i =
i o= x 4] ”»)
4 ex i 5 * i
t24) &8 t t
; H ? a3
B S
it b #
i P05 B
i H -
= : : 2
B Poob
i 75 PRI i
S ;.ui ;‘mmm.(' 3 pEte H 3 1
i o KA, B 53 i H ™
biird =K ;.-, s 3 & w
3 N ) : 1 »
M e LmonmEn ST 5 =
el LR W &Y L5 5 [ ol
e F AL 8T 3R 3 & 1
i Wy A ROT LG H ] »
" W UG aer IR H a
frits N g gt H .
[ e 400 0% &7 3 2 i
o UL LR T MR h M
£y el AR KXY K ) & ‘
oy &rjE W &2 380 i s
: m;g S0 0 63 i 4 2
- S I A AN 3 s ]
P SEY8 AL MW T 3 H »
- R e ey A3 s H »

vhich occurs in the oxygen evaluation (SID = 2034)
prepared in 1965 at the Knolls Atosic Pover Labora-
tory (RAFL). Tha nusber of energies KES in the ES
block for sach SID is listed in the last column of
Table V1. By far cthe largest number of snergy
points (NES = 1919) is required for the U-2)38 eval-
uation, SID-3003. Such a large nuwber is not un-
reasonsble because meny points are required to de-
scribe adequately the rasonance bahavior of the
uranivm cross section. Howsver, this numbar is
wuch lowver than the maximum of J000 indicated in
Table II.



The 34 group atructures stored in File 1 of the
wost recent edition of the LAMDF zre listed in
Table VII.
ts a group st identification number GID followed
by the dagceiption of the set as contained in the
CDES array. The mumber of groups G and the number
of flux, energy pairs KG are listed in the third
ang fourth columns of the table. The largest number
of groups in any set is 68 and the largest number of
snatTgy points for vhich valuus of the flux are tab-
ulatad is 169. These numbers are well under the
waxisum values of B0 and 500 allowed in Table I for
varisbles G and KG, respactively.

Addicionsl cross~saction sats and group struc-
tures can be added vo the library tape at any time.
The FORTRAR code XSMOD has been written at LASL by
Hartha Hoyt to performs these functions. Ik ahouid
be smphasized, howaver, that when using any edition
of the LANDF, one is not limited to the group strue-
turas containad thersin but can instead use any

For each separate group structure there

arbitrary weighting structure using cards as input.
D, Addicional Details About lse of the Data
1. log-ltog Interpclarion Schemss.

dependent quanticties about which information is
given in the LAMDF--qusntities like the flux distri-
butions #(E), resciion cross sections o (E), and the

Energy~-

average number of neutrons per fission V(E)-~are
assumed to vsry smoothly enough with energy that the
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functional dependence can be repreaented by the
coordinates of end points of linsar segments tsken
from %n X vs %n E plots, X representing §, 0., or
v. In the "log-log" representation the quantity
X(E) for Ek <E< F‘kﬂ ig interpolsated between the

tabulated pairs of values (zk.xk) and (Ekﬂ.xH_I)
using the formula

el )

with Ek<E<Ek+1.

Equaticn (12) can be rewritten

nn[l‘-)%?-] -y nn[-z‘ik] , 3)

where
Pel/el e

Furthermorz, if we define

s-znxk—vznnk » (15)
then the interpolated value X(E) can be expressed

XE) =S . ae)

This form is extremely convenient since the inte-
grals, such as those in Eq. (4), can then be written

in the form

e
B
I- dE XI(E) XZ(E). e .Xn(E) , (17)
E
B
where
S Y
X@®=e"E" (18)
and
- +
Ek < I-:s and Es < Ek+1 , {19)

11



which can be integrated exactly. Hence the integral

can be further simplified to

g
5 5 5 g Y Y Y
e 1. e 2 ves e f dE *« E 1, E 2---2 n (20)
-
8
or
s
S 45,420 +§ g Y Y o4y
e 12 “fdzozlz n D
&
8

The lower and upper energy bounds of the gth group
are designated E; and E;. as described previously.
Also note that because of the logarithmic interpola-
tion, it is impossible to vse values of 0.0 for
either xk or Ek' Instesd, in all cases 10-20 is
used to approximate 0.0.

2. Secondary Energy Probability Distributions.

For a reaction with identification number ID such
that 15 € ID € 31, the entry in the IRS array will
be nonzero and, as mentioned in conncction with
Table III, the cross-gection record will contain
values of ESJ as well as the cross sections them-
gelves. The secondary energy probability distribu-
tions p(E + E“)--the probability that neutrons of
energy E” will be produced by an incident neutron of
energy E--are calculated from eniries in ESJ.

For each reaction, p(E » E”) is normalized such

that

E max
f p(E + E*) dE” = TYPE , (22)
0

1s the maximum possible secondary neu-
Each probability distribution can be

where £~
max

tron energy.

broken down into partial distributions Fk(E + E7)

such that
10
B(E > E*) = 2 w F E*E) 23)
k=1

where vy is the fractional probability that the dis-

tribution Fk(E + E”) 1s to be used to describe the

12

outgoing neutrons. Equation (22) is obtained by

requiring that

10

:S i = TYPE
kel

’ (24)

where TYPE is the number of secondary neutrons pro-
duced in the reaction. Each rk(z + E°) is defined
by a diffevent analytic representation called a law;
we say that v is the weight for ths kth law. As
indicated in Eq. (23), provision has besn made for
ss many as 10 laws, although only 8 ars now being
used in the LAMDF., The distributions Fk(l + E°) are
snalytic in secondary snergy E” only; separate tab-
ulations of the paranaters and/or data for the var-
ious lawa must be given for many values of the in-
cident neutron energy E. Thus, tha ESJ block is
broken inte sublists, one for each of several inci-
dent neutron ensrgies Ei; sach of the sublists can
be broken into no more than eight sub-sublists, one
for each of the eight allowable laws. All numbers
in the ESJ block are in fleating point form. Various
combinaticns of negative numsbers serve as flags to
separate the sublists and sub-sublists within the
ESJ block. All data other than these flags will be
» 0.0, A detailed description of the organization

of the ESJ block is given in Fig. 2,

The length of the block for the rth reaction as
given in the rth entry of the IRS array is determined
by the particular reaction, the number of incident
neutron energies l-:1 at which the probabillity distri-
butions are to be calculated, and the number of laws
required to specify each distribution. Two things
are always the same: (a) The first word in the
block is the identification number for the reaction
{b) The laat word of the ESJ
As shown in Fig. 2, the main

in floatin;; point.
block will be -1.0.
part of the block is broken up into several sublists
ending with two negative numbers -5.0, -2,0. The
first word of each sublist is an incident neutren
energy B1 followed by up to eight sub-sublists which
correspond to the eight laws currently provided for.
Fach sub-sublist begins with a psir of numbers W
and Lk' where Lk © 1.0, 2.0,..., 7.0, or 10.C and “ie
18 the weight to be .ssociated with the kch law;

the sub-sublist is ended with the number «4.0. Thus
there are really three negative numbers at the end
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Fig. 2. Arrangement of the ESJ block.

of each sublist: ths number ~4.0 signifies the end
of the sub-sublist for the lest law and the pair
=-5.0, -2.0 marks the snd of the sublist for some
energy. Tne sublista are arrangsd ac that the
energies E:I. appear in order of ascending magnitude,
Each probability distribution p(E + E”) is assumed
to be independent of E over energy ranges whose
boundsries ars delineated by the Ei; the probability
distributions are not interpolated betwsen the ener-
gies for which the sublists are given., Instead, one

P(E+E") = P(E, ~ ET) (25)

for Bi <E< 21+1'
ol the final aublist,

At energies szbove Ef, the energy

p(E+E") =~ p(E, ~ E") . (26)

The gublists are repeated until the final ener-
gy sublist which ends with four negstive numbers
-4,0, -5.0, ~2.0, and ~1.0. Thie combination of
negative numbers marks the end of the ESJ block ex-
cept in the case of the fission reactions with

10 = 18, 19, 20, or 21, For fission reactions the
sat of four numbers is followed by a special block
containing data on the energy dependence of v, the
average number of neutrons per fission, The first
vord of the special block is an identiffcation
nusber ID + 4000 in floating point; L.a., for

ID = 18 the first word of the spscial biock would
be 4018,0. Then follows a sequence of pairs of
values of enargy and v; this spacial block is ter~
minated with the negative nuwber =1.0,

To understend fully the ESJ array, the fumc-
tional forme of the probability distributions must
be described and the arrangsment of the parsmaters
thereof as resd from the sub-subliists must bc de~
fined. The sight laws currently provided for in
EVXS are similar to thoss prescribed for the UK
Libury.l The detsils of the laws as prescribed
for the LAMDF are given heres,

law 1. In this representatfon the secondary
neutrons sre emitted with fixed discrate energias

E 4 80 that

1
PESEY = 3 £ 67 -E) @n
i=1

where f N is the fraction of the secondary neutrons
emitted with energy F.; and S(B° - !;) is the Dirac
delta-function distribution used to rspresent the

discrete nature of energy !;. It is required that

1
Z f:l. ~ 1.0 { <0.005 . (28)
i=1

The entries in the sub-sublist for this law are Vi
L=1.0, Ei. fl,..., z{, fl' -4,0.

Law 2. This law is used to reprssent secondary
neutrons with discrete energies l; which ars direct-
ly related to the incident neutron energy E. The
distribution Fz(E + E°) is expressed

1

r(E-E) - Z £ o0 -E) @9
i=1

i3



but here

E; = A (E-D) , (30)

where E is the incident neutron znergy, Di is sora
discrete energy decrement, and Ai is the reduction
facter. As for Law 1, the fi sum to unity. The
entries in the sub-sublist for this law are L2y
L =20, Dy, &)y f140000 Dpy Apy £, <400,

ggg_;. The distribution function for this lew

is & continuous normalized spectrum £(E”) independ-
ent of the incident energy E. Thus,

F3€E +E’) = £(E7) H (31)

the Function £(E”) is given in tabular form so chat
the entries in the aub-sublist for this law are Wae
L= 2.0, E, E(EI)...., s;. f(E;), -4.0.

Lav 4, Keu:rons with secondary energy E” are
represented by the normalized distribution function
F4(E + E”) which is tabulated as a function of E”
for several values of E. The sub-sublist for this
law looks just like that for Law 3, becauae the de-
pendence on E is introduced solely through the use
of several gublists, Specifically, the sub-sublist
for some energy E has the formw,, L = 4,0, Ei,

f(E > Ei),..., E,» £(E ~ E]), -4.0,

Law 5. The distribution funcuion for this law
ie written

%@+Eﬁ-gwj7ﬁ) (32)

where q = 1/2. The function g(E,E’IEq) = g(E,x),
wherr x = E’qu, is tabulated as a function of x so
that the aub-sublist for this law for a particular
energy has the form Vs L =5.0, X5 g(E,xl),....
Xp» g(E,xl). ~4,0,

Law 6. The distribution function for this law
has the same form as that for Law 5 except that
g = 1. It should be noted that Laws 4, 5, and 6
have the same form except that q = 0, 1/2, and 1,
respectively.

Law 7. A detailed representation of the gener-
alized fission spectrum is given by the distribution

14

for this law., The probability distribution is
written

- E
- E® T
F7(E *E)=a Tz e

2
+ 1 -a :2;:;575

N -"-E’ e

w'm

. (33)
where
B=a+b@+ ¥ (34)

T = c(E - Ef)ltlk - Ef) (energies in MeV), (35)

E; = threshold energy for the (n,n"f)
reaction » (36)

and

%0t ¥ %a,2nf

a= - . an
“(on,f + %0t + Un.?n‘f)

Quantities a, b, c, and Ef are input through the

ESJ array; the remaining quantities (the E, v sairs)
nuat be obtained from the special section at the

end of the ESJ array, The dependence of P7(E - E")
on the incident neutron energy E is stated explicit-
ly in the expression for T, but it is implicit in
the quantities V, the average number of neutrons
per fission, and the various fission reaction crosa
gections used in calculating B and a. The aimple
Maxwellian fission distribution

£

; . 2 1 > "~ B

E(E»E)--——7—/E—e , (38)
? /82

is a special case with a = b = 0.0,
This distribution is normalized so that

! F7(E +E”) dE” = 1.0 . (39)
0

At present EVXS 1s programmed to handle only the
cases with ¢ = b = 0,0, Herein lies the origin of
the comment in Table V concerning reactions with



ID » 20 and 21, the (n,n°f) and (n,2n"f) reactions
not currently handled by EVXIS., However, provision
has been made in the sub-sublist for this law to
include all four input paramaters; its geneval form
is LT L=7.0, a,b,c, !f. -4.0,

Law 10. An evaporation spsctrum is represented
by Law 10; viz.,

. E° -B°/T
Flo(E +E) = ;f e . (40)
vhere
T = /E/a . (41)

Dependence on energy E is introduced through energy
dependance of parameter a. For a given E the sub-
sublist for Law 10 is simply written '10' L = 10.0,
a, =4.0. This law is really ont spscial limit

{(a = 1) of Law 7.

For the tabulation in Laws 3, 4, 5, and 6, it
ia assumed that linear interpolation betwean tabu-
lated points is adequate to deacribe the functions
so that the trapezoidal rule may be used in the
oumerical integrations carried out with respect to
the secondary energy E”.

3. Angular Distribution Reprecentations. The

contents of the sngular distribution records were
outlined in the diecussion centered around Table IV.
It was pointed out that the apccificacions for the
probability distributions T(u,Bi). either in tabular
form or in terms of Legendre coefficients, are con-
tained in the TK array.
contained therein cannot be explicitly defined; it
depends on whether Legendre coefficlents or tabulat-
ed data are given, and on the degree of anisotrony
Obviously, fewer

The number of words KT

of the angular distributions.
data points are required to specify an isotropic
distribution than one which is highly anisotropic.
There are sufficient data to specify NFD normalized
probability distributions T(u,Ei) corremsponding to
the NED incident neutron energies Ei' The MD array
contains octal numbers (pscked as described in

Sec. II.A.2) to specify which entries in the TK
array are intended for esch of the NED energies.

The normalization requirement implies thet

+1
T(u,B )dy = 1.0 . (42)
-1

It is understood that the angular distributioms at
intermediete energiss are to be ohtained by linsar
interpolation betwesn those st snargies li and l1+1,
regardless of whether r(u.li) is tabulated directly

or obtainad from Legendre coefficients. Thus,
TGLE) = T(k,EB,) + (R - E)
T(I-I,B“l) - T(unli)
T E N (43)
1+1 1

vhere 21 <EC< B The normalization is thereby
preserved at the intermediate energy £, It remsins
to define explicitly how ths information in the TK
block for each energy is to be introduced into the
calculation, '
Where the parameter LEGN is gresater than zero,
the probability distributions for the first LEGN
energies are specified in terms of Legendre coeffi-
cients, In auch cases the first word of the eub-
block in TK contains an integer NF to specify the
number of Legendre coefficients that immediately
follow; specifically, the words are NF, rl. rz....,
FNP' From these the probability distribution is
calculated

N
T(,E) = 3 {1+ Z(Zn +LER W . (48
n=1

where Pn(u) is the nth order Legendre polynomial and
N < NF. The upper limit N of the summation deserves
explanation.

Angular distribution dats in the LAMDF may be
given in terms of Legendre cuefficients for nonelas-
tic reactions only; furthermore, whether specified
in terms of Legendre coefficients or tubulated
functions, the probability functions T(uL,E) are in
the laboratory system (SYS = 2) for these reactions.
The expression in Eq. (8) for calculating nth order
Legendre components of cross sections for such reac-
tions containa an integral of the form

15




+1
T(e;»E) Pn<u,_) du, , (5)
-1

vhere n = 0,..., NMAX and NMAX is the maximum order
of anisotropy desired. Using the expression for
T(uL.E) as found in Eq. (44) we can write Eq. (45)

+ N
14+ z @n + DER @2 0udu,
-1 m=]

1o

LD Y X T (46)

m=l

where 6i,j i3 the celebrated Kroenecker delta. We
have taken advantage of the orthogonality of the
Legendre polynomials over the range -1 < by < 41 in
arriving at Eq. (46). Since n will be no greater
than NMAX, there is no contribution to the summation
in Eq. (46) for m > NMAX. Thus it is clear that
N = NMAX or NF, whichever is smaller, and that the
integral in Eq. (45) can be expressed as a sum of
the Legendre coefficients for the expansions of the
angular distribution data.

In a set of angular distributions there are
NED energies for which probability distributions
T(u,E) are given. The first LEGK thereof are spec~-
ified in terms of Legendre coefficients; the remain-
ing NED-LEGN distributions are tabulated so that
each sub-block for these distributions consists of
(¢, T(u,E)) pairs starting with u = -1,0 and ending

with 1 = +1.0,

II1. METHODS OF CALCULATION
A, General Remarks
For any single material for which cross sec~

tions are tabulated in the LAMDF, group-averaged
cross sections are calculated by PROGRAM EVXS,
reaction by reaction. The various reactions“(sum-
marized in Table V) can be grouped into two broad
categories depending on whether or not secondary
neutrons are produced.

Absorption reactions are those for which there
are no outcoming neutrons so that it is meaningless

to speak about calculating a contribution to the
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gcattering matrix. As indicated in Table V, these
reactions with ID - 101 and TYPE = 0 absorb neutrons
and, therefore, one can calculate only a total

cross section for neutron disappearance due to each
such reaction.

The other category of reactions--those for which
secondary neutrons are produced--is more difficult
to calculate because one must average these crass
sections over both the incoming and outgoing energy
This second category can be subdivided into
(1) Those reactions for which there

groups.
two classes:
is a direct kinematical relationship between the
outgoing energy and the scattering angle so that the
width of the outgoing energy group g” can be related
to a range of the scattering cosine u. (2) Those
reactions for which the secondary energy distribu-
tions are not directly related to the scattering
angle, but are described ingtead in terms of the
fractional probability that a neutron of incident
energy F will produce secondary neutrons of energy
E”. Legendre components of the scattering matrix
are calculated for all reactions in the second
category.

For absorption reactions, only the total cross
gection is calculated. For elastic, discrete in-
elastic, and nonelastic reactions, the total and
scattering cross sections are computed. For fission
reactions, the total cross section, the fission
fraction Xg” and the average number of neutrons
per fission v are calculated. After the multigroup,
microscopic neutron cross sections have been calcu-
lated for all reactions, the total cross sections
and scattering matrices are combined into DTF for-
mat suitable for input to neutron transport calcu-
lations. In Sec. III we present in detail the pro-
cedure for group-averaging the data in the LAMDF

described in Sec. II.

B. _ Absorption
For each reaction r such that 101 < ID < 108

and TYPE = 0, a total cross section 1s calculated

for each of the G neutron energy groups; viz.,

E+

|4
O'r’g - J’_ dE @(E) Gr(E) (g =1, 2,000y 6) , (47)

E
3



where ot(E) 18 the absorption cross section and Note that‘Pi. si, xi, and Yi_a:e constants, Thus,
@(E) is the normalized weighting function. The

upper and lower enmergy bounds of the gth group are Ezi Ezi Pi ‘
E+ and E_. Note that E+ is the same as E;+1. INT = f dE1 B(Ei) Ur(Ei) = f dEi e
Both @(E) and Ut(E) are tabulated as linear Eli E11
segments on log-log plots so that the integral in
Eq. (47) can be performed exactly. The energy X S5, Y P 42 Ezi X +Y
~ + xglelplael ! e, et 1, (s5)
range Eg to Eg is divided into I smaller intervals e 1 %1 Y
determined by the values of Ej and Ek at which the Eli
cross sections and fluxes, respectively, are tab- ’
ulated. Equation (47) can then be written In the case xi +Y, 0+ 1=0,
I E . o -
IZi 8 (48) Pyts [P
= dE E.) o_(E ‘ =
%,8 2 1 OCBy) 0, (Bp) ' INT=e 1 i[ln(Ei)] .
i=1 E1i - ’
t, 1
El he £ in-
where the low epergy boundary 1y of the first in When X. + Yi +1 40,
terval is Eg and the high energy boundary E2 of i
. i « II h -
the Ith group is E8 As shown in Sec s, the ex o 4 X1+Y “a E21 ‘
pression for the flux in any one of the intervals INT = e 1°°f E i ) 7(57)
X, +Y, +1 °
such that Ek < Ei < Ek+1 can be written 1 i Eli
P, X '
gE) =etgl ‘ S .
i 1 ’ . (49) The total integral is the sum of the integrals over
the I smaller intervals. As we have seen, the inte%
vhere : grals for g_ é are performed exactly; no muerical .
] =
approximations have been made. Of course, the group-
En(0k+1/¢ ) averaged total cross section 1§ no more accurate
zn(zk+ /Ek) (50)
1 than the representation of the experimental datd as
found in the LAMDF.
and C.  Scattering Computed Using Angular Distributions
The cross sections for Sdattering reactions
Pi = En(ﬂk) - xi En(Ek) : GL must be averaged over both incoming and outgoing
energles. For elastic (ID = 2) and discrete inelas-
Similarly, for o, (E ) in the range Ej < E, < Ej+1’ tic (5 < ID < 14 and 51 < ID < 80) reactions, there
is one outgoing neutron for every incident nautron,
s ¥ and a definite relationship exists between the
or(Ei) el Eii s (52) cosine of the scattering angle and the energy of the
outgoing neutron. For these reactions we calculate
where Legendre components of the cross section for scat-
tering neutrons from incident energy group g to
(o, .. /0.) scattered group g”, where g” € g. Upscattering in
Y, = + (53) energy of the neutrons is not allowed, ‘although it
i En(Ej+1/Ej)
would be relatively simple to add to the code if it
were needed.
and
Si = En(oj) - Yi En(Ej) . (54)
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The integral expression to be evaluated is

or'n,g.g, = J dE P(E) ar(E) [ du
g Au(E,g")

X T,E) P Gy) . (58)

whore Au(E,g”) is the angular raage allowad for
scettered neutrons having energies within the bounds
of the g“th group. Here, as before, @(E) and cr(E)
are the weighting flux and the cross section, uL is
the srattering cosine in the laboratory system,
Pn(uL) is the Legendre polynomial of order n, T(u,E)
is the angular distribution, and y is the scattering
cogine in whichever system T(u,E) is specified. The

abbreviation

[-]

B %

E+
g

=

has been used in Eq. (58) and will be used through-
out, It is clear that for the lowest energy group
g = 1), Won ™ -1.0, and Uoay CEDROL exceed +1.0

in the highest secondary energy group g~ = g.

for reaction r
(RT3
and group g is the sum of the cross sections for

The total cross section cr
scattering into group g and all lower energy groups:
g

(o - z o] -
rinls r’nlg’g
g™=1

s (59)

which can be writtea

g bpax (E287)
dE ¢(E) Gr(E)

"
“
L)
%
L
™M
Q —

umin(E.s’)
* du T{W,E) Pn(uL) . (60)

The fractional number of neutrons of energy E scat-
tered into secondary energy group g~ is given by the
angular distribution integral

18

€ aime EYPL S

umax(E'S‘)
du T(u,E) Pn(uL) . (61)
Hoin (Bsg?)

N(E) =

In Eqs. (58), (60), and (61) the determinatiom of
the limits on p depends on whether the scattering
is elastic or discrete inelastic, and these cases
must be considered separately. First let us con~
sider some additional general details about the
evaluation of the integral in Eq. (58).

The integral in energy over the gth group in
Eq. (58) is computed in a fashion similar to that
for the absorption reactions. The energy range E_
to E; is divided into smaller intervals determineg
by the energies at which the fluxes, cross sections,
and angular distributions are tabulated. As in
Eq. (48) and those following, let the flux @(E) be

expressed in the range E SElI<ESESK E 88

P(E) = & B,

let the cross section ur(E) be expressed in the

range Ej €EIKE€EX Ej+1 as

S .Y
or(E) =a" E .

and let the angular distributions T(u,E) be given
E < <

at energiles L and Eb such that Ea El € E € E2

<»Eb.

that portion of the integral in Eq. (58) over the

energy interval El1 € E € E2 can be written

Upon substitution of the above expressions,

E2 P X
INT = dE e E e

El

5 £ neE) (622)

dE EX EY N(E) (62b)

P+S JEZ X
e

(62¢)

where the angular integral N(E) is defined in

Eq. (61). Recall that P, S, X, and Y are constants.




Fquation (62c) serves to define B(E). From Egs.
(61) and (62c) we further defime
_ I

By S B(E) = E, J di T(w,E ) B () (63)
Lu(E ,8")

and

B, = B(E) = E, f du T(W,E) P Gy) . (64)
2u(E,,8")

The angular integrations are performed only for
those energies at which the angular distributions
are specified. An approximation Is made in assuming
that thc quantity B(E) at intermediate emergy E may
be obtained by linear interpolation between the

0 and Bl
following explicit form for B(E) is used:

quantities B at energles Ea and Fb. The

B.(E, - E) - B, (E. - E)
B(E) = 0*"b Eb — E1 a
a
(Ea<E<Eb) . (65)

Substituting into Eq. (62c) we find that

XY
E2 E B (E - E) - B.{(E - E)
IM=eP+SJdET 0By _ La " 66
b " Ea
El
which can be written
P+S E2
e XY
INT [Bl 30] ‘F‘b = J dE E
El

E2
J ae XL 67y

Bo Bl eP+S
El
The terms in the square and curly braces are combined
in SUBROUTINE COEF; the expressions inside the curly
braces are actually evaluated in SUBROUTINE SSUM.
Using the notation which 1is essentially that of the
FORTRAN programming, we let

PS =P+ 3§
XY =X+Y

FE = Eb - Ea

1 1]
B B
moer sr (- _1)
\Ba B
PS (E2
e
ASUM = 5l J dE EXY
El
PS (E2
BSUM = S J éE EL (68)
El
Then
INT = AA * ASUM + BB * BSUM . (69)
Generally,
PS XY+1 XY+l
e E2 - El
ASUM = == Y (70)
and
PS XY XY
e E2™" - El1
BSUM = < o . (711)

If |XY| < 0.001, then the following approximations

are used:
ePS
ASUM = S (E2 - E1) (72)
and
PS
e E2
BSUN = S o0 (52) - a3

Furthermore, if [XY + 1| < 0,001, special attention
is given to the evaluation of ASUM, which is re-

written as

ASIM = & E . (74)

PS (E2 XY+
EE I dE =%

El

The numerator of the Integrand is expanded;
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B el Y+ 1) @ + .ee.

where the first two terms of the expansion are as-

sumed sufficient because XY + 1 = 0. Hence, ASUM
is approximated as
ePS E2 1
AstM = S J a8 {1+ o+ 1) e
El

PS
e E2 [ XY +1 J
=« n(B)|1+ L paeem 2

. (79

From each small energy interval El < E < E2 in
the integral over the gth group, there will be a
contribution to the g~“th group, where g* = 1,...,8.
Therefore, even though it 1s not explicitly indicated
in the notation, quantity B(E) defined in Eq. (62¢c)
and the constants Bo and Bl in Eqs. (63) and (64)
In PROGRAM
EVXS, Bo and Bl are arrays B0 and Bl into which are
gtored g values of B(Ea) and B(Eb) for each of the

As the range of the incident neutron

are depcndent on the outgoing group g~.

g~ groups.
energy E increases to the point that El = Eb, the
values in the B0 array are replaced by those in the
Bl array, and new values for the Bl array are cal~
If E should
exceed E“ED’ the highest energy for which an angular

culated at some new, higher energy Eb'

distribution is given, we continue with the same
values of Bo and Bl, letting the interpolation be-~
come 2n extrapolation.

The angular distribution integral in Eq. (61)
over the range Au(E,g”) is obtained by taking the

difference between the two integrals from -1 to

u and “min; viz.,

max

-

U E,g")
N(E) = J max duT(,E) P (1)
-1
., (E,g")
J min AT(W,E) B (u) . (76)
2

‘the integrals are not evaluated for these limits
explicitly, however. Instead, we calculate a set of

integrals

1}
i

£(B) = [ auT{u,E) P_ () on
-1

where 1 = 0,...,NINC

and

21
Mg =l tEiNe

(78)
The integer NINC is the number of intervals into
which the scattering cosine range -1 to +1 is di-
vided, and it is read from the angular distribution

record. For ui €y < Hi41
Tl
dUT(,E) P (1) = £,(E) + (1 - 1)
-1

£, . (E) - £,(E)
" [_H_l____i__] _ 9

Yepr Wy

This interpolation is carried out in SUBROUTINE FF.
There are NINP = NINC + 1 values for both fi(Ea)
and fi(Eb) stored in arrays DUTL and DUTP, respec-

tively. The integral over the scattering cosine in
Eq. (77) is carried out in SUBROUTINE INTG using
Simpson's rule for numerical integration. Simpson's
rule is written

b

. __b-a [ ,
J F(x) dx R F(xo) + 4F(x1) + 2F(x2) + 4F(x3) L 4F(x2m_1) + F(me) » (80)
a

2C



where the interval in x from a to b has baen divided
into 2m intervals, m being an appropriate integer.
In our case F(u) = T(u,E)Pn(uL). We write

u

(1 Y e S
g =B J F(u) dv 3.7 1
uo--l

PUTP

Ho 4y 41 Y Yy
x| Fug) + 4F\——3 +2F(u) #+ ...+ 2P(uy ) + A=) Flu)) . (81}
The coefficient in round braces can be expressed
o .= 1| dE #(B) o_(B)
- I - S 1,n,8,8 I r
ui uo . 1 + NING (-1) . VINC 5 3
61 61 3 ’
where VINC = 1/NINC. The calculation is arranged x j du T(u,E) Pn(uL) . (83)
4u(E,g")

in the following way:

DUTPO = 0.0

+u
. vine [ Bie |
DUTP, = =3 [r(uo) + .'.1-'(N 5 ) + F(ul)}

VINC
+ —
3

My, +H
x [1"“1-1’ + 41?( Ll 1) + l’(ui)] . (e

The integrands, as well as the limits of inte-
gration in Eq. (76), are determined differently

PUTP, = DUTP, ,

depending on whether the reaction represents elastic
or discrete inelastic scattering. However, it l1s
assumed that the angular distribution data for these
reactions are always given in the center-of-mass
system (SYS = 1).
were the case, and only a warning message is printed
i1f SYS = 2,

inelastic cases separately.

1. Elastic Scattering.

processed for any material is always the elastic

scattering cross section. Thus, for r = 1, ID will
always be 2, and we can write explicitly the expres-
sion for the elastic group-to-group cross section as

The program proceeds as if this

We consider the elastic and discrete

The first reaction

where g" = 1,..., g and n = 0,..., MMAX,

The integral is carried cut over the center-of-
mass scatiering cosine u. The srgument of the
Legendre polynoaial in Eq, (83)~--cosine of the lab-
oratory scattering angle uL--is related to u through
the expression

uL-(1+R3-u)N51+RZ°u . (84)

where R3 = AM, R2 = ZVAM, R1 = 1 + AMZ,

AM = A/1.00866545, and A is the atomic weight of the

The denominator of the above expression

18 tested to avoid division by zero. If the quantity
inside the radical is less than 0.0001, u is set to

zero.

material.

The range of u allowed for scattering into
group g~ is

8u(E,g") = U"X(Ens‘) - uun(E.a‘) ’

vhere
- 1.+ Rl /. +
My (B8 nin|+1. E[Ea’ + ﬁ(zg, - s)”
and

Moy (Eag”) = mx,-l, % "’:'-1 + % ("';‘-1 - z)". (85)
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Thece fcrmulas for the miniwmuwm and woximum of
the cosine of the scattering angle can be derived
from sivple kinematics for elastic two-body col-
lisions as shown in Jacklon2 and Glus:onc.3 for
exarple. It fs Tlain that the lower boundary for
the higher energy group equals the upper boundary
l'uﬂn(‘E's‘ + D
- k'.x(E.s'). Furthermore, uﬂ‘n(E.a') = -1 for
g” = 1. The ccmputaticn of the lizits is done in
SUBRCUTINE GETMU.

The values of T(1,E) required as part of the
integrand in Eqs. (77) through (22) are detarmined
in FUMCTION TE. For all energies E such that the
probability distritutions are tabulated (pairs of
kg and T(ui.E)), linear interpolation in i is used
to deternine T(u,E). Specifically, for
Sp<yp

for the lowar energy group; that i3,

¥y 1+l

T(L,E) 2 TE = TQug,E) + (U - u,)

T(L;, 4sE) - T(u,E)
x [ i+l i ] . (86)
Bgqp ~ ¥y

The values of uy and T(ui,E) are stored in the TK
array as described in Sec. II. This function rou-
tine can also handle angular distributions expressed
in terms of Legendre expansion coefficients. In
this case the TK array contains NF coefficients Fn

at energy E such that

NF
T(U,E) = % 1+ :z (2n + 1) F_P_(1) . 87)

n=1

The Legendre polynomials in Eqs. (77) through
(82) with argument Y, are calculated in FUNCTION
PN, It is important to realize that the value of K
passed to the function through the calling sequence
is the same U over which the numerical integration
is being carried out. Since u and T{u,E) are in the

center-of-mass system, U, must be calculated using

L
Bq. (84). 1f n = 0, then P0

the value of u. Higher order polynomials are cal-

= 1.0, regardless of

culated using the recurrence relation®

*Substitution of £ = n - 1 in Eq. (3~39) on page 106
of Ref. 4 will give Eq. (88) of this report.
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(2n - )P (MW)~-(n-1P ()
LD n=2 . (88)

Pn(u) = n

For n < 2, PO‘U) = 1.0, aod Pltu) -y,

2. Discrete Inclastic Scattering. In discrete

inelastic scattering reactions, the incident neutron
loses a certain amount of energy in the acattering,
and the energy lost appears in the target nucleus
which 1is left in an excited state. The reaction
energy Qr is negative, and tha cross section for
each reaction haa a definita threshold energy.
There is a wall defined relationship between the
scattering angle and the energy of the secondary
neutron. These reactions have 5 € ID € 14 and
51 € ID < 80 and TYPE = 1; provision has thereby
been made for discrete inelastic scattering to as
many as 40 excited states of the residual nucleus.
The expression for the nth Legendre component
of the scattering matrix for the rth reaction appears
to be the same as that for elastic scattering:

% g " [ dE 8(E) o_()

x QUT(M,E) B (u) (89)
bu(E,g")

where g = 1,..., G and n = 0,..., NMAX. The evalua-
tion of this integral proceeds in the same manner
as for elastic scattering, but there are some signi-
ficant differences.

The expressions for umax(E,g‘) and umin(E,g‘)
are generalized as follows:

. 1 [+ +
Mooy (Es87) = min |+1, & [xg, +E - (.- E)”
- 1 [+ +
umin(E’g ) = max ‘-1, = [Eg'-l +f - (Eg'-l - E#' .
(90)
The expressions for f and E* are
AM(aM + 1) |
P il 3
f= (91)

E
AM{AM + I)Ier
E

2AM +



and

. \/‘mz A ; Dl

AM(AM + l)lqu ’
2E

E* =

(92)
AM +

where AM = A/1,00866544 as previously and Qr is the
In the limit Qr -+ 0, which is the

case for elastic scattering, we see that

reaction cnergy.

2
Lirad m

£ 2AM R2

and E* + E H

in this 1limit the expressions in Eq. (90) reduce to
those in Eq. (85).

The laboratory scattering cosine Hy is related
to the center-of-mass cosine u still using the

formula

1+u-+R3
UL =
YRl + u * R2

in FUNCTION PN, but for discrete inelastic scatter-

ing we have

[+ Do
R3 = AM » I-W B (93)

At the present time we assume that T(u,E) = 0.5
in the center~of-mass system for all discrete in-

elastic reactions. The expressicvn for N(E) becomes

) = 3 [ du B (1) (94a)
Au
1 d
“3 duLa}:-Pn(uL) . (94b)
Au =

In practice, we proceed to evaluate the integral as
shown in Eq. (94a) using Simpson's integration as
discussed in connection with elastic scat.ering.

In Eqs. (63) and (64) we defined two quantities
B, and B

0 1
Jistributions were given.

at energiles Ea and Eb for which angular
For discrete inelastic
reactions we do not use angular distribution data

from the library, but asaume isotropic scattering

in the center-of-mass system at all energies. To
make our integration procedure work, we still need
NED energies at which to evaluate Eq. (94a). This .
special set of energies ie calculated in SUBROUTINE
FINDE. v

if n = 0, the integrand in Eq. (94a) is unity,
and the integral is evaluated at only two energies

AM + )
B el
the threshold energy, and
Ez = 50 El .

For n > 0, a special algorithm is used to yield a
gset of energiese Ek with sufficient density to allow
the same general integration scheme to be used as

It is required that tke
total number of energies NED be between 4 and 20.
These energies are calculated in SUBROUTINE FINDE as
follows:

for elastic scattering.

_AM+ ]
R
2
e o 0.05 AM
E2 = E1 min [1 + == T°* AMZ N 1]
0.05
Es ‘( Yo 1) E, .
0.05
E, @ + 20 1) E,
2
B, = B /E
E g2 /E (95)
Nep = Enep-1/E1

such that Ep, , < 15 MeV < E_., and 4 < NED < 20.
In computing the integral over the gth group in
Eq. (89), recall that the energy range E; to E: is
divided into smaller intervals determined by the
energies at which the fluxes, cross sections, and
angular distributions are tabulated. The boundaries
of each small energy interval are El and E2, as in
Eq. (62).
it 18 required that E2 shall be large enough that

In the discrete inelastic integrations,

AM(an + 1) |

2 .
> ) 3

AM (96)
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otherwise, the integral from El to E2 is set to
zero. This is really just another way of insuring
that the range of integration is above the threshold
energy for the reaction and that any integral below
the threshold is eliminated.

D. Scattering Computed by Laws

Nonelastic reactions are those for which there
is no direct relationship between the scattering
angle and the energy of the secondary neutron. The
energy distribution of secondary neutrons is de-
scribed instead in terms of the fractioral proba-
bility that a neutron of incident energy E will
produce neutrons of encrgy E°. The nonelastic reac~
tions in the LAMDF have identification numbers
15 € ID € 31, of which the fission rcactions with
18 € ID < 21 are a subset. For fission reactions
not only the total cross section is calculated for
each group, but in addition the fission fractions
and the average number of neutrons per fission are
calculated. For all other nonelastic reactions, a
scattering matrix 1s calculated.

1. Nonelaatic Scattering Matrices. For a non-
elastic reaction r with TYPE > 0 and 15 < ID < 17

or 22 € ID € 31, the expression for the nth Legendre
component of the scattering matrix is written

= I dE #(E) Ur(E)

at’n’Sls’
4
+1
x Nr.g,(mf duy T Gy, DB Q) ’ 97
-1
whereg = 1,..., G, g"=1,..., 8, and n = O,...,

NMAX, the same notation as used in Eq. (58) for
elastic and discrete inelastic scattering. The
quantity Nr.g'(e) represents the fractional number
of neutrons scattered into group g~ from the rth
reaction induced by an incoming neutron of energy E.
It is an integral over the g”th group of the second-
ary energy probabilicy distribution pt(E + E7), the
fractional probability that for this reaction neu-
trons of energy E” will be produced by an incident
neutron of energy E. As discussed in Sec. II,D.2
the function pr(E + E”) may be a tabulated function
or it may be a definite analytic function for which

parameters are given.
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The angular distributions Tr(uL,E) are always
given in the laboratory system (SYS = 2) for these
reactions. The angular integral in Eq. (97) is over
the full range of % from -1 to +1; in compariscn
with Eq. (58) there i1s no Ap(E,g”) because we ave
ignoring energy-angle correlations. If the angular
distribution ig given in terms of Legendre expansion
coefficients, the angular integral becomes especially
simple due to the orthogonality of the Legendre
polynomials as discussed im Sec. II.D.3. When the
angular distribution Tr(uL'B) is tabulated as a
function of the scattering cosine uL. we first cal-
culate the Fn(E) before proceeding to the integra-
tion in energy over group g. Specifically, for each
of the NED energies at which Tr(uL,B) is tabulated,

we expand the angular distribution as

NMAX
T, (uy oE) -% 1+ 2 o+ 1) F (® B )| . 08
n=1
Then
+1
F (E) = I du, T _Gy.E) P Gy) , (99)
a

precisely the integral over scattering cosine we
find in Eq. (97). The procedure used in SUBROUTINE
TININ for evaluating the above integral is interest-
ing. Because we work with one reuction at a time
and because we evaluate the integral separately for
each reaction r and energy E, we can drop the ex-
plicit reference to E and r in the following dis-
cussion, We also drop the subscript L on uy for
convenience. It is assumed that linear interpolation
is adequate to describe the angular distribution
Tr(u) between the angles at which it is tabulated.
Thus

@ - My TE ) - My, TOY) R T(uy) - TGy _,)
My T Hya My T My
) (100a)
=0+ Bu (u_.l_1 <p< uj) . (100b)

One small part of the integral in Eq. (99) is approx-
imated




My My
I du I{u) Pn(u) - I du(o + Bu) Pn(u) (101a)
i1 k31

My "3
=q J du Pn(u) + B I du u Pn(u) . (101b)
Hyoy Hyay

The first integral in Eq, (101b) is rewritten using
integration by parts:

- Y - i
f du Pn(u) H Pn(u, I duu P U .

But

WPZ(u) = P- (W) +nP ()
therefore,
f du P (W) = uP ()~ f du P;_l(u) - I dun P (),
o that

Iwgm-;ﬁﬁgm-%$q . (102)

The second integral in Eq. (101b) 1is rewritten using
another recurrence relation, again taken from
Ref. 4,

KE_ (1) = EF%?'T kn +1) P () +a Pn-l(“)] .

Thus,

+1

n
I du WP (W) = —-——1 f du P 0+ 5T

x f weE W (103)

For each angular interval uj-l <y« uj in

Eq. (101b), we calculate the Legendre polynomials

P +1(u). Pn(u), and Pn_l(u) for u = u, and Hyope
Then each Legendre polynomial Pm(uj) i8 replaced by

Yy
J du Pm(u)
u

(3 >1 and m‘-‘n +1,n,n-1)

-1

calculated using Eq. (102); Eq. (101b) can then be

evaluated as

u
i 3 n+1
I du TW) P (M) = o I du P (W) + 57
Vi1 My
UJ 3
an d +1(u)+2n+lsf
Vi1 ¥y-1

xdu P ) . (104)

These contributions to the total integral over u
from -1 to +1 are calculated and summed to give the
Legendre expansion coefficient Fn(E) in Eq. (99).
If no angular distribution is specified, i.e., if
TIDRr < 0, then the angular distributior. is assumed
isotropic in the laboratory system and the Legendre
expansion coefficient Fn(E) is

duy 2 0(uL) P (“1.)

2n n+ 1 2

(105)

In Eq. (99) we replaced Tr(uL.E) by 1/2; the factor
Po(uL) = 1.0 has been inserted to emphasize the use
of the orthogonality relationship for Legendre poly-
nomials. From Eq. (105) we have Fo = 1,0 and

Fo= 0.0 for n > 0, which is as we expect for an
isotropic distribution. Of course, for all angular
distributions, isotropic or not, FO(E) = 1.0,

Equation (97) can be rewritten as

= I dE ¢(E) o_(E) Nr.g'(a) F_(E) (106)

g

[+ -
I,n,8,8

to emphasize that we use the Legendre expansion co-
efficients in the integral over energy E. As with

the absorption integrals, the integration over energy
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E is performed numerically be summing the integrals
over I smaller intervals in group g. The lower and
upper bounds of the I smaller intervals are deter-
§ and Ek at which the cross

sections and fluxes, respectively, are tabulated.

mined by the emergies E

In addition the intervals are subdivided at what-
ever incident neutron energies Em the secondary
angular distribution data are given. Let Eli and
Ezi be the lower and upper energy boundaries of one
of the I intervals. The restrictions just discussed
on the boundary limits E1i and EZi can be summarized

by the promiscuous expression

E < Ek < E < El <ES< E2 < E

1S Erap

< En . (107)
Equation (106) is approximated as
I E2
1 2,) I :
or.n’g'g‘ * z Nrns‘ (Em) Fn(E i
i=1 Eli
x dE ¢(E) or(E) . (108)

The Legendre expansion coefficient Fn is obtained
at energy EZ1 by linear interpolation between the
NED energies at which the coefficients are avail-
able. If E21 i3 less than E(1), the first energy
at which the angular distribution data are given,
then rn(xzi) = 0.0. On the other hand, if
E21 > E(NED), then Fn(Ezi) = Fn(E(NED)).

sumption that Fn(E) is approximately constant over

The as-

the energy interval El1 to EZ1 is made because the
Fn(E) are slowly varying iunctions, interpolated
between energies much more widely spaced than the
separation between El and E2. This situation is
insured by requiring that E21 < 100E11;
face this might appear to be no restriction at all,
but recall that the energies E(1) and E(NED) are
separated by several decades. The simple linear
interpolation is carried out in FUNCTION TINEL.

In Eq. (108) an additional superscript i has
,(E ) This 1is
significant because it is an indication of the spe-

on the gur-

been added to the quantity N

cial way in which the secondary energy distribution

26

ket s e s er s s x e

data in the ESJ block are handled. The data and/or
parameters for the various laws are given for sever-
al incident neutron energies
SUBROUTINE FTBLN which sets them up for use in the

energy range Em <ESX Em+1 as indicated in Eq. (107).

There are no contributions to the integral for

Em: these are read in

energies less than E = ? the energy of the first
sublist. At all energies above the highest energy
EM in the ESJ block, the sublist corresponding to
EM is used. Thus, for all intervals such that

E <El <E2.<E_ , (109)

the same sublist in the ESJ block is applicable.
Note that i” may be greater than i. For each of
the several intervals i to i” in the energy range
of this sublist, N

E = (El + E2 )/2, the average energy over the in-

i 8,(I! ) is reevaluated using

terval. For certain laws, Law 1 for example,
r 8.(Em) g’(Em) because the probability enmerzy

distribution is independent of the 1ncident neutron
energy E. On the other hand, for Law 5, N ,(E )
¢ N ,(E ) because g(E,E lEq) will vary depending
New values of N:,g
culated in SUBROUTINE NUMBR for each integration
interval in Eq. (108).

As we did in Eq. (48) and those following, let

the flux @(E) and the rth reaction cross section

on the value of E. ,(En) are cal-

Gr(E) be expressed

#E =¥ EX  and o () = SEY .

Then Eq. (108) is written

1
i
rd e -
cr,n,g,g z NT.S (Em) Fn(Ezi)
i=1
p4s, A X+,
x |e dE E . (110)

The term in the square brace in Eq. (110) is written



P +s, E2, X+,
e dE E = (E2, - EL,)
1 1
Bl
Py B2y X, +Y
L S, dggii
E2, - E1 ,
1 1 g
1

where the term in curly braces is the expression for
ASUM in Eq. (58) except that Eb and Ea have been

replaced by E2i and Eli'
brace 1s evaluated in this way for every interval.

The term in the square

2. Fiasion Reactions. Fission reactions are
a special subset of the nonelastic reactions; they
have identification numbers 18 < ID < 21, although
at this time only reactions with ID = 18 and 19 are
handled by PROGRAM EVXS as mentioned in Sec. II1.D.2
under Law 7. These fission r<actions have TYPE = (
as a matter of convention. The total fission cross

section is calculated

+1
%,n,g " ! dE p(B) o (E) f du, T (4,E) P y)
g -1

aad because it is assumed that Tr(uL'E) = 0.5,

- I dE ¢(E) Gr(E) (111)

[+
T,0,g

for n = 0 only; O a g = 0,0 for all n > 0. The

kAl 4
fission spectrum x8 is calculated from the secondary
energy distribution data specified by the laws,

usually Law 3 or Law 7;

Xg = [ dE” P(E + E7) , (112)

g

where ¥ _ represents the fraction of fission neutrons
having energy in the gth group. This vector is
independent of the incident neutron energy E.

vision has been made in the code for fission frac-

Pro-

tions )(g - dependent on the incoming energy spec-
»

trum as well. Instead of a vector with G elements

we have a G x G matrix (stored in block SS) which

can be printed on input option. In addition to the

secondary energy distribution data which are used
to calculate the xg's. the ESJ block contains a
serles of energy, v pairs used in calculating the

integral

(vur)g - f dE #(E) o, (E) V(E) . (113)
8

From Eqs. (111) and (113) one can calculate

) e
v =
g (cr)g

the average number of neut:ons per fission in the
Equactions (111) and (113) are evaluated
following the same procedure described for other
reactions. The emergy interval E; to E; 18 broken
into many small intervals determined by the energies

gth group.

at which the cross sections, fluxes, and V are
tabulated. These integrals can be evaluated with-
out approximation, because all of the quantities

are tabulated as linear segments on log~log plots.

3. Additional Comments About the Laws. For
all nonelastic reactions there must be entries in
the ESJ array from which are calculated the eheréy
distributions of secondary neutrons., For fission
reactions the cross section record contains not
only the ESJ values but also pairs of values of E
and V(E) from which group-averaged values of the
average number of neutrons per fission are obtained.
It remains to discuss in detail how the Nr,g'(Em)
and the xg mentioned in the previous section are
calculated.

For each of the 1 energy intervals into which
the gth energy group has been subdivided, g values
of the factor Ni,g'(Em) are required to give the
fraction of the total number of neutrons scattered
into groups g° = 1, ..., g; these g factors are
stored in the array BO. The steps taken in SUB-
ROUTINE COEF for evaluating the contributions to
Ur.n.s.s" from the ith energy interval in Eq. (110)
are as follows:

(1) Obtain the value for ASUM from

SUBROUTINE SSUM.

(2) Multiply ASUM by (122:l - Eli) and store

the result in SUM,
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(3) Multiply SLM by F_(E2,) which is
interpolated from the values of
Fn in FUNCTION TINEL; store the
result again in SUM. .

(4) Multiply SUM by each of the g factors
stored in the BO array and add the
results to contributions from the
other small intervals which are

stored in the XSUM array.

Thus the question concerning the procedure followed
in calculating N:,g‘(Em) amounts to asking how the
g numbers in the BO array are calculated.

The sublist in the ESJ array for energy Em is
read once in SUBROUTINE FTBLN and used for all
energy intervals in the range Em < E< Em+1' Pro-
vigion has been made in SUBROUTINE FTBLN for the
eight laws described in Sec. II.D.2, and in the
following discussion we use the same notation intro-
duced in that section, The parameters correspond-
ing to the several allowable laws are read and
stored in specific arrays for later access by SUB-
ROUTINE NUMBR which is called for each of the 1
small intervals in the larger energy range. In SUB-
ROUTINE NUMBR the first thing done is to zero out
the BO array and to calculate for the ith small
interval the average incident neutron energy Ei
= (Eli + EZi)IZ. The details of how the parameters
are handled for the various laws will now be out-
lined.

Law 1. Forg” =1, ..., g we store into Bl
(g°) the sum of the product of the weight for Law 1
with the fractions fl of neutrons with secondary
energies E; such that E;, < Ei < E;. s

- v e o
E .<E <E. .
( e g )

Bl(g) = w, Efl ;
2

It is assumed that EI, the low energy boundary of
the lowest energy group, is 0,0. Furthermore, the
entry in the Bl array for the lowest energy group

is adjusted so that
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In any case that | zz £, - 1.0| > 0.005, an error

£
message 1s printed. Since for Law 1 there is no

explicit dependence on the incident neutron energy
E, the entries in array Bl are simply transferred
to the BO array in SUBROUTINE NUMBR.

Law 2. The parameters Dl’ Al’ an fl for this
law are read in SUBRQUTINE FTBLN and stored into
the F1l array in the following arrangement:

F1(1) = 2 Dy

F1(2) = 0.5 A1

F1(3) Wy fl
F1(4) = 2 D,
F1(5) = 0.5 A,
F1(6)

[ ]
]
rh

F1(3% - 2) = 2 DE
F1(32 - 1) = 0.5 A2
F1(3R) = vy fl .

The weight for Law 2 is vy The difference
W, (1.0 - zg £,) 1s added to F1(30); if
2

IZE fl - 1.0[ > 0.005, an error message is printed.

2
In SUBROUTINE NUMER the quantity BO(g”) is incre-

mented by the amount w, £, for E . < E, € e}, and

d 22 g 2 Tg
Ei = Al(Ei - Dl)' As with Law 1, it is assumed that
Ejony = 0.0,
conditions cannot be satisfied for g” < g, then an

If there exists any £ such that these
error message is printed. At the risk of repetition,
it should be obvious that these contributions to
BO(g”) change for each small energy interval i be-

cause of the change in the average energy Ei'

Laws 3 and 4. For these laws the forms of the
sub-gublists in the ESJ array are identical because
the dependence on energy E in Law 4 is introduced
through the use of several sublists., Entries in

the Bl array which may already be nonzero because
of contributions from Law 1 are incremented by the
amount AB1(g”) obtained by integrating over the
continuous energy distribution. The tabulated func-

tion is read in SUBROUTINE FTBLN; the integral



uu{)=wj dE” £(7)
E

is performed numerically in SUBROUTINE LAWFR using
the simple trapezoidal rule. The weight for Laws 3
or 4 is denoted by w in the above expression. The
integration mesh is determined only by the energy
group boundaries and the points at which the func-
tion £(E”) is tabulated. Obviously, there are no
contributions to the ABl(g;ax) at energies above the
highest energy for which £f(E”) is tabulated. The
quantity '
8’max
2B1(g”) - w

-

g=1

is forced to vanish by adjusting ABl(g;ax). How-

ever, if the quantity inside the absolute value sign
is greater than 0.005w, an error message is printed.
The index Bpax
E” should never be greater than E in the LAMDF. Be-

cause we have calculated additions to the Bl array,

should not be greater than g because

these results are automatically transferred to the
BO array when the Bl array is shifted in SUBROUTINE
NUMBR.

If Law 3 or 4 is used to describe the energy
distribution of fission neutrons, then g;ax = G and
the AB1(g”) are transferred to the Sl array in which

the fission fractions xg are stored.

Laws 5 and 6. These two laws are identical in
form except that q = 1/2 and 1, respectively, for
Laws 5 and 6 in the expression g(E,E'/Eq); this
function is tabulated as a function of x, where

x = B/E1. 1In SUBROUTINE FTBLN we store the tabu-

lated function in array FO as follows:

FO(1) = 0.0

FO(2) = w

FO(3) = x)

Fo(l:) =-1/2w g(E,x,)

FO(K~1) = xI

FO(R) = 1/2 w g(E,x;)

FOK + 1) = - 4.0 .

Here, w is the welght for either Law 5 or 6. If
both laws are used, the data for Law 6 follow

those for Law 5 in the same format. In SﬁBRDUTINE
NUMBR the integral is evaluated numerically iﬁ'x -
space between limits x . and x+, where xg; = Eg—/Eq
and xg, = Eg;/Eq
from x1(=F0(3)) tox .
into account the Q value for the reaction; since
E’ —E +Q=E -]Ql,thenx -(E +Q)/E

max
The integrals over each of the g~ groups are stored

The integration is carried out
» which is calculated taking

in the B3 array;

w4+

B3{g”) = w dx g(E,x) .

The values of P3(g”) are then added to the numbers
in the BO array, but only after they have been re-

normalized so that

Law 7. The parameters &, b, ¢, and Ef of the
generalized fission spectrum as written in Eq. (33)
are read in SUPROUTINE FTBLN. Control is immediate-
ly transferred to SUBROUTINE NAY where it is re-
quired that o = b = 0, The integral

E+,

P | . = -E°/B

Si(g™) 7 dE” /B e

(" = 1,...,6) C(118)

is required. As indicated in Eq. (114), the re-
sults for G groups are stored directly into the S1
array where the fission fractioms XS are found.
Equation (114) can be rewritten after dropping the

primes on E as

1-:; E
- 2 1 B 2 1
X =Sl(g)--———-—f dE/E e -—
g s g2 5 = B3/2
E E
x i VE B
dE e .
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We force the normalization to unity,

zxg=1.o ,
8

by calculating the fission fraction for the Gth
group as

G-1
X" 1.0 - jg xg .

g=l

The lower energy boundary of the first group E;-l is
assumed to be C.0.
reactions, and since SUBROUTINE NUMBR is never called
for such reactions, there is no need to provide for

that law in the aforementioned subroutine.

Law 7 is used only for fission

Law 10. There is but one parameter read from
the sub-sublist for this law, the quantity a in the
expression T = /E/a for use in Eq. (40) and

Eq. (115). In SUBROUTINE FTBLN the weight Y10 for
law 10 is stored in F2(1) and a 1s stored in F2(2).
In SUBROUTINE NUMBR contributions are calculated and
added directly to the BO array for each of the g~

groups; viz.,

E:, _E
880(g") = [ " E e T
T e

(8" = 1,...,8) . "(115)

Here, as in Laws 5 and 6, the Q vaiue for the re-

action is taken into account when calculating the

maximum allowed value of E°. Thus E-__ = E, + Q.
max i

As indicated in Eq. (115) the ABO(g”) are propor-

tional to the integral of the evaporation spectrum

over the g”th group. However, the normalization

condition requires that

which leids to the introduction of a normalization

factor. It is easy to show using integration by
parts that
E -E -E
'lzf dE“ E" e T-l--]-'-(E+T)eT R
T T
0
so that
w
ABO(g”) = — 10
- == EH0
£,
1-e 1 1+-£—_(Ei+q)]
i
+ +
akE . ak .
N TR e, \ T
aE . ak . E
x —-z-;—l+1 e (=¥, 1,
) A
(116)

In contemplating Eq. (116) it is well to remember
that Ei is the average incident neutron energy cor-
responding to one of the i small intervals in the
integration over enmergy E in Eq. (110). It is the
analytic properties of the evaporation spectrum in
secondary energy E” that allowed ua to arrive at
the expression for ABO(g”) in closed form as showm
here. Again, it is understood that E;‘-l = 0.0.
Finally, we have a provision in the code to

care for such cases where there might not be a law
specified at all! Parameters for Law 2 are set up
in SUBROUTINE FTBLN as follows:

F1(1) = -2*Q

F1(2) = 0.5/TYPE

F1(3) = TYPE .



This is equivalent to saying that the total avail-
able secondary neutron energy E + Q is distributed

evenly among the TYPE secondary neutrons.

E. Transport Approximations and the Cross-Section

Tables

In Parts A through D of Sec. III we have dis-
cussed how, for a single material, the Legendre
components of the cross sections for the various
types of reactions are calculated. The calculations
for a single material are not complete, however,
until we combine the multigroup reaction cross
sections and scattering matrices into various for-
mats suitable for input to neutron transport calcu-
lations; for example, the DTF—-IV5 format. Although
Ref. (5) refers to the DIF-IV transport code, it
should be understood that the cross-section format
described therein is widely used and 18 appropriate
for many transport codes. This becomes more obvious
when it is realized that cross sections with a
variety of special corrections can be put into DTF
format. To understend the various ways of combin-
ing the reaction cross sections, it may be helpful
to discuss generally how the multigroup-averaged
ccoss sections are handled once they huve been cal-
culated in SUBROUTINE COEF.

The cross sections calculated for each reaction
in SUBROUTINE COEF and stored in the XSUM array are
transferred to the SS array in SUBROUTINE PRIGG.

One significant change is made--a change which
across the years has been the source of untold con~
fusion for those involved with multigroup processing
coles-~the cross sections are stored so that group 1
corresponds to the highest energy group and group G
to the lowest energy group. All the printed and
punched output conforms to this convention, whereas
all input quantities follow the convention that
group 1 is the lowest energy group. The number of
entries in the SS array varies depending on the type
of reaction.

(a) For absorption reactions, only G values
of the total cross section cr,g are calculated, and
these G values are stored in SS(K,1), K= 1,...,G.
Any cross section less than 1.0 % 10—6 barn 1s set
to zera. After these values are printed on the
output file MTAP = 2, they are stored into extended

core storage (ECS) for future reference.

(b) For elastic, discrete inelastic, and non-
elastic reactions, except fission, a scattering
matrix is calculated for each Legendre component Po
to PNMAX-I' The storage array for each scattering
matrix is dimensioned G x (G + 1), the first column
being reserved for the total cross section Ur,n,g;
the second column for the self-scatter cross section
, and the remaining G-~1 columms for the

Specifically,

g
Ty0,Es8
d tt t [+ P
ownscatter terms 0,88
ss(1,1) = ¢ , the total cross section for
r,n,G
the highest energy group;

§S(1,2) = Or,n,G,G' the gelf-scatter term for
the highest energy group;

SS(1,6+1) = Or.n,G,l' the cross section for
dowvnscattering from the highest to
the lowest energy group;

SS(G,1) = ¢ , the total cross section for

r,n,l
the lowest energy group;

SS(G,2) = °r,n.1,1’ the self-scatter term for
the lowest energy group;

SS(G,J) = 0.0 for j = 3,..., G + 1 because
these would correspond to upscatter
terms which are not calculated in
this code.

It is required that every nonzero entry in the
matrix be greater than 1.0 X 10-6. The matrix 1is
scanned by SUBROUTINE SCAN to determine j..x, the
smallest value of j, such that for any 1, $5(1,3)
=0 for j > jmax' The matrix SS(i,3) is then print-
ed in the output for i = 1 to G and j = 1 to J-ux'
The full SS matrix is transferred to ECS for each
Legendre component. In computing traneport-corrected
cross sections only the total scattering cross sec-
tion ct’m's is calculated for the me Legendre
component; this is stored and printed just as though
it were an absorption cross section and occupies
only G words in the SS array. The total number of
ECS storage words required by any reaction for which
scattering matrices are calculated is, therefore,
G(G + 1)NMAX + G.

(c) For fission reactions three arrays are
passed to SUBROUTINE PRTGG from SUBROUTINE COEF:
the S1 array contains the fission fracticns xs cal-
culated in SUBROUTINES LAWFR or NAY, the S2 array
contains values of (“05)3' and the XSUM array con-
tains values of (Uf)g' Any values less than 1.0

x 107 in absolute value are set to zero. The
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numbers are stored in three columns of the SS array

so that

ss(},l) - (uf)G , ss(%.z) = (vodg s ss(%,s) = Xg »

SS(6,1) = (¢, » 55(6,2) = (o)) » S5(6,3) = ¥, .

Before these three columns of the SS array are
stored in ECS, the average value of v, v, for each
group 1is calculated and Uf, vcf, ;, and x are print-
ed for each group.

Special attention must be given to the sequence
of events if the fission fractions y are to be de~
pendent on the incident neutron energy E. As men-~
tioned in Sec. IIT.D.2, we would write X as a 6 X G
matrix representing for any incident mneutron group
g the fraction of fission neutrons with secondary
energy E” in group g”. In the original MANIAC code
the fission fractions Xg were calculated using the
parameters in the ESJ sublist for energy Em, where
Em < EZ. The dependence of xg on incident neutron
energy was thereby ignored--often the case in pres-
ent-generation multigroup processors. This option
is still available in EVXS by setting the input
parameter KF = 1, Provision has also been made for
a two-dimensional X calculation which is carried
out in SUBROUTINE FTBLN after the fission fractions
for a particular Em have been calculated in SUB-
ROUTINES LAWFR or NAY. The fission fractions
XS,B' = 0.0 for all g such that E; < Em-l’ the first
energy for which secondary energy distribution data
are given. In the case E < B; < E; SE g Xg,g”
= x(En,g'), where x(Em,g') represents the values of
the fission fractions calculated using the sublist
for Em. In cases where E; < Em < E;, the contribu-
tions to ¥ . are weighted according to the energy
interval ov;r which the ESJ sublist is applicable.

Specifically,

E - E L E - E,
Xg,g” = X(Ep1087) o * x(Ey,eT) o
g 8 2 g

& < B, < EZ) and  (g,8° = 1,...,8) . (117)
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As discussed under Laws 3, 4, and 7 in Sec. II1.D.3,
the x(Em,g‘) are normalized so that

G
Z x(Em.g‘) = 1.0 .
g™l
Therefore,
G
-=1.0
:5 Xg,g ’
g =1
and
G G
= G .
z Z thg
g=l g'=1

In SUBROUTINE FTBLN the Xg g matrix is stored in
* -

the SS array. The average value of Xg' is obtained

by averaging Xg g over the incoming energy groups

»
represented by the first subscript g; viz.,

(118)

These values of ig, are stored in the S1 array. 1In
SUBROUTINE PRTGG if KF = 2, the SS array in which
the Xg, . matrix is stored 1s printed immediately.
Then, and on}y then, are the values of (Uf)g,
(vcf)g, and xg stored into the first three columns
of the SS array.

It remains to describe SUBROUTINE FINIS in
which the cross sections for all the reactions are
read from ECS and combined according to one of three
recipes chosen on input option. Then cards are
produced in DTF format according to one of several
conventions. The procedure for combining the reac-
tion cross sections depends on input parameters IPN
and TW4.

(1) If IPN = 1, consistent Pn cross sections
are produced.

(2) If IPN = 0 and IW4 = 0, transport-corrected
cross sections are produced in accordance with the

prescription by Bell, Hansen, and Snndmeier.6



(3) If IPN = 0 and IW4 = 1, the cross sections
are transport-corrected in accordance with the
practice of Group TD-4 at LASL.

The number of Legendre components, or "tables,"
calculated depends on the input parameters IS0 and
IK. The degree of anisotropy is indicated by 1S0.
If IK = 0, only ISO tables are prepared; if IK = 1,
there will be 1 + 2 + ..... + ISO tables prepared
corresponding to all possible degrees of anisotropy
from 1 to ISO. The Pn tables for different values
of IS0 differ only for transport-corrected cross
sections (IPN = 0).

The first table, the P, table, contains values

0

of ¢ , and O s, as well as the
transport
P

0 All higher order

tables contain only the scattering matrix for the

abs® “rission
scattering matrix for o ..
& g8

particular table. The absorpticn cross section for

group g 1s defined as

b & TIPE=D
cg - :S :S (1 - TYPE )
r=1 =1
TYPEr>0
X g " (119)
r,0,8

Included in the summation are total cross sections
for absorption reactions (TYPE = 0) from Eq. (47),
total nonelastic scattering cross sections from
Eqs. (97) and (59) for n = 0, and total fission
cross sections from Eq. (111). The downscatter
terms of the -scattering matrix for the Pn table are
obtained by summing the appropriate terms for each

reaction;

R

(" < g . (120)

n
Q - - [o} -
g8 z Ly0,8,8
=1

Equations (119) and (120) hold, regardleas of the
maximum degree of anisotropy or the tranaport
approximation,

For conaistent Pn cross sections

R

TYPE =0
gtransport _ total _ z o + Z
g g
=1 =1
TYPEt>O
xa, .- s (121a)

and
R
P - z g (15115)
B*s TyNyBsr &
r=1
Thus, the Pn table for consis“:snt Pn Cross sectioﬂs
is the same, regardless of the degree of anisotropy.
Note that NMAX » ISO. .

For transport-corrected cross sections

otransport differ depending on the degree

s and o°
of anisotropy X (<X ISO) and depending, of course, on
the method of effecting the transport correction.

If IPN = 0 and IW4 = O, the Bell, Hansen, Sandmeier®

approximation for tramsport correction is used;

there
R R
transport z TYPEI:-O z TYPEr>O
g =- g + o
8 I8 r,0,8
r=1 r=1
R
- z TYPEr Ur,K,g (122a)
=l
and
R R
n
o4 - :E: o, :S . 122b
g8 I,0,8,8 m r K8 ¢ )
r=l =l

The Pn table depends on K because of the K depend-
ence in the last summation. For thie option NMAX
» 180, If IPN = 0 and IW4 = 1, the transport-
corrected cross sections are calculated as

R R

transport z TYPEr-o z TYPEr>O
a = [0} + g
8 8 T30,8
r=1l r=l
R
- z TYE, o, (1234)
r=1
and
B"S Z TyNy8s8 Z m r.l.zs -
r=l =1




Before they are punched, the cross sections calcu-
lated under this option are multiplied by the
factor N/A, where N is Avogadro's number and A is
the atomic mass number. Careful attention must be
paid to the last summation in Eqs. (123a and b).
The correction is effected using the self-scatter
térm for the Kth table and NOT the total scattering

cross section ¢ Now, EVXS is set up to calcu~

r,K,g"

late only Ur 0,8 for n = NMAX; therefore, to calcu-

t Rt
late using the ID-4 transport correction it is es-

sential that NMAX » ISO + 1.

The quantities U;bs, (vo traasport

g O
n . g g
Ug+g‘ are calculated one table at a time and stored
in arrays SF, STO, and STl which then are printed on

, and

the output file. Finally, numerical values in these
arrays must be arranged in DTIF format in preparsation
for output in 80-column BCD format. A few details
concerning the format are in order. Each "table"
corresponding to one Legendre component is a matrix
consisting of G columns, ITL in length. The table
length ITL is specified in the input; its default
value 15 G + 3. Within any columm corresponding to
one of the G groups, we specify IHT, the position of
the transport or total cross section, and IHS, the
position of the self-scatter cross section. All
other entries are positioned relative to these, as
shown in Table VIII. Usually, one has IHT = 3 and
IHS = 4, in which case the upscatter teras, none of
which is calculated in EVXS anyway, are eliminated
and there are no empty positions at the head of the
column. The default value for ITL is G + 3; if

ITL = G + 3 and IES = 4, then j in Table VIII is

G - 1, just the length required to include all pos-
sible downscatter terms. If ITL and IHS are chosen
so that j < G - 1, the downscattering beyond the
limits imposed by this table length is handled in
one of two ways, depending on input variable ITBL,
If ITBL = 0, the cross-section matrix is "floored";
no scattering is permitted below the lowest energy
group allowed by the table length and all entries
along the diagonal referring to a single initial
gfoup are added to the last-~allowed initial group.
Thus,

n n
& is replaced by Og-j-'-g + 2 Og-j*i . (124)
i>g

sz*B
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TABLE VIIT

ONE COLUMN OF A CROSS-SECTION TABLE

Entry

Position .
1
. Blanks
abs
IHT ~ 2 ag
g
IHT - 1 (vof)g
IHT Piad
8
. Upscatter terms
n
IHS - 1 o
gtlog
188 0;*3 Self-scatter term
HS + 1 @ ]
g-1»g
n
THS + 2 d
g-2g
> Downscatter terms
n
I
T %-3>g  § = ITL - IHS J

Equation (124) shows the procedure followed for the
MANTAC code., If ITBL = 1, the cross-sections
matrix is "truncated" and all scattering below the
lowest allowed energy group 1s treated és absorption

so0 that

abs abs n
a i laced by o + z o . 125
g & rep. ¥y O g-1+4 (125)
i>g

In either case neutron balance is maintained. If
the sum of the remaining terms below the cutoff,
the summations in Eqs. (124) or (125), amounts to
less than 0.001% of the tranmsport cross section for
that particular group, the cutoff terms are simply
ignored.

The elements of each scattering table are
stored in a column vector ITL X G in lemgth, ITL
numbers for each group as shown in Table VIII. This
vector is then written in BCD format (six floating
point numbers per card plus sequencing information)
onto the output tape and onto a scratch file TAPE4.
This disk file can then be punched using the PUNCHIT



control card available at LASL or by setting up the

PUNCH file in the PROGRAM card and adding the equiv-
alence TAPE4 = PUNCH.
be (ITL*#G/6) + 1 cards punched.
repetition of many zeroes in the tables results in

For a single table there will
Sometimes, the

a rather bulky card output. This problem can be
circunvented by use of the ANISN7 format; special
control flags are punched preceding the repeated
numbers to indicate how many times the numbers
would be found successively in a vector array.
Other special format options are available through
the IW4 input flag.
SUBROUTINES PUNREP and PUNCL prepared for use at
LASL by Forrest Brinkley of Group T-1.

These options make use of

F. Nonfission Neutron and Gamma Energy Deposition

In weapons vulnerability and radiation shield-
ing problems at LASL there is interest in material
heating caused by nonfission .eutrons and neutron-
induced gamma rays. To calculate the energy dep-
osition due to incident neutrons, one must know the
individual reaction cross sections and the Q values
for each reaaction. This information is included in
the heating numbers Hg which are defined such that
the product ”1,3“3 gives the amount of energy de-~
posited by the incoming neutron beam; ﬁi g ia the
neutron flux (neut/cmz) at apace point i.for neutron
energy group g; H 1s the heating number for neutron
energy group g in (cal/kg per neut/cm®) X 10713,

A complete discussion of the energy deposition
problem is available in Refs. (8) and (9), where it

1s shown that Hg for one reaction is calculated

I callkg , 1413
8 8 B neut/cm

a, .8 is the total reaction cross section, Eg i3 the
median energy for group g, and A is the atomic mass.
The EVXS code has been modified to calculate appro-
priate heating terms. The calculations, which are
performed in SUBROUTINE SSS, are carried out if
IW4 = 2 and IPN = 1 for any material.

For each reaction the following quantities are

computed and printed for each group:
£ - ctot *E
I8 LY 4 g

£ =t wq
9 T8

g
z 01'1‘3-8’5‘ *
g™
. g
£ = :S E.o .
T8 L 8 T,0,8:8 !
g=1

gtot . 230.5 £ +f - £ ,
r,g A I,8 r,q g

where Eg is the median energy for group g and is.
given in the library as part of the group structure
information. The first quantity f “is the Hg
number for the reaction multiplied by the factor
A/230.5; fr,q y
inelastic nature of the reaction; f;,g

repregents the energy loss due'to:the
includes “the”
kinetic energy of the secondary heutrons'produééd*
in the reaction. Thus, the quantity f 14 ves e
lated to the kinetic energy of the charged particlel
This -

would be the total energy deposition 1f all gamma
After ‘the

have been calculated for all redc-

and gamma rays produced by the reaction.

rays were abgorbed in the material,
quantities ftOt
tions, they are sumned to give the total energy
deposition for all gammas absorbed, GAg.

To get an estimate of the amount of enérgy
deposited due to the kinetic energy of the charged
particles, we subtract from GA & quantity propor—--
tional to the group-averaged gamma ehergy production
cross section, GIS. The array GI is réad iz to ‘EVXS
and multiplied by the factor 230.5/A to give'GPg;‘
Finally, to obtain the total emergy deposition when
all gammas leak out, GD8 is calculated; viz.,

GDS = GA8 - GPg. All of these heating quantitiel
are printed in the summary output.

v, DESCRIPTION OF THE CODE

A. Overall Operation .
A diagram indicating the relationship of the ;

principal subroutines in thia program il given in
Fig. 3. »
"levels," depending on the frequency with uhich they

The subroutines have been arranged foux

are called; the more frequently called lubroutinc

are placed on a lower level in the figure.

1. EVXs--Overall Control.
of the flow in this code is governed by PROGRAH
EVXS.

The overall control

The main program serves to define the 1en;th




Overall Comtrol
reads input and sets

level 1 up material loop
Reaction Loop Comtrol | EP@ET]
level IT 40 one SID —-{{_REO—]’P_R]
-L{:NIS l

Computation Control
Level III 4. "the rth reaction

Computation

Leval 1V
Routines

Computation

Fig. 3. Arrangement of principal subroutines.
of unlabelled common, of courge, and to set up the
neceggsary disk files. The input data are read to
determine for which materials multigroup cross sec-
tions are to be calculated and which group structures
are desired. The first file of the library is then
read by SUBROUTINE GREAD to find the desired group
gstructure sets and to store them into ECS for future
use. At this point any group structures that are to
be taken from cards are also read by GREAD and stored
into ECS.
are found are eliminated frou the problem after a
comment has been printed.

The rest of the main program consists of a

Materials for which no grovp structurea

large loop over the remaining requested materials.
The identification, or SID, number of each of the
remaining files in the LAMDF i3 read and compared
with the SID numbers requested. If there is a match,
the first record of the cross-section file is read
by SUBROUTINE CSREAD and the energies at which the
cross sections are tabulated are stored into ECS.
The cross-aection records for the R reactions are
read by SUBROUTINE SGREAD and stored into ECS;
finally, the ND angular distribution records for
waterial SID are read by SUBROUTINE ADREAD and the
'energiel, probability distribution data, and range
indicatora are stored into ECS, Contrcl is them
transferred to SUBROUTINE DATEC which supervises the
xroﬁp-avcraging of the cross sections for all reac-
tions. If there da no match when the identification
qu-bdf SID is read from the first rocord in the
cross-section file, the remsinder of the file is
akipped and the identification number ot the next
file 1s raad sgain, matching agsiuet the materials
r‘ﬁucitcd. Thus the code procseds through the LAMDF
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until multigroup cross sections for all requested
materials have been calculated or until the end of
the library tape has been reached.

2. DATEC--Reaction Loop Control for Cne Mater—
ial. The control of the multigroup averaging of

the reaction cross sections for one material lies
in SUBROUTINE DATEC.
group structure frem ECS and callsg SUBROUTINE GPOE
and Pi of Egqs. (50) and (51) are cal~
Next, a

It reads the appropriate

where the Xi
culated and stored in arrays X and POE.
loop over all reactions is executed inm which the
cross gections, the secondary energy distribution
data, and the appropriate set of angular distribu~
tions for a single reaction are read from ECS into
arrays in unlabelled common. Before the cross
sections are stored into the SIG array, they are
shifted by SUBROUTINE REORDR so that the values are
in positions corresponding to those of the energy
array ES. The values for the highest and lowest
energles for which the cross sections are defined
are extended to the highest and the lowest energies
for which the energy mesh is given. These values
should normally be zerv but, to handle the log-log
interpolation, 10720 ig used. The calculation of
the multigroup-averaged cross sections for each
reaction is carried out in SUBROUTINE COEF which is
called from DATEC,

After the cross sections for all veactions have
been calculated, printed, and stored into ECS, SUB~
ROUTINE FINIS is called; this routine retrievea the
group-averaged reaction cross sections from ECS and
builds up the Legendre components of the scattering
tables in DTF5 format. Five subroutines are called
by FINIS:

(a) SUBROUTINE SCAN checks every scattering
table to determine which values of the scattering
maetrix can be regarded as within the level of sig-
nificance of the msthods used in the code, i.e.,
greater in abaolute value than 10-6 bara.

(b) SUBROUTINE PRTB prints scattering tablea
in the output.

(c) SUBROUTINE CARDS writes the acattering
tables in BCD card image format on unit LTAP = §,

(d) SUBROUTINES PUNREP and PUNCL creats special
BCD card isagea appropriate for input to the ANISN7
and DTF5 loadera. Theae routinea were written by
Forreat Brinkley of LASL.



(e) SUBROUTINE NEWPG restores the page on
the output file and prints a page header including
the date and the description of the material being
processed as found in the array SDES (B).

After all the scattering tatles have been pre-
pared, control is returned from FINIS to DATEC,
where a check is made to see whether calculations
with the same SID are to be made with different
parameters. If so, the calculation is carried out;
if not, control is returned to EVXS.

3. COEF--Computation Control for One Reaction.

The computation of multigroup-averaged cross sec-
tions, as discussed in detail in Sec. III, is car-
ried out in SUBROUTINE COEF and 16 other computa-
tional routines. In addition to the initial sec-
tion in which required parameters are set, COEF can
be divided into three principal sections whose pur-
poses are to compute absorption reactions, to com-
pute elastic and discrete inelastic reactions, and
to compute nonelastic and fission reactions. The
particular section to be entered depends on the
TYPE and ID for the reaction, as shown in Table V
and summarized in Table IX. In the first section
we evaluate integrals like those in Eqs. (47) and
(48); in the second section we deal with the eval-
uation of expressions like Eq. (58); the third sec-
tion is designed to handle expressions such as that
found in Eq. (97). There is one thing common to
these different expressions:
tegration in incident neutron energy between the
geoup boundaries E_ and E; this is the work accom-
plished in COEF with the aid of SUBROUTINES SPACE
and GSOE. The relationship of SPACE and GSOE to
COEF is best understood by referring momentarily

to Eqs. (48), (49), (52), and (57); the quantity INT
in Eq. (57) is evaluated in CCOEF, but SPACE deter-

they all involve in-

TARE IX

OUTPUT STORACE REQUIREMENTS FOR VARIOUS
CATHGORIES OF REACTIONS

+ Dist.

Catogory ,,, Zvpe “‘EI > Leogth 1
Elastie 2 1 Yea GAGPMBMAX + G
Discrete Inelsstic i 3 thru 14

. 51 thru 80 1 | ] GACT*RUAX + G
Tisstion 18, 19, 20, 1 0, 1,2 %o G
Absorption 101 thru 108 o %o [+
13 thru 17 Yes GOGPMAX + G
Hem~-alsati
< 22 thru 31 ‘ L3 1y Gecr

Bete: G » mumber of groups from group set GID,
GPaG+],
WUX = maximus order of the Lagendre pelvromials uasd.

mines the values of k and j such Fha; Ek <€ 31.‘ Ek+1
and Ej < Ei < Ej+1' The quantities Yi and Si de-
fined in Eqs. (53) and (54) are calculated in GSOE
once j hos been determined in SPACE. The quaﬁflties
Xi and Pi of Fqs. (50) and (51) were previously ~~°
calculated and stored by DATEC. SUBROUTINES SPACE -
and COEF are included among the 16 “compitational
routines” mentioned in Fig. 3; only these two
routines are called from the first principal section
of COEF.

We have seen in Sec. ITI that Eg. (58) for
elastic and discrete inelastic scattering can be
reduced to the sum of a series of integrals:.over .-
small energy intervals as written in Eqs. (62) and
(69). The expression for INT is evaluated in- COEF,
but the components of the expression are.evaluated -
in the computatiopal routines. Referring to the -
expressions in Eq. (68), we know that S and Y are
evaluated in GSOE; it remains to review how
59(SB(E,)) and B, (B(E)) in Eqs. (63) and (64) are
calculated. The range of y allowed for scattering
into group g” is determined in SUBROUTINE GETMU.
The Legendre polynomials Pn(uL) are calculated in °
FUNCTION PN; the angular distribution function
T(4,E) 1s calculated in FUNCTION TE; the NINC inte-
grale for f,(E) as written in Eq. (77) are calculat-
ed in SUBROUTINE INTG. The interpolation of the °
values of fi(E) to .o and U is carried ouf"in
FUNCTION FF. Hawing obtained the integrals over
the range of u, B and B are calculated in COE?.
Quantities ASUM and BSUH are obtalned in SUBROUTINE
SSUM and the results are combined in COEF, For
discrete inelastic scattering SUBROUTINE FINDE is
used to determine energies to use as E. and Eb '
according to the formulas in Eq. (95).

The expression in Eq. (97) for nonelastic
scattering matrices can be rewritten as shown in
Eq. (106) and further approximated as shown in
Eq. (110). The expression in square braces in
Eq. (110) is evaluated with the aid of SSUH,'the
Legendre expansion coefficients F are obtained
at the energies given in the library from SUBROUTINE
TININ and interpolated to energies !2i in !UNCT;ON
TINEL. The secondary energy di-tribution data are
read in SUBROUTINE FTBLN; the fractions N ‘(E)
are calculated in SUBROUTINE NUMBR.

For figsion reactions the parameters Z and 20K

for use in the expression
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eZOE EZ

V(E) =
are calculated in SUBROUTINE FISSN. The fission
fractions xg may be calculated in SUBROUTINES LAWFR
or NAY depending on the parameters read by FTBLN.

The results of the calculations in COEF for
each reaction are printed by SUBROUTINE PRTGG for
each value of n from 0 to NMAX as they are finished;
the results then are stored into ECS for retrieval
later by FINIS.

SUBROUTINE ERROR is called
There
are certain non-ASA standard system routines and
functions used in the code. These are SUBROUTINES
DATE1l, CPAREA, ECRD, ECWR, EXIT, ERF, ENCODE, and
DECODE.

4. Other Routines.

from gubroutines at all levels in the code.

B. __Storage Allocation-—-ECS and COMMON
Although PROGRAM EVXS is not "variably dimen-
sioned" according to the literal usage of that

expression, large blocks of core in ECS and un-
labelled common are used for storing those large
arrays whose dimensions are not known until the
arrays are read. It is not necessary to provide
storage for the "worst" possible needs, but instead
one can plan on a trade~off in the combination of
group structure, cross sections, and output storage
demands. The -arrays are stored one after another
in the large storage block; of course, one must
keep track of which location in the large block
corresponds to the first word of each array. These
location markers are often called "pointers'; they
point to the first word of each array. We consider
first the arrangement of data in ECS and then turn
to the storage of arrays im block AA(21000) in un-
labelled common.

The arrangement of data in ECS 1s shown in
Fig. 4. The first block contains the information
which 1s stored into the IA array when the input
Since NT, the

number of cross-section request cards, may be as

cards are read by the main program.

large as 20, the IA array requires a block of ECS
storage no larger than 200, as indicated under

"Comments” in Fig. 4. The group structure informa-
tion for every GID requested in the input cards is
stored next to ECS. If some GID is requested which

does not exist on the library tape or in the imput

a8

Block Block
Pointer Naze Lensth Comments
1A I IN = 10%NT
IGEC(1) GID etc 12
MG G Repeated for all
required group
H G structores
EK KG
NSTART ES NES 3
1516(r) 516 IS;— Repeated for
ESJ IRS R Teactions
¢
. .
ITID(n) TID etc 16 This area of
o Repeated for ,, ECS is restored
E RED ND angular for each SID
X KT s distributions
D NED
T (33 1R Cross-section
Tov T putput. Repeated
. . for R reactions
LTOT .J
Fig. 4. Arrangement of data in extended core

storage.

data, the request is ignored and the program pro-
ceeds as though there were NT - 1 materials to be
Each GID requires 2*KG + G + 12 words
of storage, G being the number of groups and KG the

processed.
number of flux, energy pairs. The 12 words repre-
sented by "GID ete" in Fig. 4 are GID, GDES(8), G,
KG, and LGID, where LGID = 2*KG + G. The location
of the first word GID in the ith group structure

block is saved in IGEC(i).
into ECS in SUBROUTINE GREAD. The order in which

the group structure data are stored is not the order

These blocks are stored

in which they are requested but instead the order
in which they appear on the library tape.

The pointer NSTART marks the first locaticn of
storage used for each SID. The library tape is
searched until one of the requested materials is
In SUBROUTINE CSREAD the first record of

the material file is read and the NES energles at

found.

which the cross sections are tabulated are stored
into ECS, starting at NSTART. In SUBROUTINE SGREAD
the cross-gection records for the R reactlons are
read and stored into ECS; the locations of the first
words of storage for each record are saved in the
Similarly, the angular distribution
records are read from the library tape in SUBROUTINE
ADREAD and stored into ECS; the pointer words are
The 16 words represented

ISIG array.

saved in the ITID array.



by "TID etc" in Fig. 4 are TID, TDES{8), NED, SY,
LEG, KT, NINC, LTID, and A, Finally, ECS locatilons
must be allocated for the output of the calculations.
The SS array is the array into which results obtain~
ed in SUBROUTINE COEF are stored in SUBROUTINE PRIGG.
After the calculations for a given reaction are com-
pleted, PRIGG prints the results and stores the
contents of S§ into ECS. The first word of storage
for the first reaction is marked by pointer IOUT.

The lengths ILRr of the output blocks for each reac-
tion r depend on the type of reaction as summarized
in Table IX. The last word of ECS storage required
is at location LTOT; before the calculations are
started, LTOT is calculated to be sure that the ECS
requested on the JOB card is sufficient. If it is
not, LTOT is printed but the calculations are skipped
and we proceed to the next SID.

The large AA(21000) array in unlabelled common
is used for core storage of arrays of variable
lengths. The arrangement of the arrays, their
lengths, and their pointer words are summarized in
Fig. 5. With the exception of the SS array, all of
these arrays are stored in SUBROUTINE DATEC. The '
exception, SS, into which data are written in SUB-
ROUTINE PRIGG, is also an exception in that it is
the only doubly dimensioned array. If we recall
that LGID = 2*%KG + G, it can be seen at once that
the pointer word IAES = 2%LGID + 1., The first LGID
words contain the group structure information read
back from ECS5 into the AA array. Quantities POE and
X and Pi and xi, respectively, of Eqs. (51) and (50);
the ESP array contains the values for E; . The ES

array contains the energies at which the reaction

Accay Array
Pointer Name Length Covments
e HG G 1
Read into core
ra L % from ECS Por e
1ex Ex e " particulsr
IPOE POE ) [ ¢ ]
Computad fn
Ix X XC DATEC J
1ESP ESP G
IAES ES HES Cross-section energics
188 §S G(G + 1) Output storage
= 4 WED Anguler ~ Por a
IR Ix T distribution g;;t!l:uhr
data Reatored
o o RED >for each
136 SI16 NES Values for Op lreaction
IE5J sJ s, Data for 1l|llJ

Fig. 5. Arrangement of data in large common storage
array AA.

croass sections are tabulated; array. SS: contains the

group~averaged cross sections which are calculated :

in SUBROUTINE COEF.

The next three arrays contain

the data for the angular distribution set appro- .- -

priate for reaction r, and the cross sections and -

secondary energy distribution data for resctiomr -~

are given in the last two arrays.

The maximum - stor-

age required for any material is calculated in EVXS
and DATEC; the total is compared with 21000 to in-
sure the availability of sufficient storage in AA.

C. _Definition of Variables

A catalog of most variable names introduced in

this program and the subroutines in which they are

used 1s found in this section.

iables have been considered:

Four classes of var-

integers which serve

as temporary indices, counters, or pointers;. arrays

in which Hollerith data are stored; variableu‘usgd,

for temporary storage; and variables used more uni-

versally throughout the code.

Integers used locally in various subroutines as

temporary indices, counters, and pointers are I, IC,
IER, 16, I1I1, IL, IT, J, K, KX, L, LG, L1, L2, N, N1,

N2, and N3.

Arrays in which Hollerith data are stored are
listed in Table X; the names of the subroutines in
which the arrays are used are included in parentheses

following the array name.

ARRAYS CONTAINING HOLLERITH DATA

ASTR (EVXS)

ATMP (¥ 7BLN, LAWFE)
FS (ERROR)

FTB (FTBLN)
F1(ERROR)

F2 (ERROR)

F3 (ERROR)
IALLEK(PUNCL)
IBLNK (PUNCL,CARDS)
IHOLAR (PUNREP)
IHOLB(PUNREP)
IHOLDR (PUNREP)
IHOLL (PUNREP, PUNCL)
IHOLT (PUNREP

IDC (PUNREP)

IPIEGN (PUNCL)
IPISKN (PUNCL)

IPLUS (PUNCL)
IPOSCF (PUNCL)
IPOSCT (PUNCL)
IPSEX (PUNCL)
IPSGN(PUNCL)
ITERCD (PUNREP)
LTERED (PUNREP)
ITERMC (PUNGL)
LABEL(FINIS)
MAIN(EVXS)

MSR (EVXS)

M5 (FINIS)

PRNT (NEWPG, FINIS)
P5(FINIS)
SMSG(SSS)
WRT(SSS)
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Certain temporary storage variables have been

assigned names for convenience.

They are listed in

Table XI; the names of the subroutines in which the

variables are used are given in parentheses. For

variables in this category there is no relationship

between quantities with the same name in different

subroutines.

The word MANY in parentheses refers

not to the name of a subroutine but to the fact

that the variable appears in many subroutines.

TABLE XI

TEMPORARY STORAGE VARIABLES IN SUBROUTINES

AR (NUMBR)
BT (COEF,FINIS)
EGG(SSS)

EM(FTBLN)

EP (FTBLN)

ESX (LAWFR)

ETMP (COEF)
EX(GPOE,GETMU)
GIN(EVXS,DATEC)
GM(FTBLN)

GP (FTBLN)

ICARDC (PUNCL)

ICILD (PUNCL)
IDEL(SSS)

IDENC {PUNCL)
IDX(PUNREP)

IDXBLD (PUNCL)
IDXILD (PUNCL)
IDXRLD (PUNCL)

IDY (PUNCL)

IGE (EVXS,DATEC,SSS)
IGX (PRTGG, SCAN,FINIS, SSS)
IGN (PRTGG,SCAN,FINIS,PRTB)
IGT (FINIS)
1G4, IG5 (FINIS)
1H(FF)

THSX (EVXS)

IHTX (EVXS)
ILIM(FINIS)

ILL (NUMBR,FINIS)
ILN(FINIS)

IPOSCH (PUNCL)
IPT(ERROR)
IREM(SSS)

IRET (INTG)
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IRP(SSS)

ITEMP (PUNREP)
ITERM(PUNCL)
ITLX(EVXS)
IVECR(PUNREP)
IW1(SSS)

10 (FTBLN)

JT (INTG,TE)
LD(ADREAD)
M(TE,PN)

MAX (COEF,FINIS)
MEC(EVXS,DATEC)
MU (PN)
N1,N2,N3,N4(ERROR)
PM, PP (TE,PN)
PZ(TE,PN)

RQT (COEF)

TEMP (EVXS, PRTGG)
TEST (COEF , SSUM, INTG, PRTGG)
TL(INTG)

TMPL (CETHU)

TMP2 (GETMU)

TN (NUMBR)

T11 (NUMBR)
T1,T2,T3 (MANY)

T4 (NAY)

T9 (NUMBR)

T99 (NUMBR)
VINC(INTG)

VK (INTG)
v1,V2,V3,V4,V5,V6(SSS)
XN,XT (NUMBR)

XX (FF)
X1,X2,X3,%4 (MANY)
YY (PN)

By far the largest list of names is that for

variables which are common to many subroutines.

These variables may appear in labelled or unlabelled

common statements, or they may be transferred

through the calling sequences when control is trans-

ferred between subroutines.

In Table XII the var-~

iables are given, along with theilr storage locations

and definitions.

The storage is located most fre-

quently in blank or labelled common; local storage

is indicated along with the subroutines in which the

variables appear.

Bl

B3

CF

DAT

DF1
DF2
DUTL

uTP

EC

EE

EF

TABLE XIL

VARIABLES DEFINED UNIQUELY IN FROGRAM EVXS

Storage Location

Blank Cormon
Blank Common

Local FTBLN,NAY

Local IVXS
INT Common
INT Common
INT Common
local COEF,SSUM

Local COEF

Local FTBLN,NAY

Local COEF,SsUM

CHPUTE Common

CHPUTE Common

CMPUTE COEF,FTBLN
NUMBR

Local FTBLN,NAY

Blank Common

Local COEF

Local COEF

CMPUTE Common

CMPUTE Cormon

Local ADRFAD,COFF
FINDE,TINEL

Local COEF

INT Common

Local COLF

Local COEF,SSUM
GETMU, NUMER

Local COEF,FISSION

Local GREAD,COEF

Definition
Mass of target material

Block used to store data from
ECS for current material

Input parameter for lLaw 7
{currently 0)
Block to contain input title card
=A/1,00866545
=AM ® (AM + 1.0) * RQ
waM2
First part of the integral for
interval frem E1 to E2
=Ej * Ej1 * (£(Ej-1) - £(E§))
or"E2 ¥ B0, - E1 ¥ Bl

8 8
Input parameter for Law 7 (cur~
rently 0)
Second part of the integral for
interval fream El to E2
For elastic and discrete
{nelastic: B(E) for El
For elastic and discrete
inelastic: B(E) for E2
Integral storage block for
Laws 5/6
lnput parameter for Law 7
{currently D)
Date on which processing is
done
~FIX - FIN
=F2X - F2N
Integrals over du for angular
distribution enerpy Ej-l
(previous)
Integrals over du for angular dis-~
tribution energy Ey {current)
Black of angular distribution
energies (< 400)
Current value of cross-section
energy
€Current value of angular distri-
bution energy
Previous angular distribution
energy
Difference between %1 of two
energies (=E2L - EIL) or between
two energiea (=ED - EDL)
Current energy wmaximum for fission
reaction in computing v

Current energy value for flux
function



Nanme

EGP

ES

ESJ

FO
F1

F2
FIN,FIX

P28,F2X

GDES
GE
(o 0]

GIDN

IAES
IB

IBCDCC

ICARDX

TABLE XII (Cont.)

Storape Location

Local COEF
INT Common

Local GREAD,GPOE,
COEF,SPACE

INT Common

Blank Common

INT Common

Local CSREAD, COEF,

SPACE, GSOE

Local SGREAD,COEF,
FTBLN, LAWFR,
FISSN

Local GPOE,COEF,
FIBLN,LAVFR,
NUHER,NAY

Blank Common
Local FIBLN,NAY
Local COEF

Local SSUM
INT Common

Local COEF,SSUM

Local COEF,NUMER,
TINEL,FISSN

Local COEF,SSIM
INT Common

Local GETMU

Local FINIS,CARDS

Local COEF,FTBLN,
NUMBR

Local COEF,FTBLN,
NUMBR

Local COEF,FTBLK
Local COEF

#lank Common
Blank Common
Blank Common
Blank Common

Blsnk Common

Local FVXS,DATEC
Blank Common

Local DATEC
Blank Comon
Local PUNCL

Loca) PUNCL
Bla'k Comson

Definition

Lower group energy bound (Bg)
Number of groups plus one (=G + 1)

Block containing energies at
vhich fluxee are given (S 500)

Upper eriergy bound for current
{ncoming energy group (EE)

Upper energy bound for current law
integral

Limit beneath which values are not
printed but are considered equiva-—
lent to zero (= 10~9)

Block of energy values for which
cross sections are given

Block of data for computation of
scattering fractions duve to laws

Block of encrgies representing
upper energy bounds for each
group (Egy)
Formula to determine step size
2.0 - (rackea(EL))m]

EL
Input parameter for Law 7

Threshold energy for first ron-
zero cross section (SIG)

~E2L - EIL

lover energy for each energy step
in integrating

=2n(E1)

Upper energy for each energy step
in integrating

=in(E2)

Preset factor to determine step
size for integration (=0.05)

Temporary storage for function f

in computing yup 4, and .. 40
(- + £(Eg” - E))

Block containing format for output
of cards and print

Qutput data block for Laws 5/6
Output data block for Law 2

Qutput data block for Law 10
Linearly interpolated functiona of
Vmex and Vpgn

FIN = £{03¢5, Eo1d)

Number of energy groups
Description of current group set
Block of weighted group energies

Ident for group set currently being
used (=GIDN(NM))

Block of group set identa for each
material (<20)

Current position in AA block
Maxizunm storage available in AA
block {curremntly 21000)

Origin in AA block for ES block for
call to COEF

Indicator of type or output request-
ed for PUNREP

Tenporary compressed block for
atorage of characters for words
being converted

Maxinun number of cards

Ident number of reaction current-
1y being processcd (= MOD (IDR,,1000))

Nane

IDIF

1EC

IEK

IEN

1END

1ENDR

1ES
1ESJ

IESP

IFF

IFIN

"IFND

1F0

16

IGEC

166
6P
IGR

Ins

IAT

pary

i

116

ILIST

5 B8 %

IRC

TABLE XII (Cont.) .

Storage Location
Local REORDR

Local PUNREP
Local PUNREP
Blank Common

Local PUNREP

Local COEF,INTG,
PN,GETMV, FF,TE

Blauk Common
Local DATEC
INT Common
Blank Common
Local PUNCL

Blank Common
Local DATEC

Local DATEC
Blank Common

Local PUNCL
Local EVXS

Local FINIS
Blank Cotxnon
Blank Common

Blank Common
Blank Common
Local SSS

Local EVXS,FINIS
Local EVXS, FINIS
Locel ADREAD,DATEC
Local EVXS,ADREAD
Local SSS

Local EVXS,TININ,
FINIS

Llocal (Many)
Local EVXS,ADREAD
Blank Common

Blavk Common
Local DATEC

Locad DATEC

Blank Common

Local PRIGG,FINIS

Definition

bifference between one and position
of first energy for nonzero cross
section

Maximum number of rcpeats
Indicator for next test

Block of ident numbers ci sll
reactions for current ratezfal

Initial test indicator

Trigger for elastic and :I.nehltic:
0 = Elastic ’
1 = Inelastic, n= 0
2 = Inelastic, n ¢4 O

Current initial position for ECS
storage

Origin in AA block for EX block
for call to COEF

Origin of E block in DATEC; indi-
cator for SPACE in COEF

Last position #n ECS for storing
output

Starting position for curreat
value

Origin in ECS for ES block

Origin in AA block for ESJ block
for call to COEF

Origin in AA block for ESP block
for call to COEF

Trigger to indicate fission reaction
for TYPE = 0, 18 € ID <€ 21

Final position for current value

Indicator that requested GID is
found

Counter of tsbles dcne {2 for each
pass)

Generally used index for g (group
scattered)

Block of origins in ECS of group -
sets for each material (SID)

wIGP * G

=G +1

Index for weighted group energy
Position ia output table of self-’

- zcatter cross section
“-Position in output table of total

cross section

Teaporary word for sum of AA block
storage needed

Angular distribution ID numbers
for nonelastic reaction

Index for inner group loop

Iﬁput indicator for number of
tables desiréd: If zero, K-
table only (k = 1S0); 1if one, all
tables, (k' ™. 1,..., 1S0)
Generally used index for g (group
scattered into)

Trigger to omit prints used for
debugging

Block of lengths of output required
for given reaction

ECS requested on JOB CARD

origin in AA block for MD block for
call to COEF
Origin in AA block for MG block for
call to COEF

Origin in AA block for 10 input
paraneters for current material

- (S1D)

Increnent for pr!nting

41



INDTH

INIT
INY
out

ir

IPAR
1rn

IrN

1POE
i
IR

IRCT

IRDNUM

IRS
1s

ISAV
Isc

ISF
156
1516
150

ISR

I5Ti

ITAP
113
ITBL

ITID

ITX
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TABLE XII (Cont.)

_Storage location
Local PUKCL

Local PUNREP

Local SSS
Local EVXS

Blank

Blank Comson

Blank Common
Local BATEC

Local EVXS,FINIS

Local DATEC
Locsl ERROR
Blank Cosmon

Local PUNREP

Local PUNREP
Local PUNREP

Local SSS
Blask Coraon

Blank Cosmon

Local SS3
Local DATEC

Local DATEC
Lockl DATEC
Blank Cotmon
Local EVXS,FIXIS

Local EVXS,DATEC

Local DATEC,FIRIS
Local DATEC

Local DATEC

Blank Common
Local KEWPG,FINIS
Local HAIN, FINIS

Blank Commcn

Locel DATEC

Definition

Indicator of type of output re-
quired

Indicator of nuaber of digits to
use in numbering card output: O =
three; 1 = two

Pointer to AA block for output
prints

Total number of sets of input data
slloved in one run (< 20)

Initial position in ECS for storing
output

Number of input paramecters stored
on ECS for each material (currently
10)

Temporary block for switching para-
meter scts

Origin in AA block for PH block for
call to COEF

Input p: er: O0=T t
correction for output; 1 = Conaist-
ent PN

Origin in AA block for POE block
for call to COEF

Indicator of type of error and
action to be taken

Index for reaction currently being
processed (IR = 1,..., R)

Stors~¢ blocks (6 for each card)
for o. v of repests for each
field

Storage block for vslue from each
field

Storage block for operation to be
appiied to value in field

Kumber left to print

Length of tlocks of data (ESJ) for
"lavs" for each reaction (< 3000)

Lengths of cross-section blocks
(S1G) for each reaction (< 3000)

Pointer ta AA block for printing

Origin in AA block fcr SC block
for call to FINIS

Origin in AA block for SF block
for call to FINIS

Origin in AA block for SIG block
for call COEF

Block of origins in ECS for SIG
and ESJ blocks for each reaction

Input parapetecyr for degree of an-
ieotropy (< KMAX)

Sum of lengths {for ECS) of SIC
and ESJ blocks for all reactions

=Y, as, + 1ms;)
T

Origin of output blozk in AA block
(ss)

Origin in AA block for STO block
for call to FINIS

Origin in AA block for ST1 for
call to FINIS

Scracch tape (=3)
Number of the table being printed

Input paraccter for ITL < (G + 3):
G = Floor output cross scctions;
1 = Truncate

Bleck of origins in ECS for angular
distributions

Origin in AA block for TK block for
COEF

Name

ITL

ITYPE

Il

112

1T4

ITS

1IVECP
IWRT
WG

X

IXs

12

n

12

124

13
14,15,16

18

JEC
JF

Je
JX
Ja

J2
J3

TABLE XII (Cent.)

Storage locstion

Local EVYS,FINIS,
caRDS

Local PUNREP

Local COEF,FIBLX,
FISSN

Local FTBLN

Local FTBLN,LAWFR,
MUMBR

Local FTALN,NUMBR

Local PUNREP
Local $SS
Local EVXS,FIKIS

Local EVXS,DATEC
Local DATEC

Local FTBLN,NUMBR,
PRTCG, FINIS
Blank Common

Blank Common

Local EVXS,GREAD,
GPOE,COEF, FINIS

Local EVKS,GREAD,
GPOE,COLCF,FINIS

Blank Cunmon

Blenk Corwmon

Blank Cormon

Local COEF,TINEL

INT Comnon

Local EVXS,DATEC
Local COEF,FISSN

INT Comeon
INT Common
INT Common

INT Cotmson
Llocal COEP

Blank Common

Definition

Input parameter for output table
length deslired (if < 0, print only)

Type of output format to uvse: -1
= AKISN, 0 = DTF (end with 3), 41
= DT? (end vith %)

Integer value to test for ESJ
pointer, -1.0, 2c¢ indicate cnd of
sublists and/or end of block
Integer value to test for ESJ
pointer, ~2.0, to indicate end of
sublists

Integer value to test for ESJ
pointer, -4.0 to indicate end of
sublists

Integer value to test for ESJ
pointsr, =5.0, to indicate end of
sublists

Vector contsining dsta to be
processed

Pointer to first nucber to be
written

Input parameter for type of output
desired

Total ECS storage required for out-

put

Origin of X block in AA block for
csll to COEF

Temporary index

Type of storage required for out-
put for a given resction

Indicator for gamms deposiction
calculation if > O:
1 = Save storage
2 = Print header
3 = Calculation for ome
reaction
4 = Final calculation for one
saterial

Index for Eg~ from block EK

Index for Egt from block EX

Data for unpacking indices from
blocks MG, ME, MD (= octal 108)

Count of number of times FIBLN has
been entered, initially zero
Counters for Laus 2, 5, and 6,
respectively

If nonzero, indicates angular
distribution for nonclastic
teaction

Index for current value of angular
dictribution energy (E(JD))
Current origin in ECS to resd data
Pointer for the v block for fission
reaction

Index for current value of cross-
section energy (ES(JG))

Index for current =:=lue of crosa-
section energy (E>(JX))

Index for initial valve in TK and
ESJ blocks

Index for final values in TK block

Initial value of JX, position of
firat nonzero SIG in table

Input parameter for type of Chi
handling: O « normal; 1 = like
MANIAC code; 2 = print matrix be-
tore summing



B B

t

as

LIS

LG

LTAP
LTID

LTOT

LWRT

w1
L10

TABLE XII (Cont,)

Storage Location
Blank Common

Local NEWPG
Blank Common
Local NEVPG
Blank Common

Blank Comson

Blank Common

Local SSS
Local DATEC.FINIS

Locas REORDR
Local CARDS
Blank Common

INT Common

Local FINIS,CARDS
Blank Common
Blank Comon
Local EVXS,DATEC,

PRIGG

Blank Cotmon
Blank Common

Local EVXS,ADREAD
Local S55

Local SS§

Blank Common

Local ADREAD,COEF
TININ

Blank Common

Local GREAD,GPOE
COEF

Blank Common

MSC Common

Blank Cowmon
Blauk Common

Local PUNREP
Local PUNREP
Blank Common

Blank Common

Blank Common

Local PRTGG

Definition

Kuaber of flux (PH) and energy (EK)
values for group set GID (< 500)

Temporary indicator of type of out-
put desired

Current value of IRSy, length of
ESJ block for reaction beirg com-
puted

Number of tables being computed
Number of words in angular distri-
bution block TK

Number of dats to describe energy
distributfion of outcoming neutrons
(not used in EVXS)

Length of storage in AA block
needed for given material

Pointer for final number to write
Temporary word for length of AA
block

Difference between las. nonzero
cross section and largest energy
Number of recaining values lcss
than enough to fill a card

Nunber of Legendre coefficients
used: 0 = ,one, n = NED
Temporary word for gamma energy
deposition calculation (= G * ITL)
Length of block stored for zach
group set {(GID) (= G + 2 * KG)
Storage required in AA block for
longest ESY. (=IRS;)

Value to uae in computing storage
needed for output (= IGP * G * NAX)
Scratch tape (= 4)

Storage required in ECS for given
angular distrfbution (= KT 4+ 2 * NED)
Total ECS astorage required for
given material

Pointer to last word to be written
from AA block

Index fur LWRT

Counter fnr Law 10

Packed indices to the TK block cor-
responding to energies in the E
block

Packed indices to ES block for
wvhich nonzero cross sections (SIG)
are given for each reaction
Packed indices for KG block in-
dicating energy bounds

Indicator of type of msterial:

0 = Isotope, 1 = Mixture (not used
in EVXS)

Block containing duscription of
reaction for each ID for output
prints

Variable nume for output file (=2)

Temporary storsge for current max-
imum P, (RMAX(NM))

Number of entries per card
Kumber of characters Co comvert
Mumber of angular distributions
for current material

Current initisl position in ECS
into vhich input data is to be
stored

Mumber of energics for which
angular dietributions are given
(< 400)

Current count of ECS required for
output of computed values

NS
NSID
NSTART

NTAP
KRTAPE

NTAYET
Kz
PE
]

POE

Ps

r=]

RQ

22

TAMLE XII (Cost.)

Storage locstion

Blank

Definition

in ES block

of en 94,

Local TE,FINIS

Blank Common

Blank Common

Local COEF,FTBLN
Blank Common
Blank Common

Blank Common
Local PUNCL
Local PUNCL
Local PUKCL
Local PUNCL

Local PUNCL
Local PUNCL

Local PUNCL
Local PUNREP,PUNCL
Local EVXS,TININ

Blank

(< 3000)

Number of functions in TK block for
Palup)

Musber of sets of group data to be
used (< 10)

Womber of subdivisions to use in du’
integral (usually &0)

= NINC + 1
Index of wsterial processing loop

Block of values of saximum P, to
use for materisl being evalusted
(< 10)

Index n for P,

Currant number of eatries
Number of entries rsmeining
Number of entries per card

¥umber of single characters for
input
Count of characters being moved

¥umber of single characters to
change

Scratch file
Variable name of output file

Index for processing loocp for all
matarials

ge for IMt for

Local PRIGG,FINIS,
n

Local PUNCL

Blank Common

Local FINIS

Blank Common

Plask Common

Blank Comson

Local PUNCL,PUNREF

Local PUKREP

Blank Common

Locsl COEF

Lacal GREAD,GPDE,
COEF

Local COEF,TININ

Lacal GPOE,COEF

Local COEF,SSUM

Blank Common
Blank Common

Blank Common
INT Common

INT Common
INT Common
INT Common

{3 2
current material

Fusber of values remaining to be
psrinted -

Number of single characters for
sutput

Number of material sets im 1ibrary -
Origin of output parameter bleck

Inftisl ECS position for storisg
cross-section data upon startisg
nev material

Numder of materials to be mlun;
(< 10)

Pile containing data library (= 1)

Indicator of output madia desired:
0 = punched cards, -
N = magnetic, decimal tape N

Seratch file
Z-nuaber for material
= EDL * ED

Block of values for flux-weighting
correspending to energy values in
K block

Block of temporary functions for
nonelastic angular distributions

Por § (E) dF, POE = Py = fa (Phy)
- x4 tn (ERy)

= POE (JG) + SOE (+ 20E if fissiom
reaction)

Value of QR for current reaction

Block of energies releassd for
each reaction (< 50)

Number of rractions for given
material (€ 30)

Absclute value of Q for current
reaction

= 1.0 + AM2
-2 % AN
- AN

&3



SDES
SE

SF
SID

SIDN

SIN

$5

Tl

TYPER
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TABLE XII (Cont.)

Storage location
Local TE

Local FINIS
Blank Common
Local COEF
Ltocal FINIS
Blank Cormon

Blank Cowmon

Local SCREAD,REORDR,

COEF,SPACE, GSOE

Local EVXS,DATEC
INT Common

Local (Many)

Local FIKIS
Local FIKIS
Local COEF,INTG
Blank Common

INT Comson

Locsl COEF,FIBLX,
HAY ,PRTGG

Lucal COEF,PRTGC
Local NUMBR

Locsl MAIN

Blank Common
Blank Common

Blank Common
Blank Commson

Local ADREAD,COEF,
INIG,TE,TININ

Local COEF, INTG,
CETMU

Local FTBLN,LAWFR,
FINIS

Blank Common

Local COEF,PRIGC

Local COEF,GETMU
Blenk Cormon

MS5G Cowmon

Definttion

Temporary storage while suming

to NF for: 2 * T(u,Eq) = 1
wr

+ Y Gasn) vE *R W
n=1

Block in which final DTF format
cross scctions are stored

Description of material requested

Difference between two consecutive
angular distribution energies

(ED - EDL)

Storage block for nu-sigma ﬁ.nmnz
(vogf)

Ident number of msterial requested
{= SIDR(NM))

Block of material identa (SID) to
be processed (< 10)

Block of cross-section data values
corresponding to energies in the
ES block (€ 3000)

Tesporary storage for current SID
Yor 07 (Ef), SOE = g = tn(ay)
- Y * tn(E;)

Block into which output fc. each
reaction is atored as computed be-
fora writing on ECS

Cross~-aection block storage for
even k-table

Cross-ssection block storage for
odd k-table

Temporary storage for summing an
integral

System used in calculation:
1 = centar-of-mass; 2 = lab system

Block of Chi's by group for fission
veactions (xg)

Block of w{ for fission reactioms
E? + E1
2

Temporary storage for

Block into which title and descrip-
tion of current version of library
are read

Description block for current
angular distribution

Identification number for current
sngulsr distribution (= TIDRy)

1dent nuabers of angular diatribu-
tion to be used with rth reaction
{none 1f < 0)

1dent numbers of angular distribu-
tions in order found in library for
givan material (% 25)

Block of angular distribution data
(& 4000) .

Upin in elastic and discrete
inelastic calculation

Absolute value of difference be-
tween weight and integral

Value to deternine step size in
integrating nonelastic

Temporary storage for total scat-
tering cross section for given
taaction

Umax in elastic and discrete
inelastic calculaticn

Type of rcaction being
procesaed (« TYPER(ID})

Block of type numbers corre-
sponding to ID number for each
teaction

TABLE XII (Cont.)

Name Storage Location Definition

b/ Local INTG,TE,PN,FT Tewporary value of cosine in
computing angular distribution

B Local CCr¥,TININ, Angular distribution functions
TINEL for nonelastic computation

UL, M, Local INTG Tesporary storage for u valuea

n,n2 wvhen picking up intermediate
points where data are given
(normal step size is 1/40 of dis-
cance from -1,0 to +1.0)

vECP Local PUNCL Mock of data to be processed

-] Local FTBLN,LAWER, Weight factor from ESJ block

NUMBR

wT Local FINIS Weight currently being used

WT4 Local FINIS Special weight function (=0.6023/A)
for TD4

X Local GPOE,COEF Block of values for Xi
(~2n (P41 /0y )/ tnEx+1/Ex))

xstM CMPUTE Common Integral for gor g°

XY Local COEF,SSUM = X(JG) + Y (#Z if fission reaction)

Y INT Comwon Current value of:
- ln(ajﬂ/dj)/ln(ﬁjﬂltj)

z Local COEF,FISSN Current value of:
= #n{vy+1/v4)/in(E1+1/E1)

20E Local COEF,FISSN For fission reaction = 2n(vy)

-2 % n(Ey)

v. CODE OPERATION

At this time the program and the LAMDF are
stored together on a magnetic tape in binary format,
the code as an UPDATB10 OLDPL in the first file and
the data on the following NS files as described in
Sec. II.A. Ulcimately, we hope to have both the
program and the library permanently stored on disk.

The FORTRAN code is prepared for execution by
making an UPDATE run in which a BCD card image file
is written to the COMPILE file which, in turn, is
input to the compiler. The UPDATE program allows
convenient modification of the current version of
the code, but 1f sufficient use is made of the code
and modifications are not generally required, a
compiled binary version could be stored either on
disk, on the tape in place of the OLDPL, or on the
tape as an additional file preceding the OLDPL. In
this section we summarize the input and output
options available in EVXS.

A. Input
The data deck required to chtain cross sections

for one or more materials in the LAMDF consists of
the follcwing cards:

(1) Title card - Contains descriptive data
supplied by the user to identify the particular run
(8A10 format).



(2) Parameter Cards - Contain control parame- for each material, while the rest are optionsal,
ters, one card for each material for which cross with defaults as shown in the table (1216 format).

sections are desired. The details are given in (3) Blank Card - Signifies the end of the

Table XIII. The first turee parameters are required parame:er cards.

TABLE XIII
INPUT PARAMETERS FOR EVXS

Parameter End in

Name Column Description Defanlt

GIDN [ N = Group set to be used (if GIDN < 0, group Yone
structure information must follow the blank
card as described in text)

STuN 12 N = Identification of cross section to be None
processed

NMAX 18 N = Number of P, components to be calculated. None
See restrictions discussed in Sec. III.E
below Egs. (121b), (122b), and (123b)

ITL 24 N = Qutput table length desired (if list only G+ 3
is desired, set negative)

IHT 30 N = Position in table of total cross section 3

IHS 36 N = Pogition in table of self-scatter cross 3
gectiond

150 42 N = Degree of anisotropy 1

IPN 48 0/1 = Transport correction/consistent P, (see 0
Sec. III.E)

ITBL 54 0/1 = Floor/truncate outputb 0

W4 60 N = Special output opt:l.onc 0

IK 66 0/1 = K-Table only (K = ISO)/all tables, 0
K=1,.0., ISO

KF 72 0/1/2 = Fission matrix handling: mnormal/like 0

MANTAC code/matrix printed (see Sec. III.E,
Eqs. (117) and (118)

aSpace can be allowed for upscatter terms between IHT and IHS and for other special
terms at the beginning of the table as shown in Table VIII,

bITBL indicates how scattering beyond limits imposed by table length will be
handled: Floored - Scattering is not permitted below the lowest energy group
allowed by table length and is added to next higher group "up the diagonal"
(method used by the MANIAC code). Truncated - Scattering below the lowest
energy group is added into the absorption cross section to maintain the neutron
balance (see Sec. III.E, especially Eqs. (124) and (125)).

cDepending on values of IW4, the following output options are available:
0 = 0ld DTF output

= TD4 version of output

= Gamma energy deposition calculation

= Output for the ANISN loader

= Qutput for the DIF loader, blocks terminate (end with 3)

= Qutput for the DIF loader, blocks continue (end with 9)

werwNo =
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In general, group sets and materials can be
paiied'in’ahy fashion desired, with the same group
set used for some of the materials or the same
material being used with different group sets or
different input parameters. No particular order is
required of the input material requests since they
are sorted and will be calculated in the order in
which they are found in the library. A special
exception is the Gamma Disposition Calculation in-
put which will be described. More than one group
of requeste can be included in one run by separat-
ing the groups by blank cards and omitting the
title card after the first set. The library will
be rewound and the second set processed. A Gamma
Deposition falculation could be run here.

When group set data are to be added from the
input stream rather than taken from among those
existing in the LAMDF, the parameter GIDN is set to
=GID and the set of cards i1s added directly btehiad
the blank card which ends the set of cross~section
requests. The required format for the group sets
is given in Table XIV.

The special option for nonfission neutron and
gamsa energy deposition calculations is described
in Sec. IIL.F.
be set to 2 and IPN to 1.
be set on only one of the parameter cards. The

To make such calculations, IW4 must
The trigger IW4 = 2 need

same group set (GID) must be used for all materials
in one run for this special option. The materials
must be requested in the same order in which they
are avallable in the LAMDF; this is an exception to
the general rule. Other input data required are
the gamma energy production cross sections for each

group for each material requested in the parameter

cards. These additional cards follow the blank
TABLE X1V
CROUP SET CARD FORMAT
Caxd
Bleck Length Yorasat Contents
2 2 card €316,6A10) CID, C, XC, (60 XD ch

MG block, indicea for tha PH and EX
blocks

2 € values Q216)

GE block, group lnl:giel. in HeV

3 € values (6E12.4)
4 XGvalues (6E12.4)  FK block, veigheing fluxes in Hev!
S KG values  (6E12.4) EK block, energies in MeV at which

fluxes are given

*These quantities are used only in SUPROUTINE §5S; Af there is to be no
Csama Energy Deposition cslculation, any values, including 0.0, can be
veed hare.
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card; however, if the GID group set is read in on
cards, then the special cards follow the group set
cards. For each material we put in a title card
(8410 format) and as many cards as are needea for
the gamma energy production cross sections GIg,
g=1,...,G in 6E12.5 format.

runs from the lowest to the highest energy group.

The index g here

It may be helpful to review the overall input card
structure for the gamma energy deposition option:

(1) Title card for the runm.

(2) Data cards for all materials desired with
the same GID on each card; NMAX = 1, IPN = 1, and
W4 = 2,

(3) Blank card.

(4) Gamma energy production cross sections in
MeV-barns for all materials, in the same order as
the materials wre requested above, each set of cross

sections preceded by a titie card.

B. Output
The options for card or tape output from EVXS

are:

If ITL < O the cross sectlions are listed only
on the output file.

If ITL > 0, the cross sections are ligted on
the output file and written in BCD card image for-
mat on unit LTAP = 4,
on the value of IW4.

If IW4 = 0, the BCD card images are in standard
DTF format.

If IW4 = 3, the BCD card images are in DTF

The specific format depends

format acceptable to the ANISN loader.

If IW4 = &4, the BCD card images are in DTF for-
mat appropriate for the DIF loader with data blocks
ending with termination character 3.

If IW4 = S, the BCD card images are in DTF for-
mat appropriate for the DTF loader with data blocks

ending with continuvation character 9.

The BCD card images on unit LTAP may be punched
u.ing the PUNCHIT control card or else by assigning
TAPE 4 to PUNCH in the PROGRAM card.
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