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Abstract

Detalled information concerning the interactions of high-energy
(about 400 MeV) nucleons with matter is of particular interest in the
design of radigtion shields for space vehicles and high-energy particle

accelerators.

The Monte Carlo method has been applied to the calculation of such
interactions in the construction of the Nucleon Transport Code (NTC), a
linked series of newly written codes for treatment of high-energy trans-
port and previously written codes for the treatment of neutrons of energiles
below 50 MeV. NTIC, written for the IBM-7090 computer, calculates the
transport of nuclebns having initial energies as high as 400 MeV through
complex arbitrary configurations containing a maximum of four media, each
of which may be composed of up to ten isotopes. Cascade processes and
particle evaporation from excited nuclei are taken into account. The
end result of NIC is one or more magnetic tapes containing the detailed
records of all quantities pertinent to the transport of the nucleon.
These tapes can be independently analyzed by the individual user of NIC

to produce desired solutions to specific problems.

Appendices include typical analysis routines; a list of tape
assignments; a users' manual for the low-energy portion of the code and
for the geometry routine; and a full-scale demonstration problem, com-
plete in all details, which can be used to verify satisfactory performance

by all parts of the code group.
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l. Introduction

The interaction of a high-energy proton or neutron with the material
of a radiation shield initiates a complex avalanche of secondary particles
which proceed through the shield, increasing in number and decreasing in
total energy. In general, the direct interaction of the initial particle
with the nucleons within the nuclei of the shield constituents produces
several secondary nucleons having energies ranging from a few MeV to a
large fraction of the incident particle energy. There i1s left a highly
exclted recoiling nucleus, which rids itself of most of its excess energy
by evaporating nucleons and heavy particles of relatively low energy, of
the order of a few MeV. Interaction of the high-energy secondaries con-
tinues and expands the cascade. It 1s essential to the design of the
shield of a space vehicle to know the behavior of such avalanches as a

function of energy and shield thickness.

A calculational method which is uniquely capable of encompassing
all desired details of avalanche behavior is the Monte Carlo method. In
effect it performs an idealized experiment upon a system whose properties
are completely known, using counters of known resolution and perfect effi-
ciency. Like all counting experiments, however, it is subject to counting
uncertainties, and in application a balance must be struck between reduction

of these uncertainties and computing costs.

The Monte Carlo method has been successfully applied to the treat-
ment of neutron transport at fission energies and below in O5R, a code for
the IBM 704 and 7090 computers.l Two circumstances, however, prevent a
simple extension of O5R treating nucleons having energles greater than
fission. TFirst, at high energies nucleons may be absorbed, producing
miltiple secondary nucleons. In OSR a neutron never disappears by absorp-
tion at a collision, but rather continues with its statistical weight multi-
plied by the nonabsorption probability at the energy of the collision.

Second, protons lose energy in flight due to lonization collisions, and

1. R. R. Coveyou, J. G. Sullivan, and H. P. Carter, "The O5R Code: A
General Purpose Monte Carlo Reactor Code for the IBM-704 Computer,"
Codes for Reactor Computations, International Atomic Energy Agency,

Vienné_(iggij; Pe 267,
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account must be taken of this effect. For these reasons, then, the approach
to high~energy nucleon transport embodied in the present Nucleon Transport
Code (NTC) has been to transport the nucleons from high energy down to some
appropriate boundary energy by a separate code. Below this boundary neu-
trons are treated by O05R and protons are transported at the discretion of
the user. A suitable boundary energy is 50 MeV, since most evaporation
particles have energles < 50 MeV, the direct interaction model does not ap-

ply below this 1imit, and the proton range is small.

The purpose of the present paper is to facilitate use of the Nucleon
Transport Code (NTC) by interested parties. A detailed description of the
physical models and the mathematical methods employed is therefore reserved
for a later publication. The series of codes comprising NIC will first be
described in a general way, followed by a more detailed discussion of the
high-~energy transport and analysis codes. Running instructions and a de-

scription of input will also be given, and a sample problem will be solved.

2. General Description

The Nucleon Transport Code is actually a series of four basic codes,
all written for the IBM-T7090, which when combined calculate the transport
of nucleons with energies up to 400 MeV through complex arbitrary configura-
tions containing a maximum of four media, each of which may be composed of
as many as 10 isotopes. Each basic code in turn employs a number of
specific subroutines. The basic codes are the High-Energy Transport Code,
the High-Energy Analysis Routine, the O5R, and the O5R Analysis Code. Dis-
cussed separately below, their order and general functions are outlined in

the schematic flow chart of Fig. 2.1.

2.1. High-Energy Transport Code

The High-Energy Transport Code introduces the nucleons into the
system and transports them down through the region between 400 and 50 MeV.
The only tasks assigned to this code are the tracing of particle paths in
Phase space and the recording of information at significant points along
the paths. When a nucleon has a collision, escapes from a medium, or slows

down past 50 MeV, details of the event such as the position and velocity of
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the nucleon at the time of the event are recorded on a history tape. This
method was originally devised for O5R. It permits freedom in the manner of
analyzing the particle trajectories and also allows saving the data for
future reanalysis for additional information. A general flow chart of the

code is shown in Fig. 2.2.

The computation starts with the specification of the upper-and lowen-
energy limits of the calculation; the atomic number, atomic weight, nuclear
density, and effective ionization potential for each isotope of each medium;
the number of source particles to be transported; a description of the
geometry of the problem; and any source information required by the source
subroutine. A range table containing values of the distance a proton will
travel for each of 101 values of the energy equally spaced between the upper
and lower limits is then computed, as well as an inverse range table con-
taining values of the energy corresponding to 101 values of the range
equally spaced between the maximum range and zero. Quantities in both

tables are assumed to vary linearly between entries,

Flexibility in the geometry of the problem is achieved by using
Irving's general-purpose geometry routine,2 which subdivides the space of
interest into a number of parallelepipeds, each of which may be further
subdivided by several quadratic surfaces. Given the end points of a line,
the subroutine specifies the coordinates of the intersection of the line

with the nearest intervening surface, if any.

The repetitive portion of the High-Energy Transport Code starts by
the source subroutine being called to select a source particle. This sub-
routine is arbitrarily written by the user to fit the requirements of the
problem at hand. A flight distance, d, is next selected from the distribu-
tion Ze—Zd, where 2 1s the macroscopic total geometric cross section.3
If within the distance d the particle escapes the system, the position of
the spatial boundary crossing is recorded on the history tape and interest

in the particle ceases for the code. If the particle being treated is a

2. D. Irving, Neutron Phys. Div. Ann. Progr. Rept., Sept. 1, 1962, ORNL~-
3360, p. 230,

5. For hydrogen the largest proton cross section in the energy range, the
n-p cross section at the lower energy limit, plays the role of a
geometric cross section.
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proton, its energy at the end of the flight is computed by interpolation
in the inverse range table. If the proton has crossed the lower energy
1imit, the position at which it crosses is recorded on the history tape

and the particle is no longer considered by the code.

If the particle has neither slowed down below the minimum energy nor
escaped, it may suffer a nuclear interaction. The jth nucleus is selected

as the target nucleus by the requirement that

a-1 1
2 (z./3) <R<>i (z,/2) ,

i=1 i=1

where R is a random number uniform on the unit interval, 2z; is the ith

isotope geometric cross sectlon, and

Z= Z Z. .
1

i

If the target is not hydrogen, Bertini's cascade subroutine BERT4 is given
the energy and type of incident particle and the atomic number and weight
of the target. The subroutine calculates and returns the number, types,
energies, and direction cosines of the cascade products. The energy
variation of the interaction cross sections and the possibility of the
passage of the particle through the nucleus without any interaction are

both considered by this subroutine.

Collisions with hydrogen are treated by storing the n,p and p,p
cross sections as functions of energy. A random number R is tested against
[Un,p(E)/Gmax] or [Gp,p(E)/cmaX] for incident neutrons or protons, respec-
tively, where oy p is the microscopic cross section at energy E and Opgx
is the microscopic pseudogeometric cross section for hydrogen. If R is

less than the ratio, a scattering takes place as an apparent cascade, with

L. H. W. Bertini, Monte Carlo Calculations on Intranuclear Cascades, ORNL-
3383 (April 23, 1963).
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two particles emitted. If R 1s greater than the ratio, the particle con-

tinues with no collision.

One version of the High-Energy Transport Code accounts for multiple
Coulomb scattering (of the primary beam only) by means of Fermi's theory.~
A "Coulomb distance"” for application of the deviation formulas is arbi-
trarily taken as 1/10 of the range at the current energy of the particle.

However, the Coulomb distance must be greater than 1 cm.

When a nuclear collision occurs, the following details are recorded

on the history tape:
1. the type of colliding particle (neutron or proton),

2. the position, energy, and velocity of the colliding particle

at its birth,

%s the position of the collision and the energy of the colliding

particle at collisiocn,

L, the number, types, energles, and velocities of the product

nuclecns having energies gbove the lower-energy limit,

5. the number, types, energies, and velocities of the product

nuclecns having energles below the lower-energy limit,

6. the atomic number and weight and the excitation and recoil

energies of the residual nucleus.

In addition to being put on the history tape, the data for the
product nucleons having energies above the lower-energy limit are saved in
the fast memory so that they may be transported in turn. The colliding
particle, of course, disappears and the gquestion 1s asked whether or not
all the descendants of the original source particle having energies above
the lower limit have been treated. If they have not, the next descendant
becomes the particle of interest, a flight distance is selected, and the

entire process is repeated. When all descendants have been treated, a

5. B. Rossi, High-FEnergy Particles, Prentice-Hall, FEnglewood, New Jersey
(1952), p. Tl.
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test is made to determmine whether or not the desired number of source parti-
cles has been considered. If not, another source particle is selected by
calling the source routine and the steps following point 1 in the flow

chart are repeated.

2.2. The High-Energy Analysis Routine

The High-Energy Analysis Routine uses the history tape, usually
called the collision tape, from the High-Energy Transport Code to do four
things: (1) to estimate the high-energy nucleon distributions, (2) to
complete the intranuclear cascades by evaporating nucleons from the highly
excited residual nuclei, (3) to estimate the distribution of protons below
the boundary energy, and (4) to prepare an OSR source tape for neutrons
having energies below the boundary energy of 50 MeV. A flow chart of the

routine is shown in Fig. 2.%.

The analysis 1s initiated when a record from the High-Energy Trans-
port Code collision tape is read into the memory and an arbitrary "Analysis
I" subroutine is called to analyze the particle history and determine its
contribution to whatever distributions are being estimated. It is
important to emphasize that this subroutine must be arbitrarily written by
the user to extract the information required for a particular problem. If
the record is that of a particle which escaped from the system, the code
obviously has no further interest in the particle. If the record is that of
a proton that has slowed down past the lower-energy limit of the high-
energy code, a second completely arbitrary analysis subroutine, "Analysis
II", is called. If the record is that of a particle that has suffered an
interaction, the code determines whether there are any product nucleons
below the lower-energy limit and, if there are, treats protons with the
Analysis II subroutine and writes the neutron data on the O5R source tape.
Finally, particles are evaporated from the excited residual nucleus
by calling a subroutine version of the evaporation code constructed by

Dresner,6 with the resulting protons being channeled to Analysis ITI and

6. L. Dresner, EVAP - A Fortran Program for Calculating the Evaporation of
Various Particles from Fxcited Compound Nuclei, ORNL CF 61-12-30
(December 19, 1961).
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the neutrons put on the 05R source tape., Provision is also made in the
code for recording the spatial distribution of evaporated heavy-particle

energy and final residual nucleus energy.

Some details of a typical High-Energy Analysis Routine are given in

Appendix A.

2+%, The 05R Code

The O5R code has been described elsewhere.l Using the source tape
produced by the High-Energy Analysis Routine, OS5R traces the neutron
histories from 50 MeV to thermal energies, producing a history tape similar
to the one produced by the High-Energy Transport Code. Some 34 parameters
may be put on this history tape.

2.4, The O5R Analysis Routine

As 1s the case with the high-energy histories, the analysis routines
for the O5R histories are arbitrarily constructed by the user for the
barticular problem involved. Since the histories can be saved, later re-

analysis of the data for additional information is practical.

3. Input to Nucleon Transport Code (NTC)

The following is the input to NIC Chain (1,3) and Chain (2,3) to

produce a collision tape designated as logical tape 6.
Chain (1,3) reads in:
Card 1. Format (80H)

A card contalining Hollerith information for identification

of printed output.

Card 2. Format (¢12)

a. NRAN The starting random number which is stored in 90 of

C¢MM¢N, the position of the current random number.



Card 3.

=11

a b c d e

Format (E10.%,E10.3%,110,110,110)

a. EMAX The maximum energy in the range-energy tables, in
MeV; EMAX < Loo.

b. EMIN The minimum energy in the range-energy tables,
in MeV; EMIN ~ 50. Particles are not followed
below EMIN in the High-Energy Transport Code.

c. MIMAT The maximum number of media in the system
(MXMAT < L),

d. MAXCAS The number of source particles in each batch.

e. MAXBCH The number of batches to be run. The user may or

may not wish to make use of this number.

The media must be specified in order to compute cross sections and

range-energy tables. For each medium cards 4a and 4b must be supplied.

Card La,

Card Ub.

a b
Format (E10.%,110)

a. DENH(M) The hydrogen nuclear density x 1072% for the Mth

medium.

b. NEL(M) The number of elements in medium M with mass > 1;
NEL(M) < 10.

a b c
Format (E10.%,E10.3%,E10.3)

a. 2Z(I,M) The charge number of the Ith isotope in the Mth

medium.

be A(I,M) The mass number of the Ith isotope in the Mth

medium.

c. DEN(I,M) The nuclear density x 10 2% of the Ith isotope
in the Mth medium.

The index I runs from 1 to NEL(M); the index M from 1 to MXMAT.
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Chain (2,3) reads in:

l. The input for the geometry routine, GE¢M. This input is
described in the ¢5R manual in Appendix D.

2. The input for the source routine, S¢RS, if any.
S¢RS 1s a subroutine written by the user which gives the starting
parameters for the source nucleons. It is called by the statement:

CALL S¢rsS(M,TIP,X,Y,Z,E,SSQ,U,V,W,WT)

where

M= 0 to initialize the source routine (one time only)

= 1 1if source data is to be provided,

TIP = 0. if particle is a neutron

= 1. if particle is a proton,
X,Y,Z = starting coordinates, in cm,
E = particle energy, in MeV,

55Q = (speed)® of the particle, in e [sec?,

I

U,V,W = velocity components of the particle, in cm/sec,
WD = weight of the source particle (usually i.).

CAUTION: Do not start source particles on GE¢M zone or block boundaries

(see GE@M specifications in Appendix D).

Chain (2,3) transports MAXCAS source particles and their products,
writing the history tape described below on logical tape 6. It then calls

Chain (5,5) which is the start of the arbitrary analysis routines.

L. High-Energy Collision Tape

The high-energy collision tape may be analyzed for the desired nucle-
on distributions between the upper- and lower-energy limits. The cascade
process is not complete, however, and subroutine WEK, described in Sec. 5,
must be used to evaporate additional particles from the excited residual

nuclei. Neutrons with energies below the lower-energy limit may be counted
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and reported on magnetic tape to enable the preparation of the O5R

input.,
The high-energy collision tape format is as follows:

1. N¢CAS The number of the source particle which initiated the
current cascade. Source particles are numbered from

1 through MAXCAS,

2 NC¢L An integer indicating the kind of event:

1t

nuclear interaction,

= escape Trom the system,

= slowing down of a proton below EMIN,
escape from a region,

= nuclear interaction with no products resulbing,

~N VT FE W o
11

= Coulomb interaction (primaries only) .

5. NAME The number of the particle considered in this event. NAME
starts with 1 for each source particle and increases

by 1 for each additional product particle in the

cascade.
4, TIP The type of particle:
0. = neutron,
1l. = proton.
5. E The energy of the particle at birth, in MeV.
6. 95Q The (speed)® of the particle at birth, in cnf/sec®.
Te U
8. v | The velocity of the particle in the x, y, and z
directions, respectively, in cm/sec.
9. w J
10, X )
The position coordinates of the particle at birth,
1. Y ¢ .
in cm.
12. 7 J

13. WT The weight of the particle.
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14, THET The mean free (geometrical) flight time at energy E,
equal to l/(Zs), where % is the macroscopic geometrical

cross section and s is the speed.

15. XC

6. YC The position coordinates of the event, in cm.

17. ZC

18. EC The energy of the particle at the start of the event.

19. S8QC The (speed)® of the particle at the start of the event.
20, NMED The number of the medium in which the event occurred.

21. NAB¢V The number of cascade products having energies above EMIN.

224 NL¢ The number of cascade products having energies below EMIN.
2%. ZPR The charge number, Z, of the residual nucleus.

2k, APR The mass number, A, of the residual nucleus.,

25. X The excitation energy of the residual nucleus, in MeV.

26. EREC The recoil energy of the residual nucleus, in MeV.
Quantities 21 through 26 are nonzero only if NCPL = 1 or 5.

If a nuclear interaction takes place and NAB¢V 1s greater than zero,
a record of the products having energies greater than EMIN is given in the

following form:
NAME(I) The name of the product.
TIP(I) The type of particle:

O.
1.

1

neutron,

1

proton.
E(I) The energy of the particle, in MeV.

SSQ(I) The (speed)® of the particle, in cm®/sec®.

The velocity components in the x, y, and z directions,

V(I)/I in cm/sec.
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Wn(I) The statistical weight of the particle.
The index I runs from 1 to NAB@V.

If particles having energies below EMIN are produced(NL¢ is greater

than_zero), they are reported on one record as follows:
TTP(I) The type of particle:

0. = neutron,

l., = proton.
E(I) The energy of the particle, in MeV.

ATPHA(I)] The direction cosines of the particle flight, referred to
the coordinate system x", y", and z". TIn this system the
BETA(I)7 2" axis is coincident with the velocity vector of the parent
"

particle. The relation between the x", y", z", and
GAMMA(I)] x, y, z axes is shown in Fig. L.1.

The index I runs from 1 to NL@.

5. Range~Inergy Tables

The range-energy tables were briefly mentioned in connection with
the High-Energy Transport Code (Sec. 2.1). These tables are retained in
C¢MM¢N for use in analyzing the high-energy proton distributions. A set
of two tables 1s prepared for each medium, a range table and an inverse-
range or energy table. Each range table entry 1s the distance travelled
by a proton of specified energy before 1ts energy is reduced to EMIN by
ionization losses. The ranges are stored in descending order for 101
equally spaced values of energy, beginning with EMAX and ending with
EMIN, To illustrate the use of the range table, assume a proton of energy
E lying between EMAX and EMIN. The distance the proton can travel before
its energy reaches EMIN can be computed by the following FORTRAN state-

ments:
I = (EMAX - E)/DELER + 1.
FI =1
DIST = RNGE(I + 1,M) + (RNGE(I,M) - RNGE(I + 1,M))*

(E - EMAX + FI*DELER)/DELER
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where
DELER = the width of the uniform energy interval in the range table
(DELER = (EMAX - EMIN/100),
RNGE(I,M) = the Ith entry in the range table for medium M.

The inverse-range or energy btable .entries are the energy a proton
must have in order to travel a given distance before ionization losses
reduce its energy to EMIN. The inverse ranges are stored in descending
order at 101 equally spaced values of the range beginning with the range at
EMAX and ending with zero. As an illustration of the use of the inverse-
range table, consider a proton whose range to EMIN is R. Its energy can

be computed by means of the following FORTRAN statements:

T = (RNGMX(M) - R)/DELRNG(M) + 1.

FI =T
ENERGY = ER(I + 1,M) + (ER(I,M) - ER(I + 1,M)*(R - RNGMX(M) +
FI*DELRNG (M) ) /DELRNG (M)
where
RNGMX(M) = the range at EMAX in medium M,
DELRNG(M) = the width of the range interval in the inverse-range
tables for medium M ( = RNGMX(M)/100),
ER(I,M) = the Ith entry in the inverse-range table for medium M.

In addition to the range-energy tables, a number of other gquantities
which may be of interest are stored in C¢MM¢N. A complete listing and de-
scription of the C¢MM¢N storage is glven in Table 1.

6. Subroutine WEK

Subroutine WEK, which calculates the evaporation of particles from
the excited residual nuclei, is the evaporation program of Dresner® put
into subroutine form so that it may be used in an arbitrary analysis code
to complete the cascades. When used in the NIC code, the WEK data are
stored on logical tape 1 after the 19 records required for the cascade

data; therefore, a 19-record skip on the tape is necessary to enter the
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Table 1. List and Description of Quantitles
Stored in C¢§M¢N
Position
in
CEMMPN Quantity Dimension Description
1-85 DUMMY 85 Used by GE@M
86 EMAX 1 See input specifications
87 EMIN 1 See input specifications
88 MXMAT 1 See input specifications
89 MAXCAS 1 See input specifications .
90 NRAN 1 See input specifications
91 MAXBCH 1 See input specifications. -
92 N¢BCH 1 Batch counter. Set initially to 00.
Not used by Chain (1,3) or Chain (2,3).
9% DELER 1 Width of the uniform energy interval in
the range tables. It is the same for
all media.
94-97 DENH (M) L See input specifications.
98-101 NEL(M) b See input specifications
102-1h1 7(1,M) (10,4) See input specifications.
142-181 A(T,M) (10,4) See input specifications.
182-~221 ET@N(I,M) (10,4) The average ionization potential for the
Ith element in the Mth medium. It is
calculated by
EIfN(eV) = 9.0 x Z, Z > 30;
=z[128-58z-5)/25], .
5 <7 < 30;
= 59.0, 7 = ki
= 5)'4"5; Z = 55 )
= L) Z = 2;
= 17.5, z = 1.
222261 DEN(T,M) (10,4) See input specifications
262-265 STGT(M) 4 Macroscopic geometric total cross sec-
tion for medium M.
266-305 SIG(I,M) (10,k) Ratio of macroscopic geometric total
cross section for Ith element in medium
M to SIGT(M).
306-3%09 SIGH Ly See input specifications.
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Table 1 (cont.)

Position
in
CEMMPN Quantity  Dimension Description
310 HSIGMX 1 Hydrogen n,p cross section at EMIN
311-31h RNGMX (M) L Range at EMAX for medium M
315-318 DELRNG (M) L Range interval in inverse-range tables
for medium M.
319-722 RNGE(I,M) (101,4) Range tables: I = entry; M = medium
72%-1126  ER(I,M) (101,4) Inverse-range tables: I = entry;

M = medium
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WEK data. This skip cannot be a FORTRAN skip since the cascade data is
neither written nor read in FORTRAN. A subroutine called SKIP has been
written in FAP to perform the skip. The WEK data is read into C¢MM¢N
where 1t is used by some additional subroutines called by WEK. The C¢MM¢N
must be assigned by means of appropriate DIMENSI¢N and C¢MM¢N statements
in WEK, D¢ST, WAPTB, and ENERGY to preserve other needed C¢MM¢N. In the
High Energy Analysis Routine discussed in Appendix A, the WEK data starts
in 1947 of C@MM@N.

WEK is called by the statement:
CALI, WEK(MT,NAPR,NZPR, EX, M4, NH, NPART, EPART, SUM, U)

where

=

1 if the subroutine is being entered for the first time

2 for all subseqguent entries.

1

If MI = 1, input tebles are read from logical tape 1. The other parameters

in the call statement are defined as:

NAPR = The mass number of the residual nucleus (an integer).
NZPR = The charge number of the residual nucleus (an integer).
EX = The excitation energy, in MeV.

Mk  Not used at present.

NH = The number of histories, set equal to 1 for this applica-
tion. (WEK may be used independently of the NTC code to
estimate the probability of (n,n'), (n,p), (n,2n), and
similar reactions by setting NH equal to the number of

trials desired for the estimation.)

NPART = a dimensioned array indicating number of particles produced
in NH trials:

NPART(1) = number of neutrons,

NPART(2) = number of protons,

NPART(3) = number of deuterons,

NPART(4) = number of tritons,

NPART(5) = number of He® nuclei,

NPART(6) = number of alpha particles.
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EPART = A two-dimensional array, EPART(100,2), indicating the energy

of the Ith evaporated nucleon, in MeV.

EPART(I,1) = neutron (index I goes from 1 to NPART(1)),
EPART(I,2) = proton (index goes from 1 to NPART(2)).

SUM = The sum of the kinetic energiles of all of the charged

particles,.

U = The energy remaining in the residual nucleus after all of
the particles have been evaporated. PFor an individual
history, U may be negative because of the statistical
nature of the calculation., If a residual nucleus can
evaporate a particle, it will. The particle, however, may
come off with a kinetic energy greater than the excitation
energy less the binding energy (since no test is made on
the kinetic energy), thus yielding a negative residual
energy. The residual energy averaged over many histories,

however, will be positive.

T ¢5R Source Preparation

Neutrons having energies below the boundary energy EMIN result from
both direct interactions of incident nucleons within the nucleus and evapo-
ration from a highly excited compound nucleus. The required parameters of
these neutrons are put on tape to form a source for ¢5R treatment with one

FORTRAN record per neutron. Fach record is assumed to have the form:

1. NEUINg The number of the neutron. A negative value of NEUTN(

18 a convenlent way to signal the end of the source

tape.
2. E The neutron energy, in eV.
3, 9550 The (speed)® of the neutron, in cnf /sec®.

F
=

The velocity components of the neutron, in cm/sec.

o
=

(o
<3
T



00

T X

8. Y f The position coordinates of the neutron, in cm.
9. 7 .

10. WT The statistical welght of the neutron.

A complete user's manual for ¢5R is given in Appendix D. The
user has considerable liberty in choosing the format of the collision tape
which is produced by ¢5R, and complete freedom in constructing the nec-

essary analysis routines.
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Appendix A. Typical High-Energy and ¢5R Analysis Routines

In the preceding discussion 1t has been emphasized that the primary
functions of both the High-Energy Transport Code and the ¢5R code are to
produce particle histories which can be arbitrarily analyzed by the user,
This flexibility may be more clearly demonstrated by an examination of
some portions of an analysis routine specifically written for infinite-slab
geometry. This routine assumes that source nucleons are run in batches,
and it calls Chain (5,5) to process the data batch by batch, thus furnishing
a means for estimating statistical errors. The main routine merely allows
for the tabulation of the energy deposited locally by evaporated particles
with A > 1 and the energy of the residual nucleus after evaporation. It
then calls the ANAL subroutine to analyze the nucleon distributions above
EMIN and the ANAL 2 subroutine to analyze the proton distributions below
EMIN. Chain (3,3) computes range-energy tables from 1 MeV to EMIN.

ANAL estimates the angular distributions of wniformly wide energy
groups of nucleons escaping from the rear faces of as many as four infinite
slabs which are integral subdivisions of the infinite slab for which the
high-energy transport calculation was made. The uniform energy group width
is arbitrarily specified. The number of nucleons in each group 1s reported
as a function of arbitrarily wide (not necessarily equal) intervals of the
cosine of the angle between the normal to the slab and its rear face, in
units of number-MeV t.(unit cosine) t.(incident source nucleon) '. The
statistical error attached to each estimate is also computed. In addition,
a summation over all angles is made to give an estimate of the energy spec-
trum of nucleons emerging from the rear face of each subslab. ANAL also
permits study of the spread of the beam as 1t proceeds through a medium by
estimating the varlation with radius r of the fraction of particles emerg-
ing from the rear face of the slab within a clrcle of radius r centered
at the intersection of the velocity vector of the primary beam with the
slab face. Finally, an estimate of the number of neutrons with energies
greater than EMIN emerging from the rear faces of the subslabs per incident
source particle and an estimate of the total number of neutrons with
energles greater than EMIN escaping from both front and rear faces of the

subslabs per incident source particle are reported.
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ANAT, 2 estimates the angular distributions of wniformly wide energy
groups of protons having energies below EMIN within the subslabs, in the
hope that distributions of such protons emerging from the slabs can be suf-
ficiently well determined from these data. The proton angular flux is
reported as a function of arbitrary intervals of the cosine of the angle
between the normal to the slab and its face, in units of cm.cm ©.MeV *.

) -1

(unit cosine) .(incident source particle) '. Integration over all

angles gives the energy-dependent flux.

Input to the main routine, called for first, and input to ANAL and
ANAL 2 are described in detail below.

Al.l. TInput to Main Routine

a b c ol
Format (E10.3%,110,110,I10)

2. XCAP Thickness of the infinite slab, in cm.

b. JMAX The total number of subslabs in which the energy deposited
by evaporated particles with A > 1 and the residual energy

of the nuclei after evaporation are to be estimated.

c. NREC The number of input cards from the GE¢M input to the end of

the input, inclusive.

d. NRECL The number of input cards from this card to the end of the

input, inclusive.

NREC and NRECL are used to hunt back on the input tape in running succes-

sive batches.

Al.2. TInput to ANAL

a b c d
Card 1. Format (E10.3,I10,I10,I10)

a. T The slab thickness, in cm.

be NX The number of subslabs into which the infinite slab is to
be divided; NX < b, All quantities are computed at the rear
for each subslab. For a 1lO-cm-thick slab and NX = 4, for
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example, the leakage spectra, angular distributions, etc.,
of nucleons emerging from 2.5-, 5.0-, 7.5-, and 10-cm-

thick slabs will be computed.

c. NR The number of radial boundaries for the computation of

spreading; NR < 16. See below.

de NA The number of angular groups in the computation of angular
distribution; NA < 10.

Card 2. Format (TELO.3)

FMU(I) The cosines of the lower limit of the angular groups with

cosines in increasing order.

I=1,NA It is assumed that the upper limit of group 1 is 90°
(cos™ = 0).
Card 3. Format (7E10.3)

R(I) The upper boundaries of the Ith radial groups in increasing

order.,

I=1,NR The spreading is computed at each subslab and is reported
as the fraction of the total number of particles emerging
from the slabs lying within R.

a b c
Card 4., Format (E10.3,E10.3,I10)

a. BEHIL The upper energy for the energy spectrum calculation, MeV.
be EL¢ The lower energy for the energy spectrum calculation, MeV.
c. NE The number of (equal) energy intervals between EHI and EL¢.

Al.?. Input to ANALZ

a b c d
Card 1. Format (I10,I110,I10,E10.3)

a. N The number of subslabs. See ANAL input.

b. NE The number of energy groups below EMIN for the calculation
of proton spectra; NE < 5.
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c. NA The number of angular groups in the computation of angular

distribution; NA < 10.
d. T The slab thickness, in cm.
Card 2. Format (7EL0.3)

E(I) The lower-energy limit, in MeV, of the Ith group in
descending order with EMIN as the upper limit for
group 1.

Card 3. Format (7EL0.3)
FMU(I) The cosine of the lower limit of the angular group.
I=1,NA Same as in Card 2 of ANAL input.

The neutrons which appear with energies below EMIN are put on the
¢5R source tape and are transported by ¢5R until they either leak from the
system or are killed by Russian Roulette. The ¢5R Analysis Routine estimates
the angular distributions of arbitrarily wide energy groups of neutrons
having energies below EMIN which emerge from the rear faces of the subslabs
mentioned in the description of ANAL. The number of neutrons, in units of
number.Mev T.(unit cosine) *.(high-energy source particle) *, is reported
in the same format as the nucleon analysis of ANAL. The angular groups
are summed over all angles to give an energy spectrum and, again as in ANAL,
an estimate is made of neutrons emerging from the rear faces of the sub-
slabs as well as of neutrons emerging from both front and rear faces of the

subslabs, both normalized to unit incident high-energy source particle.

The @5R collision parameters are NC@LL, NAME, X1, U@, Xg, WIg, A,
and S0, and the first collision tape 1s logical tape 1.

Al.k. Input to @5R Analysis Code

a b c d e T g
Card 1. Format (IlO,IlO,ElO.5,ElO.5,FlO,FlO,ElO.5)

a. NX The number of subslabs into which the slab is subdivided

(same as NX in ANAL input).

b. NA The number of angular groups (same as NA in ANAL input).
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c. TLIML The upper-energy limit, in MeV, of the first major energy

group for energy spectra calculation.

d. TLIM2 The uvpper-energy limit, in MeV, of the second major energy

troup for energy spectra calculation.

es. DL1 The energy group width, in MeV, of the minor energy groups

in the first major energy group.

f. DL2 The energy group width, in MeV, of the minor energy groups

in the second major energy group.

g. T@T The total number of source nucleons, i.e., MAXCAS*MAXBCH,

which gave rise to the neutrons in ¢5R. This value is used

to normalize results to unit source strength.

The energy spectra are calculated for groups of width DL1 from O to
TLIM1 and for groups of width DL2 from TLIM1 to TLIM2. The total number of

energy groups must be equal to or less than 22,
Card 2. Format (7ELO.3%)

FMU(I) The same quantity as FMU(I) in ANAL; I = 1,NA.
Card 3. Format (E10.3)

T The thickness of the slab, in cm.

Note: This analysis routine assumes the following quantities to be written
for each collision: ©NCOLL, NAME, X1, UO, XO, WIO, LAMBDA, and SO. It is
therefore required that item C on card I of the O5R input (see Appendix D )
have the value 110000100001001001.00000000000110.
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Appendix B. Tape Assignments

The tape assigmments for running the High-Fnergy Transport Code of

NTC are as follows:

Log. Tape No, Absolute Assignment Function
1 A5 Contains BERT and WEK data.
2 Channel B Scratch tape used by BERT subroutine.
6 High-energy history tape.
9 Standard output tape.
10 Standard input tape.
- B3 Chain tape.

Only the above are used for running Chain (1,%) and Chain
Chain (3,3), Chain (4,3), and Chain (5,3) of Appendix A are also

additional tapes listed below are required:

Log. Tape No. Function

7 Scratch tape to store batch results.

8 @5R neutron source tape.

(2,3). 1If
used, the
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Routines in the High-Energy

Nucleon Transport Code

Routine Language
MAIN FPYRTRAN
GTHSIG F@PRTRAN
NPSIG FAP
PPSIG FAP
READ FAP
RANGE FPRTRAN
INC FPRTRAN
ZFQT F@RTRAN
MAIN FORTRAN
J@PSET FAP
S@RS FPPRTRAN

Function

Chain (1,3)
Reads some input, computes and stores cross

sectlons, sets up range tables.

Given the energy and type of particle, Tinds

the proton scattering cross section.

Sets the cross sections for n,p scattering at
the energies which bracket E in GITHSIG. Cross

sections exist for every 10 MeV from zero.

Sets the p,p cross sections at the energies

which bracket E in GTHSIG.

Reads BERT data tape on channel A5 and picks

off geometric cross sections for A = 1 to 239.

Computes and stores range and inverse range

tables.

Computes dx/dE at energy E for use in "RANGE."

Computes effective ionization potential.

Chain (2,3)
Reads geometry and source input data, trans-
ports nucleons, and writes history tape on

logical tape 6.

Establishes the storage for the GE¢M routine
and transfers to the appropriate entry in
the GE@M routine to read in the geometry

specifications.

Reads in source input data if first argument
is O or provides date for a source particle

if the first argument is 1.
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GEMSER FPRTRAN Calls L¢¢KZ to set necessary quantities in
GEgM.

EC¢L F¢RTRAN Given the range, computes the energy of a
proton.

SPREAD F¢RTRAN Computes Coulomb small-angle scattering.

GAURN FPPRTRAN Picks from a Gaussian distribution.

GEMPRP FYRTRAN Sets up and calls GEPM for a particle flight

to see if particle has escaped from region.

CASCAD F¢RTRAN Selects a target nucleus and calls the necw-
essary routines to perform the nuclear
interactions or, in the case of hydrogen,

the elastic scattering.

GTHSIG FPRTRAN

NPSIG FAP Same as in Chain (1,3)

PPSIG FAP

PSCAT F¢RTRAN Computes n,p or p,p elastic scattering.

BERT FAP Performs the intranuclear cascade.

REC¢IL F¢RTRAN Computes recoil energy of residual nucleus.

SPDSQ, F¢RTRAN Given an energy, computes a speed squared.

RAND@M PACKAGE  FAP Selects random variables from various

distributions.

GE@M PACKAGE FAP See Appendix D.

BERT FAP Performs intranuclear cascade calculation.

Chain (3,3)

- MAIN F¢RTRAN Computes range-energy relationships for
various medla in the energy range from 1
to 50 MeV.

RANGE FPRTRAN

Same as Chain (1,3)
INC FPRTRAN
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Chain (4,3)

MAIN FPRTRAN Calls ANAL and ANALZ2 to put batch results on
logical tape 7. Puts ¢5R source neutrons on

logical tape 8. Decides if all batches are

run. Assumes slab geometry.

SKTP FAP Hunts 19 records on A5 past BERT data to
WEK data.

WEK F¢RTRAN Evaporates particles from excited nuclei.

ANAL F¢RTRAN Analyzes nucleon distributions above cutoff
energy.

ANALZ F¢RTRAN Analyzes proton distributions below cutoff
energy.

RAMD@M PACKAGE  FAP Same as Chain (2,3).

Chain (5,3)

MATN F¢RTRAN Reads in, from logical tape 7, results of
Chain (k4,3) analyzes batch by batch, computes

standard deviation and reports results.

ANATL F@RTRAN Analyzes the batch results from ANAL in
Chain (4,3).

ANATZ FPRTRAN Analyzes the batch results from ANALZ in
Chain (k4,3).

DPST FPRTRAN Returns kp’ Cp’ or k, for given 7 (see ref. 6,
W)

ENERGY F@PRTRAN Returns either experimental or, if there 1s
none, calculated binding energy for given A
and Z.

WAPTB F¢RTRAN Fills in the gaps in the table of experimental

binding energies with calculated values.

ECJL FPRTRAN Same as in Chain (2,3).
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Appendix D. O5R User's Manual

R. R. Coveyou and J. G. Sullivan

D.1l. Introduction

The O5R code, a Monte Carlo neutron transport code for the IBM 7090
computer, has three basic purposes. It may be used for the generation of
comparison standards for the evaluation of other methods of computation; it
may be used to do research on the capabilities of the Monte Carlo method;
or it may be used to do specific reactor physics calculations as comprehen-
sive as the study of complete reactor systems. Principally because of the
first purpose, great care has been taken to assure an adequate representa-
tion of neutron cross sections. Cross sections mey be given at as many as

10* energy values.

Speed in the construction of neutron histories is achleved in spite
of this volume of cross-section data by constructing many neutron histories
in parallel. Neutron interactions are followed in space and energy from

birth of the neutron in the system until its disappearance.

The details of every collision experienced by a neutron during its
lifetime are recorded on one or several history or collision tapes. These
tapes are then available as input to analysis routines speclally tailored
by the user to calculate the answers to a given problem. The separation of
the generation of the histories from thelr analysis not only allows flexi-
bility in the types of problems which may be treated bhut also permits re-

analysis of histories for additicnal information.

Part of the O5R system is a geometry routine which can handle all
systems whose material boundaries can be described as gquadric or plane
surfaces, the single restriction being that curved boundaries cannot inter-
sect. As many as six different material media are allowed, with each medium
allowed up to seven scatterers. Any scatterer may scatter anisotropically

in the center-of-mass system.

The O5R source specification permits variation in space, energy, and
initial direction of the neutron. In addition, in fissioning systems the
neutrons produced by one fission generation may be used as the source for

the succeeding generation.
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D.2. Definitions

The definitions listed below will be found helpful in understanding

the discussions of the various features of O5R which follow. Other terms

are defined as they are encountered in the text.

Batch:

Run:
PTI:

History:

Collision Tape:

AC:
BC:

Medium:

Region:

Supergroup:

Element:

Some number (1-1000) of neutron histories handled in

parallel.
One or more batches.
Fortran-type integer.

The details of the interactions of a neutron from its
appearance in the system until its interactions are no

longer of interest.

A tape or tapes contailning all the histories from one

run.
After the collision.
Before the collision.

The element or compound within which the flight of the
neutron is to tzke place. Medila are numbered and
identified by NMED, FTI's beginning with 1.

A subdivision of the volume of interest, primarily used
in the application of weight standards associated with the
positlion of the neutron. Only one region is permitted

in the O5R portion of the Nucleon Transport Code.

A division of the neutron energy range, having boundaries
a Tactor of two apart. The energy range encompassed by
O5R, from 77 MeV to 10 * eV, is divided into 4O super-
groups. Supergroups are numbered consecutively, with

the highest supergroup on the reactor data tape being

numbered 1.

The particular scatterer with which a neutron collision
tekes place. ELEM for each medium begins with 1 and fol-
lows the medium element specifications used in preparing

the reactor data tape.
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A FTT (NAMEn) identifying the nth neutron, beginning at
1 for each batch.

The energy of the nth neutron; the energy is measured
in wnits such that it is numerically equal to the
square of the speed in cm/sec.

The velocity vector in the laboratory system of coordinates

2

2 2 2
associated with the nth neutron; w, + vy + W, = sy

The position of the nth neutron.

The mean free flight time for a neutron of energy s2

in medium m. 6 = l/sZTm, where ZTm is the macroscopic

total cross section in medium m.

The number of mean free paths to be travelled to a colli-
sion. It is a random variable drawn from an exponential

distribution.

The nonabsorption probabllity for a neutron of energy s?

in medium m.

The probability that a neutron with energy s® will have

a scattering collision with the £th nuclide in medium m.

The probability that a fission neutron of unit weight
will be produced by & neutron of energy s and unit welght

having a collision in medium m.

The average value of the cosine of the scattering angle

2

in the center-of-mass system at energy s for nuclide £.

D.%. General Description of O5R Processes

D.%.1. Construction of Neutron Histories

The procedure followed by O05R in constructing the neutron histories

is glven below in outline form. The detalls of the more important opera-

tions are discussed in later sections.
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Fach neutron is given a name, a FTI which distinguishes it from
every other neutron.

An initial speed, sg, and direction of the source flight is

assigned.

The coordinates of the birth position of the neutron, Xg, yo,

and zg, are assigned.

An initial statistical weight, wlp, is assigned to the neutron.

See discussion below.

A geometry routine, GEOM, determines in which medium the source

neutron lies.

The initial conditions having been established, the slowing-down

process then procedes as follows.

6.

If weight standards are being spplied, the weight of the neutron
is tested for "splitting" or "killing."

A possible position for the next collision, based upon a considera-
tion of the mean free path in the medium in which the neutron

is travelling, is calculated from the relationships

X1 Xo + ﬂ'e'uo >

1

1l

v1 Yo + n.e.vo 3

zZ1 = 2o + n-6-wo ,

where the subscripts zero denote the origin of the flight path and
the subscripts one the possible collision point; m 1s the number
of mean free paths, € 1s the mean free flight time in the medium,
and u, v, and w are the velocity components of the neutron

flight.

If the rlight path 1s entirely in the original medium, then
the calculated x1, yi1, and z; give the point at which the next
collision will occur. If, however, the flight path enters
another medium, the position of the nearest boundary crossing
along the flight path from xgo, yo, and zZp is calculated and the

number of mean free paths, 7, 1s reduced by the number of paths,
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n', needed to be travelled in order to arrive at the boundary.
The coordinates of the boundary-flight path intersection then de-
scribe the starting point and the process is repeated, using the
reduced 7, to find another tentative collision point. Unless the
neutron escapes from the system the repetitions continue until a
collision point is accepted. A geometry routine of considerable
generality calculates the boundary crossing points and performs

the necessary bookkeeping.

When & collision point is found, a new neutron statistical weight,
wT1, 1s computed by multiplying wlo by the survival probability,
¥, in the medium of the collision point. This procedure treats
every collision as a scattering collision, allowing for absorp-

tion by means of the weight change.

The nuclide from which the neutron is to be scattered, L, is
chosen by considering the scattering cross sections of all of the

nuclides of the medium in which the collision occurs.

From the mass of nuclide L, the neutron velocity before collision
(in the laboratory system) and the average value of the cosine

of the scattering angle in the center-of-mass system, f;, a new
velocity for the neutron in the laboratory system (ul, Vi, w1)

1s selected.

The resulting energy of the neutrons sﬁ, (= o+ Ve + W) is
compared with an input cutoff energy. If the neutron energy is
greater than the cutoff energy, the slowing-down process is
continued by repeating the procedures from 6 above. IT the
neutron energy is below the cutoff, the slowlng-down process 1s

ended and the neutron enters the thermal group.

Fissioning

Provision 1s made for allowing fast and/or thermal fissioning in

any medium. At each collision in a medium in which fissioning may occur

the code decides whether or not one fission neutron should be introduced

at (x,y,z), the collision position, in the next batch. The weight to be
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given the fission neutron in a medium 1s specified as an input parameter.
The process to determine whether or not a fissioning should occur is as

follows:

O ——— FM - PFWII — » FM -+ Wg ol PpeWy - Fy - PpWy

+
¢ Creates one fission neutron

R-Fp - PpW, [——= M — Wp

-+ : .
* Creates one fisslon neutron

0 Y

where Fjy is the weight to be assigned the fission neutron, Pp is the mean
number of fission neutrons produced per collision, R is a random number
uniform on the interval (0,1), W, is the weight of this neutron having

the collision, and Wp is the weight of the fission neutron.

The parameters assoclated with the position and weight of the fis-
sion neutrons are stored on a tape and at the completion of a batch the
next generation is read from the tape and becomes the source for the new
batch. It is also possible simply to count up the number of fisslions per
batch without using these produced fissions as the source for the next
generation. For instance, if the source distribution over the reactor is
already known, then the average number of fissions produced by several
batches using the known source would give the multiplication constant, k,

for this particular source.

D.%.%. Thermal Neutrons

At present a simple one-velocity model is used for treatment of
thermal neutrons. For each medium two parameters which characterize the
diffusion process must be supplied: the mean free path, 6, for thermal
neutrons in that medium, and the survival probability, V¥, for a collision
in the same medium. In general, 6 = l/ZT and ¥ = ZS/ZT, where Zg and Zmq

are the macroscopic scattering and total cross sections for thermal
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neutrons in the medium. If, however, the available information includes

a value, calculated or experimental, for D, the diffusion constant, and
2., the macroscopic absorption cross section, one can, following diffusion
theory, calculate 6 and ¥ as 6 = 3D and ¥ = 1L - 5 Z; D. Note, however,
that this prescription is suiltable only 1f 3 Z_D is small.

Finally, if thermal fission is to occur in a medium a third
parameter, vZf/Zt, must be supplied, where v is the mean number of neu-

trons per fission and Z¢ is the macroscopic thermal fission cross section.

D.3.4. DNeutron Weights

Each neutron, i, of & batch is assigned an initial welight, WIj (the

value normally assigned is l.), and the relative statistical importance of
N

this neutron in a batch of neutrons is equal to WTi / Zij WL, . After
n=1

each collision the welght of the neutron is multiplied by the probability

of its not being absorbed on that collision, ¥. Thus the probability of

the ith neutron not having been absorbed after j collisions is WTg =

WT% XYy X VYo X ... Wj; where the superscripts on the WI; represent the

collision number.

One advantage arising from the use of this method of weighting the
neuvtrons is that 1f there is an appreciable amount of absorption in the
reactor, the variance of the results computed by analysis routines may be
reduced from that obtained by allowing absorption to take place. The
welghting system also makes it rather simple to concentrate neutrons in a

particular volume of the reactor where greater accuracy might be required.

Consider the following example: In a reactor core there are
initially 200 neutrons of original weight 1. After the neutrons have had
several ccollisions there might then be 100 neutrons with weight .9, and
100 with weight .0l. Iet us assume that the spatial position of each neu-
tron does not matter and we are interested in the number of neutrons
escaping from the core. It is clear then that if we have to spend an equal
amount of computing time on each neutron (regardless of its weight) before

it escapes, then the computing time spent on all 100 of the neutrons of
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welght .0l yields statistical information which is approximately equal in
importance to the information gained from the computing time spent on

only one of the high weight neutrons. In other words, about half the
computing time would be wasted galning little additional information. To
prevent this sort of imbalance from occurring the use of "welght standards,"
is encouraged so that the amount of computing time spent on each neutron
will produce information approximately equal in statistical value. When
called for by certain input parameters, the welght of the neutron after
each collision is compared with two numbers, WIHIT and WILPW, called weight
standards. These numbers may be a function of the position (for this
purpose, the reactor is divided into geometric regions) and energy group

of the neutron. The region boundarilies and medium boundaries need not be

the same.

If WIHIT < WI, then the neutron is "split in two,” that is, the
original neutron has its weight cut in half and another neutron (with a
different "NAME' a weight one-half the original, but with all other neu-
tron detalls the same) is added to the neutron list. These two neutrons
then generate independent histories from the position where the original
neutron was split (their first flight from the position, however, will be

in the same direction).

If WILgW > WL, then, as illustrated in the flow chart,

O ——mi R-WIAVE -~ WTn

L—————» WIAVE — WT, |

where R is a random number uniformly distributed between O and 1, the

neutron's weight is either set to zero (the neutron is "killed") or is
replaced by an input weight, WITAVE, which 1s a function of region and
energy group. This process, known as "Russian Roulette" is simply a
device to make the code run faster and more efficiently by not compelling

it to follow neutrons of low statistical weight through the reactor.
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NOTE: If few neutrons are expected to escape from a thermal reactor
then the only way in which histories can be terminated is by the neutron
welght becoming less than WTL¢W, the lowest weight allowed. In running
almost all reactors a lower weight standard must be specified for reasons
of economy. Determining exactly what this weight ought to be is a matter
for inspired guesswork, but probably 1/50 of the original welght of a
source neutron is much too low and, in most problems, 1/20 of the original

welght would be quite adequate.

D.4. Random Variable Selection in O5R

A general-purpose Monte Carlo reactor code such as O5R requires ef-
ficient and precise techniques for the selection of random variables from
the probability distributions involved. Among the more important techni-

ques reguired are the following:

1. A fast and completely reliable method for the selection of pseudo-
random numbers, i.e., numbers on the unit interval so chosen as
to approximate choices of a random variable uniformly distributed
on the unit interval. The method chosen for the generation of

pseudo-random numbers is the "congruential multiplication” method.

Let P be the integral capacity of the machine; P - 1 is the
largest integer expressible as a fixed point number by the machine.
Iet A be an appropriately chosen integer, known as the generator
of the random number sequence. Let X, be the nth random number

in the sequence. Then

PXn = A" [mod P] .

For the IBM 7090 machine, P = 2%5, while A was chosen to be 5°.
It can be shown that this choice of A leads to a period of 222 for

the sequence, that is, X;, ..., X g3 are distinct, while X; = X 33,
2 2 v

This sequence has been subjected to a very wide variety of stati-
stical tests and no deviation from satisfactory random behavior

has been observed. Further, it can be shown analytically that

b
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the correlation between successive members of the sequence is

acceptably small.

A method for choosing a random free path, the distance traveled
by a neutron between two collisions, measured in units of a mean

free path. If n is such a random variable, then

Prob (X§u5X+dX)=e'XdX.
It is readily seen that the negative of the logarithm of a random
number is so distributed. There is, however, another and very
clever technique for generation of such a random variable, due to
John von Neumann, which may best be expressed by the flow chart

shown in Fig. D.l1.

Start
GRN:X (= X - 7 GRN:Y
No
0~ I I+X-1u
YeS Yes
l No ,
I+1->T z <Y GRN:Z END

Fig. D.1. Selection of Random Number of Mean Free Paths:

Prob (X§u§x+dx)=e"XdX; 0 <X < oo

The random-varisgble subroutines which are available for use

in or with O5R are listed in Table D.1.
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Table D.1. O5R Random-Variable Subroutines*

Routine Function

FLTRN Places in the accumulator a floating-polnt pseudo-random number

uniformly distributed on the interval [0,1].
RNSGN Gives a random sign to the contents of the accumulator.

FXDRN Places in the MQ register a fixed-point random number uniformly
distributed on the interval [0,1].

EXPRN Places in the accumulator a floating-point number chosen from

the distribution function P(x) dx = e~ ax.

AZIRN Stores in cell 1,4 the sine of an angle ¢ and stores in cell 2,
4 the cosine of an angle Q where Q is uniformly distributed on

(0,2x). Both numbers are in floating point.

P¢LRN Stores in cell 1,4 the sine of an angle B and stores in cell
2,4 the cosine of an angle B, where cosf is chosen uniformly on
the interval (-1,1). Both numbers are in floating point.

)2

FISRN Places in the accumulator a floating point (speed chosen from

the Nerenson-Rosen fission spectrum. The result is< 3.02 x 1070,

MAXRN Places in the accumulator a floating-point random number from

the distribution P(x) dx = .2/ x® e_X2/2 dx (0 <x < 17).

GAURN Places in the accumulator a floating-point random number from

the distribution P(x) dx = (14/2x) e_X2/2 dx (- 15 < x < 15).

*All subroutines return control to cell 1,4 except AZIRN and P@LRN which
return control to cell 3,k.
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D.5. Cross Sectilions

D.5.1. Cross-Section Representation

The O5R code is designed to encompass a neutron energy range extend-
ing from 77 MeV to 10™% eV. This range is divided into 40 so-called "super-

' whose energy boundaries are a factor of two apart, as shown in

groups, '
Table D.2. Fach supergroup ia turn is divided into oft subgroups of equal
energy width, where n is equal to or less than 8, at the option of the
user. The data are assumed constant within each subgroup. This method

of representation reproduces fairly well the general tendency of cross
sections to vary rather more regularly with lethargy than with energy and
takes into account the fact that within a supergroup it is easier to work
with equal energy spacings. With equal spacings the energy of a neutron
is, within a linear transformaticn, the machine memory address of a wanted
cross section. Some tests have been performed which indicate that for

cross sectbions which do not fluctuate too abruptly 128 subgroups per

supergroup are adequate.

The huge volume of cross-section data implied by the above scheme
cannot, of course, be contained in the fast storage of the computer and
at first glance it would seem that a continuous demand for cross sections
from the magnetic tape storage would inordinately slow the computation.
The way around this difficulty, however, 1s clear. It consists of using
the cross sections available in the fast storage with maximum efficiency
by constructing many (200-1000) neutron histories in parallel. Each neu~
tron is processed as far as possible by using the supergroup data then in
fast storage, then stored until all other neutrons have undergone similar
treatment. When all neutrons have been processed through a supergroup,
cross sections for a succeeding supergroup are read from tape and the

processing repeated.

D.5.2. Cross-Section Handling Code Package

The cross-section package consists of a group of seven numbered

codes, performing the functions listed below.
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Table D.2. Upper Energy and Speed-Squared Limits
of O5R Supergroups

Energy Speed2 Energy Speed?
(ev) (em® [sec?) (eV) (crm® /sec®)
x 10° x 10°
77.1% 267 588.5 250
38.57 268 29k4.2 049
19.28 265 1h7.1 048
9.642 064 7%.56 247
4.821 263 36.78 246
2.410 pe2 18.39 045
1.205 p61 9.195 o4
4.598 243
x 10% 2,299 042
602.6 280 1.149 ol
301.3% 259
150.7 258 x 10°°
75.%3 237 57h. 7 240
37.66 256 287.% 239
18.83 255 143, 7 258
9.6 054 71.84 237
Ly, 708 253 35,92 286
2.354 o5z 17.96 285
1.177 o5t 8.980 o34
4,490 253
2.245 082
1.122 281
0.561 2380
0.281 229
0.1403 228
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Code 1: Accepts point cross section data together with an element and
type-of-cross-section indicator and generates a cross-section

tape.
Code 2: Adds cross sections to the cross-section tape.
Code 3: Edits (prepares a printout) of the cross-section tape.
Code 4: Deletes specified cross sections from the cross-section tape.

Code 5: Performs arithmetic on any two specified cross sections from the

cross=-section tape in order to produce a new cross section.
Code 6: Prepares a tape containing data needed by the O5R code.

Code 7: Averages selected microscopic cross sections over the group

structure used by the O5R code.

The cross-section tape contains two records (logical FORTRAN type)
per cross section. The first record identifies the element, the type of
cross section, the manner in which interpolation between successive data
points 1s to be made, and specifies the number of point cross sections
given in the second record. At the present time three choices of inter-
polation methods are available; The logarithm of the cross section is
assumed linear in lethargy; the cross section is assumed linear in

lethargy; or the cross section is assumed linear in energy.

The second record contains a lethargy point (a lethargy zero of
100 MeV is used to convert energy to lethargy) followed by the cross sec-
tion or its logarithm at the given lethargy, for as many points as the
first record has specified. A record with a negative element identifier

marks the end of the cross-section tape.

A particular code is called for by an input card having the letters
"CODE" punched in columns 1 through 4, no punch in column 5, and the code
number punched in column 6. Following this, in columns 7-10, is punched a
logicel tape number designating variously a scratch tape required for codes
L and 5, the reactor data tape from code 6, or the tape of averaged cross
sections produced by code 7. If this logical tape number is not provided,

logical tape No. 12 will be used. The format is (1AL, 1X,T1,IL).
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The calling card is followed by the particular input data required
by the code. Another code-calling card may follow. In the paragraphs
which follow, references to "CODE 1" through "CODE 7" denote a card

punched in the above fashion.

D5.3. Code 1 and Code 2: Cross-Section Input Codes (Cards to Tape)

The purpose of these codes is to write point cross secticns on
logical tape 11 in a convenient form for preparing the reactor data needed
by the 05R code. The only difference between Code 1 and Code 2 is that
Code 1 initializes the cross-section tape by writing the end-of-tape
marker and rewinding the tape. It then proceeds as 1if Code 2, which

simply adds cross sections to the tape, had been called.

The input contains an "identification card" listing the element,
type of cross section, and type of interpolation to be used between suc-
cessive cross~section polnts. This card is followed by '"cross-section
cards" which give the energy in eV and the cross section in barns at that
energy. The cross-section cards must be arranged in order of descending

energy, with the highest energy appearing first.

After each set of cross sections is written on logical tape 11 an
"end-of-tape" marker is written, so that if a set of data is subsequently
punched incorrectly the cross-section tape will still be in usable form
and will still contain all cross-section entries prior to the one in
error. The tape will not be correct, however, if an error occurs during
the process of writing cross sections. A copy should be made before

attempting to update a tape.

Each set of cross sections successfully loaded on logical tape 11
will have its identification card printed out. If an erroneous input
occurs the data in error will lie in the set immediately following the

last identification printed.

The input to Codes 1 and 2 is as follows:
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a b ¢ d e £
Card A: Format (IB,IB,I5,I5,F10.5,5A6)

> 0: Element identifier
Blank: End of all cross sections being loaded.

1. Total 5. v x fission
2. Elastic scattering 6. v

5. Inelastic scattering T. 1

4. Fission

b. Type of cross section

The parsmeter v 1s the average number of neutrons per fission;
f1 is the average cosine of the angle of scattering in the

center~of-mass system.

c. Method to be used in interpolating between points:

O: Logarithm of cross section assumed linear
between points;

8: Cross sections assumed linear in lethargy;

-8: Cross sections assumed linear in energy.
d. Used by code for counting cross-section points.
e. A decimal mumber (suggested use: Mass).

. Thirty characters of Hollerith input.

a b
Card B: Format (E15.5,E15.5)

The energy, in eV.

jav]

b. The cross section, in barns, fi values, or v values. A blank
card B denotes the end of the list of cross sections for a

particular element.

Cards are loaded in the following sequence: CODE 1 or CODE 2,
A,B,B,...B,B(blank); A,B,B,...B(blank); A,...,B(blank), A(blank).

D5.4. Code 3: Cross-Section Edit Code

Code 3 "edits," i.e., prints out, the contents of the cross-section
tape produced by Codes 1 or 2. It is called by "CODE 3" and no other input

is required.

D5.5. Code Lk: Cross-Section Deletion Code

Code U4 is used to delete specified cross sections from the cross-

section tape. "CODE 4" calls the deletion code. It is followed by as
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many cards as needed -- one card for each cross section to be deleted.
Using Format (215), these cards give the element identifier and the cross-
section identifier. A blank card signals the end of the list. The code
prints out both the identification portion of each cross section deleted
and a list of the cross sections finally remaining on the tape. After the
deletions are accomplished the remaining cross sections are written on

logical tape 11. Tape L, a scratch tape, is a copy of tape 11.

D5.6. Code 5: Cross-Section Arithmetic Code

Code 5 adds, subtracts, divides, or multiplies any two cross sections
from the cross-sectlion tape and produces a new cross section. A cross sec-
tion is preduced for every energy point listed in either of the two original
cross sections. The new data are written on output tape logical number L,

and may be punched on cards, added to the cross-section tape, or both.
The input to Code 5 1s as follows:
Card A: Format (12A6)

T2 columns of Hollerith characters.
a b c da e bl g h i
Card B: Format (IS,IS,ElO.B,IB,IS,ElO.S,I5,IS,IB)
a. IDl: Element 1 identifier.

b. ISIGl: Element 1 cross-sectlon identifier.

c. DENS1l: A number by which all element 1 cross sections are
multiplied.

d. TID2: ZElement 2 identifier.
e. ISIG2: Element 2 cross-section identifier.

f. DENS2: A number by which all element 2 cross sections are
multiplied.

< 0: Add cross sections

= 1: Subtract element 1 cross section from

. NARTTH element 2 cross section

: Multiply cross sections

2
= %: Divide element 1 cross section by
element 2 cross section.
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= 0: Negative results produced by subtraction are

n.  NNEG- set equal to zero

¥ O: Negative results produced by subtraction are
- accepted

1

(= 1: Produce a BCD (binary coded decimal) tape of
resultant cross sections

. N¢UIJ = 2: Perform both NPUT = 1 and NJUT = 3

= 3: Add resultant cross section to cross-section tape
= 4t Do neither NPUT = 1 nor NGUT = 3.

a~-d e T

Card C: Format (L4I5,F10.5,5A6)

Card C is the element identification card for the cross section
resulting from the operations of Code 5. This card is identical with
card A of Codes 1 and 2. Cards are loaded in the sequence: C¢DE 5,
A, B, and C.

The manner of interpolating between points of the cross sections
resulting from the above arithmetic 1s left to the user. Some caution
should be exercised, especially over intervals where the cross sections
change value rapidly. Logical tape L is written in such a manner that
cards punched from it will be in the proper format for later loading by

Codes 1 or 2.

D5.7. GCode 6: Reactor Date Preparation Code

Code 6 prepares a reactor data tape needed for the O5R code. The
preparation of these data 1s based upon the supergroup-subgroup structure
previously defined and upon the media which make up the system. The group
structure data for a medium are averages of cross sections over each of
N subgroups within a supergroup. Given N, the number of subgroups, the
averaged cross sections between the supergroup limits oK=L gng of [the

energy in units of (em/sec)?] are

where Uy is the lethargy assoclated with the lower energy limit of the ith
group and is equal to £n(1.913%2 x 1020/[2k(2N ~ 1) /en])
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The number of subgroups, N, may be different for each medium.

For each supergroup the code computes and writes on tape a record
of mean-free-flight times, nonsbsorption probabilities, and probabilities
for scattering for each nuclide. If anisotropic scattering is specified
the average cosine of scattering angle (in the center-of-mass system) is
computed and written. If fissioning may occur in a medium the fission
probability is computed and written. Data are stored on the tape in
order of descending energy and an "end-of-file" is written at the end of
the information. In computing the data, the mean-free-flight time for

the subgroup between 1 and 1 - 1 in a supergroup spanning 2k'l to oK is
equal to 1/s(i) ZT(i), where s is given by

Sg(i):.l_‘r_lg_—%%']‘_—i—_}.gk’ 1<i<N ,

and
J
2(5) = Z N, 5y (1)
j=1 !

where J is the number of nuclides composing the medium and Nj is the atomic

density of nuclide J.

The nonabsorption probability for a medium is computed from

z,(1) /ZT(i) , vhere

J
Zs(l) = }: Nj os'(i)
j=1 ’
and J is the number of scattering nuclides in the medium.

The probability for scattering with a particular nuclide, J, is

computed from
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N, o (i)/z (1)
J Sj S

The fission probability is vZf(i)/ZT(i), where

Card A:

vZf(i) = }; Nj Vij(i>

J
J=1

The input to Code 6 is as follows:

Format (12A6)

72 columns of Hollerith identification.

Card B:

a b c

Format (I5,E10.5,E10.5)

NMED: Number of media.
ET¢P: Highest energy of cross sections needed, in eV.

EL@W: Lowest energy of cross sections needed, in eV.
a b

Format (I5,I5) (One Card for Each Medium)

N¢ELM: Number of elements in medium M.

NPT: Number of points per supergroup for mediium M
(ver = 2™, 0 < 5, <8).
a D b b b b c
Format (I5,I5,I5,15,I5,15,E10.5) (One Card for Each Element
of Each Medium)

Element "L" identifier.

Cross-section identifiers for element "L." If less than the
5 allowed are needed, blanks or zeros may be used to satisfy

the format.

1072% x atoms/cm® of element "L." Note: The order in which
elements are specified here determines the order of specifying
masses on card H, as well as the order in which the values of

IFl are given on card F of the O5R input.
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Card E: TFormat (10IYH)

A list of anisotropic scatterers by element identifier. The order
in which anisotropic scatterers are specified here determines

the integer '"N" used for LFl of card F of the O5R input.

The order of loading the above cards is: C@DE 6, A,B,C,D,...,D,C,D,...,
b,¢,D,...,D,E.

The code 1s limited to not more than 6 media, not more than 8 scat-
ters per medium, not more than a total of 10 anisotropic scatters, a
maximum energy (ET@P) of < 77 MeV, and a minimum energy (EMIN) of
> 0.141 x 10°2 eV. The data are written on logical tape "L" in binary

format.

D5.8. Code 7: GSpecial Tape of Averaged Cross Sections

Code 7 produces a magnetic tape of microscopic cross sections

averaged as in Code 6, the reactor data tape.

If oo (L = 1, NSIGS), where NSIGS is the number of cross sections

L
requested) is the order of loading, then the FORTRAN statement used for
writing this tape is WRITE TAPE 12, (o(L,I),I=NPT ,1=1,NSIGS). The first
supergroup will bracket the energy ET¢P and the last supergroup the energy
EL¢W in the same manner as explained for code 5. In each record I = 1
corresponds to the highest energy and I = NPT corresponds to the lowest

energy of each supergroup.
The input to Code 7 is as follows:
Card A: Format (12A6)

T2 colums of Hollerith identification.

a b C d
Card B: Format (I5,I5,E10.5,E10.5)

a. NSIGS: DNumber of cross sectlons requested.
b. NPT: Number of points per supergroup (NPT = 23, 0<3 < 8).
c. ET@P: Highest energy of cross sectlons needed, in eV.

d. EL@W: Lowest energy of cross sections needed, in eV.



a b
Card C: Format (I5,I5)

a. Blement identifier.
b. Cross-section identifier.

The order of loading the above cards is: C{DE 7,4A,B,C,C,...,C. The code
is limited to not more than 12 NSIGS, an ETgP of < 77 MeV, and an ELgW of
>0.141 x 10™ eV. The cross-section output is in the same order as the

order of the C-card input.

D.6. Geometry Routines ¥

The geometry routine currently being used with O5R is GE¢M. It takes
the starting and ending points of a neutron flight and determines (a) whether
or not the flight lies entirely within a medium and (b) the point at which
the flight leaves the original medium, if it does so. The geometries ac-

cepted by GE¢M are of the following type:

The entire system is enclosed in a parallelepiped whose faces are
parallel to the coordinate planes. The enclosing parallelepiped is cut into
zones by planes parallel to the coordinate planes. Each plane used as a
zone boundary cuts completely across the system, dividing it into two
groups of zones. HRach zone 1s similarly cut into blocks. Each plane
used as a block boundary cuts completely across a zone, but need not be
used as a block boundary in an adjoining zone. ZEach block may contain
one or two media. If a block contains two media, the boundary between
the two may be any quadric surface, thus a medium boundary may be either

a block boundary or a qguadric surface.

The purpose of the block system 1s twofold. Wherever possible block
boundaries serve as medium boundaries; elsewhere all other medium boundaries
are separated so that no block contains more than two media separated by
a quadric surface. Through the use of the zone system the number of

blocks required i1s reduced, since one zone may require a number of small

*This portion of this report was prepared by D. C. Irving.
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blocks to separate the quadric surfaces while an adjoining zone may require

only one block.

Upon entry GE¢M assumes the following:

Absolute Octal

Address Quantity Meaning

TTH53 Z¢LD: The coordinates of the starting point

TS Y¢LD: of the neutron flight.

TTH51 ZPLD:

1756 Z¢NE: The coordinates of the tentative end

TTH55 YPE: of flight.

TTL54 Z@NE:

TT457 ETA: The number of mean free paths for this
flight.

77461 NMED: The number of the medium of the start-
ing point.

7450 UALD: The X, Y, and Z direction cosines of

TThkT V¢LD: the neutron velocity.

TTLL6 W@LD:

TTHL5 SP@ID: The speed squared of the neutron.

77336 BIZ@N or LPCATE: A packed word containing the zone and

block location of the neutron at the
start of flight.

If the neutron flight lies entirely within the medium of the start-
ing peoint, GE¢M leaves everything else unchanged and supplies the follow-

ing:

Absolute Octal

Address Quantity Meaning
77460 MARK : Contains 1 in decrement.
77336 L@CATE: A packed word containing the block and

zone location of the terminal point of
the neutron flight.

If the flight leaves the original medium, GE¢M supplies:
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Absolute Octal

Address Quantity Meaning

17456 X¢NE: The coordinates of the point at which the

TTH55 Y¢NE: neutron flight leaves the original medium.

7745k Z.gNE:

77461 NMED: The new medium of the neutron.

T73%6 L@CATE : The block and zone location of the point
at which the neutron leaves the original
medium.

77460 MARK : MARK contains -1 if the neutron escaped

the system; -2 1if the neutron entered an
internal void; O otherwise.
Space outside the system of interest, yet within the enclosing

parallelepiped, is assumed to be exterior void.

An interior void is a reglon within which a neutron has an infinitely
long mean free path. A neutron encountering an interior void is carried
across the volid until it enters another medium; its path through the void

is of length zero in mean free paths.

D6.1. Input for GE@M

Input will be on cards in columns 1-72. All blanks will be ignored.
Numbers have a variable length field, and integers are unsigned strings
of digits. Floating point numbers have the form +X.YE+Z, where X, Y, and
Z are integers. Signs will be assumed to be positive if omitted and the
fields X, ¥, and EZ will be assumed zero if omitted. There are three

sections to the input.

a. Zone boundaries: The X, Y, and Z values used as zone boundaries,
including the outer limits of the system. A typical example
might be as follows:

X ZgNE BPUNDARIES (0, .1, .5, 8E-1, 1)
Y ZgNE BPUNDARIES (0, .5, 1)
7 ZgNE B@UNDARIES (0, .3, .65, 1.0)

The order of the listing is irrelevant.
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The quadratic functions defining the curved surfaces:

The quadratic surfaces used as interfaces between media may be
defined by f(X,Y,Z) = 0, where f is of second order or less in
X, ¥, and Z. One medium then lies on the positive side of the
surface, in the region where f£(X,Y,Z) > O, and the other medium

lies on the negative side. The format is:
CURVED B@UNDARIES (n/1,f1(x,y,2)/2,%2(x,7,2)/.../n,t,(x,y,2))

where n is the number of curved surfaces. To identify the sur-
faces they are numbered consecutively from 1 to n; however,

they need not be listed in consecutive order in the input.

Each f(x,y,z) is written as one would normally write a
function except that X5qQ, YS5Q, and 7ZS5Q are used for X2, Y=,
and z%. Parentheses may not be used, therefore expressions
such as (x + 1)2 must be expanded as XSQ + 2.X + 1. Coeffi-
cients are in floating point, and if omitted are taken to be
1., i.e., "-XSQ" is equivalent to "-1.X5Q." Note that
f(x,y,z) is a function and not an equation; an equal sign is

not permitted.

For each zone in the system the following specifications must

be made:

1. "ZgNE (£,m,n)" identifies the description to follow as
that for the zone which is the £th in the x direction,
the mth in the y direction, and the nth in the z direc-

tion.

2. The x, y, and z values used as block boundaries in that
zone, including the boundaries of the zone. A typical

example might be as follows.

X B@UNDARIES (.1,.5) Z B@UNDARIES (.65,.7,.8,1.)
Y B@UNDARIES (.5,.75,1.).

The order of the three lists is irrelevant.

3. The list of media in each block. If a block contains only

one medium, this specification is merely the medium number.
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If there are two media in a block, however, the specifica-
tion is "n/i/m," where n is the number of the medium on

the positive side of the curved surface, i1 is the number

of the curved surface in the block, and m is the medium
number on the negative side of the curved surface. Interior
volds are designated as medium No. O and exterior voids as

medium No. 1000.

The specification for each block is separated from the next by a
comma. The blocks must be listed in the order (1,1,1), (2,1,1), (3,1,1),
eoy (n,1,1), (1,2,1), (2,2,1),..., (n,m,1), (1,1,2), ..., (n,m,2), where
(i,j,k) denotes the block which is the iEE in the x direction Jjth in the

y direction and kth in the z direction.

An example of a block specification is

BLYCKS 3,3/1/2, 3/1/2,2

which would describe 4 blocks. The first contains only medium 3; the
second contains medium % on the positive side of quadric surface 1 and
medium 2 on the negative side of quadric surface 1; the third contains
medium 3 on the positive side of surface 1 and medium 2 on its negative

side; and the fourth block contains only medium 2.

The end of the input is signaled by an END card having "END"

punched in colums 8-10.
An example of a complete input for GE¢M follows:

XZ@NE B@PUNDARIES (0,1.)

YZ@NE BPUNDARIES (0,1.)

ZZgNE B@UNDARIES (O, .5,1.)

CURVED B@UNDARIES (1/1,XSQ+YSQ+ZSQ-X-Y-Z+.5)
ZgWE (1,1,1) x8(0,.5,1.) ¥B(0,.5,1.) ZB(O,.5)
BL@CKS 1,1,1,1

ZgNE (1,1,2) x8(0,1.) YB(0,1.) ZzB(.5,1.)
BL@CKS 2/1/1

END
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The procedure for reading input into GE¢M is as follows:

a. Place the address of the last location to be used for input

storage in XR1 (Index Register 1).

b. Then TSX $ JEMIN, k. JOMIN will store input in successively
lower locations and return to 1,4 with the last address not
used for storage in XR1l. If there are errors in the input
J¢MIN will write appropriate error flags and transfer to the
Monitor Exit Routine. Input is assumed to be on logical tape

10 and output (for error flags) on logical tape 9.
The present limitations on GE¢M are:
ZPNES: 1023
BL¢CKS: 102% per zone (not more than %1 blocks in either the
X, Y, or Z directions in a single zone).
MEDIA: 511, not counting veoids.

There is no limit upon the number of quadric surfaces allowed.

A rough estimate of the amount of storage used for input is given
by: 11 x number of curved surfaces + 14 x number of zones + 4 x total

number of blocks.

D.7. O5R Input

The input required to run the O5R code consists of the appropriate
neutron source specifications, a description of the geometry of the system
being studied, the reactor data, 1.e., a complete specification of the
cyctem, and a sultable subroutine for treating inelastic scattering, if it

is being considered. FEach section of the input is discussed below.

D7.1. O5R Neutron Sources

The information required by O5R for each source neutron are the
position of the neutron, its energy, its statistical weight, and the direc-
tion of its first flight. ZFor the ensuing discussion the following
definitions may be helpful. S585Q is the neutron energy, in cm?/secz. X,

Y, and Z are the X-axis, Y-axils, and Z-axis coordinates, in cm. U, V,
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and W are the X-, Y-, and Z-direction cosines, respectively, and
¥+ 7V + W = 1. WD is the statistical weight of the neutron. NEUT is
an integer assoclated with a particular neutron, and NEULS is the number

of neutrons to be given source data.

Three choices are available for E. It may be the same for all
source neutrons, it may be chosen from an empirical fission spectrum
energy distribution by O5R, or it may be computed by the subroutine
SOURCE, written by the user.

Two choices are available for X, Y, and Z. They may be the same

for all neutrons or they may be computed by SOURCE.

Three cholces are available for U, V, and W. They may be the same
for all neutrons, they may be chosen isotropically by O5R, or they may be
computed by SOURCE.

Two cholces are available Tfor WI. It may be the same for all

neutrons or it may be computed by SOURCE.

Two methods of supplying the source data are used. Any quantity
which is to be the same for all neutrons may be given to O5R on an input
card. This card is Card D of the O5R reactor data input described below,
and the permissible alternatives avallable by using this card are covered
in that description. If any source parameter may vary from neutron to
neutron or from batch to batch, however, it must be computed or supplied
by Subroutine SOURCE. SOURCE data always take precedent over input card

data. The call statement is
CALL S¢URCE (SSQ,U,V,W}X,Y,Z,WT,NEUT,NEUTS,NMED)

This subroutine must be included if any of the values needed to
specify the source cannot be supplied by the source input card. Argu-
ments must appear in the order given in the FORTRAW statement above, even
though some of them may not be used. The subroutine is entered once for
each neutron until the total number of source neutrons, NEUTS, has been
processed. NEUT is initially 1 and is incremented by 1 on each subse-
gquent entry until NEUT = NEUTS, at which point the data for the final

neutron will be processed. As an example, suppose that half of the
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source neutrons are to have an energy of 1. MeV and the other half an
energy of 2. MeV, with all other parameters to be supplied by source card.

A subroutine to provide for this might be as follows:

SUBRGUTINE S@URCE (985Q,U,V,W,X,Y,Z,WT,NEUT,NEUTS, NMED)
I¥ (NEUTS-NEUT-NEUT)2,1,1

1 S8Q = 2.%1.913220092E18
RETURN

2 88Q = 1.91%220092E18
RETURN
END

As 1is evident in the subroutine above, the conversion factor from energy
in eV units to energy in speed squared units, the units used in O5R, is
1.91%220092 x 10%2,

If it is intended to compute U, V, and W by SOURCE, at least one
of U, V, or W must be nonzero on the input card. The sum of 0P + V& + W

must equal 1.

CAUTION: Do not start a neutron on a zone or block boundary. This
will lead to serious difficulties with the GE¢M rackage.

D7.2. Reactor Data Input

Much of the versatility of O5R is cbtained through the flexibility
of its date input specifications coupled, of course, with equally flexible
source and geometry systems. TInput to O5R is straightforward, a single
general caution being that some of the quanfities specified in input are
also found in some of the cross-section,geometry, and source routines,

and care should be taken to insure internal agreement.

The input cards for the O5R reactor data input are individually

considered below.
Card A: Format (12A6)

A card containing 72 columns of Hollerith information for identi-

fication of the printed output.
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a b ¢ d e *T g h
Card B: Format (IS,I5,I5,I5,I5,I5,E10.5,I5)
a. NSTRT: The number of neutrons with which to start off each
batch. O < NSTRT < NMOST.

b. NM¢ST: The maximum number of neutrons permitted to sppear
during one batch. NSTIRT < NM¢ST < 1000. (The number
of neutrons which can appear from splitting by applying

welght standards can be controlled.)
c. NITS: The number of batches in the run.

d. NHOW: Directs whether the original source is to be repeated
for each batch (NHOW > O) or whether succeeding source
batches are to be made up out of fission neutrons from

the preceding batch (NHOW = 0).
e. QUIT: Number of runs (> 0).

f. TISTP: The logical scratch tape number availsble for storing
intermediate fission source data. (If no fissioning

is permitted, FISTP can be left blank or 0.)

g. ECUT: The energy, in eV, below which neutrons are considered

to be in the thermal group.

h. THERM: Determines the manner in which the thermal group is
to be treated:
THERM = O: No thermal group.

THERM = 1: One-velocity thermal group. (The
one~-velocity parameters will be given
on card G of this input.)

THERM

Il
no

Thermal parameters will be computed
by a subroutine SNAFU (written by the
user, but must be called SNAFU.)

a b ¢ 4 e
Card C: Format (I5,I5,I5,I5,E10.5)
a. MEDIA: The number of medila, exclusive of voids, in the
reactor. This number must agree with the number

appearing on the reactor data tape. 0O < MEDIA < 6.
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b. NF¢NE: The number of anlsotropic scatterers appearing on the

reactor data tape.
c. CONT1: The logical tape number of the reactor data tape.

d. CONT2: The logical tape number of a copy of the reactor data
tape. (For problems which involve a wide range
between the highest and lowest energy on the reactor
data tape and several medla, a considerable fraction
of machine time is expended in rewinding the data
tape. To get around this difficulty a second tape,
identicalwith tle first, may be specified so the O5R
may shuttle between them, rewinding one tape while

using data from the other.)

e. ETAPE: The maximm energy, in eV, of the reactor data tape.
This value must be the same as that given to the
reactor data code.

a b c d e
Card D: Format (E10.4,E10.4,E10.L4,E10.4,E10.4)

Card D is the source input card. See the preceding discussion of

"O5R Neutron Sources" for further explanation.

a. ESPURCE: The source energy, in eV.

b. : .

ULNP The direction cosines of the source neutrons. If
c. VINP: these are to be supplied by subroutine S@URCE, at
a. WINP: least one of them must be nonzero on this card.

e. WIGTRT: The starting weight of the source neutrons.
Card E: Format (E10.4,E10.4,E10.L4,15,15)

g XSTRT:\L The starting coordinates of the source neutrons,
b. YSTRT: unless otherwise given by subroutine

c. ZSTRT: S¢URCE'

d. NMED: The medium number of XSTRT, YSTRT, ZSTRT.

e. NREG: The region number of XSTRT, YSTRT, ZSTRT.
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a b ¢ d e
Format (IB,IS,I5,E10.5,5X,8I2)

SCATS: The number of scatterers in the medium.

P¢INTS: The number of subgroups per supergroup on the reactor
data tape for this medium. The value of PPINTS must

agree with the specification of the reactor data tape.

FISSIgN: Indicates whether or not there is fast fissioning
in this medium. If FISSI@PN = O, no fast fissioning
is permitted; 1T FISSI¢N = 1, fast fissioning is
allowed.

FWL¢W: The weight to be assigned to neutrons produced by

fission (usually 1.).

LF1l: TUsed to inform O5R whether or not scattering is
anisotropic for each scatterer in the medium and, if
some of the nuclides of the medium do scatter anisotropi-
cally, which position on the reactor data tape is to be
used. A value of LF1 must be given for each scatterer in
the medium in the order in which the scatterers are
specified in cards DM,L of Code 6 of the cross-section
package. If a scatterer is an isotropic scatterer, then
no fi's appear for it and IF1 = O. If a nuclide is an
anisotropic scatterer, then ILF1l is the position the
scatterer occupies on card E of Code 6. For example, if
a medium contains H, C, and 0, with O and C listed as
anisotropic scatterers on card E of Code 6 in that order,
and if H, C, and O are specified as the elements in the
medium on cards DM,L of Code 6 in that order, then LF1l
would be () O @ 2 @ 1. (The symbol @ is used to
indicate a space.) If the elements on card Dy, L were

specified in the order C, H, and O, then LFl would be
@ 2O 0o @ 1.

There will be an individual card F for each medium,
and they are loaded in the same order as the media ap-

pear on the reactor data tape.
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a b c
Card(s) G: Format (E10.5,810.5,F10.5) (One~-velocity parameters)

a. SL¢TH: The thermal neutron mean free path for this medium.

b. SL¢PS: The thermal-neutron nonabsorption probability for

this medium.

c. SL¢WF: The average number of fission neutrons produced by a

collision at thermal energies in this medium, given by

vZf/Zt.

If one-velocity parameters are called for on card B, by setting

THERM = 1, then a G card immediately follows each F card for each medium.

Card H: Format (7ELO.5)

The H cards are loaded by medium - one card to a medium. The
atomic masses, in amu, are specified for each scatterer of a medium in
the same order as the scatterers appear on the reactor data tape, which
is the order in which they were specified on card DM,L of Code 6. An
inelastic scatterer is signaled by a mass of zero which, when encountered
by O5R, triggers the calling of subroutine KINNY which treats inelastic
scattering. For example, if the medium consisted of water, with hydrogen,
scattering elastically, and oxygen scattering both elastically and in-

elastically, card H would show three masses: 1.00000, 16.00000, and
- 00000.

a b c
Card I: Format (I5,I5,5X,36I1)

a. HISTR: The logical tape number to be assigned to the first

collision tape to be used.

b. HISMX: The highest logical tape number a collision tape may

be assigned. HISTR < HISMX. When the first collision
tape, HISTR, has been filled the logical tape number
is increased by one, the logical number increasing by
one for each succeeding tape until HISMX is reached.

After HISMX is filled the logical tape number is set
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back to one and the process continues. (It is expected
that encugh time for machine operating personnel to
remove a filled tape and replace it with a pool tape

will be available.) None of these collision tapes may

be on the same machine channel as the reactor data

tape or the fission tape.

c. NBIND: Selects from the list of parameters available at each
cecllision, as shown in the discussion of analysis
routines below. For each of the parameters in the
bank list, either a O or a 1 must be punched. A 1

. selects the parameter, a 0 does not select it.

a
Card J: Format (1¢12)

a. RANDM: The octal representation of the initial random number
to be used in the generation of random numbers. If
left blank the code will insert 34327724L615. Starting
random numbers must end in 1 or 5 in order that the
period of the random number sequence be the maximum
for the IBM T090. The maximum period is 292,

a b ¢ 4a
Card K: Formaet (I5,15,I5,I5)

a. NSPLT: An index controlling splitting. If NSPLT = 1, split-

ting is allowed; if NSPLT = O, splitting is prohibited.

. NKILL: An index controlling Russian Roulette. If NKILL = 1,
Russial Roulette 1s allowed; if NKILL = O, Russlan
Roulette is prohibilted.

c. REGMX: The maximum number of reglons in the reactor.
REGMX must equal 1 in the present version, for reasons

which are given below.

d. GPMAX: The number of fast groups plus the number of thermal
groups. The latter quantity is elther zero or one. IT

GPMAX is left blank, the code supplies the value 4O.



-66-

a b ¢ d e f g h i
Card(s) L: Format (I5,I5,I5,I15,I5,I5,E10.5,E10.5,E10.5) These cards

are included only if NSPLT or NKILL (Card K) are nonzero.

These parameters select particular groups and

a. NGP1l: ) regions in which the welght standards are to be
b G : applied. For group NGPLl in steps of NDG through

group NGP2 and for region NRGL in steps of NDRG
c. NGP2:

through region NRGZ2 the welght standards assigned
r"

d. NRGL(=1)* by g, h, and i, below, are to be applied. Setting

= i h da i

e. IDRG(=1)% NGP1 = O causes the weilght standards g, h, and 1

to be applied to all regions. A last card with

NGPLl = -1 must be supplied to signal that all

. NRG2(=1)*
weight standards have been loaded.

g. WIHIH: Neutrons having weights above this value in the regioms

and groups indicated will be split.

h. WTL¢W: Neutrons having weights below this value in the reglons

and groups indicated will undergo Russian Roulette.

i. WTAVE: The weight which replaces the current weight of a

neutron surviving Russian Roulette.

The format of this card may be easler to understand if the follow-

ing FORTRAN statements are considered.

D¢ 1, I = NGP1, NGP2, NDG
Dg 1, J = NGRL, NGR2, NDRG
WIHIH(I,J) = WIHIH
WILGW(I,J) = WILGW
WTAVER(I,J) = WTAVE.

n

*The geometry routine included here does not provide for spatial regions
in which different weight standards for Russian Roulette and splitting
apply, thus the number of regions must be 1 throughout the calculation.
Different welght standards may be used in different energy groups,
however.
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D.8. Treatment of Nonelastic Scattering

The O5R code handles nonelastic scattering by calling subroutine

"KINNY(SSQ, NMED, NELEM, X, Y, Z, NEUTS,, SLIST, WT')

whenever a scatterer of zero mass is encountered by the subroutine which

selects the nuclide struck by the neutron. (See card H of O5R input,

above.)

The arguments are:

55Q:
NMED:

NETHEM:

X,Y,7Z:

NEUTS:

SLIST:

The speed squared of the incident neutron, in cm?/secg.

The number of the medium within which the event occurred.

The number of the element with which the neutron collided
- counted from 1 in the order punched on card H of the O5R

input.
The spatial coordinates of the event.

The number of neutrons resulting from the collision.

NEUTS < 10 and provides for (u,2n), (n,3n), ..., etc.

*

events.

A list of the energies (speed squared) of each of the
product neutrons: SLIST(I), I = 1, NEUTS. It is assumed
that the product neutrons are emitted isotropically in the
laboratory system of reference. It must be dimensioned as
SLIST(10).

WT: The welght of the neutron going into the nonelastic event.

This welght is assigned to each of the product neutrons.

KINNY must be self-contained and read in its own input as required.
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D.9. Problem Analysis

In order to insure maximum flexibility in the range of problems
O5R can handle, the production of the neutron histories pertinent to a
particular problem is completely divorced from their analysis. Collision
data generated by O5R are transmitted to the problem analysis code by
means of a "collision" tape or tapes. The input data for OS5R permits the
programmer to choose the collision parameters required for the problem
analysis routine. At each collision the selected parameters are written
on the collision tape in a particular manner explained below. A program
can then be written to accept data from the collision tape for analysis.
The analysis code may be written completely in FORTRAN if desired, since
the parameters available and the collision tape itself are compatible

with the FORTRAN system.

Among the advantages of this separation of codes are the reduction
of core storage problems, the fact that debugging of analysis codes does
not require a rerunning of O5R for each debugging run, and the possi-
bility of multiple use of the collision tape, that is, a collision tape
prepared for the solution of one problem may be reanalyzed for the solu-

tion of another.

It appears to be a reasonable rule of thumb that any datum which
might conceivably be desirable for the problem analysis should be called
for on the collision tape. It 1s much less expensive to call for too
much data than it 1s to rerun O5R to get a quantity which suddenly turns
out to be necessary. Some quantities put on the collision tape are
redundant; for instance, 5% (the speed squared) is determined if U, V,
and W, the direction cosines, are given (5% = U7 + V& + W2), but it is
nevertheless almost always simpler and in the long run cheaper to include

such numbers as, in this case, s2,

D9.1. Collision Tape

Each record written on the collision tape is composed of fewer
than 129 words, so that the tape is compatible with FORTRAN. The first

word of each record contains the integer 1. This number indicates the
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number of physical records contained in the logical record and is required
by the FORTRAN tape routines.

The second word of each record contains the run record number, and
i1s increased by 1 as each successive record is written on tape during a

run.

The third word of each record contains a FORTRAN-type integer, NTYPE,
which indicates the type of data filling out the rest of the record.
NTYPE = O indicates a normal collision record. If NIYPE = O, the remainder
of the record contains the requested collision parameters for as many
collisions as there is room. For instance, if 10 parameters per colli-
sion are called for, then one tape record would contain the results of
12 neutron collisions, since this results in 120 words of data plus the
5 required words at the beginning of the record, or 123 words, which does
not exceed the permissible maximum of 128 words. When the last record
of a batch is not completely filled with collision parameters, the re-
mainder Qf the record is set to zero. As each batch is completed a record
is written with NTYPE = 1 and the rest of the record filled in with zeros.
If, in writing the collisions an end of tape is reached, the code writes
a record with NIYPE = 2 and continues on to another tape. After all

batches of a run have been processed a record is written with NTYPE = %.

It is intended that all data concerned with significant events in
the history of a neutron shall be available for the subsequent analysis
of the system. Thus not only i1s the data concerning the real collisions
of neutrons with nuclides recorded, but other available information
("pseudo collisions') is also recorded. Pseudo collisions are recorded
when changes in the neutron weight occur through the application of
weight standards, when medium boundaries are crossed, as soon as the
source data for a neutron are available, and when the neutron escapes
from the system of interest. Each of these events is identified by a
marker index which tells whether or not the collision is real and, if it
is a pseudo collision, what has taken place. This index is one of the
parameters which may be selected to be written with each record, and is

described as item 1 below.
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D9.2. Parameter List

Any selection from the following list of parameters may be made by
appropriately punching item ¢ of card I of the O5R input. The parameters
selected will be written at each collision in the order listed. All

numbers are floating point except when indicated otherwise.

1. NC¢LL: A F¢RTRAN—type integer indicating the type of collision.
NC¢LL = 1: Source data appears.
2: A real collision of a neutron with a nuclide.
3 Neutron killed by Russian Roulette.
L: Neutron escaped from the reactor.
P

¢+ Splitting occurs through the application of
weight standards. The data given are those
for the original neutron with its new weight.

6: Same as 5 except that the data for the
duplicate neutron are given.

T: Neutron crosses a medium boundary.

8: TNeutron survives Russian Roulette and weight
1s increased.

9: Neutron participates in a nonelastic inter-
action.
2. NAMEn: A FORTRAN-type integer identifying the neutron having

the collision.

3. Sﬁ: The speed squared of the neutron after collision.
)'l'o Ul. ? . . N .
L‘ The neutron velocity in the X, ¥, and Z directions,
o+ Va: [ respectively, after collision.
6. Wis )'
. X1

O o

Yl:\L The coordinates of the collision location.
Zl:J

10. WTi: The neutron welght after collision.

11. Si: The speed squared of the neutron before collision.



12.

13.
1k,

15.
16.
7.

18.

19.
20.

21.

22.

23.

ok,

25,

26.

27.

28.

29.

~T1-

Uo* The neutron velocity in the X, Y, and Z directions,
Vo: respectively, before collision.

Wo:

Xo:

Yo The coordinates of the directly previous event.

Zo:

WILo: The neutron welght before collision.
THETA(Si,m): The mean-free-flight time to the collision point.
PSI(Si,m): The nonabsorption probability at the collision.

ETA: The number of mean free paths used to arrive at the

collision point.

GRFUP: A FORTRAN-type integer identifying the energy group

within which sg lies.

ELFEM: A FORTRAN-type integer identifying the nuclide collided
with.

NREG: A FORTRAN-type integer identifying the region within

which the collision occurred.

NMED: A FORTRAN-type integer 1ldentifying the medivm within

which the collision occurred.

NAMEXn: A FPORTRAN-type integer giving the original NAME
of the neutron from which the current neutron was

produced by splitting.

NDRGLn: A packed word containing the medium and region where
the collision occurred, the nuclide collided with, and
the energy group associated with S?. MDRGLn is of
the form GGGMMMLLLRRR, where GGG = group; MMM = medium;

LLL = element position in medium MMM; and RRR = region.

BLZNT: A packed word giving the block and zone location of
Xl, Yl, and Zl.

BIZON: A packed word giving the block and zone location of

Xo, Yo, and Zg.



-72-

30. ILAMBDA: The mean free path of the neutron in the medium

before collision.
31. Sg: The speed of the neutron before collislon.
32, S1: The speed of the neutron after collision.

Tn order to make clear exactly which of the above parameters have
significance for various types of real or pseudo collisions, the follow-

ing comments are appended:

a. NCPLL = 1, a source collision. The code, before
allowing any neutron to have a flight from the source posi-
tion, records the source data. Significent items are 1-10,
ek, 25, 28, 29.

b. NCPLL = 2, a real collision. All items are significant.

]

c. NC¢LL 3, neutron killed by Russilan Roulette. Item 10 will
be 0, items 1-18, 22, 24-26, and 28 will have significance.
Ttems 3-10 will be the same as items 11-18.

d. NC¢LL = L4, neutron escaped from the reactor. ALl items
except 2% will have significance. Items 3-6 and 10 will be
the same, respectively, as items 11-14 and 18. TItems 7-9

will locate the point at which the escape was located.

e. NC¢LL = 5, neutron split in two. Items 1-18, 22, and 24-29
will have significance. TItem 2, NAME, will be the same as
NAME before splitting. Items %-9 will be the same as items
11-17. TItem 8 will be twice item 10.

f. NCPLL = 6, neutron split in two. A new NAME will have been
assigned to the new neutron and item 10 will contain the NAME
of the original neutron. The significant items will be the
same as for NCPLL = 5. NCPLL = 6 data will immediately follow
NCPLL = 5 data on the tape.

g. NC¢LL = T, neutron crosses a medium boundary. All items except
2% will have significance. Items 3-6 and 10 will be the same as
items 11-14 and 18. Ttem 25 will refer to the medium being

entered and ltems 7-9 will locate the crossing point.
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NC¢LL = 8, neutron survives Russian Roulette and weight is
increased. Item 9 will be the new weight, item 18 the old
weight. TItems 1-18, 22, and 24-%0 will have significance.
Items %-9 will be the same as items 11-17.

NC¢LL = 9. If no product neutrons are born from a nonelastic
collision, tha1NC¢LL = 9 and WI; = 0. If only one neutron
results, then NCGLL = 2 and WIy = WIo. If more than one
neutron results, the first has NC@LL = 2 and WIy = WIo, while
the additional neutrons appear with NC¢LL = 9 and WI; = Wlo.
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Appendix E. Demonstration Problem

As an example of the input preparation for the Nucleon Transport
Code and to show the results obtained from the various codes, the detalls
of a typical problem are presented below. It 1s hoped that reference to
this material will clarify any vague points which may exist in the descrip-
tions of input. In addition, the proper functioning‘of NTC in the hands
of the user can be verified by running this problem and duplicating the
results presented.

The problem congiders the distributions in angle and energy of the
neutrons and protons resulting from M,OOO 160-MeV protons normally inci-
dent on an infinite slab of aluminum 10 cm thick. The source protons were
run in batches of 2,000 each, and the desired distributions were obtained
from the analysis routines described in Appendix A. The 1O0-cm-thick slab
was divided into four equal subslabs for the analysis but, in order to
save space, only the results for the 10-cm slab are presented.

The problem input is shown in Fig. ELl. The first five lines com-
prise the input to NIC Chain (1,5), discussed on pages 10 and 11 of this
report. The next six lines are the GE¢M input read into Chain (2,5) as
noted on page 12. The next line is the source input. The lines which
follow are the inputs to the analysis routines, which were discussed on
pages 24 through 26.

The output from the high-energy transport analysis, for the 10-cm-
thick slab only, is shown in Figs. E2 bthrough E1l, and is generally self-
explanatory. As the batches run, there are printed the total number of
source particles run, up to and including the current batch, and the total
nunber of neutrons which have been put on logical 8, the O5R source tape.
The GE¢M input follows each of these printouts, since the input tape is
repositioned so that a new batch may be run. Figure E2 is a sample of two
such printouts.

The time required to run and analyze the two batches was 19.2 min.

Before OSR could be run, it was necessary to prepare a master cross-
section tape for aluminum and, from 1t, a reactor data tape. Code 1 (see
page U6) was run to prepare the master cross-section tape, and Code 3
(see page 47) was used to print the results, which are shown in Figs. E10

through E1kh.
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2 BATCHES OF 2000 160 MEV PROTONS INTO 10 CM. OF ALUM INUM,

262746553275

160, 50, 1 2000 2

0 1

13, 26.9815 ,0603116
X ZONE BOUNDARIES (0,10.)
Y ZONE BOUNDARIES (=10,.E+20,10.E+20)
Z ZONE BOUNDARIES (=10,E+20,10.E+20)
ZONE(],1,1)XB(O,10.)YB(-]O.E+20,10,E+20)ZB(-10.E+20,10.E+20)
BLOCKS1

END
160, 1
10. 10 19 12
10. 4 16 9
1737 . 342 .5 L6428 .766 .866 .9397
. 9848 1.
.05 1 .15 .2 .3 R .5
.6 .7 .8 .9 1. 1.5 2,
3. 5.
160. 50, 11
L 5 9 10
40, 30. 20, 10. 0.
.1737 .342 .5 .6428 .766 .866 . 9397
. 9848 1.

Fig. El. Problem Input: Nucleon Transport Code



2 BATCHES OF 2000 160 MEV PROTONS INTO 10 CM. OF ALUMINUM.
INITIAL RANDGOM NUMBER # 262746553275

EMAX # 160.00 EMIN # 50.00 MAXMAT # | MAXCAS # 2000 MAXBCH # 2
THIS IS MECIUM NUMBER |
DENH(M) # 0. NELT # 1

Z # 13.0 A # 27.0 CEN # C.603116E-01
X ZCNE BOUNDARIES (0, 10.)
Y ZCNE BOUNDARIES (~10.E+20, 10.E+20)
I ICNE BOUNDARIES (~10.E+20,10.E+20)
ZCNE{ i1y 1)XB(C,10.)YB{-10.E4+20,10.E+20)Z8(-10.E+20,10.E+20)
BLCCKS|
ENE

BATCH | SOURCE PARTICLESH 2000

O5R NEUTSH# 350

X ICNE BOUNDARIES (C,10.)

Y ZONE BOUNDARIES (-10.E+20, 10.E+20)

7 ICNE BOQUNDARIES (~10.E+20,10.E+20)

ICNE( 14141 )XB(0y10.)YBI=1C0.F+20,10.E+20)28B(-10.E+23,10.E+20)
BLCCKS

END
BATCH 2 SOURCE PARTICLESH 4000
O5R NEUTSH (445

Fig. E2. Output from High Energy Transport Analysis
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T# 1.000€ 01
COSINE GROUP
1.7378-01
RADIAL GROUP
5.000€-02
9.000E-01

EUP# 1.600E

NX# b NR# 16 NA# 9
LIMITS
3.420E-01 S.OCCE-01 6.u428E-01 7.660E-01 B8.660E~01 9.397E-D1 9.848€-01
LIMITS
1.000e-0! 1.500e-0) 2.000e-0) 3.000e-01 4.00DE-O! S5.000E-01 6.000E-01
1.000€6 00 1.500e OD 2.000& 00 3.000E OO 5.000E 00
02 ELO# S5.000E O DELTA E# 1.08B0E D1

Fig. E3. Output from High Energy Transport Analysis

1.000€ 00D

7.000E~-01

8.000e-31

_LL._



—

COoOONOCUVMEWN-—

Fig. EL.

CHARGED

5.653E-01
5.286E-01
5.5804E-01
6.736E-01
6.926E-0)
6.649E-01
L,27u4E-01
9.1 TLUE-02
9.739€E-03
7.97T1E-0Ob

Output from High Energy Transport Analysis:

1. 746E-D2
3.694E-02
1.C16E-01
9.742€-02
9.898E-Du
2+253E-0C1
T.225F-02
2.472E-02
9.737E-03
7.971E-04

1.311E-01
e 2UTE-TI
le 1 11E-TI
1.571E-01
1« 568E-01I
1. 727E-T1
1 301E-DN
3.567E-02
5.412E-03
1+855E~-03

RESIDUAL

3.483E-C2
2.013E-02
te 191202
1.06u4E-02
1. 769E-02
To135E-03
8.276E-03
4.230E-03
3.613E-04

Charged Particle

Energy and Standard Deviation and Residual Nucleus Energy and
Standard Deviation, by Spatial Groups.

'QL-
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SUB~SLAB THICKNESS# 1.000E D1

ENERGY—-ANGULAR DISTRIBUTION, {NO./MEV/COSINE)

UPPER E¥# 1.600E 02 LOWER E# 1.500€ 02
ANG. GP. PROTON S.D. NEUTRON
H 0. 0. 0.
2 O. 0. O.
3 0. 0. 3.
4 0. o. 0.
5 a. 0. 0.
b C. O. O.
7 3. 0. O.
3 O. a. .
9 0. a. g.
UPPER E# | .500E 02 LOWER E# 1.400€ 02
ANG. GP. PROTON S.0. NEUTRON
| 0. 0. 0.
2 0. C. 0.
3 . C. 0.
4 0. 0. 0.
S C. 0. Je
[4 C. O. 0.
7 O Q. 0.
8 0. 0. 0.
9 Q. Q. 1.645E-D3
UPPER E# 1.400€ 02 LOWER E# 1.300€F 02
ANG. GP. PROTON S.0. NEUTRON
! G. 0. 0.
2 O 0. 0.
3 C. Ge g.
4 0. g. 0.
5 0. O 0.
6 Ce. O. 0.
7 0. 0. 3.392e-04
8 0. a. 1.663E-03
9 0. O. 4.934€E-03
UPPER E# 1.300F 02 LOWER E# 1.200E 02
ANG. GP. PROTON S.D. NEUTRON
! 0. 0. 0.
2 0. 0. 0.
3 O. G. J.
4 C. Q. O.
5 0. c. 0.
6 O. 0. O.
7 g. 0. 3.392e-0u
8 0. a. t.109E-03
9 o. 0. 3.289g-03
UPPER E# 1.200€ 02 LOWER E# 1.100€ 02
MNG. GP. PROTON S.D. NEUTRON
| D. o. O.

Fig. 5. Output from High Energy Transport Analysis

0.
0.
.
0.
O.
D.
O.
0.
1.645E-03

0.

Ca

Ge

Q.

O.

0.
3.392€-04
5.543E-04
1.6456-03

3.392€-0u
0.
3.289€-03
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ANG.
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E#
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S.D.

S.D.

S.D.

SeD.

0. o.
o. 0.
g. O.
a. 0.
0. 0.
G. 0.
0. 0.
0. 0.
1.100€ 02 LOWER E£ 1.000E 02
PROTON
o. o.
0. 0.
0. 0.
0. 0.
0. o.
a. 0.
0. 0.
0. a.
0. 0.
1.000€ 02 LOWER E# 9.000E Q1
PROTON
o. 0.
a. 0.
0. a.
0. g.
9. 0.
a. 0.
0. 0.
c. 0.
Q. 0.
9.000€ O1 LOWER E# 8.000€ O
PROTON
o. 0.
o. 0.
o. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
c. a.
8.000E 01 LOWER E# 7.000€ O1
PROTON
a. o.
0. o.
g. o.
0. a.
0. O.
0. o.
0. 0.
a. 0.
0. 0.
Fig. E6.

Output from High Energy Transport Analysis

0.
O
Q.
2.029E-D4
2.500E-Du
2.035€e-03
2.217€e-03
3.289€-03

NEUTRON
0.
0.
0.
0.
2.029€e-04
0.
6.784€-0O4
1.109€-03
0.

NEUTRON
0.
O.
1.751E-04
6.088E-04
2.500£-04
} «357€-03
a.
1.645€-03

NEUTRON
a.
0.
0.

g.
2.029€-0u
2.000€e-03
1.018E-03
1. 109€e-03
0.

NEUTRON

l.439E-0u4
0.

1.582E-01
5.252E-0u4
6.088E-0Ou
1.250€-03
1.357E-03
2.772€-03
1.6u5£-03

G.
O
de.
2.029e-04
2.500e-04
0.
2.217e-03
3.289€E-03

0.
0.
G.

2.029e-04
Qe
0.
C.
U.

0.
(8
O.
1.754E-DY
2.029E-Du4
2.500€-04
6. TBHE-DY
O.
1o 645E~03

C.
g.
O.
0.
2.029€-04
5.000E-0u
3.392E-0b
1.109E-03
0.

S.D.
t.4396-04
0.
1.582E-04
5.252€-04
2.029e-04
7.500E-04
6. TBLE-DOU
S5.543E-0u
| .645E~03
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UPPER E# 7.000F 0! LOWER E# 6.000FE Qi
ANG. GP, PROTON S.D. NEUTRON S.D.
1 0. 0. 0. 0.
2 0. C. 0. G.
3 C. 0. 1« 582E-D4 1.582E~-04
4 0. 0. 1751 E-0Ob 1« 751 E-Ou
5 G. g. 8.1 7E~-Ou 4.058E-04
6 o. 0. 2.500€e-03 10.000€~04
7 G. 0. 1.696E-03 1.018E-03
8 0. o. 2.217€E-03 0.
9 0. 0. L.934E-03 h.934E-03
UPPER E# 6.000E DI LOWER E# 5.000e 01
ANG. GP, PROTCN S.D. NEUTRON S.D.
! 0. 0. 0. 0.
2 0. D. 2.971E-D4 0.
3 O. O. T.911E-04 1 .582€E-0u
L 0. 0. 8.754E-04 1.751E-0u4
5 0. 0. 6.088E-04 2.029€-04
6 0. 0. 2.000&e-03 0.
7 0. a. 2.035€-03 1.357€-03
8 O. 0. 1.109€E-03 1. 109€-03
9 0. 0. d. 0.

ENERGY SPECTRUM

ENERGY GP. PROTON S.D. NEUTRON S.D.
i a. a. 0. 0.
2 0. 0. 2.500E-05 2.500€6-05
3 o. C. 1. 750€-0u4 2.500€e-05
L g. c. 1 .250E~04 2.500e-05
5 0. c. 3.500£-0u4 0.
6 o. 0. 1.250E-04 2.500E-05
7 a. g. 2.500E-0u 5.000€e-05
8 0. 0. 3.500e-0u4 C.
9 a. g. 5.750e~-04 7.500e-05
10 a. Q. 7.000E~04 | .000E~Dn
11 0. a. 7.750E-04 2,.500€E-05

RADIAL SPREAC

RADIAL GP. NUMBER WITHIN S.D.
| 0. 0.
2 g. 0.
3 c. g.
4 o. g.
5 0. 0.
6 g. 0.
7 0. 0.
8 7.143e-03 7.1436-03
9 2.143E~-02 2.143E-02
10 5.0Z1E-02 3.5508-02
tl 7.185-02 4. 244E-02
12 7.899€E-02 4.958E~-02
13 1.370e-01 L.874E-Q02
4 2.235€e~01 T.647€-02
I5 3.826€-01 1.032e-01
16 6.515€6-01 4.853E-02
17 1.000E 0O a.
TOTAL NEUTS# 3.4850E-02 S.D.# 5.000E-04
TRANSMITTED NEUTS# 3.450E-02 S.D.# 5.000e-0u

Fig. ET7. Output from High Energy Transport Analysis



-89~

THICKNESSH# 1.0CCE 01
LOWER ENERGY# 4,000 01 UPPER ENERGY# 5.000 01
ANG. GP. FLUX S.D.

| 0. c.

2 C. Ce.

3 9.573E-06 9.573E-06

4 G. Ce.

5 0. G.

7 C. J.

8 Oo r}.

9 ) «345F=-01 3.668E-C4
TOTAL FLUXH#H 2.CL48E-03 S.D.# 5.234E-06
LOWER ENERGYH 3.000e C1 UPPER ENERGY# L. 000 M

ANG. GP. FLUX S.D.

| C. C.

2 C. o.

3 7.850E-06 7.850€E-006

b4 0. 0.

5 C. G.

6 2.356€E-05 2.356E-05

7 0. 0.

a 9. 4BLE-0S 7.348F-0N5

9 ¢.203e-01 1.923E-03
TOTAL FLUXH# 9.437e-03 SeDo#t 2.483E-05
LOWER ENERGY# 2.CCCE T UPPER ENERGYH 3.00CE 31

ANG. GP. FLUX S.0.

| c. O.

2 a. 0.

3 ¢.005€E-06 6.C05E-06

HY D. C-

5 C. C.

6 2.231E-05 1.373€-10)5

7 3.9¢65E-1015 2.312e-05

9 4,751€E-01 1.5376-03
TOTAL FLUX# 7.243E-03 SeDo ¥ 2.266E-05

Fig. EB.

Qutput from High Energy Transport Analysis
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Fig. EO.
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1.00CE 01

FLUX

B.
0.
3.992F-036
C.
a.
2.431E~-05
T.239E-05
3.883E-04
3.16CE-0!

4.828E-03

C.

FLUX

C.
9.979E~08
1.617E-06
0.
C.
9.852E-06
2.98CE-05
1.782€E-04
l.28CE-01

1.958E-33

UPPER

ENERGYH

S.DN.

S.Do#

0.
Ca
3.992F-06
0.
G.
3.572e-07
9.940£-08
5.928€E-05
1.C53E-03

1.932F=-05

UPPER EHERGY#

S.D’

S.D. 4

C.
P.979e-08
0.
C.
} .44 BE-07
b, 24 5607
2.399€£-05
L,264E-TIL

7.882E-06

Output from High Energy Transport Analysis

2.000€e 01

1. 000 D



ENERGY (EV)

0.1C000E
0.18000¢€
0.171C0E
0.16300F
0.15500€
0. 14750€
0.14p0CE
J.13300€
0.12700E
0.12103€
0.115C0E
0.109300¢
C.10400E
0.98900F
0.941GCk
0.89500¢
0.85100¢€
0.810CCE
C.77000GE
0.733C0€
G.69700€
C.66300E
0.63C00GE
0.6CCAOCE
G.57C0CE
0.54300€
0.5160CE
0.491C0E
0.467C0E
O.uuu00E
0.4230CE
J.uC200E
0.38200¢
0. 36u00¢
0.3460CE
0. 22900E
0.31300E
0.2970CE
0.2830CE
0.26900€

g9
C8
g8
08
08

0.175C0€
Ca1?75C0E
0.17100E
G.169CCE
C.168C0E
0.16700¢8
C.16600E
D.1¢66C0F
C.166C0E
G.1660CE
0.1670CE
0.16700E
0.16700€
0.168C0¢€
0.168C0E
0.169200E
C.17300€
O.18400€
C.195CCE
C.2C2C0k
0.20600E
C.211CCE
C.215CCE
C.215C0E
0.21500¢
C.215C0E
0.220CCe
0.2240CE

J.225C0E
0.220CC€
G.237CCFE
0.255C0E
0.270C0¢€
0.270CCE
C.270CLE
0.270C0E
0.27000€
C.27400E
G.29000E
0.3C600E

Fig.

CRCSS SECTION

ELEMENT# 13
SIGMAY |
INTERPOLATION 8
POINTS# 188
MASSH# 26.98200
ENERGY [(EV)
Ci C.256C0E 07
Ct D.2440CE D7
01 G.23200e 07
jan| 0.22100€e 07
01 0.21000F 07
at 0.20000e a7
01 g.19000E 07
O C.18100€ 07
01 D.17202E O7
g} 0.16300e 07
1 C. 15500 07
i 0.14800E 07
a1 0.14(00€ 07
g ] 0.13400€ ©7
oy C.127C0€ Qv
01 0.12100€ Q7
01 0.11500€E 07
21 C. 10960 07
C1 C.t0u20€ 07
C1 C.99100€ GCo6
1 0.9u300€ 06
oy ] Q.89700e C6
Ci 0.85300€ 06
01 0.81200E Qe
g 0.77200E 06
Ci C.73400E Q6
| 0.699C3E Cé6
01 0.6660CE 06
Cl 0.63200E 06
Ci d.601C0€ Q6
Ci 0.57200F C6
Eg ] 0.54008€ L6
C 0.51800e Q6
01 0.u49200e C6
Cl 0.u68CCE 06
a1 G.u4450C0E 06
anl O.u24D0€ 06
01 0.403300E 06
014 £.38300€ 06
J1 0.36500€ 06
E10.

TOTAL CROSS SECTION

CROSS SECTION

C. 31000€
0.300C3€
C.29500E
C.31600E
0.32500¢
0. 32500¢
0.26000¢
0.28000€
2.33000€
0. 33500¢
C.30500F
0.30800E
0.31000E
Jd. 31000E
C.34000EF
G.u1500E
0.39300¢
0.28000€
C.26000E
C.27000E
0.28500€
0. 32000€
C.u050NE
0.60000€
0.35700€
G. 34600¢E
U.34900E
J0.34900E
0. 34200€
U. 37C038E
C.40000€
C.37700€
U.35600E
U. 35000
0.36500E
C.50000E
G.59500€
0.36700¢
G.3u000€
0.34000€

a1
a1
Ot
at
o
0t
eh}
a1
g
0t
Gt
01
Jdt
at
&3]
01
M

ENERGY {EV)

0.34703E
0.33000€
0.31400¢
0.29903E
0.28400E
0.27000¢€
£.25700€
0.24400€
0.23300€
3.22130€
0.21000€
0.20000€
2.19003E
0.18100E
G.172030¢€
0.16300E
0.15503E
0. 14800E
0.14100E
0.13400E
C.12700E
J.12100€
0.11500€E
0.10960E
0.10u23E
0.99100E
0.94300¢
0.89700¢
0.85300E
0.81200E
0.77200¢
0.73400E
0.69900E
0.66600E
0.63230E
0.60100E
0.57200€
C.54403E
0.51800E
0.u49200€E

06
ge6
a6
06
g6
aé
06
as

PAGE

CROSS SECTION

0.33000€
0.36000E
0.39500E
0.42200¢
0.42900€
J.26300¢€
n.27000¢E
0.29600€
0.32800E
0.5900CE
0.62800¢
0.40000€
0.36108E
0.42200E
0.55500¢€
0.98000¢
0.10108¢€
0.99000E
0.51000¢
0. 14000€
0. 16400E
0.11200E
C.22100€
0.30700¢€
0. 39C00E
C.65000€
N.11000¢
0.17003€
0.11500¢
J.46000€
0.23500¢€
0.16200CE
3. 14800€
0.15100€
0.15700€
0. 16500E
N.18000E
0.20400€E
C.23000E
0.25700¢
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J.28403¢
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J.2u400€
0.233D0€
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0.10960¢€
0. t0u30E
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0.81200€
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0.69900E
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a5
a5
05
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Total Cross Sections for Aluminum; 100 MeV > E > 6.66 keV

0.31C000€
0.35100¢
J.44500€
0.58500E
01.92000€
0.22000€
0.25000¢
N.10600E
0.32040€
0.85000¢
G.56100€
0.51160€E
0.50500E
0.57600E
0.62200E
0.66700E
0.72300E
0.76000€
0.81300¢€
0.84800E
0.89000¢8
0.93100k
D.97000€
0.10100E
0.10u400E
0.10700¢
0.11200€
0.11500E
0.11800E
0.12100¢
0.12700¢
J.13000€
3J.13000E
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0.13100¢€
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0.13400E
0.1360CE
0.14400E
0.15300€
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ENERCY (EV) CROSS SECTION ENERGY {EV) CROSS SECTION ENERGY ({EV) CROSS SECTION ENERGY (EV) CROSS SECTION
0.62200€ Cu C.175C08 T G. C. Q. . 0. 0.
0.6CICCE Cu C.280CCE CI C. O« [ 0. a. d.
0.57200E Cu C.24000¢€ 01 C. C. 0. 0. 0. 0.
0.54400E Ou 0.15900€ 01 C. G a. 0. 0. 0.
0.51800E Cu 0. 14400 01 d. Oa C. . 0. 0.
0.492C00E Cu O.1u1C0E C1 C. 0. 0. 0. G. 0.
0.ué6800E Cu D.1410CE D1 0. 0. a. 0. 3. 0.
0.44500 Cb C.14)100E O g. 0. J. 0. 0. O.
O.u2u400 Qu O.14100E Ct 0. 0. 0. C. d. 0.
0.uC3C00€ Cu O.t41CCE CI 0. 0. ad. 0. 0. 0.
£.38300e Du C.1u1CCE Ci 0. 0. 0. 0. 0. 0.
0.3¢500€8 Ou O.141020€ CJ 0. C. C. . G. 0.
0.34700E Ou OetuICOE O o. G. 0. 0. Jd. 0.
0.33CC0E Cu C.tulICCE C1 0. a. G. Q. a. 0.

- 2140CE Ou C.tu1CCE Q1 0. G. c. a. g. g.
0.299CCE Ou C.lui00E Ot a. C. G. T d. G.
0.28400E Cu C.1u100E CI O. C. 0. o. Jd. 0.
0.27CC0E Qu C.{LICCE Ot C. C. 0. 0. a. 0.
0.257C0E Cu C.tut1CCe Ci C. 0. O. 0. 0. .
0.24400€ Qu C.14100F 01 C. 0. O. G. 0. 0.
0.233C0E Cu O.14100E O 0. 0. Q. 0. 0. 3.
0.221CCE Ou O.iuiCCE Tt 0. D. G. 0. 0. 0.
0.21C00E Ou C.1ui1CCE C1 0. C. J. 0. Q. O.
0.20000t Chu O.141C0E O C. U. Ca d. 0. 0.
0.190C0€E O4 O.1u100E Ci 0. a. 0. G. Q. J.
0.18100E Dy O.141CCE C! o. C. G. 31N 0. g.
C.17200€e Cu C.ruiCCE C C. 0. a. 0. 0. 0.
0.10000e-03 0.1w130E D1 C. (N 0. 3J. Jd. Q.
0. G. O. 0. Q. 0. J. 0.
Q. A 0. 0. G. g. Ce 0.
c. O. C. O. Q. O. 3. 0.
g. C. C. 0. C. O. Ua 0.
O. C. 0. C. Q. O. D. 0.
a. 0. c. G. D. a. 0. 0.
0. (s C. 0. G. 0. J. 0.
C. G. C. O. G. 0J. . 0.
0. U 0. G. 0. C. 0. 0.
0. C. C. O. Jd. c. 0. 0.
C. C. C. 0. 0. O 0. 0.
0. O. O. O. 0. 0. Ja 0.

Fig. El1l. Total Cross Sections for Aluminum; 6.32 keV >k, > 100 ev
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ENERGY {EV)

0.10000%
0.1800CE
D.17100€E
0.16300¢
0.15500¢
0.14750¢
0.140C00€
0.12300¢
C.1270CE
0.1210CE
0.1153CE
0.1C900€
0.10400E
C.989C3E
0.9uI1C2E
0.895C0¢E
C.85100E
0.81CC0E
0.77C00€
B.72300E
0.69703E
D.6£6300E
0.630C0E
0.60000E
0.57000¢
0.54300€
0.5160C0€
C.u9i00E
0.u46700C
C.uuu00c
0.u23C0ce
C.uC200€
0.38230€
0.36u4C02E
0.3u6C0E
0.329C0E
0.31300Q€
0.29700€
0.28300E
0.26900E

g9
a8
a8
a8
038
08
o8
e
cs8
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08
a8
08
av
c7
a7
o7
Ov
av
a7
a7
07
07
07
o7
oy
o7
nr
o7
er
a7
a7
07
o7
o7
ar
o7
a7
G7
07

CROSS SECTION

0.16930€
0.1693CE
0. 16450¢E
0.16190E
0.1¢67050€
J1597CE
d.15850¢F
0.15770€
0.15760E
C.15700¢€
G.15750€
3.15713¢€
0.1569CE
S.1565CE
0.1563C¢
0.15730€
J.1642CE
0.1752C¢
C.1872CE
0. 195C0€E
0.1998CE
0.20530E
0.2C097CE
0.21370€
0.21320E
0.21200E
C.2173CE
0.22240E
J.21863¢
0.228786E
C.2254CE
0.25440E
0.2€694CE
0.2696CE
0.2700CE
0.2¢980E
0.26980¢c
0.274CCF
0.29910E
0.30590¢

Fig. El12.
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SIGMAH

INTERPOLATION
POINTS#

13
2
8

188

MASS# 26.980CC

ENERGY (EV)

0.25600E
0.244C3E
0.23203¢
C.221C9€
0.21000E
0.20300€
G.19000¢€
0.18100E
0.17200€
0.16300¢
0.15500¢
0. 14800€
J.14i00€
G.13400E
C.1270CE
0.12100€
0. 11500k
C.10969E
0. 10420E
0.99108¢E
0.94300E
C.897QC¢
0.85300€
N.81200€
0.77200€
C.73400E
0.69900E
.66600E
{.6320C€
0.60100¢€
C.572C0¢
0.54400¢
0.5180Ce
0.u492C60€
0.468080¢
J.4u500€
0.u42403E
0.u40300€E
0.38300E
0.36500E

a7
o7
a7
ar
a7

SCAT.

CROSS SECTION

0.310u0E
0.29993E
0.272510E
C.31560E
J.32500€
0.325C0€
0.26030E
0.27980E
0.32950E
0.33530€
0.30500¢F
0.33770¢
0. 30980E
0.3396CE
8.34010¢8
J.u41503¢
J.39000€
C.27960E
0.25980€
U.27000E
0.28500E
0.32000G¢
0.40500€
C.60000E
G.35700E
C.34600E
0.3u4900¢
3. 34900E
C.34200E
C.3700DE
C.40000€
C.37700¢
G. 35603k
0.353C0E
0.36500E
0.50000¢
0.595C0¢€
0.367COE
0.34000€
0.34000¢

01
ot
o]}
0l
a1
Oi
a1
o1
Ot
a1
g1
o1
ait
31

CROSS SECTION

ENERGY (EV]

3.34700€
0.33000E
0.31400E
0.299201¢E
J.28400E
C.27003€
J.257008
0.24400E
0.23300¢
0.22100€
0.21000E
3.20000¢
0.19000¢&
0.18103€
0.17200¢€
J.16300¢€
0. 15500¢E
C.14800¢€
C.14t80E
0. 13400€
d.12703€
0.12100€
0.11503¢€
0.10963E
0. 10L20E
0.99100E
0.94303¢
0.89733€
0.85300¢&
0.81200F
0.77200€
0.73400E
0.69900E
G.66600F
0.63200€
0.6D1D0E
0.57203¢€
0.54%400E
0.51800¢
0.49200€

agé
a6
adé
g6
J6
06
06
0eé

Scattering Cross Sections for Aluminum;
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0. 33G00€
C.36000€
3.39500E
0.4220C€
J.42900E
0.26300€
0.27000€
3.29600F
0.32800€
0.593C0E
0.6280CE
C.u0000€
0.36100E
C.u220G3E
0.55500E
0.978000¢€
D.1010Q€
C.99100¢
0.51000€
0.14000E
J.16400E
0.11200€
0.22100€
0.3030CE
0.39000€
0.6500CE
0.11000E
0.17000€
0.41508€
0.46000€
0.23500€
0.16200E
0.14800E
0.15100€
0.1570C€
0.16508E
7. 18000E
D.20400€F
0.23000€
3.25700E

CROSS SECTION

0R}
Gt
o1
o}
G1
a1
01
O
ai
G1
Gl
Oi
G
gt
01
g1
G2
1
o1
o]}
28]
g2
Gt
01
at
a1
g2
02
o2
o1
0t
01
a1
ol
ai
01
s}
0!
01
01

!

ENERGY (EV) CRDSS SECTION

0.46800¢E
3.44500¢
0.42400E
0.40300E
0.38300E
0.36500¢E
0.34700E
0.33000¢€
0.31400E
0.29900E
0.28400€
0.27000¢
0.25700€
3.2u400€
0.23300¢
0.22100€
0.21033€
0.20002¢€
0.190D0€
0.18108¢€
0.17200¢€
0.16300¢
0.15508¢&
3.14800k
O.14t00E
0.13403€
0.12700€
0.12100E
C.1i1500€
0.10960E
0.10430E
0.99100k
0.94300€
3.89700E
0.85300E
0.81200¢
0.77200€
0.73u00€
0.69900E
0.66600E
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100 MeV > E > 6.66 keV

0.31000€
D.35)100€
0.u44500€
5.58500¢
0.9200CE
0.22000E
0.25000E
J.106G0E
0.3200CE
0.8500CE
D.56100E
0.51100€
3.505G6CE
0.57600€
0.622G0E
0.66700E
0.72360E
0.76000E
0.81300¢€
0.84800E
0.89000E
0.931C0€
0.97000E
J.10100E
J.10400E
0.107008
0.11200€
0.11500€
0.11800E
0.12100E
0.12700E
J. 13000
0.13000€
0.1300C0E
D.13100€
0.13200€
0.13400E
D.13600E
0.14400E
0.15300€
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ENERGY (EvV) CROSS SECTION

0.632C0zZ
0.6C1C0E
0.57200€
0.54420E
0.518CCE
0.49200E
0.46800E
D.u445C0E
C.u2u00¢
0.4C300€
0.38300€
0.365C0c
0.347C0E
C.32200CE
Q.31 4CCE
0.29900€
0.284CCE
0.27000E
0.25700E
0.24400E
0.233C0E
C.22100E
0.21000E
0.20000¢
0.19€CCE
0.18100E
G.17200¢

0.10000e-

O.
G.
0.
0.
0.
g.
0.
0.
G
Q.
O.
0.

94 §.175C0€
Oy 0.25000€
Dy G.24009€
o4 C.I59C0E
Oy D.I14400F
Oy 0.14ICOE
04 D.I4100€
Oy C.l4l00E
g4 C.I4ICOE
04 0.141CCE
Oy 0.l4100¢
D4 C.I4ICDE
o4 0.tu100E
O 0.141C0€
04 0.14100€
04 D.14100€
Ju 0.I4ICOE
04  C.I4ICCE
Ou  C.l4100E
04 G.iu100E
Oy O.1u1COE
4 0.I4ICOE
04 D.iut00€
Oy C.I41GOE
Uy G.IuICOE
O4  C.I4I100E
Dy 0.14100€
03  O.141C0E

C.

3.

o.

0.

.

.

.

0.

a.

C.

0.

0.

Fig. E13.
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C.
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0.
0.
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C.
C.
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0.
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C.
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CROSS SECTICN
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C.
C.
a.
0.
a.
0.
0.
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0.
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J.
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d.
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O.
0.
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0.
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0.
0.
0.
G.

ENERGY (EV)

C.
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C.
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U
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0.
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Scattering Cross Sections for Aluminum; 6.32
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CROSS SECTICN ENERGY (EV)
C. J.
g. g.
3. d.
0. 0.
a. Q.
0. Je
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0. 0.
C. g.
0. a.
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0. C.
0. 0.
0. C.
C. 3.
0. 0.
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C. 0.
3. Q.
0. C.
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0. 0.
0. 0.
a. 0.

keV > E > 100 eV
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ENERGY

0.10020¢
g.18CC0CE
0.17100€
0.16300E
8.15500E
0.1475CE
0. 14000k
J.133C0E
B.127C0E
C.12100E
C.11500E
0. 10900
0. 10400E
0.9890CE
C.9u4100€
0.89500
0.85100E
D.81CO0E
0.770CCE
0.72300E
0.69700CE
3.663CCE
0.632000€
0.6C000E
0.570C0E
J.543C0¢€
8.5186C0E
0.u49100¢
D.46700E
O.4ukC0E
0.42300€
0.40200E
0.38200E
0.364C0E
0.346CCE
0.322930E
0.31300€
0.29700€E
0.2830CE
0.269C0E

Fig.

(EV)

a9
C8
ne
N8
ng
08
08
08
8
08
ae
08
08
07
a7
o7
7
a7
or
o7
07
07
07
07
07
ar
o7
ar
07
ar
o7
c7
o7

E1b.

CROSS SECTION

0.7C9CCE CC
0.7C90Ar 0C
0.70300e 00
0.7COCCE QO
0.695CCE DO
0.6236CCE OC
d.68000€ 0O
3.673CCE 0OC
J.664C0€ OC
0.657CCE CC
0.6u80CE 00
0.639C0€E CO
0.633CCE OC
0462200 0OC
0.615CCE OC
0.60400€ OC
3.598CCe QO
0.599CCE €0
C.5R0C0E 840
C.570C0E 00
0.559C0E 0C
0.550C0¢€ 0O
C.54000¢ 0O
0.53000€ OC
0.5220Ce ©C
d.51100€ GC
C.499C00E-CC
0.490CCE-CD
0.47800e-0C
0.46500e-CC
C.u5800£-00
O.4490Ce-0C
0.438CCE-CC
D.429CC0E-CC
0.417200€e-0C
0.4C9COE-OC
O.uC1CCe-0OC
0.39000€&-00
C.38200e-00
0.371C0e-0C

Average
100 MeV

ELEMENT#
SIGMAH
INTERPOLATION
POINTSH#
MASSH

ENERGY

C.25600E
0.24400€
0.23200¢t
0.22100€
T.21000E
0.23300¢
0.1900CE
C.18100E
C.17200¢€
0.16300€
0.15500¢E
0.14800¢
C.1utCOE
0.13400¢
g.12700¢€
0.1210CE
0.11500€
C.10760¢E
0.10420E
0.99100¢€
C.94300¢E
0.89700¢E
0.85300¢
0.81200¢&
C.77230GE
C.73400¢€
0.69900E
0.66600E
0.63200€
0.60100E
0.57200€E
0.54u480¢
0.51803€
0.49200E
0.446300€
D.44500E
C.u2400E
0.43300E
0.38300€
0.36500€

Cosines of
> En > 100

26.980

13
7
e

139

oc

(EV)

ar
ar
o7
o7
07
07
a7
a7
ov
a7
07
07
a7
a7
g7
ar
a7
ar
a7
cé
06
Gé6
g6
cé
as
gé
06
06
g6
g6
J6
g6
geé
oé
g6
g6
06
g6
06
(a2,

CROSS SECTION

0.36200€-00
0.35300e-00
0. 34L400€-00
0.338C0e-00
0.33000€-00
0.32100€6-00
G.31500€E-00
3. 31200€-00
0.30900€-010
C.33600E-00
0.30500€-00
0.303D0E-DD
0.28500€-00
0.273C0€E-00
0. 31900E-00
0.31800E-00
0.28000€-0C
0.24300E-00
0.241006-00
0.25600€-00
C.290C0€E-00
0.32500€E-00
C.31300€-00
0.25300€e-00
G.22000€-00
0.21300E-00
0.21000€-00
0.21000€e-00
0.21000€-00
§.21000e-00
0.21000€E-00
0.20600€E-00
J.19300€-00
0. 17500€E-00
0. 15900€-00
0. 13300E-00
G.12500€-00
0. 12700€E-00
0.11603E-00
J. 10700E-00

ENERGY

0.34700E€
3.33000E
0.31400E
0.29900€
G.28403¢
83.27000¢E
0.25700¢
3.24400¢
J.23300¢€
J.22100¢€
J.21000¢
0.20000¢
0.19300¢
G.18100K
0.17200¢€
0.16300¢
U.15500F
0.14800E
D.14100E
0.13403¢
0.12700%
0.12100E
0.11500€
0.10960¢
0.t0u20E
0.99100€
0.94330¢
0.89700€
0.85300F
0.81200€
0.77200¢€
0.73400€
0.69903E
0.66600E
0.63200¢
J.60103E
0.57200¢
0.54400¢
0.51800€
0.49200€

(EV)
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06
g6
Go6
g6
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0é
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s
G5
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0s
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CROSS SECTION

C.98000€-01
0.82000€-01
C0.70000E-O
0.68000€-01
1.6800CE-0I
J.69300E-O1
0.73000€-01
0.77000e-01
0.7900C6€e-0t
0.79000€e-01
0.78C00€e-01
0.73000€-01
0.650006-01
0.59000€e-01
0.52000€-01
O.u4000€6~01
0.38000€e-C1
0.33000€e-01
0. 31000e-0)
0.29000E-01
0.27000€-C1
0.26000€-01
0.24000e-01
0.23000E-01
0.22000&e-C1i
N.2100Ce-01
0.20000€-01
0.19000€e-01
0.18000€-01
0.1 7000E-01
0.16000e-01
0.15000e-01
0.15000€-01
0.14000€-01
0.1300CE-01
0.13000e-01
0.12000€e-01
0.t1000e-01
0.11000E-01
t «0000CE-02

ENERGY
O.u68C0E
0.44500E
0.42400€
J.40300E
0.38300€
0.36508E
0.34700€
0.33000E
0.31400€
G.29900¢
0.28400€
80.27000€
0.25700€
J.2u400E
0.23300€
0.22100€
0.21008€
0.17200€
0.10000€-
0.

3.

0.

J.

T.

J.

0.

0.

0.

0.

0.

3.

0.

O

3.

d.

C.

g.

0.

Je

0.

G5
05
0s
05
05
a5
0s
0s
s
05
0s
05
Cs
as
0s
us
05
On
03

(EV) CROSS SECTION

t .00000E-C2
0.90000E-02
0.90000€e-02
0.80000E-02
0.8000GE-G2
0.70060€E-02
0.700C00€E-02
0.70000€E-02
0.6000GE-D2
0.60000E-02
D0.60000E-C2
0.60000€E-02
0.50000€-02
0.50000€-02
0.50000€e-02
0.40060£-02
-3.
-0.
-0.

0.

0.

0.

0.

0.

O.

g.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

O.

J.

the Scattering Angle in the Center-of-Mass System for Aluminum;

eV
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The reactor data tape was prepared for running Code 6 (see rages

L9-52) with the input shown in Fig. E15.

CODE 6
OS5R REACTOR DATA TAPE FOR ALUMINUM,
1 5.E+07 1.
i 128
13 1 2 .0603116

13

Fig. E15.

O5R and its analysis routines were then run as a chain job with O5R
as the first link and the systems EXIT subroutine replaced by an O5R EXIT
subroutine which merely called CHAIN (2,3).

The input to O5R and its analysis routine is shown in Fig. E16. The
first eight lines are the OSR input, the next six the input for GE@M, and
the last four the input to the O5R Analysis Code, which was described on
pages 26 and 27.

The results of running O5R and the analysis code are shown in
Figs. E17 through E20. At the start of the run, O5R prints the input
information, as 'shown in Fig. E17 At the beginning of each batch O5R
prints, as shown in Fig. E18, the starting random number for the batch,
the sums of the values of the X coordinates, the Y coordinates, the Z co-
ordinates, and the sum of the values of the welghts for the batch. NR¢¢M
is the number of storage cells available for neutrons produced by splitting
during the run of the batch (= NM¢ST-NSTRT). NEWNM is the last name given
to a neutron. NMEN is the number of cells actually required for the NEWNM
neutrons. The latter two quantities are of little or no interest to the
user. ERRS indicates the number of tape errors which occurred during the
run of the batch. NFISH 1s the number of neutrons put on the fission tape.

FWATE is the product of the weight, an input number, and NFISH, while



251 WEUTS FROM 4000 160 MEV P ON 10 CM AL.
701 750 1 1 1 0 1. 0

! 1 3 0 5.t7

) 1 c. 0. 1.
G U J. 1 1
T 128 0 C. 1
27.
1 2 11000010000100100105000000000110

X ZOHE BOURDAP TES 1

v ZOHE BOUKDAR1ES(-1.E20,1.E20)
7 ZONE BOUNDARIES{-1.E2C,1
ZONECT, 1,1 HEA0,,10,) Y8 -1.£20,1.620)Z0(~1.E20,1.E20)

-

N

ELOCKST

EHD
+ 9 10, 5C. 1
Y L3452 .5 Lol23 766
L20hy 1.

Fig. E16. 1Input to O5R and O5R Analysis Routine
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701 NEUTS FROM ufD3 160 MEV P ON IT CM AL.

NSTART# 721 NMOST# 758 NITS# | NHOW# | QUITH

MEQIA# | FONESH CONSTANTS TAPESH® 3, 3 EMAX CF TAPE#
ESQURCE# (. U# 0L13CLE Ot Vé T, Wi D,
X# 0. Y# 1. 4 Q. MEDTUMH 1
MECIUM SCATS PCINTS FISSION FwlLOW ANISCTRQPY
i | 128 NO C. |
MEDIUM MASSES
| 27.200200

COLLISICON TAPES FROM t TO 2

WORDS PER CCLLISION 8 COLLISIONS PER RECGRD 15
COLLISICN TAPE PARAMETERS SELECTED

NCCLL

NAME

RANCOMH 343277244615

NSPLT# NC NKILL# NO
X ICNE BCUNCARIES(N.,15.)
Y ICNE BCUNCARIES(-1.E23,1.E20)
Z ZIONE BOUNCARIES(-1.E203,1.E20)
ZONE(E o1 1 ) XB{Za 10 }YBI-1.E20,1.E2D)2ZBI~1.E25,1.E203)
BLCCKSI

END

RGMAXH -3 GPMAX# 47

Fig. E17.

FISTAPE#

J ECUT# 0.i1700JE J1 THERM# 3

3.53u:23€ ;8

REGICN#

PARAMETERS

O5R Output

WEIGHT# J.1330€ O

I

V1030 133021173810013022083300061 1650600

'T6'



RANDOV

XAVE

YAVE

LAVE

WEIGHT NROOM NEWNM NMEM ERRS NFISH

3432772u4615 2,.25197E Q4 D,10045E §2 ¢.22864E 02 J.701C0E O3 49

105673573231-C.

0.

-0,

a.

Fig. E18.

49

O5R Output

7G1

701

701

7d1

0
0

o o.
c C.

FWATE FTOTL
EQ

0.
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NX# 4 NA# 9 TLIMI# N.IDGE 32 TLIM2# J.507€ 02 DLI# fo DL2#
ANGULAR INTERVALS

1. 737E~G1 3,u20E-0) 5.0C0c-0) 6.428E-011 7.660E-01 8.6&0E-U) 9.397E-U1

1.0008 Qu
XLOWH# T7.5000€ 01 XHIGH# 1.00CGCE 01
ENERGY GRQUP |

8.7T6E-L4 2.11E-[3 6.89g-D3 b6.47E~03 Q.27E-03 1.69E-02 6.67E-03
ENERGY GROUP 2

9. 1uE-L5 S.u7E-03 4. 17e-C3 8.03E-03 9.31E-193  1,L0E-02 2.71E-C2
ENERGY GRCUP 3

Bo2LE-(03 5.85E-03 B.09E-03 5.28E-02 1.34E-02 7.266-03 1.08E-02
ENERGY GRCUP M4

4,18€~05 3.54FE-03 4.98E~C3 2.12E~033 £.89E-03 R.99E-03 | ,35E-02
ENERGY GRQUP 5

3.24E-(3 5.18F-03 u4,7u4g-GC3 4 ,05E-02 8,38E-03 1.L5E-02 1.36E-02
ENERGY GRQUP 6

T 12E~35 4.90F-N3 B.L2E-03 6.58E-33 7.16E-73 9, 77€-03 1.11E-(12
ENERGY GROUP 7

B.T6E-05 u.80F-03 5,12E~03 3.13E-03 S,49E-33 1.95E-013 5.23E-23
ENERGY GRQOUP 8

2.92E~U5 2.1 7E-03 2.40E-U3  2.96E-02  t.04E-C2 4d. 3.82E-113
ENERGY GRQUP 9

1.31E~-U3 3.86F-03 6.78E-03 4,.39E-03 W4.81E-03 T.67E-03 O.

Fig. E19. O5R Output

10.

9.848E-01

1.97TE-i2

8.97TE-U3

i.04E-02

2.03E-52

S5.41E-03

6.1 1E-U3

7.80€E-03

6.13E-G3

4.96E-G3

TOTWT# O.4OGE O

2.93E-32

7.G5€~-32

b.72F-32

le13E-32

J.

1 .G2E~-G2

2.6LE-02

la12E-32

7.186-03

8.36E-G3

8.11E-03

5.40E-03

6.09e-03

6.15e-113

L.0B8E-03

3.18E-03

4.16E-03

T# 0.100€E L2

_g6_



ENERGY GRQUP 13

T.61E~-U8 2.66E~C3  1,94E-T3
ENERGY GRCUP 11
D. ‘3. 3-
ENERGY GRCUP 12
U. :}o Do
ENERGY GRCUP 13
o. Je Q.
ENERGY GROUP 14
0. Je a.
TOTAL NEUTRCNS
RNEUT
1.4859E 132 3.31818 Q02
QNEUT
2.1243E 32 4,.8632€E (02
QNEUT(J)/TOTWTY
5.31LTE-J2 1.2158E-01
RNEUT{J)/TCTWT
3.71L49g-012 8.2952E-02
Fig. E20. O5R Output.

3.59E-02 3.11E-23 £.53E~(3 1.18E-(12

de C.
e Ue
Je Ce
G. C.
L.6285E (2
6.8405E L2
1.7101E-C1
115T1E-CI

fond

4,2954E L2

7.0327€ 2
1.7582E-CI

1.OGEEE-CI

neutrons penetrating and reflected from the slab.

o
.

3.17€-03

6.T78E-04

| .48E~03

1. 16E-03

2.08E-0Q3

The R neutrons are those penetrating the slab, QNEUT is the total of

_-{-{6_
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FT¢TL is the total probability for the batch of producing fissions. The
next line gives the value of the random number at the end of the batch
and the sums of the values of X, ¥, and Z coordinates of those members
of the batch which survive to energy ECUT, along with the total weight
of the survivors. (In the example shown no neutrons survived.) Other

entries on this line are not relevant.

The total O5R running time for the 70l neutrons

was 4.2 min.
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