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COHORT-I1 - A MONTE  CARLO GENERAL PURPOSE  SHIELDING COMPUTER CODE 

by Leonard  Soffer  and  Lester  Clemons, Jr. 

Lewis  Research  Center 

- SUMMARY 

COHORT-11 is a Monte Carlo  general  purpose  shielding  computer  program  written 
completely  in FORTRAN-IV for  the IBM-7094 computer. In its present  form, it repre-  
sents a major  revision  and  modernization of the  original COHORT code. It has  been  in- 
tegrated  into a single package  with more  flexible  geometry  and  biasing. 

Given an  initial source  distribution of neutrons or  photons,  the  code  calculates  num- 
ber  fluxes  for  these  particles  in  energy  bins  for  arbitrarily  located point detectors and 
track length  fluxes  averaged  over  the  regions of a reactor-shield  geometry as specified 
by the user. Energy  integrated  quantities  such as dose  ra tes   are   a lso obtainable. 

The  code  method  employed is the  conventional  one  where  individual  particles are 
generated,  trachad,  and  analyzed.  The  shielding  geometry  allowed is flexible with space 
divided  into  homogeneous  regions  bounded by surfaces  describable  by a general  quadra- 
t ic equation.  Spherical,  cylindrical,  and  rectangular  parallelepipeds are allowed for  the 
source  regions.  Biasing  options  include  selection of source  particles  from  preferred 
locations,  energies,  and  directions.  The  exponential  transform  can  also  be  used  during 
particle  tracking.  Secondary  gammas  can  be  generated  and  placed on  tape  during a 
neutron  problem  to  be  tracked  during a subsequent  computer  run.  Variable  dimension- 
ing is employed for  efficient  use of computer  storage. 

INTRODUCTION 

COHORT-11 is a Monte Carlo  general  purpose  shielding  computer code. Given an  ini- 
tial source  distribution of neutrons o r  photons, it computs  number  fluxes f o r  these  source 
particles at arbitrarily  located  points o r  track  length fluxes averaged  over  the  regions of 
a reactor-shield  geometry. It is written  in FORTRAN-IV for the IBM-7094 computer. 

In its present  form, it represents  a major  revision  and  modernization of the  original 
COHORT code  (refs. 1 and 2). The  code CAVEAT (ref. 3) similarly  has  been  derived 
from COHORT. This report is intended as a guide  to assist potential users  in  data  pre- 



paration  and  explanation of the COHORT-11 code  method  and is intended  to  stand  alone 
without requiring  the  user  to refer to  references 1 and 2. Those  interested  in CAVEAT 
should  consult  reference 3. 

Many features of the  original  code  have  been  retained  such as the  specialized  input 
libraries which are used  to  describe  the  geometry,  the  cross  sections,  and  the  use of the 
exponential  transform. In addition,  the  collision  mechanics  (except  for low energy  neutron 
scatter)  and  the  basic  scoring  methods  in  the  original  code,  including  statistical  estima- 
tion of fluxes at point detectors  and  track  lengths  in  volume  detectors,  have  been  retained 
largely  intact. 

The  principal  modifications  and  additions  made  in COHORT-11 include (1) an  exten- 
sion of the  geometry  capability  to  allow  for  reactor-shield  geometries  that  may be de- 
scribed by a general  quadratic  surface (with suitable  choice of the  coefficients), (2) ad- 
dition of source particle biasing  to  allow  preferential  selection of source  particle  co- 
ordinates,  directions, or energies, (3) introduction of an  estimate of the statistical 
precision  for  the  calculated  results, (4) integration of the separate segments of the  code 
to  allow a complete  problem,  from  source  particle  generation  to output of fluxes at point 
detectors  and  in  regions,  to be run  in a single pass on  the  computer,  and (5) addition of 
variable  dimensioning  to allow for  more  efficient  use of limited  computer  core  storage. 
A brief description of the COHORT-II code  follows. 

The code can  track  either  primary  neutrons o r  photons  born  in  rectangular  paral- 
lelepiped,  spherical, or  cylindrical  source  regions  that are oriented parallel to  the  co- 
ordinate axes. Primary  particles are generated  from  previously known spatial, angular, 
and  energy  distributions  supplied  by  the  user.  Secondary  photons  born  anywhere  within 
the  reactor-shield  geometry  can  also  be  tracked  in a subsequent  run.  The  shield  geome- 
t r y  is more flexible than  the  primary  source  geometry.  Space is divided  into  homogene- 
ous  regions bounded  by surfaces  that  can  be  described  by a general  quadratic  equation 
with  suitable  choice of coefficients.  This  allows a description of such  surfaces as cylin- 
ders,  cones,  ellipsoids,  planes,  etc. , at an  arbitrary  orientation  to  the  coordinate  axes. 

not accept  multigroup  cross-section data as used  in  conventional  transport  codes. Pre- 
paration of cross-section  data,  particularly  for  neutrons, is tedious  because it has 
not yet  been  completely  automated.  A  library of neutron  cross  sections  in  the  required 
format  has  been  compiled  for  about a dozen  elements  and is available with the code. De- 
tails of this  library are given  in  the  section CROSS SECTIONS. Preparation of photon 
cross-section data is considerably  simpler  and  can  easily be done by the user.  

exponential  transform, or path-stretching,  during  particle  tracking.  The  degree  to 
which  the  exponential  transform is applied  can be varied  depending  on  the  direction of 
the  particle  and  the  region it is located  in. 

The  code  requires  input  cross-section  data  in its own specialized  format and  can- 

Biasing  features of the code  include  preferential  source  particle  selection  and  the 
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Particles are tracked one at a time.  Histories. are terminated when a particle 
escapes  from  the  system  under  consideration, when its energy or weight falls below a 
previously  assigned cutoff value, o r  when it has  undergone  more  than a previously 
specified  number of collisions. When secondary  gammas are to be  generated,  neutron 
collision data are written on a tape  and  stored  for  future  use. If leakage particles are 
to  be  used as a source  in a subsequent  problem, a leakage tape can  be  generated  for  this 
purpose. 

Code  printed  output  includes  number fluxes that are averaged  over  regions  and 
fluxes  that are at arbitrarily  located  point  detectors.  The  volume  averaged  region  fluxes 
can  be  sorted  according  to  arbitrary  energy  bins.  The  point-detector  fluxes list uncol- 
lided (for  isotropic  sources only) and scattered flux  contributions  separately  and  can be 
sorted  according  to  their  polar  and  azimuthal  angles of arr ival  at the  detector as well 
as their energies. An estimate of the  statistical  precision is included  for both  volume 
and  point  detectors.  Energy  integrated  quantities  such as dose rates, heating  rates, re- 
action  rates, and fluxes  greater  than  a  given  energy  can  also be computed for both  volume 
and  point  detectors by entering  suitable  response  functions.  Where  only  one  type of de- 
tector is of interest,  the  computation  associated with  the  other  type  can be omitted  to 
save  time.  All  scoring,  both  for  volume  and point detectors is performed by statistical 
estimation. 

The  program  does not require  the  user  to  handle  tapes  except when a leakage o r  a 
secondary  gamma  tape  has  been  requested.  A  complete  analysis of a typical  reactor- 
shield problem  would  require  three separate Monte Carlo  problems  to be run on  the 
computer.  These  runs would be used to track and  analyze,  respectively,  primary  neu- 
trons,  primary  photons,  and  secondary photons.  A  physical  source tape for  the  second- 
ary  gamma  problem would be generated  during  the  primary  neutron  run. 

The  sections  that  follow  describe  the  code  method  and  input data requirements  in 
detail.  Sample  problem  input  and  output  are  discussed  in  appendix A .  Flow charts  for 
each  subroutine  in  the code are also included and  shown in figures 5 through 23. 

CODE MITHOD 

GEOMETRY 

The  geometry of a problem is defined by identifying  regions  and their bounding sur - 
faces.  A  region is a localized part of three-dimensional space bounded  by  one or more 
surfaces (up to a maximum of 12 boundaries per region).  The  nuclear  composition of 
the  material  within a region  must  be  the  same  for  every point  within it. 

The  geometry  calculation  performed  by  the  code  has two basic  functions.  Given  the 
spatial coordinates  and  direction  cosines of a particle, these are (1) to  determine  the 
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region  the particle is located  in,  and (2) to compute  the  distance  from  the  particle  to  the 
nearest  boundary in  its direction of travel. 

Geometry  Method 

The  geometry  method  used is the  same as that of the QAD point-kernal  shielding 
computer  code (ref. 4) and  will  be  described only briefly.  The  shapes of the  regions 
that  can  be  described are limited  to  those  whose bounding surfaces  can  be  expressed as 
special  cases of a general  quadratic  equation.  In  the  code  the  basic  equation  and  four 
special   forms  are  included  to  simplify  input  data.  These  equations a r e  as follows: 

Ax + B y  + C Z  + E x y + F x ~ + G y z + H x + J y + K z - D = r  2 2 2 
(1) 

2 - xo) + B(y - yo) + C(z - zo) - D = r 
2 2 

x - D = r  (3) 

y - D = r  (4) 

z - D = r  (5) . 

Equation (1) is the  general  quadratic  equation  and  can  be  used  to  describe  such  con- 
vex surfaces as spheres,  cylinders,  cones,  ellipsoids,  hyperboloids,  and  planes at ar- 
bitrary  locations  and  orientations  to  the  coordinate axes by  suitable  choices of the coef - 
ficients.  Equation (2) can  be  used  to  describe  spheres,  cylinders,  ellipsoids,  and  hyper- 
boloids  parallel  to  the  coordinate  axes.  Finally,  equations (3) to (5) represent  planes 
perpendicular  to  the x, y,  and z axes, respectively.  The  user  should  try  to  select  the 
simplest  equation  needed  to  describe  the  required  surface  since  this  not  only  reduces 
required  input  data,  but  computer  time as well. 

The  variable r, also known as the  residual,  defines how an  arbi t rary point in  space 
with  coordinates (x, y, z) is related  to  the  surface.  The  expression r(x, y, z) < 0 defines 
all points on one  side of the  surface,  and r(x, y, z) > 0 defines  those  points on the  other 
side.  The  residual is zero  for all points on the  surface. For each  surface bounding a 
region, a direction  index j that  has a value of either +1 or  -1 must  be defined.  The 
value of the  direction  index is chosen so that  the  product of j and  the  residual  r(x, y, z) 
is negative if the point (x, y, z) lies inside  the  region.  This is the  same convention  used 
in  the QAD code. Each j must  be  chosen  properly  according  to  the  type of bounding 
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surface. If the bounding surface is closed (i. e.,  sphere,  ellipsoid,  etc. ), a region  in- 
side  the  surface would have j = +1, and a region  outside would have j = -1. An open 
bounding surface (i. e. , cylinder,  paraboloid,  cone,  etc. ), would  have j = +1 for  a re- 
gion  between  the  surface  and  the axis of the figure and j = -1 for  all other  space.  A 
plane  surface would have j = +1 fo r  a region  to  the left side of the  plane  and j = -1 for  
a region  to  the  right side. 

A single bounding surface  may  be  used  in  the  definition of many  regions.  The re- 
gion  definition requires  the  number of bounding surfaces (NB) of that  region. If NB is 
entered with a positive  sign,  this  indicates  that  the  region is an  inside  region,  while a 
negative  sign  affixed  to NB indicates  that  the  region is an  outside  region.  Once a parti- 
cle  enters  an  outside  region its history is terminated.  Thus,  regions  that are of no in- 
terest in  particle  tracking  can  be  designated as outside  regions  and  their  outermost 
boundaries  need not be  defined. An outside  region  should  not  be  embedded  within  one or 
more  inside  regions,  however,  because  particles  will not be  tracked  across the  outside 
region. 

The  region  definition  also  requires a list of each bounding surface (IBN) that  the 
region  comprises.  The  sign  affixed  to  the bounding surface IBN serves  as the j index 
discussed  previously. In addition,  for  each IBN listed,  the  user  must  also  read  in  the 
most  probable  region a particle  will  enter when it leaves  the  region  being defined. 

To  illustrate  this,  consider  the  simple  example of describing a right  circular  cylin- 
der  bounded  by  two parallel planes.  A  sketch is shown in  figure 1. The  regions are in- 
dicated by numbers  enclosed  in a circle,  and  the  boundaries  are  indicated by numbers 
enclosed  in a square,  one  line of which is the  boundary  involved.  A  sketch of the  prob- 
lem  geometry, with suitable  identification of regions and boundaries, is strongly  recom- 
mended as the starting point for  making  out  the  geometry  input. 

Boundaries 1 and 2 are planes parallel to  the  z-axis  (type 5), located at z =O and 
10, respectively;  boundary 3 is a cylinder parallel to  the  z-axis (type 2) with a radius of 
5. Region 1 consists of all points  that  have z values (0 P z 5 10) and are simultane- 
ously  within  the  cylinder.  The  points of region 2 have  the  same z values  but are out- 
side  the  cylinder.  Regions 3 and 4 are the sets of points  with z < 0, and Z > 10, 
respectively. 

We now wish  to  determine  the  direction  indices of region 1 for  each of its three 
boundaries.  The  direction  index of boundary 1 with respect  to  region 1 is - 1. This is 
because  boundary 1 has  the  form z - 0 = r. All  points  in  region 1 have  positive z, 
thus  the  residual r for  boundary 1 is positive.  Since  the  product of the  residual  and 
direction  index  must  be  negative,  this is achieved by setting j = - 1. By the  same 
reasoning, the direction  index of boundary 2 with respect  to  region 1 is +1, and  the 
direction  index of boundary 3 is +l. 
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In  defining  region 2, it can  be  seen  that it has  the  same  three  boundaries as re- 
gion 1. The  direction  indices of boundaries 1 and 2 with  respect  to  region 2 have  the 
same  values as those  with respect to  region 1. But  since  region 2 defines  those  points 
outside the cylinder,  the  direction  index of boundary 3 with respect to  region 2 is now 
-1. Regions 3 and 4 are easily  defined.  Each  has  but  one  boundary.  The  direction 
index of boundary 1 with respect  to  region 3 is +1, and  the  index of boundary 2 with 
respect to region 4 is -1. For detailed  input  instructions, see the  section Input  Data. 

Region  Location 

To  determine  the  region a particle is located  in,  the  code  commences  searching 
through  the  regions,  one at a time. For each  region,  the  product of the  residual r and 
the  direction  index j is computed for  every one of its boundaries. If this  quantity is 
negative for every  boundary  in  the  region, the particle is concluded  to be in  the  region. 
If the  product is positive for any  boundary of a region,  the  search  in  that  region is 
abandoned  immediately  and  proceeds  to the numerically  next  higher  region. If the  code 
cycles  completely  through the regions  and fails to  place  the  particle  in one of them, a 
geometry error is printed out and  the  problem is terminated. When a particle crosses  a 
boundary f rom one  region  to  another,  the  region  search  begins  with the most  probable 
region  entered as defined in  the  region  description. 

Distance  to  Nearest  Boundary 

Once a particle  has  been  located  in a region, the distance  to  the  nearest  boundary 
of the  region  along its direction of travel is then  computed  by  checking  the  distance to 
all the  boundaries of the  region. If the particle  coordinates are x?, y', and z', if its 
direction  cosines are CY, p, and y, and if the  distance  to the nearest  boundary  along its 
direction of travel is S, the  coordinates of intersection (x, y, z) of the particle's path 
with the  boundary are 

x = x' + as 

y = y' + ps 

z = z' + y s  
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Since  the  point of intersection x, y, z is simultaneously on the  particle  flight  path, 
and on the  boundary,  equations (6) and  the  appropriate  boundary  equation  can be solved 
simultaneously  to  yield  an  equation  which  in  general is quadratic  in S. This  equation 
can be written  in  the  form 

PIS + 2B2S + P3 = 0 2 

where P1,  Pa, and P3 are functions  given  in  terms of the  boundary  equation  coeffi- 
. cients  and particle direction  cosines.  This  equation is then  solved  for S. The  physical 
intersection of the particle with  the  boundary is given  by  the  smallest,  nonnegative, real 
value of S. Then S is calculated  for all the  other  boundaries of the region  and  com- 
pared.  The  smallest,  nonnegative, real value is retained as the  distance  to  the  nearest 
boundary  in  the  direction of travel. A small  quantity EPSL is added to  step  the  particle 
across  the boundary. If a particle is located  in a given  region,  but the routine is unable 
to  calculate a satisfactory  distance  to one of its  boundaries,  an  error  message is printed 
out  and the problem is terminated. 

CROSS SECTIONS 

This  section is intended  to  describe the type of cross-section data required  and how 
the data are handled  in the code. As mentioned  in  the INTRODUCTION, a library of 
neutron  cross  sections  in  the  required  format has also  been  prepared  and is available 
with the code.  The  elements in this library are hydrogen,  lithium 6 and 7, carbon, 
oxygen,  sodium,  aluminum,  chlorine,  calcium,  iron,  tungsten,  and lead. The  sources 
of these data are noted on the  comments  cards  included  with  the  code.  Additional details 
about  this  library are given in  the next  section. 

Input Requirements 

Cross-section  input data for  tracking  neutrons are entered  into  the  code  in three 
groups of data designated as library  numbers 6, 9, and 10. For gammas, only library 6 
data are required. In  both  cases,  these are entered as microscopic  cross  sections,  with 
material or atom  densities  entered  separately.  Macroscopic  cross  sections are com- 
puted  internally. 

Library 6 data are the  various  reaction  cross  sections at discrete  energies with 
energy  points  spaced  arbitrarily by  the  person  generating this table. Actual  values of 
the cross  sections  for a particle at a specific  energy are obtained by linear  interpolation 
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within  the table. The  interpolation  routine  performs  efficiently by progressively  halving 
the  energy  range of the  search.  The  elements  in the l ibrary 6 neutron data package, 
available  with  the  code,  cover the energy  range  from 18 MeV to  0.025 eV in 90 discrete 
energy  points,'  with a resolution of 10  energy  points per decade.  This  resolution is be- 
lieved  to be adequate  for  those  shield  pljoblems  where  an  integral  answer  such as total 
dose rate or heating is of primary  concern;  but is inadequate for those  problems  where 
highly  detailed spectral information is desired. 

\. 
For neutrons  this  table lists the  energy,  the  total  cross  section,  the elastic plus 

i . ,  

inelastic  scattering  cross  section,  and  the elastic scattering  cross  section.  Those 
reactions  resulting  in  the  disappearance of a neutron  such as (n, y) ,  (n, a), (n, p), etc. , 
are  represented by internal  computation of the  total  cross  section  minus  the  sum of the 
elastic  and  inelastic  scattering  cross  section.  Neutron  interactions  considered are 
neutron  absorbtion (or disappearance), elastic scattering,  and  inelastic scattering. The 
(n, 2n) reaction is handled  in  the data package as an  inelastic  scattering. 

-For gammas,  library 6 lists the  energy,  total  cross  section, Compton  Scattering 
plus  pair-production  cross  section,  and  the  Compton  scattering  cross  section.  Gamma 
interactions  considered are photoelectric  absorption, pair production,  and  Compton 
scattering.  Photoelectric  absorption of gammas is computed as the  difference  between 
the  total  and  the  sum of the  Compton  plus  pair-production  cross  sections. No library 
of gamma  cross  sections  has  been  included  with the code, because of the  relative  ease 
of preparation of these data from  available  compilations.  However, a gamma  cross- 
section  library is available  on  request. 

Library 9 data  are  required  for  those  elements  undergoing  neutron  inelastic  scatter- 
ing.  The  energy  levels E of the  nuclide, a list of incident  neutron  energies Ei, and a 
two-dimensional a r r a y  P. .  are required  for  each  element.  The  array P.. represents 
the  cumulative  probability of a neutron of incident  energy  Ei  exciting  the  nuclide  to  an 
energy  level E The  probability  for  neutrons at an  arbitrary  incident  energy  E is 
obtained from  the  probabilities for the  largest  value of Ei l e s s  than  E. When an  in- 
elastic  scatter  occurs, the energy  level  E  to  which  the  nuclide is excited is computed 
by  choosing a random  number R1 and  finding  the  smallest  value of j that satisfies 

j 
1J 1J 

j '  

j 

Library  10 data are   required  for  all elements  except  hydrogen.  This  library de- 
scribes  the  anisotropic  neutron  elastic  scattering  in  the  center-of  -mass  system. A list 
of incident  neutron  energies is entered. A two-dimensional array  listing  cosines of the 
scattering  angle  (center of mass)  for  each  incident  neutron  energy is also  required.  The 
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values of these  cosines are obtained  by  integrating  the  differential  elastic  scattering 
cross  section  and  finding  values of the  cosines of the  scattering angle that  divide  the  in- 
tegral  into a number of equal parts. The  cosine  values  that  define  the  histogram a r e  the 
bulk of the  library 10 data.  The  number of segments of the  histogram  can  be  varied  to 
adequately  represent  the  differential  scattering  cross  section.  The  library data included 
with  the  code  divide the integral  into 20 equal  parts. When an  elastic scattering  has 
taken  place  and  the  polar angle of scattering is required, a random  number is chosen. 
Because  each  segment of the  histogram  represents a probability Pi of the  neutron  hav- 
ing  scattered  through that angle, the  segment  where  scattering  occurs  for a given  history 
is computed as 

Once  the  segment is defined, a second  random  number is chosen,  and  the  exact  angle of 
scattering is located at random  within  the  segment. 

The  remaining  required  input  data  to  describe  the  nuclear  properties of the  materials 
are the  atom  densities  and  the  atomic  weights  (not  needed  for  gammas). 

Internal Data  Preparation 

After  the  cross  sections  have  been  read  in,  the  macroscopic  material  cross  sections 
are computed for  neutrons o r  gammas  using  the  atom  densities  and  the  library 6 tabula- 
tions.  Certain  probabilities are then  computed  for  use  in later calculations. For neu- 
trons,  the  probability of a scatter  collision  being  an  elastic  scattering  event Pel is de- 
fined  to  be 

and is computed for  each  element. For  gammas,  similarly,  the  probability  that a given 
scatter is a Compton scatter 

P =  acompt 

"compt + upair 
C 
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is computed. It should be noted in  this  regard  that pair production  can be regarded as a 
type of scatter  since  photons  resulting  from  the pair annihilation  emerge  from  this  event. 

Cross-section  Requirements for Secondary Gammas 

Input cross sections for capture  gamma  source  generation  consist of a set of tables 
for each  element  where  capture  gammas are possible.  These  tables  include (1) a list of 
incident  neutron  energies, (2) a list of gamma  energies,  and (3) a two-dimensional a r r a y  
Njk, giving the number of photons of gamma  energy Ek produced  by  an  incident  neutron 
of energy E 

Since  inelastic  gammas are determined  from  the  library 9 data, no additional  cross 
j*  

sections are required  to  generate  the  inelastic  gamma  ray  sources. 

PRIMARY SOURCE PARTICLE GENERATOR 

General 

The  primary  source  particle  generator is a procedure  for  generating  nine  parame- 
ters used  to  define  each  primary  neutron or  photon. These  parameters are the  three 
spatial coordinates of its birthplace,  three  direction  cosines of its initial direction, its 
initial energy,  weight  (different  from  unity if source biasing is performed),  and  region 
of birth.  The  parameters are written on a tape  consisting of 100 particles  per  record 
and a r e  used as input  to  the  particle  tracking  routines. 

The  basic  assumption of the  method is that  the  total  distribution  defining  the  source 
can  be  separated  into  distributions which  define  the spatial, direction  and  energy para- 
meters  independently of one  another. In addition,  the spatial distribution is assumed to 
be  separable  and  can be defined as the product of three independent,  single-coordinate 
distributions. 

In  keeping  with  these  assumptions,  the  code  link SOURCE contains  four  subroutines 
labelled SOURCE, DIRCOS, COORD, and ENERGY. SORCE is the  main  routine  and  uses 
the  others  to  independently  select,  respectively,  direction  cosines,  spatial  coordinates, 
and  the  energy of each  particle.  These are then  combined  and a suitable  weight is com- 
puted. 

Source  geometry  options  available  to  the  user  include  specification of a point source 
or of a rectangular  parallelepiped,  cylindrical, or spherical  volume  sources.  Angular 
options  include  monodirectional  sources or isotropic  and  anisotropic  sources.  Energy 
options  include  monoenergetic or arbitrary  energy  spectrum  sources. 
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A useful.too1  available  to  the  user is the  ability  to  perform  biasing  in  the  selection of 
any or all of the  source  particle  parameters.  For  example,  source  energy  biasing  may 
be  accomplished  by  reading  in two energy  distributions:  the  actual  one  and a biased 
distribution.  The  particle  energy is selected  from  the  biased  distribution,  but its weight 
is computed as the  ratio of the  actual  to  the  biased  distribution,  thereby  removing  the 
bias.  Similarly,  directional  source  biasing  can  be  performed,  for  example,  for  an  iso- 
tropic  angular  distribution, by starting  more  particles,  each of a lower  weight,  in a pre- 
ferred  direction  than would  normally  come  from  an  unbiased  isotropic  source.  Biasing 
the  initial polar (measured  from  the  z-axis) o r  azimuthal angle can  be  performed  inde- 
pendently, if desired.  Finally,  the  selection of the  particles initial spatial coordinates 
can  also  be  biased.  Biasing for one  coordinate  can be  performed  independently of the 
others. 

Source  Spatial  Coordinate  Selection 

The initial spatial distribution of the  primary  particles,  indicated by the  control 
parameter IC, may  be  for a point source or for  rectangular  parallelepiped,  cylindrical, 
or spherical  volume  sources (with o r  without  biasing). 

The  option IC = 0 indicates  that a point source is desired.  Three spatial coordi- 
nates x, y,  and z are entered  and all source  particles are born at this  point. A spatial 
weight W of 1.0 is assigned  to  each  particle. 

cylindrical,  and  spherical  volume  source  geometries.  The spatial distributions  and 
coordinate  values  are  entered,  in  pintwise  fashion,  for  each of the  three  coordinates 
defining the  source.  For  the  users  convenience,  the  input spatial distributions  need not 
be  the  actual  probability  density  functions,  but  may  be  relative  distribution  functions. 
The  code  reads  in all the  relative spatial distributions,  integrates  them  over  their  re- 
spective  coordinates by trapezoidal  integration,  and  normalizes  them  internally  to  obtain 
actual  probability  density  functions. 

Having  obtained  the  probability  density  function f(q) for  each  coordinate,  the  proba- 
bility Pi, that a particle's  coordinate n is located  in  the ith interval  between qi and 

SP 
The  options IC = 1, 2, or 3 refer, respectively,  to  the  rectangular  parallelepiped, 

is given by 

f(q) dr] = Pi 
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A random  number R1 is chosen,  and  the  coordinate  interval is selected  by taking the 
smallest  value of i that satisfies 

Pi 2 R1 
i 

The  actual  value of the  coordinate q is determined by  selecting a second  random  num- 
be r  and  evaluating q at random  within  the  interval. A spatial weight of 1 .0  is also as- 
signed  to  each  particle. 

When spatial biasing is to  be  performed, a negative  sign is affixed  to  the IC para- 
meter. In addition  to  the  actual  distributions for each  coordinate,  the  user  must  also 
read  in  biased  distributions  for all coordinates,  even though spatial biasing is to  be 
performed  for only  one. If the  biased  and  the  actual  spatial  distributions a r e  identical 
for  a given  coordinate,  then,  effectively, no biasing  in  the  selection of that  coordinate is 
performed. As  with  the  actual  distributions,  the  biased  distributions  entered  may  be 
relative  ones  and are normalized  internally  to  obtain  biased  probability  density  functions 
f*(q).  The  coordinate  interval  and  value are selected  in a similar  manner as that  dis- 
cussed  previously,  except  that  samples are taken  from  the  biased  probability  density 
function PT. A coordinate  weight  Wc is computed as 

Wc = 

and a spatial weight  W is computed as the  product of the  three  coordinate  weights. 
SP 

Source Direction Cosine  Selection 

The initial angular  distribution of the  primary  particles,  indicated by the  control 
parameter, ID, may  be  monodirectional,  isotropic (with or  without  biasing), o r  aniso- 
tropic. 

The  option ID = 1, indicates  that  the  source  particles  are  monodirectional. A set  
of direction  cosines a, p, and y a r e  input  to  the  program,  and all source  particles 
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are emitted with these  specified  direction  cosines. An angular  weight of 1 .0  is assigned 
to  each  particle. 

The  option ID = 2 is used  when  source  particles  are  emitted  isotropically.  The 
direction  cosines are determined by a rejection  technique  that  was  developed by  Kahn 
(ref. 5) and is shown in  figure 2. Each  particle is given an  angular  weight of 1.0. No 
additional  input is required  for  this option. 

If particles are to  be  emitted  isotropically  but  biased  in  either  the  polar or azimu- 
thal  angular  directions,  the  option ID = -2 is used.  The  cosines defining  each  polar 
angular  interval  and  the  probability of particle  emission  within  each  interval are read 
in.  Similarly,  the  angles  defining  each  azimuthal  angular  bin  and  the  probabilities of 
particle  emission  in  each is also  required.  The  cosine of the  polar  angle is selected by 
obtaining a random  number R1 and  choosing  the  smallest  value of i for  which 

i 

where  Pi(cos e )  is the  probability  (biased) of particle  emission  in  the ith polar  angular 
interval. 

With the  polar  angular  interval known, the  cosine of the polar angle y is chosen 
at random  within  the  interval  by  requiring  that 

where yi and  yi+l a r e  the  values of the  cosines  defining  the ith interval  and R2 is a 
random  number. 

A  polar  angular  weight W is then  calculated as the  unbiased  divided  by  the  biased e 
probability of emission  per  interval as 

Calculation of the  azimuthal  angle is done similarly  by  choosing  the  smallest  value 
of i such that 
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The azimuthal angle is then  computed as 

co = 40i + Rq(Soi+l - Pi) 

An azimuthal  angular  weight is computed as 

An angular  weight is computed as the  product of the polar and  the  azimuthal  weights. 
The direction  cosines CY and p are given  by 

1/2 
cl! = (1 - y2) cos cp 

and 

The option ID = 3 is used  to  specify  an  anisotropic  angular  distribution.  Input is the 
same as that for the ID = -2 option.  The  selection of polar  and  azimuthal  angles are 
performed  identically,  but  an  angular  weight of 1 .0  is assigned  to  each  particle. 

Source  Energy  Selection 

The  initial  energy  distribution of the  primary particles, indicated by the  control 
parameter, IE,  may be  monoenergetic o r  may  be  selected  from  an  arbitrary  distribution. 

The  option  IE = 1 indicates that the  particle  energies are to  be  monoenergetic  and 
the  energy  value (E) is entered as input. An energy  weight of 1 .0  is assigned  to  each 
particle. 

Option  IE = 2 is used when energies are selected  from a continuous  energy  spectrum. 
The  spectrum is divided  into  intervals.  The  probability  that a particle is emitted  in  the 
ith interval Pi(E) is read  in for every  interval.  The  interval of the  source  particle is 
selected by choosing a random  number R1 and  computing  the  smallest  value of i for 
which 
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The  actual  particle  energy is obtained  from 

E = Ei + RZ(Ei+l - Ei) 

where Ei is the lower bound of the i energy  interval. An energy  weight of 1.0 is 
assigned. 

Option IE = -2 allows  the  user  to  perform  energy  source  biasing.  As  before,  the 
probability of particle  emission  in  the ith energy  interval  Pi(E) is required for every 
interval. In addition,  the  biased  probability  emission per interval P:(E) is also re- 
quired.  The  code  determines  the  energy of the  source  particle  the  same as in  option 
IE = 2, except  that  sampling is performed  from  the  biased  probability  distribution. An 
energy  weight is calculated as 

th 

Stratif ied  Selection of Source  Part ic le  Parameters 

Since  the  distribution of the  primary  source  particles  in  space,  direction,  and  energy 
is known, a stratification  procedure  can  be  used  to  assign  the  source  particle  parame- 
te rs .  If the  probability of a particle  being  located  in  interval i is Pi, then  the  total 
number of particles  to  be  located  in  the ith interval is NPi, where N is the  total  num- 
ber of source  particles  to  be  generated.  This  procedure, known as stratification, is 
more  desirable  than  choosing  the  interval by comparing a random  number  with  the  cu- 
mulative  probability  distribution.  The  stratification  procedure will always  select ex- 
actly NPi particles  within  the  interval;  whereas,  the  probability  selection  procedure 
only does so on  the  average. 

Stratification  in  the  selection of all of the  primary  source  particle  parameters is 
impractical,  however.  Imagine a typical  problem  where  the spatial coordinates are 
divided  into 10 intervals  for  each  coordinate,  the  angular  coordinates are divided  into  five 
intervals  each, and the  energy  spectrum is divided  into 20 intervals. If the  selection  pro- 
bability per interval is equally  likely,  the  probability of a particle  being  located  in a cell 
defined by the  coordinates  x, y, z, 8, cp, and  E  becomes 
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P = PxPyPzP8PpPE 10-  6 

To  locate  just  one  particle  per  cell would require  generation of about 10 source parti- 
cles. If the  probabilities  for  each  cell are not  equal, as is more  likely,  assuring at 
least  one particle  per  cell  requires  even  larger N. Monte Carlo  calculations are time 
consuming,  and  typical  problems  involve  generation of about 10 to 10 primary parti- 
cles. 

6 

4 5 

By proper  designation of an input  parameter  (see  the  section Input Requirements  for 
details),  the  code  allows  any  one of the  primary  particle  source  coordinates  such as 
energy,  polar  angle,  etc. , to  be  selected  for  stratification. 

The  number of particles  located  within  an  interval of a stratified  coordinate is NPi, 
where Pi is the  probability of a particle  being  born  within  the  interval.  The  intervals 
for  the  remaining  coordinates are selected by  comparing a random  number  with  the 
cumulative  probability  distribution of that  coordinate. No more  than  one  coordinate  can 
be  stratified, or, if the  user  wishes, none of the  coordinates  need  be  selected  by strati- 
fication. 

PARTICLE  TRACKING AND SCORING 

The  particle  tracking  and  scoring  routines  compose  the  third  link of the COHORT-I1 
program. For convenience,  the  discussion is divided  into  particle  tracking  and  particle 
scoring. In the  code,  a  given  routine  may  perform  part  of,both  functions,  for  greater 
overall  efficiency.  Four  routines a r e  in  this link. They are HTA, HISTRC, SCATR, and 
GEOMT. HTA ac t s  as an  overall  executive  routine  in  the  .particle  tracking, but it also 
computes  the  uncollided  fluxes at point detectors  and  performs  preliminary  statistical 
tallying. HISTRC is concerned  primarily  with  particle  tracking  between  collisions,  and 
it performs  the  exponential  transform  and  calculates  fluxes  within  regions. SCATR 
handles  the  collision  processes,  energy,  and  directions  after  scatter  and  also  computes 
scattered  fluxes at point detectors.  Finally, GEOMT is concerned  only  with  geometry 
calculations  and  has  been  discussed  previously.  (See GEOMETRY section. ) 

The  following  sections  discuss  these  functions  in  more  detail. 

Part ic le  Tracking 

Distance  to  collision. - The  number of mean free paths DCT(E)  that a particle  will 
travel on its flight  to its next  collision is selected  from  the  exponential  distribution 
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by taking 

where  Zk(E)  and ET(E) are  the  total  macroscopic  cross  sections  for  the  region  entered 
and  the  region  just  crossed,  respectively. If D' is l e s s  than  the  distance  across  the new 
region,  the  collision  occurs  within it. If D' is greater,  the  process is repeated as 
often as necessary. 

Collision ~~ process. - This  discussion  covers how the  types of collisions  undergone 
by neutrons  and  gamma  rays  are  treated  in  the  code  and  the  determination of the energy 
and  direction  after  scattering. 

Only scattering  collisions are treated  specifically  in  the code. These  include  elastic 
and  inelastic  scattering  for  neutrons and  Compton scat ter  and  pair  production for gamma 
rays. To  account  for  particle  absorption,  the  weight of the  particle  after a collision is 
computed as the  product of the  weight  before  collision  and  the  probability  that  the  colli- 
sion  was a scattering  event.  Thus, 

W' = WP,(E) 

where W and W' a r e  the  particle  weights  before  and  after  collision,  respectively,  and 
P,(E) is the  scattering  probability for particles of incident  energy  E.  The  sequence of 
events  in  the  code  in  handling  the  collision  processes  for  both  neutrons  and  photons is 
as follows: (1) the  scattering  element or nuclide is determined, (2) the  particle is tested 
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to  determine  whether it is a neutron or  a photon, (3) the  type of scatter ,event is deter-  
mined  (elastic  against  inelastic  for  neutrons;  Compton  against  pair-production for pho- 
tons), (4) the  polar  scattering  angle  and  the  energy  after  collision are found  using  the 
appropriate  scattering  laws, depending  on  the  type of particle  and  type of scatter  event, 
(5) the  azimuthal  scattering  angle is computed,  and,  finally, (6) new direction  cosines 
after scattering are computed from a knowledge of the  values  before  scattering  and  the 
polar  and  azimuthal  scattering  angles.  These six steps are discussed  in  further  detail 
in  the  remainder of this  section. 

When a collision  occurs, first the  scattering  nuclide is selected by determining  the 
smallest  value of i for  which 

where C (E) is the  macroscopic  scattering  cross  section of the  material, c .(E) is the S SI 
microscopic  scattering  cross  section  for  the ith element,  and Ni is the  atom  density 
for  the ith element. A test  is then  made  to  determine  whether  the  particle is a neutron 
or photon. 

For gamma  rays,  the  type of scattering  event is determined by  comparing a random 
number to Pc(E),  the  probability that a given  scatter is a Compton scatter. If 
Pc(E) 2 R1, the  event is a Compton  scatter.  Otherwise, pair production  results. If the 
event is a Compton scatter, the  energy  and  direction after scattering are selected  from 
the  Klein-Nishina  formula  by  use of a rejection  technique  developed  by  Kahn  (ref. 5). 
This  rejection  technique is illustrated  in  figure 3. If a pair  production  event  occurs, it is 
assumed  that  the  electron-positron pair a r e  annihilated  immediately,  resulting  in two 
isotropically  emitted  photons,  each of energy 0. 511  MeV.  Only  one  photon is followed 
in  the code,  but its weight is doubled. The  direction  cosines of the  isotropically  emitted 
photon a r e  obtained  via a standard  rejection  technique. 

For  neutrons,  the  type of scattering  event  (elastic or  inelastic) is chosen by  picking 
a random  number R1 and  comparing it to Pel(E),  the  probability  that a given scat ter  
is elastic. If Pel(E) 2 R1, the event is taken as an  elastic  scatter. If not, the  scatter 
is inelastic. 

The  polar  scattering  angle  in  the  center -of -mass (CM) system is then  determined. 
Neutron  elastic  scattering is assumed  to  be  isotropic  in  the  center-of  -mass  system if 
the  neutron  incident  energy is l e s s  than an input parameter ESI(J), which is entered  for 
each of the J elements. If the  incident  energy is greater  than  ESI(J),  elastic  scattering 
is taken  to be anisotropic. For isotropic  elastic  scattering,  the  polar  scattering  angle 
in  the  center -of -mass   system. h is computed from  the  equation 
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COS A =  2R - 1 

where R is a random  number. For  anisotropic  elastic  scattering,  the  cosine of the 
polar  scattering angle in  the  center -of -mass  system is determined  from  input  cumula- 
tive  probability  distribution  tables  (library 10 d a t a )  as a function of incident  neutron 
energy  and  element. 

Inelastic  neutron scattering is assumed  to  be  isotropic  in  the  center-of  -mass  system 
for  all elements.  The polar scattering angle is computed as 

COS h = 2R - 1 

where R is a random  number. 
The  energy  after  scattering is then  calculated. A parameter B is assigned a value, 

depending  on the  type of scattering  event.  For  neutron  elastic  scattering, B = 1.. For  
neutron  inelastic  scattering, B is defined as 

where E, is the excitation  energy  which is selected  from a probability  distribution 
table  (library 9 data)  for  each  element, E is the  neutron  incident  energy,  and A is the 
atomic  weight  for  the  element.  The  energy after scattering E' is then  computed  to be 

E' = E (1 + A ~ B  + 2m1I2 cos A )  

(A + 1)2 

where  the  same  equation is used  for both elastic  and  inelastic  scatter  events,  substituting 
the  proper  value  for B. Use of this equation  with  different  definitions of B, depending 
on elastic or inelastic  scatter, is taken  from  the  original  versions of the  code (refs. 1 
and 2) and  has  been  retained  for  economy of programming  and  convenience. 

The polar scattering  angle  in  the  laboratory  system is then  calculated  from  the 
center -of -mass  system angle by means of the  equation 

cos @ = (1 + m112 cos A) 
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where  again  the  same  equation is used  for  both  elastic  and  inelastic  scattering by sub- 
stituting  the  appropriate  value for B. 

assumed  to  be  isotropic  in  the  center-of  -mass  system, and  in  addition there  is no  in- 
elastic  scattering.  The  preceding  equations take on a particularly  simple  form  since 
A = B = 1. The  equation for the  polar  scattering angle becomes; 

A  simple case arises if the element is hydrogen.  Neutron  scattering  in  hydrogen is 

COS X = 2R - 1 

fo r  the  energy  after  collision, 

E' = - (1 + COS X) E 
2 

and, for  the  laboratory  scattering angle, 

cos IC/ = i' + ;Os Y 2  

Eliminating (1 + cos X) from  the  second  and  third  equations  and  substituting  the first 
equation  into  the  third,  we  obtain 

E' = E COS + 2 

and 

The  cosine of the laboratory  scattering angle is computed  somewhat  more  quickly  by 
restoring  to a scheme  developed by Kahn  (ref. 5). Two random  numbers are chosen, 
and  the  largest of these is taken  to  be equal to  the  cosine of the  scattering  angle.  Thus, 

cos IC/ = fi = max (R1, R2) 

Another  special  case  arises if the  neutron  energy is below an input  value  ETM, 
where ETM is assumed  to be a thermal  energy  level.  Neutrons  with  energy  less than 
ETM are  scattered  isotropically  in  the  laboratory  system  without  energy change. 
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For those  particles not isotropically  scattered  in  the  laboratory  system (Compton 
scattered photons  and  neutrons  with  energy  greater  than ETM), the  azimuthal scattering 
angle cp is next  selected  from a uniform  distribution  in  the  interval  from 0 to 2n. A 
proper  choice of cp would be 27rR, where R is a random  number.  However,  since 
sin cp and  cos cp are desired, a commonly  used  rejection  technique is employed for ef- 
ficiency. Two random  numbers are chosen,  and  the  sum of the squares S = R1 + Ri is 
tested. If S 5 1, then 

2 

R1 2 - Ri 
cos @ = 

S 

and 

2R1R2 sin cp = ___ 
S 

If S > 1, two other  random  numbers are chosen  and  the  cycle is repeated. 

the  polar  and  azimuthal  scattering angles 9 and cp in  the  laboratory  system  and  from 
the direction  cosines a, p, and y of the particle  before  collision.  The new direction 
cosines are computed as follows:  when (1 - y ) 2 0.0001, 

The  direction  cosines of the  particle  after  collision is computed from a knowledge of 

2 

(1 - y2)1'2 

p' = ." .. - ~ 

ct sin @ sin 9 + y/3 sin 9 cos cp + cos 

(1 - y2)1'2 

and 

1/2 
y' = y cos rc/ - (I - y2) sin  cos cp 

when (1 - y ) < 0.0001, 2 

a' = sin q cos cp 

p' = sin + sin cp 

21 



and 

y' = cos rc/ 

Exponential  transform. - The  exponential  transform  finds its greatest  application  in 
deep  penetration  problems,  where it effectively  serves  to  stretch  the  path  length of the 
particle between  collisions.  To  achieve a high degree of flexibility,  the  code, by means 
of input parameters,  allows  the  transform  to be varied depending  on the  region  the par- 
ticle is in, the direction it is heading  in,  and  whether the particle is on its first flight. 

A pseudototal  macroscopic  cross  section is defined fo r  each  region as follows: 

,Z;(E) = CT(E)(l - XK(K) - EXT(K)) 

where ZT(E) and ZT(E) are the  pseudototal  and  actual  total  cross  sections,  respec- 
tively, XK(K) is a direction  dependent  option  which is input for  each of the  K  regions, 
and EXT(K) is a parameter  (usually  between 0 and 1) which controls  the  intensity of the 
transform  within a given  region. 

* 

The  quantity XK(K) controls how the  transform  shall  be applied depending  on parti- 
cle  direction  within a region.  The  allowable  options for XK within a region are 

where CY, 6, y are the  particle  direction  cosines. If, for  example, XK(K) equals 1, this 
signifies  that  the  transform  will  be  applied  to all particles  within  that  region  independently 
of direction,  with an  intensity  controlled by EXT(K). If XK is chosen  to  be y ,  for  
example,  then all particles  headed  in  the  positive z direction will be  biased. A parti- 
cle  headed parallel to  the z axis ( y  = 1) will be biased  more  heavily  than  one  whose 
direction  cosine  with  the z axis is smaller.  The  value of XK chosen for each of these 
particles  will,  in  fact,  be its z axis direction  cosine.  Particles headed  backwards 
(y < 0) undergo no exponential  transformation of their flight  path. 

The  quantity EXT(K) controls  the  intensity of the  transform  within a given  region, 
independently of particle direction.  Setting EXT(K) = 0 is equivalent to not using  the 
transform  since  for  this  case 

CT = CT(l - 0) = =T 
* 

Whenever the transform is applied,  the  pseudototal cross  section CT is used  in 
place of the  actual  cross  section CT to  compute the path  length to  the  next  collision. 
When EXT is chosen  between 0 and 1, ZT is smaller  than CT, and  this  serves  to 

* 

* 
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stretch  the path  length  between  collisions.  This is the  usual case. It should be pointed 
out  that M T  can also be chosen to be  negative  (EXT < 0), in which case ET is larger 
than ET. This  serves  to  compress the path length, if desired. 

transform.  Setting KBIAS = 0 causes  the  transform  to  be  applied  to all flight  paths of 
the  particle,  while setting KBIAS = 1 causes  the  transform  to  be  applied only on the 
first flight of the  particle,  from its birth as a source  particle  to its first collision point. 

* 

An additional  input  parameter KBIAS, also  allows  some  control of the  exponential 

Since  the  exponential  transform is a biasing  technique,  the  bias  introduced  by its 
use  must  be  removed by  suitable  modification of the  particle weight. If the  transform is 
applied  within a region  and  the  particle  crosses  the  region  without a collision,  the  bias 
is removed at the  boundary  crossing  by  modifying  the  weight as follows: 

If the  particle  crosses  several  regions,  the  weight  correction  formula is applied at each 
boundary  crossing. When the  particle  reaches  the  scattering  center at a distance D 
within a region,  the  bias is removed by modifying  the  particle  weight as follows: 

History  termination. - Particle  histories  are  terminated  whenever one of the  follow- 
ing  events  occurs: 

(1) The  particle's  energy is reduced below a specified  minimum  energy, EMIN. 
(2) The  number of collisions  in  the  particle's  history  exceeds a maximum  allowable, 

MAXCOL. 
(3) The  particle's  weight is reduced below a specified  minimum  weight, WMIN. 
(4) The  particle  escapes  into  an unbounded region. 
The  quantities EMIN,  MAXCOL, and WMIN are problem  input  parameters. When- 

ever  the  particle  weight  drops below WMIN, Russian  Roulette is played  to  determine 
whether  the  history is to be  terminated or continued.  The  Russian  Roulette  input para- 
meter . R R  is compared  with a random  number  R. If RR I R, the  history is continued 
with a new particle  weight W' = W/RR. If RR < R,  the  history is terminated. 
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Particle Scoring 

Uncollided  flux - at a " point - " detector. . .. - - - To  compute  the  uncollided  flux at a point detec- 
tor,  the  assumption is made  that  each  particle  can be regarded as a microscopic point 
source,  emitting  1/4a  neutrons or photons per unit  solid  angle.  The  geometry  routine 
computes  the  total  number of mean free paths  along the flight  path  and  the  uncollided f l u x  
from  each  particle  becomes 

where W is the  weight of the  particle, h is the  total  number of mean free paths between 
particle  and  detector,  and d is the  distance  between  particle  and  detector.  Because of 
these  assumptions, the uncollided  flux  calculation  has  no  meaning for  a monodirectional 
or  anisotropic  source. 

Scattered  flux at a point detector. - In addition  to  the  uncollided f lux ,  the code e s -  
timates the scattered  flux at each  detector point  by  computing the probability at every 
collision that a particle will  scatter  in a direction so as to be headed towards the detec- 
tor  and  will  arrive  there  with no further  collisions. 

The  equation  used  to  estimate  the scattered flux at a point detector  from  each  col- 
lision is given  by 

where W is the particle weight after  collision, d is the  distance  from  collision  point 
to  detector, da/dn(Q, E) and o(E) are, respectively, the differential  and  total  scattering 
cross  sections  for a particle of energy E, and X is the total  number of mean  free  paths 
from  the  collision  point  to  the  detector.  The  ratio  (da/dn)/o  represents  the  probability 
of a particle  scattering  through  an angle $ in the  laboratory  system, so as to be headed 
towards  the  detector; l/d is the  solid angle subtended  by a unit  sphere  at the  detector; 
and  finally, e-' is the  probability of the  particle  arriving at the  detector with no further 
collisions.  The  flux  estimator is computed  and  stored  for  each  detector as a function of 
the  particle  energy  and  also, if desired, the  polar  and  azimuthal  angles of arr ival  at 
the detector. 

2 

The  computation of the  scattered  flux at a point detector  begins with the calculation 
of the polar  scattering  angle  in  the  laboratory  system.  Let  the spatial coordinates of a 
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point detector  and a particle  be xi, y., zi, and X, Y, and Z,  respectively.  Then the 
distance  between  the  particle  and the ith detector is given by 

(X - xi) + (Y - yi) + (Z - zi) 2  2 

and  the  direction  cosines of the flight  path  to  the  detector are 

xi - x 
di 

a. = - 
1 

If the  direction  cosines of the particle  before  collision a r e  a, p, and y ,  then  the  labora- 
tory  system polar scattering  angle  through  which  the  particle  must  scatter  in  order  to  be 
headed  toward  the  detector is given by 

cos J/ = @ai + ppi + Ty i 

Turning first to  the  treatment  for  gamma rays, the  angular  scattering  probability 
in  the  laboratory  system is next  computed  from  the  Klein-Nishina  formula  by  use of the 
expression 

where 

P =  1 

1 + - (1 - cos J / )  E 
0.511 
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rO 
is the  classical  electron  radius,  and oc(E) is the gamma-ray  scattering  cross  sec- 

tion  per  electron at energy E. The  cross  section  ac(E) is computed from  the  formula 

where Q = E/O. 511 for  the  gamma-ray  energy  in MeV. These  equations are computed 
using the gamma-ray  energy  after  scattering  which is given  by 

E' = E 

1 + - (1 - cos *) E 
0.511 

where E is the  gamma-ray  energy  before  collision. 
The  treatment is not as simple  for  neutrons as for  the  gamma  rays. A conversion 

must be made  from  the  laboratory  scattering  angle + to  the  center-of  -mass  scattering 
angle X to  find  the  angular  scattering  probability.  The  angular  scattering  probability, 
computed  in  the  center -of -mass  system,  must  then  be  reconverted  to  the  laboratory 
system.  The  center -of -mass  scattering  angle X is given by 

where A and B have  been  previously  defined.  (See  Collision  Processes  section. ) 
The  angular  scattering  probability  in  the  center-of  -mass  system is next  computed. 

For those  cases  in which elastic  scattering is isotropic  in  the  center-of  -mass  system 
and  for all inelastic  scattering  events,  the  probability of scattering  per  unit  solid  angle 
into  the  angle X is 1/4n. 

When neutron  elastic  scattering is anisotropic  in the center-of -mass  system,  the 
probability of scattering  per  unit  solid  angle  into  the  angle X is computed from  the 
cumulative  probability  distribution  tables  (library 10 data) for  the  element of the  colli- 
si on. 

The  scattering  probability  in  the  center-of  -mass  system is then  converted  to  the 
laboratory  system by means of the equation 

* (I$, E) * (X, E) 3/2 
dS2 - - dS2 (A2 + 2A cos X + 1) 

26 



The  equation  used  to  compute  the  neutron  energy  after  scattering is the  same as that 
used  in  the  collision  processes,  namely, 

A s  in  the  collision  processes,  hydrogen  scattering  allows  for a much simpler  calcu- 
lation. For hydrogen,  the  scattering  probability  per  unit  solid angle in  the  center -of - 
mass  system is isotropic.  Therefore, 

and 

cos x = 2 cos Q - 1 2 

Combining  these,  we  obtain for  hydrogen 

with  the  specia .1 case E ' = E cos + for  hydrogen. When scattering  in  hydrogen is in- 
volved, if the  laboratory  scattering  angle Q is larger  than 90' (cos Q < 0), the  calcu- 
lation of the  flux at the  detector is terminated  since  neutron  scattering in hydrogen 
cannot  physically  occur  through  angles  larger  than 90'. 

2 

Region  averaged  fluxes. - The f l u x  per  unit  source  strength  for a region is obtained 
by  estimating  the  expected  track  length per unit  source  strength  through  the  region 
divided  by  the  volume of the  region.  The  track  lengths  in  each  region are summed  for 
all particles  that  can  reach  the  region.  The  expected  track  length  per  unit  source parti- 
cle is the  sum of the  'track  lengths  divided  by  the  number of source  particles. 

The  expected  track  length  through a region J for a particle is given by 

TLJ = W p ( x ) x d x + W . S e  -2% 
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where  TLJ is the  expected  track  length  through  region J, W is the  weight of the par- 
ticle, S is the  distance  across  region J, 2 is the  total  macroscopic  cross  section  for 
region J, and p(x) is the  probability  per  unit  distance of a particle  making a collision 
at x. 

The first term of the  preceding  equation  gives  the  expected  track  length  contribution 
for  those  particles  traveling a distance  x less than S, and  the  second  term  gives  the 
expected  track length  contribution for  region J for  those particles that  travel beyond 
it.  Since p(x) = C e , the  equation  becomes - CX 

TLJ = W JSZx e-2x dx + WS e - cs 
0 

= [1 - e-" (1 + ZS)] + ws e - CS 
c 

= E [I - e-" (1 + cs - CS)] = - (1 - e W -2s) 
c c 

When the  material  in the region is a vacuum  the  expected  track  length  through  the 
region is simply 

TLvac = W S 

The  weight of the  particle  entering a region not  containing the  collision point is re- 
defined at the  boundary as 

W ' = W  e - M P  

where EXP is the sum of the  mean  free  paths  traveled  by  the  particle  since the last 
boundary. 

Particle  leakage  tape  and  printout " - table. - Particles leaking  out of the  system  may 
be  tracked  in a subsequent  problem, if desired, by generating a leakage  tape.  Also, a 
leakage  printout  table  that  sorts  the  particles  leaking out according  to  energy  and  angle 
of emission with the Z -axis =can be obtained.  These  options are available only if region 
averaged fluxes are  requested. (For details,  see the section DATA INPUT. ) 

The spatial location,  direction  cosines,  energy,  weight,  and  region  number of the 
particle at the time of its escape are recorded on  the  leakage  tape.  Since  these a r e  the 
same  parameters  written by the  primary  particle  source  generator,  this tape can  be 

28 



used  in a subsequent  run  and  the  leakage  particles  can  be  tracked.  The  leakage  printout 
table  can  sometimes  be  used  to  obtain the angular  and  energy  distribution  for a point 
source  representation of the  system. 

Energy  deposition. - Energy  deposition  for  neutrons  and  photons is computed at each 
collision  whenever  the  incident  particle  energy  E is greater  than  an  input  parameter 
(ELD). The  energy  deposition  from a neutron or  photon absorption is computed as 

ED(1) = W E( l  - Ps(E)) 

where W is the  particle  weight  before  collision,  E is the  particle  incident  energy, 
Ps(E) is the  scattering  probability  for  particles of energy  E, and 1 - Ps(E) is the  ab- 
sorption  probability  for  particles of energy  E. 

The  energy  deposition  from  neutron or  photon scattering is computed by use of the 
formula 

ED(2) = W Ps(E)(E - E' - E,) 

In order  to use  the  same  formula  for  energy  deposition  from  scattering  for both 
neutrons  and  photons,  the  quantities E' and E, must  be  defined  differently  depending 
on  the  type of particle  and type of scat ter  event. 

For  neutrons, E' is defined as the  neutron  energy  after  scattering. For  neutron 
elastic  scattering E, = 0, but  for  neutron  inelastic  scattering E, is the  excitation 
energy of the  nuclide.  The  excitation  energy E, is given off in  the  form of inelastic 
gamma  rays,  and  the  energy  deposition  from  these  should  be  treated as a separate  pro- 
blem. 

For  gammas, if the  event is a Gompton scatter, E, is zero,  and E' is the photon 
energy  after  scatter. If the  event is a pair production,  then  E' = E, = 0. 511 MeV, 
since,  for a pair production  event,  the  original photon disappears  and is replaced by two 
photons,  each of energy  0.511 MeV. 

Statistical  analysis. - The  program  calculates  the  standard  deviation u and  the 
percent  deviation  for (1) energy  deposited  in  regions, (2) fluxes at point detectors,  and 
(3) track  length  fluxes  in  regions.  The  method  used  in  the  code is that of reference 6. 
The  random  variables  (energy  deposition,  fluxes,  track  lengths) are tallied as group 
scores  accumulated  from  tracking a group of n  histories.  The  group  size  n is an  in- 
put parameter  chosen by the  user  for  the  N  histories  in which G = N/n groups are 
processed  in  the  problem.  The  value of n  should be  chosen so that G > 10 for   bes t  
statistical results.  

The  basic  equation  used  in  the  calculation of the  standard  deviation  per  history is 
given by 
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where 

The  percent  deviation (PC DEV) of each  random  variable x is the  standard  devia- 
tion  divided by the  average. 

PC DEV = 100 & 
X 

where x is the calculated  average  value of x. 

History Tracking  Techniques 

During  particle  tracking,  the  code  makes four passes  through  the  geometry to  de- 
termine (1) distance  to  the  next  collision, (2) estimated  track  lengths  in  regions,  and 
(3) uncollided  and (4) scattered  fluxes at point detectors.  Since  the  program  repeats 
(l), (2), and (4) at each  collision, a significant  amount of computing  time is spent  in 
geometry  calculations.  The  program  has  built-in features to  aid  in  reducing  geometry 
tracking  time. 

As the  code  calculates  the  distance  to  the  next  collision,  track  length  estimation  and 
particle  tracking  proceed  together  up  to  the  collision  point.  The  track  lengths  in  the r e -  
maining  regions  beyond  the  collision  point  in  the  direction of travel are then  calculated 
before  the  code  resumes  history  tracking. 

Geometry  tracking  can  be  reduced by terminating  the  track length estimation when 
the  contribution from  that  collision  becomes  negligible.  The  code  provides a cutoff 
option  to  accomplish this. When the  number of mean  free  paths of the  track length is 
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greater  than  the  input cutoff parameter 
minated and history  tracking  resumed. 

(TLCUT),  the  track  length  calculation is ter- 

A cutoff may  also  be  used  to  terminate  the  estimation of fluxes at point detectors 
when these  become  negligible.  The  input  parameter  EPC(K) is a detector  dependent  quan- 
tity,  which  may  vary  for  each of the K detector  points. When the  cumulative  number of 
mean free  paths  from  the  collision  point  to  the Kt" detector is greater  than EPC(K), flux 
estimation  to  this  detector is terminated,  and  the  code  proceeds  to the next  detector. 

The setting of these cutoff values are at the  complete  control of the user.  

SECONDARY  GAMMA  SOURCE GENERATOR 

The  function of the  secondary  gamma  source  generator is to  generate  secondary 
gamma  photons  resulting  from  inelastic  scatter (n, n?, y )  or  from  neutron  capture (n, y )  

reactions with  the  shield  materials  and to write a secondary  gamma  source  tape.  The 
main  features are summarized as follows: (1) Secondary gammas are generated  for 
only two interactions,  inelastic  scatter n,  n', y or neutron  captures n, y .  (2) The 
routine  randomly  selects only one  gamma  ray  from a capture  gamma  spectrum,  but  cal- 
culates a weight  that  preserves  the  total  energy  released  per  capture. (3) The  code 
analyzes  collisions  that  give rise to inelastic o r  capture  gammas'in a single  computer 
run.  The  code  requires, as input  for  the  secondary  gamma-ray  analysis, a collision 
parameter  tape  and a card input  deck for  the  neutron  capture  gamma  spectrum  for  each 
element of interest.  Card  input is not  required  to  generate  gamma  rays  resulting  from 
inelastic  scatter. 

The  output is a gamma-ray  source  tape  to  be  used as input  for a subsequent  analysis 
of the  secondary  gamma  sources.  Written on  the  tape are the spatial coordinates x, y, 
and  z,  direction  cosines cy, p, and y ,  energy  E,  weight W, and  region  number NR of 
each  secondary  gamma-ray  source  particle. A code  option  INEL,  allows  the  user  to  get 
inelastic  and  capture  gamma  sources on separate  tapes, or both types of gamma-ray 
sources on a single  tape. 

Generation of secondary  gammas  from  inelastic  scatter is the  simpler of the two 
methods.  The initial energy E and  final  energy, Et of the  inelastically  scattered  neu- 
tron are taken  from  the  collision  tape.  The  gamma-ray  energy  E is simply  the dif- 
ference  in  these  energy  values: 

Y 

E = E - E '  
Y (1) 

The  weight of the  gamma  ray W is equal to the  weight of the  incident  neutron  times  the 
probability that no absorption took place.  Thus 

Y 
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W = WnPs(E) 
Y 

where Ps(E) is the scattering  probability at energy  E.  The spatial coordinates x, y, 
and z and  the  region of birth of the  gamma  ray (NR) are taken  directly  from  the  colli- 
sion  tape. 

The  angular  distribution of the secondary  gamma  rays is assumed to be  isotropic  in 
the laboratory  system.  Consequently  the initial direction  cosines a ,  p, and y are 
chosen at random  by  use of the  rejection  technique  illustrated  in  figure 2. 

The  geometric  parameters  for  capture  gamma  sources (x, y, z, a ,  p, 7, N R )  are ob - 
tained the same way as outlined for  inelastic  gamma  sources.  The  calculations of the 
gamma-ray  energy  E  and  weight W however, are more involved. 

Y Y 
The chief input data for  generating  capture  gammas is a table which gives  the  num- 

be r  of photons Nj  I k, at gamma  energy  Ek,  emitted  when a neutron of incident  energy 
E is captured b$ glement j .  When a neutron of energy  EL is captured  in  element j 
the total  energy  released  &(El) is 

1 

For a given  element,  the  probability P of picking a single  gamma photon of energy 
l , k  

Ek is 

NL,kEk - NL,kEk 
' 1 ,  k = 

- 

CNL, kEk 
Q(EL) 

k 

The  table N is input for each  element  that  can  produce  capture  gammas. 

L 
j, 2,k 

Then  Q(E ) is computed  internally  for  each  neutron  incident  energy  and  element.  The 
probability  table Pl-, is then  constructed  for  each  element  and  further  modified  to a 
cumulative  probability  distribution Pi,  k.  The  element  in which  the  absorption  occurs 
is available  from  the  neutron  collision  tape.  The  energy of the  secondary  gamma photon 
Ek is chosen  from  the  cumulative  probability  distribution  by  obtaining a random  number 
R1 and  choosing  the smallest  value of k  such  that 

k 
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The  number of gamma  rays n' of energy Ek required  to  preserve  the  total  energy per 
capture  Q(El) is 

Only  one  photon of energy Ek is created,  but  the  factor n* is used  in  determining  the 
weight of the photon. 

weight Wn, the  probability of an  absorption [1 - Ps(E)], where  Ps(E) is the  scattering 
probability  and  the  total  energy  per  capture  weighting  factor n'. Thus 

The  weight of the photon created  W is calculated as the product of the  neutron Y 

W = Wn[l - Ps(Efln' Y 

The  absorption  probabilities a r e  calculated  from  the  microscopic  cross  sections  used 
in  the  history  tracking  analysis. 

This  procedure  generates  capture  gammas at every  collision  point  where  the  ab- 
sorption  probability is nonzero.  This  can  result  in  the  generation of an  excessive  num- 
be r  (from a computer  time  viewpoint) of secondary  gammas  originating  from a relatively 
few primary  neutrons. 

At  the  user's option  capture  gammas  can  be  generated  either at every  collision 
where  the  absorption  probability is nonzero or  only for  those  collisions  where  the  ab- 
sorption  probability [1 - Ps(E)] is greater  than a random  number. For  this  second  op- 
tion,  the  absorption  probability is compared  with a random  number at every  collision 
point. If the  probability is l e s s  than  the  random  number, no capture  gamma is generated. 
If the  probability is greater,  a gamma is generated. Its energy is obtained as described 
previously,  but its weight W is given  by Y 

W = Wnnl Y 

This  procedure, which  can be  regarded as a form of Russian  Roulette,  yields a 
smaller  number of secondary  gammas  and is more  economical of computer  time. 

PREPARATION - -~ - OF INPUT DATA 

CODE  DESCRIPTION 

The  code is written  completely  in FORTRAN-IV for  the IBM 7094 computer.  The 
overlay  feature  has  been  used  to  allow  sufficient  storage  for  large  problems;  variable 
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dimensioning  has  been  incorporated.  The  program  consists of a main  link  and  five  de- 
pendent links (see fig. l). At  any  given  time,  the  main  link  and  only  one of the  depend- 
ent links are stored  in  core;  the  remaining  links are stored  on  the  overlay  tape. 

The  main  link  acts as an  executive  routine,  calling  in  the  other links as required  to 
manipulate data or perform  calculations.  The first link reads  in  and  prints out  input 
data  and  cross  sections  and  computes  the  storage  requirements of the  problem.  The 
second  link  calculates  primary  particle  source  parameters  from spatial, angular,  and 
energy  distributions  read  in by the  user.   These  parameters  are  writ ten  on a tape  and 
used by the  particle  tracking  routines. I€ secondary  gammas o r  leakage  particles  are 
being  tracked  from a previous  problem,  then a physical  source  tape  will  be  available 
for  this  run. In this  case  the  second  link is bypassed  with  control  proceeding  directly 
from  the first link  to  the  third  link. 

The  great  majority of computing  time is spent  in  the  third link  which  actually t racks 
and  scores  the  particles.  After  the  desired  number of particles  has  been followed,  con- 
trol  passes  to  the  fourth link which prints  out  the  problem  results. 

If no secondary  gamma  source is to be  written,  the  problem  terminates at this 
point; otherwise  control  proceeds  to  the  fifth  link,  which  generates a secondary  gamma 
source  tape. When this  link is completed  the  problem  ends. 

The last random  number is punched out at the  end of each  run  and is available  for 
use  in  starting a new sequence of random  numbers  for  subsequent  problems. 

DATA INPUT 

The  code  requires  that all input  data  defining  the  problem  be read  in on cards at 
execution  time. A summary of the  read  order for the  data  follows: 

(1) Read  in  the  problem  control  parameters. 
(2) Read  in  the  additional  problem  input  consisting of atomic  weights,  atom  densities, 

printout  bounds for  energy,  polar  and  azimuthal angles, and  point  detector  data. 
(3) Read  in  the  input  library  data.  These  include  libraries 1, 2, and 7 which give  the 

boundary  descriptions,  region  descriptions,  and  exponential  transform  instructions, 
respectively. Also, required is one library 6 for  each  element,  and  for  neutron  pro- 
blems  libraries 9 and 10 are  required  for  those  elements  where  inelastic  scatter o r  
anisotropic  elastic  scatter  occurs. For the user 's  convenience,  the l ibrary data may 
be  read  in  any  order. For example,  library 6 for a given  element  can  be  read  first, 
followed by l ibraries 1, 7, etc.,  etc. 

(4) Read  in  the  primary  source  generator  control  parameters. 
(5) Read  in  remainder of primary  source  generator input. 
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Items (4) and (5) are not required if an  external  source  tape  from  a  previous  run 
is supplied. 

(6) Read  in  response  function  data,  where  desired. 
(7) Read  in  capture  gamma  input  data,  for  those  problems  where a secondary  gamma 

source  tape is to  be  generated. 
The  format  for  preparing a problem  data  deck is given  in  tables I to XII. 
Problem  control  parameters. - The  problem  control  parameters,  consisting of 

fixed  and  floating  point data, are required  input  for  every  problem.  The  fixed point 
parameters  are  used  in  determining  the  amount of storage  required  for  the  problem. 
The  floating point and  fixed  point  parameters are both used as limiting  controls on var i -  
ous  aspects of the  problem  during  execution.  The  format  for  preparing  these  data are 
given  in  table I. 

Problem  description data. - The  atomic  weights  and  atomic  densities are required 
to describe  the  material of the  problem.  Also,  the  energy  and  angular  bin  values  for 
the  printout of the  energy  and  angular  fluxes  must  be  read  in.  Table II gives  the  format 
for  preparing  these  data. 

Library 1. - Library 1 contains  information  describing  boundaries  for  the  problem 
geometry.  The  formats  to  be  used  are  given  in  table III. Library 1 is necessary  for 
every  problem. 

Library 2 .  - In  library 2 the  various  regions  in  the  geometry  are  described by 
giving  the  number of boundaries  and  the  sign of each  boundary that defines  the  re- 
gion,  along  with  the  material  number  and  the  volume of the  region.  One  library 2 is 
necessary  for  every  problem.  Table N shows  the  format  to  be  used  in  preparing a li- 
brary 2. The  material  within  any  region  must  be  the  same  for all points  within  the r e -  
gion. 

Usually,  the first region  described is the  source  region.  Regions  may  be  listed  in 
any  order  desired,  but  other  arrangements  may  prove  to  be  more  economical. For com- 
puter  economy  the  number of regions  in  the  geometry  should  be  kept  to a minimum,  con- 
sistent  with  accuracy of representation  and  type of output  desired. 

Library 6. - A l ibrary 6 is required  for  every  element  in  the  problem.  This  library, 
for  which  the  input  format is given  in  table V, lists, for  arbitrary  energy  values,  the 
total,  scattering  (elastic  plus  in-elastic), and elastic  scattering  cross  sections  for neu- 
trons o r  the  total,  Compton  plus pair  production, and  Compton scattering  cross  sections 
for  gamma  rays.  The  energy  values  must  be  the  same  for  every  element in the  problem. 
The  cross  sections are listed  for  the  highest  energy first and then in descending  order  to 
the lowest  energy.  The  library 6's may be  loaded  behind  the  problem  input  data  in  any 
order  convenient to the  user. 
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TABLE I. - PROBLEM  CONTROL  PA-MMETERS 

Car(  
grou 

1 

2 

3 

F o r m a  

12A6 

018 

1415 

Card 
column 

1 - 72 

1 - 18 

1 - 5  

6 - 10 

11 - 15 

16 - 20 
21 - 25 
26 - 30 
31 - 35 
36 - 40 

41 - 45 

46 - 50 

51 - 55 

56 - 60 

61 - 65 

66 - 70 

Input 
item 

3 t l e  

tMN 

DP 

JRG 

JGPSZ 

JEL 
4AT 
TREG 
TBD 
JBDMX 

NLIBR 

lGY 

SXSEC 

TD 

lTLF 

,TNO 

~ ~ 

~ 

Description 

" ~ 

h y  alphanumeric  identification  in  card 
columns 1 to  72 

Xarting random  number 

'roblem ID number  (any  fixed  point  num- 
ber  for  user's  convenience) 

'article type: NRG = 0, neutrons; 
NRG = 1, gammas 

statistical  grouping) 
Tumber of particles  per  group  (for 

Jumber of elements  in  problem 
lumber of materials  in  problem 
lumber of regions  in  problem 
'otal  number of boundaries 
daximum  number of boundaries  in  any. 

given  region 
[umber of libraries  to  be  read  in  (The  code 

compares  this  number  with  number of 
libraries  actually  supplied  and  with a 
number  internally  calculated  to  be 
necessary. If the  three  numbers  are 
not the same,   an  error   message  wil l  
be  printed  out. ) 

lumber of energy  values  in  library 6 c ross  
section  tables 

:ross-section  printout option: NXSEC = 0, 
does not print  out  cross  sections; 
NXSEC = 1, prints  out  cross-section  data 

lumber of point  detectors: ND = 0, does not 
calculate  flux at point detectors; ND = K, 
calculates  flux  at K point  detectors 

Legion flux  option:  NTLF = 0, does not C a l -  

culate  fluxes  in  regions;  NTLF = l, calcu- 
lates  fluxes  in  regions (by track length 
method);  NTLF = 2,  same  as   NTLF = 1, 
but  also  prints  leakage  data;  NTLF = 3, 
same  as   NTLF = 2 but  also  writes  leakage tap6 

'ape  number to be  assigned  to  leakage  tape  (ig- 
nore  unless  NTLF = 3 . )  
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TABLE I. - Continued.  PROBLEM  CONTROL  PARAMETERS 

For mat 

915 

6 15 

Card 
: olu mn 

1" 5 
6 - 1( 
11 - l! 
16 - 2( 
21 - 2! 

26 - 3( 

31 - 3! 

36 - 41 

41 - 4  

1 - 5  
6 - 11 

11 - 1 

16 - 2 
21 - 2 

26 - 3 

Input 
i tem 

[EP 
IGP 
IPP 
NSOR 
CSTAP 

MAXCOL 

KBIAS 

ISPON 

NSEG 

NL9 
INE9 

IEX 

NLlO 
INElO 

IPR 

Description 

Number of output energy  bins 
Number of output polar  angle  bins 
Number of output  azimuthal  angle  bins 
Region  number  in  which  source is located 
Source  tape  option:  ISTAP = 0, source  particles 

are generated  internally by primary  particle 
source  generator;  ISTAP = K ,  source  par-  
ticle  data  are  available  on  tape  number K 

Maximum  number of collisions  per  particle 
allowed (Any particle  undergoing a larger  
number of collisions  will  have its history 
terminated. ) 

- " " 

Exponential  transform on first   f l ight option: 
KBIAS = 0, exponential  transform  applied 
(as determined  by  library 7) for all flight 
paths of the  particle; KBIAS = 1, exponen- 
tial transform  applied only for first flight 
path of particle (No transform  applied  for 
succeeding  flight  paths) 

Response  function  option: ISPON = 0, does  not 
compute  response  function  results; ISPON = K, 
computes  results  for (0 5 K 5 8) response 
functions  entered 

Collision  tape  write option: NSEG = 0, does not 
write  collision  parameters on tape; NSEG = 1, 
writes  coll ision  parameters on scratch  tape f o ~  
use  in  secondary  gamma  generator 

Number of elements  that  require  library 9 data 
Maximum  number of incident  neutron  energies 

in  any  library 9 for  this  problem 
Maximum  number of nucleus  excitation levels 

in any  library  9 for this  problem 
FTumber of elements  that  require  library 10 data 
Maximum  number of incident  neutron  energies in 

and  library 10 data 
Maximum  number of cosines of scattering  angles 

in  any  library 10 for  this  problem 

aOmit card  5  for  gamma  problems. 
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TABLE I. - Concluded.  PROBLEM  CONTROL  PARANETERS 

Card 
grouy: 

6 

7 

Forma 

8E9.4- 

2E9.4 

Card 
columl 

1 - 9  
10 - 1: 

~ ~- 

19 - 2' 

28 - 31 
37 - 4l 

46 - 51 

55 - 6: 

64 - 7: 

1 - 9  

10 - 1i 

HIST 
EMAX 

EMIN 

WMIN 
ELD 

ETM 

RR 

EPSL 

CTIME 

TLCUT 

Description 

Number of particle  histories to  be  tracked 
Maximum  energy (MeV) for  any  particle  or 

_ _ ~ .  

cross-section  table  in  this  problem 
Minimum  energy (MeV) for  this  problem; also, 

cutoff energy  for  any  particle, below  which 
its history  will  be  terminated 

Weight cutoff for  particle 
Energy  deposition cutoff value (MeV); energy 

deposited below this  value  will  be  assumed 
to be  negligible 

Thermal  energy  value (MeV); neutrons below 
this value scatter isotropically  without 
energy loss (Ignore  for  gammas.) 

Russian  Roulette  parameter  (Russian  Roulette 
played  with  particles  whose  weight is less 
than WMIN; RR is their  chance of surviving. ) 

Small  incremental  distance  used to  move a par -  
ticle's  position off the  boundary in  geometry 
calculations 

Cutoff time  parameter  (The  clock is read at the 
completion of every  batch of 100  histories,  and 
the  time  remaining is computed  (Estimated 
time  for  problem  minus  elapsed  time.) If the 
time  remaining is greater  than  CTIME,  another 
batch of 100 histories  will  be  tracked. If not, 
tracking is abandoned  and  the  output is compiled 
for  those  histories  already  completed.  CTIME 
is a device  for  obtaining at least partial   results 
when a problem  runs  longer  than  the  time  re- 
quired  to  track 100 histories.  Except  for this, 
no specific  recommendations  are  given.  Try 
CTIME = 1.0  min  for  a start.) 

Track  length cutoff parameter (If a particle's 
cumulative  number of mean  free  paths  through 
the  geometry  exceeds  TLCUT,  the  track  length 
calculation is abandoned for  that  particle. ) 

~~ 
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: I !  

TABLE 11. - PROBLEM  DESCRIPTION  DATA 
- 

Card 
group 

1 

2 

3 

4 '  

5 1  

b6 1 

L! 
al - 72 implies 

Input 
. item 

Description 
~ ~~ 

Forma 

(8E9.4 

Card 
columr 

1 - 72' 

1-72 

ATWT(1) 
( I=  1,NEL) 

Atomic  weights of elements  (For 
neutrons, the atomic  weights of 
elements  requiring libraries 9 , 

and 10 should be read in first.) 

(8E9.4: DN(J,  1) 
(J = 1, MAT) 
(I = 1, NEL) 

Atomic  density of element I in  ma- 
terial J. All the densities  for 
elements of material 1 are read 
in  first, followed by all the  densities 
for  the  elements of material 2, etc. 

Energy below which elastic scattering 
of neutrons with element J is as- 
sumed to  be  isotropic  in  the center-- 
of -mass  system (Omit for  gammas.) 

(8E9.4: 1-72 ESI(JY 
(J = 1,NEL) 

(8E9.4: 

(8E9.4) 

(8E9.4) 

l8E9.4) 

EPRINT(K) 
[K = 1, IEP+l, 

GPRINT(L) 
:L = 1, IGPi-1: 

PPRINT(L) 
:L = I, IPp+1: 

EPC(K) 

XDl(K) 

Y D m  

ZDl(K) 

1-72 

1-72 

1-72 

1 - 9  
37 -45 

LO - 18 
16 - 54 
19 -27 
55 -63 
18 -36 
34 - 72 

Energies bounding the output energy 
bins (Read-in  MeV and, in ascending 
order, the first energy bound should 
be EMIN and  the  remaining  values 
the upper bounds of each of the output 
energy  bins. ) 

Angles bounding polar angle output bins 
(Read-in degrees and in  ascending  order. ) 

Angles bounding the  azimuthal angle output 
bins (Read in  degrees  and  in ascending 
order. ) 

Cutoff parameter  for  detector K, in  mean 
free paths 

Rectangular spatial coordinates  for 
detector K 

I '  

, - , .  . 
i' . 
_ .  

I . .  . . _ .  

that data are read according to the format in  8 fields, 9 columns 
wide, for  the  entire  card. 

bornit cards 6 and 7 if  ND = 0. 
'Read order: Two sets of detector  parameters  per  card as follows: 

EPC(K), XDl(K), YDl(K), ZDl(K), EPC(K + l), XDl(K + 1) YDl(K + l), ZDl(K + 1). 
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TABLE III. - L m w y  1 INPUT DATA FORMAT 

Card  
croup - 
1 

a2 

F o r m a t  

I9,3E9.4) 

Card  
column 

1 - 9  
10 - 18 

1 - 9  

10 - 18 
19 - 27 
28 - 36 
37 45 
46 - 54 
55 - 63 
64 - 72 

1 - 9  
10 - 18 
19 - 27 
28 - 36 

Input 
i t em 

LIBT 
I 

Description 

~~~ ~ ~ 

Library  type  (LIBT = 1 fo r   l i b ra ry  1) 
Number of boundaries  describing 
the  geometry (I = NBD) 

Boundary  type;  IBT(K) = 1, genera l  
quadratic  equation;  IBT(K) = 2, 
spheres,  cylinders;  IBT(K) = 3, 
planes  perpendicular to the  X-axis; 
IBT(K) = 4, planes  perpendicular 
to  the  Y-axis;  IBT(K) = 5, planes 
perpendicular to the Z-axis 

Coefficients  for  boundary  K 

~- 

Boundary  type  coefficients  for  boundary X 

'One ca rd  2 is required  for  each  boundary. 
bCard 2(a) i s  needed  onIy  when a type 1 boundary is specified. It immediateIy 

follows ca rd  2 for  the  same  boundary. 

40 



TABLE IV. - LIBRARY  2  INPUT  DATA  FORMAT 

I Card group 

1 

a2 

'ormat 

I5 

I4 
E9 .4  

(15,141 

C a r d  
:olumn 

1 - 9  
.O - 18 

1 - 5  

6 - 9  
-0 - 18 

Begin 
19 - 23 

Begin 
!4 - 27 

Input 
i t em 

LIBT 
I 

Description 

Library  type  (LIBT = 2   fo r   l i b ra ry  2) 
Number of regions  in   problem 
(I = NREG) 

Number of boundaries  defining  region J. 
(Max. of 10). Negative  sign on NB(J) 
indicates  that   region J is an   ou ts ide  
region 

Material   number  in  region J 
Volume of region J in  cm  (Enter   any 3 

nonzero  number  unless  region  f luxes 
are being  computed for region J, i n  
which case the  correct   volume is 
required.  ) 

Kth boundary  surrounding  region J. 
(K = 1, NB(J)).  (Note:  Boundary 
numbers   mus t   be   g iven  a plus or 
minus  s ign that corresponds  to   the 
direction  index as discussed  in   sec-  
tion  Geometry  Method. ) 

Most  probable  region of en t ry   ac ross  
the Kth boundary  from  region J 
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TABLE V. - LIBRARY 6 INPUT  DATA FORMAT 
- 
C a r d  
:roup 

Format 

319 

8E9.4  

Card  
column 

1 - 9  
10 - 18 

19 - 27 

1 - 9  
10 - 18 
19 - 27 
55 - 63 

28 - 36 
64 - 72 

Description 

~. 

Library  type  (LIBT = 6) 
Number of energy  values  at   which 

c r o s s   s e c t i o n s   a r e   r e a d   i n  (I = NGY) 
Element  number  (elements a r e  numbered 

in   same  order   that   their   a tomic  weights  
are listed) 

Energy  value  in MeV 
Total   microscopic   cross   sect ion  for   e lement  J 
Uicroscopic   sca t te r ing   c ross   sec t ion   for   e le -  

ment J (elast ic   plus   inelast ic   scat ter ing 
cross   sect ion  for   neutrons  or   Compton 
plus  pair-production  cross  section for  
gamma  rays)  

Microscopic  elastic  scattering  cross  section 
for   neutrons  or   Compton  scat ter ing  cross  
section for gammas   for   e lement  J. 

42 



The  units  used  for  library 6 cross  sections  must be  consistent  with  the  units  speci- 
fied  earlier  for  the  atomic  density  DN(J, I) of element I in  material J, since  the  product 
of a l ibrary 6 cross  section  and DN must  have  the  units of inverse  length. Two con- 
sistent sets that  satisfy  this  requirement  occur if the  library 6 cross  section is in  square 
centimeters  per  gram  and DN is in  grams per cubic  centimeter, or if the  library 6 
cross  section is in  barns  per  atom  and DN is in  atoms  per  barn-centimeter. 

Library 7. - One library 7 is necessary  for  each  problem.  Library 7 describes 
how the  exponential  transformation  will be applied  in  each  region of the  problem  and  the 
biasing  parameter  used  to  obtain a pseudo cross  section which is used  in  the  sampling of 
path  lengths.  The  input  format  for  preparing a library 7 is shown in  table VI. 

Library 9. - This  l ibrary is omitted for gamma-ray  problems. For  neutron  pro- 
blems, a l ibrary 9 is required  for  every  element  where  inelastic  scattering  can  occur. 
The  library  lists  the  cumulative  probability of exciting  each  energy  level  for  various in- 
cident  neutron  energies.  The  format  for  preparing a l ibrary 9 is shown in  table VII. 

Library 10. - A l ibrary 10 is required  for  each  element  in  which  neutron  elastic 
scattering is anisotropic  in  the  center-of  -mass  system. If the  energy  values ESI(J) 
for  the  element J is less  than  the  maximum  energy EMAX, a library 10 is required for 
this  element. A l ibrary 10 is not  required  for  neutron  elastic  scattering by  hydrogen 
o r  for  gamma-ray  problems. 

Library 10 lists the  cosines of the  center-of -mass  scattering  angles  that  divide  the 
integral of the  differential  elastic  scattering  cross  section  over  the  solid  angle  into  equal 
parts. The  cosines are listed  for  various  incident  neutron  energies.  The  format  for 
preparing  library 10 data is shown in  table VIII. 

Primary  source  control  parameters. - The  controls are required  to  generate  the 
source  particle  parameters  for  the option  specified by the  user.  The  format  for  pre- 
paring these  input  data is shown in  table E. 

Primary  source  generator  input. - The  source  input  requires a set  of relative  power 
distributions  to  completely  describe  the spatial (rectangular,  cylindrical, o r  spherical) 
distributions of the  source  (neutrons o r  gammas).  Distributions  giving  the  fraction of 
particles  in  each  energy or angular  interval  are  also  required  to  define  the  energy  and 
angular  distributions of the  primary  source.  The  format  for  preparing  these  data are 
given  in  table X. 

Response  function  data. - Table XI gives  the  input  format  for  the  response  function 
data. This  table is omitted  when ISPON = 0. For  ISPON = N (0 5 N 5 8), N sets of 
cards  are read  in.  The first card  identifies  the  response  function,  and  the rest the 
actual data. It should be  emphasized  that  the  response  function  data  are  entered as 
averages  over  the output energy  bins. 

. 
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TABLE VI. - LIBRARY 7 INPUT  DATA  FORMAT 

a2 

F o r m a t  

2 I9 

4(19, E9.4)  

C a r d  
column 

1 - 9  
10 - 18 

1 - 9  

19 - 27 
37 - 45 
55 - 63 

10 - 18 
28 - 36 
26 - 54 
54 - 72 

Input 
i tem 

~ 

LIBT 
I 

JEXT(M) 

EXT(M) 

Definition 

Library  type  (LIBT = 7) 
Number of regions  (I  = NREG) 

Exponential   transform  direction  op- 
t ion  for   region M: 

NEXT(M) = 1, XK = 0 (transform  not  used) 
NEXT(M) = 2,  XK = 1 (transform  appl ied 

independently of direct ion)  
NEXT(M) = 3, XK = (Y (transform  applied tc  
NEXT(M) = 4,  XK = -a x o r  -x component) 
NEXT(M) = 5, XK = p (transform  applied  to 
NEXT(M) = 6, XK = -p y o r  -y component) 
NEXT(M) = 7, XK = y (transform  applied  to 
NEXT(M) = 8, XK = -y z o r  -z component) 
Exponential   transform  intensity  parameter 

I 
1 

for  region  M (0 5 EXT(M) < 1.0) 

aReading   Order   for   card  2 is as follows:  (NEXT(l),  EXT(l),  NEXT@),  EXT(2). . . . 

bXK and  EXT are used  to  calculate a pseudo  cross  section  by  the  following 
NEXT(NREG),  EXT(NREG). 

expression: C(E) = C T ( ~ ) ( l  - XKT(M)). 
T 
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TABLE VII. - LIBRARY 9 INPUT DATA FORMAT 
. -  

?arm 

419 

__ 

8E9. 

8E9. 

8E9. 

C a r d  
:olumn 

1 - 9  
0 - 18 

" 

9 - 2 7  

8 - 36 

1 - 72 

1 - 72 

1 - 72 

Input 
i t em 

LIBT 
NMESH(J) 

J 

NEXP(J) 

- 

EEK(J, N) 
(N = 1, NEXP(J) 

- . - - . . - 

EMESH(J,  K) 
K = 1, NMESH(J 

Description 

Library  type  (LIBT = 9) 
Number of incident  neutron  energies 

en tered  for element J 
Element  number  (Elements are numbered 

in   s ame   o rde r  as atomic  weights.  ) 
Number of nuc lear   l eve ls   en te red   for  

element J 
.~ -~ - 

Excitation  levels  for  element J in  MeV 
( l i s ted   in   ascending   order ,   f i r s t  
excitation  level  should  be  zero) 

[ncident   neutron  energies   for   e lement  
. .. . 

J in MeV (These  energies   may  differ  
for  each  element  and are listed  in 
decending  order .  ) 

" - 
Zumulative  probability of incident 

neutron of energy  K  exciting  energy 
level  N of element J (Cumulative 
probabili t ies are entered  for every  
exci ta t ion  level   for   the  f i rs t   neutron 
incident  energy,  then  for  every  ex- 
citation  level  for  the  second  incident 
energy  and so on. ) 
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TABLE VIII, - LIBRARY 10 INPUT  DATA  FORMAT 

C a r d  
:olumn 

1 - 9  
10 - 18 

- 

. - -  

19 - 27 

!8 - 36 

". " 

1 - 72 

". . 

1 - 72 

.~ ~ - 

.~ "~ 

Input 
i t em 

LIBT 
IPROB  (J) 

~ - "- - " . " . .. . 

J 

NCROS(J) 

- - ." 

ESCAT(J, N) 
-~ 

\J = l,NCROS(J): 

"_ "_ ~~. 

DES(J, N, K) 
v = 1, NCROS(J): 
s = 1, IPROB(J)) 

."" ~" ." 

Description 

. - .___ ~ ~ - "  ~~ ___ 

Library  type  (LIBT = 10) 
Yumber of cosines of the  scattering 

angle   l is ted  for   e lement  J 
Element  number  (elements  are num- 

bered   in   same  order  as atomic  weights.  ) 
Yumber of neutron  incident  energies  entere 

for   e lement  J 

[ncident  neutron  energies  (MeV)  (listed  in 
descending  order  from 1 to  NCROS(J) 
for   e lement  J 

. ~~. - _ ~ . _ _ _  

. - . "" ~. "" - " ." "_ 
Zosines of the  center-of  -mass  scattering 

angle   for  a neutron of incident  energy N 
with  element J; IPROB cosine  values   are  
entered,  in  descending  order  from +1 
to -1, for   the  f i rs t   incident   neutron  energ 
then  another  set  of IPROB  cosine  values 
for  the  second  incident  neutron  energy, 
and so on 

. ~~ " ~ ". __ "" " 

46 



?orma1 

.~ 

1015 

TABLE JX 

/I Card  
o lum~ 

1 - 5  

6 - 1( 

1 - 1' 

6 - 2 1  

1 - 2  

6 - 31 

1 - 3 !  

6 - 4( 

1 - 4 !  

6 - 5( 

nj 

D 

5 

0 

5 

D 

J 

3 

5 

3 

- PRIMARY  SOURCE  CONTROL  PARAMETERS 

IC 

ID 

IE 

Nx 

NY 

NZ 

NSGY 

NANP 

NANZ 

:TRAN 

-~ ~ "" " 

Description 

- 

Source  geometry  option: 
IC = 0, point  source 
IC = 1, rectangular  parallelepiped  source 
IC = -1, rectangular  parallelepiped  source  with 
spatial   biasing 
IC = 2, cylindrical   source 
IC = -2, cylindrical  source  with spatial biasing 
IC = 3,  spher ica l   source  
IC = -3, spherical   source  with spatial biasing 

Source  angular  distribution  option: 
IE = 1, monodirectional  source 
ID = 2, isotropic  angular  distribution 
ID = -2, isotropic  angular  distribution  with  polar 
and  azimuthal  angular  biasing 
ID = 3, anisotropic  angular  distribution 

Source  energy  option: 
IE = 1, monoenergetic  source 
IE  = 2, energy  spectrum 
IE = -2, energy  spectrum  with  energy  biasing 

Vumber of spat ia l   in tervals  of source  in   f i rs t   coordinate  
direction  (Ignore for IC = 0); see table  below to de-  
termine  which is f i rs t ,   second,   e tc . ,   d i rect ion 
depending  upon  source  geometry 

g , " ~ e c t ~ y  1 C ; r d r i  

\lumber of spat ia l   in tervals  of source  in  second  coordinatc 

F i r s t  Second  Third 

Rectangular 

Cylindrical  r 

Spherical  r ti (D 

direction  (Ignore for  IC = 0) 
\lumber of spatial   intervals of source  in  third  coordinate 

direction  (Ignore  for IC = 0) 
\lumber of energy  intervals  defining  source  spectrum 

(Ignore for  IE = 1) 
\lumber of polar   angular   intervals   used to descr ibe  

the  source  angular  distribution  (used only f o r  
ID = -2 or ID = 3) 

\lumber of azimuthal   angular   intervals   used  to   descr ibe 
source  angular  distribution  (Used  only  for ID = -2 or 
ID = 3)  

jource  particle  translation  option ITRAN = 0:  does 
,lot t ranslate   par t ic le   coordinates  
ITRAN = 1. trailslates  particle  coordinates by Xo. 
Yo. Z u  (where X,, Yo, Zo arc entered  separately)  
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TABLE  X. - PRIMARY  SOURCE  GENERATOR  INPUT 

Item 

E 

x0 
YO 
zo 

ALPHA 
BETA 

GAMMA 

X(1, 1) 
(I = 1, Nx + 1) 

FX(1,I) 
( I =  1,Nx + 1) 

. ~ "" 

FXS( 1, I) 
- - ". . 

(I = 1, Nx + 1) 

w ,  1) 
" 

( I  = I, NY + 1) 
" 

FX(2,O 
(I = 1, NY + 1) 

~~~ 

FXS(2, I) 
( I  = 1, NY + 1) 

~ 

X(3,I) 
(I = 1, NZ + 1) 
" 

FX(3, I) 
( I=  1,NZ + 1) 

FXS( 3 ,  I) 
( I =   1 , N Z  + 1) 

FAP(1) 
(I = 1, NANP) 

"~ -~ ~ _ _  

" .~ 

~ 

C P W  
= 1,NANP + 1) 
. . ." 

FAZ(1) 
(I = 1,NANZ) 

. .. -. 

AZ(I) 
= 1,NANZ + 1) 
" - 

EG(I) 
= 1,NSGY + 1) 

~ "~ 

ECP(K) 
(K = 1, NSGY) 

EBP(K) 
(K = 1, NSGY) 

" - 

~~ ~. 

- 
Description 

. ~ "_ ~" 

Energy  in  MeV of monoenergetic  source 
particle  when  IE = 1; leave  blank if 
IE  # 1 

Source  spatial   coordinates  translation 
vector.  Leave  blank if ITRAN = 0 

Monodirectional  source  particle  direc- 
tion  cosines  when ID = 1; leave  blank 
if I D Z l  
.~ . 

Values of FIRST  spatial  coordinate of 
~ ~~ "" 

the  source 

Values of relative  power  distribution  in 
. -" . . " "" _ _ _  

FIRST  spatial  coordinate 

Values of relative  biased  power  distri-  
bution  in  FIRST  spatial  coordinate 

Values of SECOND spatial  coordinate 
of source 

~- ~~ 

Values of relative  power  distribution 
in SECOND spatial  coordinate __ 

Values of relative  biased  power  dis-  
tribution  in SECOND spatial  coordinatc 

Values of THIRD spatial coordinate of 
source 

Values of relative  power  distribution 
in  THIRD  coordinate 

____" 
Values of relative  biased  power  distri-  

bution  in THIRD coordinate 

Fraction of source  particles  emitted  in 
__________ 

polar  angular  interval 
I____ ~ ~- - ~~~ 

Zosine  values of polar  angles  bounding 
angular  intervals 

Fraction of source  particles  emitted  in 
" ___ 

each  azimuthal  angular  interval 

Azimuthal  angle  values  (in  radians) 
" ~ 

bounding  azimuthal  angular  intervals 

Energy  values  bounding  source  energy 
spectrum 

Fraction of source  particles  emitted  in 
~~ ___ 

each  energy  interval 

Biased  fraction of source  particles  emit-  
~~ 

ted  in  each  energy  interval 
_ ~ _ _ .  .____- 

Care 
;rou] 

Format  Card  
columr 

1 - 9  
~ 

al 7E9.4 

10 - I€ 
19 - 2: 
28 - 3€ 
37 - 4: 
46 - 54 
55 - 6: 

1 - 7: 
~ 

2 

- 
3 

(8E9.4 

b4 

5 

:8E9.4) - 3 -  1 - -  - 72 
_I 

:8E9.4) 
~~ 

1 - 72 8 

9 

b10 

14 

__ 
d15 

1 - 72 

1 - 72 8E9 .4 )  

d16 1 - 72 

A. 8E9.4)  1 - 1 2  

"Omit C ~ X L  1 unless IC = 0, or ID = 1, o r  IE = 1 
bolllit  unless IC 0. 
'Omit cards  11 to 14 unless ID = -2 or ID = 3. 
domi l  unless IE = 2. 
eonlit u111rss IE = -2 .  
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TABLE XI. - RESPONSE  FUNCTION INPUT DATA 

Carc 
:rou] 

1 

a2 

a3 

- ~- 

a4 

a5 

Format 

(12A6) 

[8E9.4) 

Card 
column 

1 - 72 

1 - 72 

Item 

RSP(J, I) 
(I = 1,12) 

RESPFN(J,K) 
(K = 1, IEP) 

~ 

Description 

Alpha-numeric  identification for  
the Jth response  function 

Response  function  data for the J th 

response  at  the Kth output energy  bin 

TABLE  XII. - CAPTURE GAMMA-RAY  SOURCE  GENERATOR INPUT 

Format 

715 

(319) 

(3E9.4) 

(8E9.4) 

(8E9.4) 

(8E9.4) 

:olum 

1 - 5  

6 - 1 C  

.1 - 15 

6 - 20 

1 - 2 5  

6 - 30 
1 - 35 

I 

to 1 - 9  - 18 I 
L9 - 27 
!a - 36 

Item 

NEC 

MNIC 

MNGC 

INEL 

IO P 

IETPE 
ICTPE 

J 
NII 

NGG 
BLANK 

17 - 45 ELMAX(J) 

16 - 54 ELMIN(J) 

1 - 72 ENC(J,L) 
(L = 1,NIIJ 

1 - 72  EGAMC(J,E 
(K = 1,NGG 

~- 

Description 

Total  number of elements  for which gamma 
rays are born  from neutron  capture 

Maximum number of incident  neutron energies 
in  capture  energy  range  for  given  element 

Maximum number of different  gamma-ray  energies 
resulting  from  neutron  captures for a given  element 

Problem type: INEL = -1, inelastic  gammas only; 
INEL = 0, capture  gammas only;  INEL = +1, 
both inelastic and capture  gammas 

Option on number of capture  gammas produced: 
IOP = 0, capture  gammas  are picked at  random; 
IOP = 1, each  neutron  collision  produces  gamma  ray 

Tape number for  inelastic  gamma  sources 
Tape  number for capture  gamma  sources 

.~ 

tilement  number 
Number of incident  neutron  energies  for  element J 

over  capture  energy  range 
Number of gamma  energies  for  element J 
Leave blank 
Maximum  neutron energy (MeV) at  which captures 

occur  for  element J 
Minimum neutron  energy (MeV) at  which captures 

occur  for  element J 

Incident  neutron  energy  values (MeV) for which 
neutron  capture  data are given for  element J 
(Loaded  in  ascending order) 

Gamma  energy  values (MeV) resulting  from 
neutron  capture in element J (ascending order) 

Number of gammas, 
when neutron of incident  energy L is captured by 
element J (Read in all gamma  energies  for  the  first 
incident  neutron  energy, followed by all gamma  energies 

aCards 2 to 5 are  read  in for each  element  where  capture  gammas  can  occur.  Reading 
order is cards  2,3,4, 5 for  the  first  element,  cards  2,3,4,  5  for the  second  element, 
and so on. 

49 



Capture  gamma-ray - ~ source ~ input. - ~- - The  seconda'ry  gamma  source  generator  re- 
quires a se t  of fixed  point  control  parameters  to  determine  the  storage  required  for  the 
secondary  gamma  problem. A table of secondary  gamma  production  cross  sections are 
also  required.  The  format  for  preparing  these  data  are  shown  in  table XII. 

SUMMARY 

A  modification  and  reprogramming of the COHORT general  purpose Monte Carlo 
shielding  program  has  resulted  in a code  that has  the following features: 

1. The  code  can  track  either  neutrons or  gammas  in  any  shield  geometry  that  can  be 
described by quadratic  surfaces. 

2. Complete  results  from  source  generation  to f i n a l  output a r e  obtainable  in  one 
single  computer  run for primary  neutrons or gammas. For secondary  gamma  analysis, 
a source  tape  containing  the  secondary  gamma  source  parameters is generated  during 
primary  neutron  tracking  for later re-use. 

3.  Biasing  features  include  the  exponential  transform  during  tracking  and  the  selec- 
tion of primary  source  particles with respect  to  preferred  locations,  energies,  and 
directions.  All  biasing is optional. 

4. Output is in  the  form of number  fluxes  sorted  according  to  energy  for  volume 
detectors or number  fluxes  sorted  according  to angle and  energy  for point detectors. 
Standard  deviations  on all fluxes are computed.  Quantities  such as dose  rate or heating 
rates a re   a l so  obtainable  from  input  response  functions. 

5. The  code is completely  written  in FORTRAN-IV. Variable  dimensioning is em- 
ployed  to  make  maximum use of computer  memory. 

Lewis  Research  Center, 
National  Aeronautics  and  Space  Administration, 

Cleveland,  Ohio,  October 22, 1970, 
120-27. 
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APPENDIX - SAMPLE PROBLEM INPUT  AND OUTPUT 

This  section lists the  input data and  printed  output  from  the  code  for a sample  pro- 
blem.  The  sample  problem is that of a point isotropic  monoenergetic  source of 3-MeV 
gamma  rays  in  an  aluminum  sphere with a radius of 20 mean free paths.  Point  detec- 
t o r s  are located at 1, 2, and 4 mean free paths.  Region  averaged fluxes are also  com- 
pu ted . 

Program  storage  requirements are first printed out followed  by a listing of the  pro- 
blem  control  parameters.  Next is printed a listing of the  atomic  weights,  atom  densities, 
the  output  energy,  polar angle, and  azimuthal angle bins,  followed  by a listing of the 
point  detector  coordinates.  The  sample  output is shown  under  that  heading. 

The  library data a r e  then  printed out. Librar ies  1 and 2, giving  the  boundary  and 
region  descriptions,  respectively,  are first printed. 

This is followed by a printout of l ibrary 7 which describes how the  exponential  trans- 
form is applied  in  each  region.  The  exponential  transform is not  applied for  the  sample 
problem. 

Next is printed a listing of l ibrary 6 for  each  element  present.  This is followed by 
tabulations of internally  computed  probabilities  and  macroscopic  cross  sections.  This 
printout  may  be  deleted if desired. 

The  control  parameters  for  the  primary  particle  source  generator  are next  printed. 
I The  energy of the  particles  generated  are  listed.  Since polar angle  biasing is used  in 

starting  the photons for  the  sample  problem,  the  listing  gives  the polar angle  bins  and  the 
fractions of the  particles  assigned  to  each bin. A statement  then  follows  that a source 
tape  has  been  generated.  The  number of particles,  total  weight of the  particles,  number 
of records,  and type of particle are listed.  Where  preferential  selection of source 
particles is used, as for  the  sample  problem,  tables showing  the  distribution of the 
particle  number  and  weight are then  listed. In the  sample  problem, only polar  angle 
biasing is used  and a table of the  polar  angle  bins  and  the  number of particles  in  each  bin 
is given.  The  azimuthal angle table  shows  that no source  biasing  has  been  used  for  the 
particles  azimuthal  angle. 

This  completes  the  printout of the  input data. The  next two statements, BEGIN HTA 
and HTA COMPLETED FOR 31, indicate,  respectively,  that  the  tracking  routines  have 
been  entered  and  have  been  successfully  completed  for  the  number of particles  requested. 

The  output  data are then  printed. First is a table  listing how many  particle  histories 
have  been  terminated  and  for  what  reason. 

This is followed  by a table  giving  the  total  energy  deposition  in  each  region  in  units of 
MeV per  source  particle.  The  energy  deposition is broken down into  energy  deposition 

5 1. 



due  to  particle  absorption,  scattering, o r  particle  terminations due  to  minimum  weight 
o r  energy.  In  addition,  the  total  number of collisions  in  each  region are also shown.  In 
addition  to  the  energy  deposition,  the  standard  deviation  and  the  percent  deviation  (stan- 
dard  deviation  times 100 divided by the  value) of the energy  deposition are also given. 
Totals  for  each  region  and  each  process are also  computed  and listed. The  same  table 
is then  repeated  in  units of MeV per  cubic  centimeter  per  source  particle.  This listing 
is valid  only  when  the correct  volume for  a region  has  been  entered, as in  the  case of 
regions 2, 4, and 6. Regions 2, 4, and 6 are thin  spherical  shells  where  region  averaged 
fluxes  correspond  to  those of detector  points 1, 2, and 3, respectively. 

A listing of the output  energy grid  and  any  response  functions  entered is then  given. 
Next a r e  printed  the  region  averaged  fluxes  for  each  region as a function of the 

energy  bins  selected.  The  flux,  standard  deviation,  and  percent  deviation are given. 
The  region  averaged  fluxes are then  multiplied  by  the  response  functions  present, 

and a tabulation of the  region  averaged  response  functions  are  then  listed. 
Flux  and  response  function  output  for  the  point  detectors are then  printed  out.  The 

detector  number  and its spatial  coordinates are given.  Fluxes at point detectors  are 
sorted  according  to the energy  bins  previously  read  in  and are also  broken down into  un- 
collided (UFLUX) and  scattered  flux (SFLUX) components. These   a r e  added to  give a 
total f l u x  (TFLUX).  Standard  deviations  and  percent  deviations a re   a l so  listed. 

A listing of the  final  random  number  used  completes  the  problem  output.  The  exe- 
cution time on  the LBM 7094 for  1000 histories of this  problem  was 2.9 minutes. 
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Sample  Problem Listing 

P I l I Y l   l 5 3 1 7 3 P I L I 3 I A S C 7 1  5 J J I C E  JF 3 . 2  Y F V   > Z Y Y 4 5  I V  4LJMlb4JY 

2 J  I 5 3  I I 8  7 
d 1 I I 3 1 2  3 

I .OE133 i.0 3.2 1.3 E - 7 6  

1 3 3 1 3 1 5 7 4 1 0 1  

2b.93 
. O b 3 3  
.? - 5  I .  

0.0 
3. 

1 8 J .  
3bO. 

J .  
I 

? 1.  1. 
L I .  

1. 

7 I .  
1. 
I .  

I .  

7 I .  I .  
I .  

2 I .  
I .  

I .  
I 1. I .  

I .  
I .  

1 I .  I .  I. 
7 H 

I 1 I .  
2 I 62.913 
2 I 1.3 
2 I 1 3 1 . 9 4 7  
2 I 1.0 

2 I 1.3 
2 I 2h3.894 

- 1  11 1 . 3  
6 

15.  .9h4 
8 .  1 . 3 7 H  
5 .  1.164 
3. 1.5822 
1 . 5  

.8 
2 . 2 3 7 6  
3 . 3 h  

. 5  

. 3  
3 - 7 6  

. l i  5.38 
4.52 

. 3 5  1 4 . 5 9  

.33 6 5 - 1 6  

.a15 3 ' , 3 . I H  

2 5  

. 0 3  8 . 3 3  

7 " 

I 2  
2 3  
3 4  
4 5  

5 7  
5 b  

- 7  I 
7 9  

I 
. 9 b 4  

1 . 0 1 8  

l .5HZ1 
I . l h 4  

2 . 1 3 1 5  
3 . 0 5  
3. 7 b  
6 . 6  
5.77 
5 . 7 1  
7 . 1 3  
I .  7 5  
9. I n  

I 
I 

3. 
. I  . 35 . 2 5  

I .  
I .  . 499n55) . 9 ~ 5 1 ~ 6  

1 3  
3 .  3 3 . 3  

1.5 2 .  

73. 3.  

- 1  I 
- 1  2 
- 3  3 
-4 4 
- 5  5 
- 6  5 

-4Y 
2 7 9  

1.077 

2 . 2 3  
1 - 4 9 5  

3 .  I 5  
$. J5 

4 .  b 

5 .  I ,  
5.11 

1 . 2 )  
I .  7 b  
9 . 1 1  

3. 
3 .  

I 3  

3 6 5 9 3 3  
. I S  

1 3 .  
5 .  l . ? 3 1  

1 . 3 1 4  

4 .  1 . 3 4 7 5  
2. 1 . 3 3 3  
I. 

. 5  
2 . 7 5  
3 . i )  

. o  
. 2  

4 . 1 3  

- 1  
5 . 3 7  
7.13 

.I5 1 1 . 1  

. I +  1 2 . 1 1  

.dZ 1 4 3 . 1 3  

. I 1  1 1 9 3 .  

I 3 .  

- 5  1 i 
I I. 

* s o 3 3  . 7 3 l l  
. I  . I 5  

1 . 2 9 1  
1 . J Z ' t  

1.3915 
1.333 

4 . 1 2  
3 . 4 3  

5 . 4 1  
5 . 2 3  

7 . 1  
7 . 5 1  

3 . 3 ?  
Y . 3 3  

2 . 7 5  

I 
I 

- I .  

.55 3 

l . l i 7  
. ?i  2 

1.913 
7 . 7 ;  
3 . $ 3  
4 . 1 1  
5 . 7 3  
5 .  i l  
7 . 1  
7 . 5 1  
8.13 
3 . 3 ?  

3 .  
3 .  

Sample  Problem  Output 

I 
1 
d 

25 
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A T I I T I N E L I  
2 6 . 7 9 1  

UNI f lAT.NEL1 
6 . 0 3 0 0 E - 3 ?  

E S I I N E L I  
0. 

OUTPUT ENE7;Y BOJNDS 
2 . 0 3 0 E - 3 1   4 . 0 J D E - D l   5 . O D O E - 3 1   1 . 3 3 O E t 3 3   1 . 9 3 0 E t 0 3   2 . 3 3 3 E t 3 3   2 . 5 3 3 E t 1 3  

OUTPUT  POL41 LYGLE BOJNDS 
0. 1 8 3 . 0 0 0  

OUTPUT  AZI I IJTHAL  ANGLE  B IUNDS 
0. 3 6 0 . 0 0 0  

P O I N T   D E T E ^ , r J R   L 3 C A T I O N S  
L F P Z I L I  XD11. I Y D l I L I   Z D 1  I L  I 
1 2 . 3 3 3 E + O l  3.  
2 2 . 3 3 1 E t 0 1  0. 0. 2 . 1 0 3 E c 0 1  

1 . 0 5 8 E t O l  

3 2 . 3 1 1 E t 0 1  3 .  0. 4 . 2 0 0 E t 0 1  

0. 

2 . 3 3 3 E t 3 0  3 .333E+DO 

1 . 3 3 0 3 E t 3 2  
1 . 2 1 0 3 E + 0 2  
4 . 2 3 2 5 € + 0 2  
4.6225E1.12 
1 . 7 2 2 2 E + 0 3  
1 .8362E+O3 
1 . 5 3 0 3 E + 3 5  

3 F l  J l  X F I J I  V F I J I  
- 3 .  - 3 .  
-0. - 3 .  
-3 .  
-3 .  

-3.  
- 3 .  

-3 .  - 3 .  

-0. 
-3 .  - 3 .  

- 3 .  

L F I J I  
- 3 .  

- 3 .  
- 3 .  

- 3 .  

- 3 .  
- 3 .  

- 3 .  

1 2 
2 
3 

1 . 0 0 3 3 E + 0 0  
7 1 . 0 3 l D E t 0 0  

4 2 1.DOlDE+00 
5 7 l .DOIDE+OO 
6 2 1 . 0 0 1 3 E t D O  
7 2 1 . 0 0 l O E + 0 0  

L I B R A R Y  T Y ' i  2 REGION  3ESCRIPT 

> 

NB qir VOL.  I I 8 Y  

2  2 1 b . 2 9 7 3 E t 0 1  2 
1 1 1 1.000 ' )E+00 1 

4 2 1 1 . 3 1 9 5 E t 0 2  4 
3 2 1 1 .JDD3EtOO 3 

6 2 1 2 .5389E+02  6 
5 2 1 1 . 0 0 0 0 E t 0 0  5 

8 -1 I 1 . 0 0 0 0 E t 0 0  - 7  
7 2 1 1 . 3 0 0 0 E t 0 0  7 

1 
2 

2 

1 3 -1 
4 - 2  
5 -3 
6 -4 
7 - 5  
8 -5  
7 

2 
3 
4 
5 
6 

REGIONS 1 2 5 
N E X T I J I  

3 . 4  
1 1 1 1 

E X T I J I  I .  0. 3 .  0. 3. 
1 

L I 8 R A R Y  Tl'i 7 EXPOYENTIAL  T R A Y S F 3 R Y  

L I B K A R Y  T Y > i  6 CROSS-SECTIONS 

I 

ELEMENT Y O . =  1 A T W T l J l =   2 6 . 9 8 3  
1 
2 
3 
4 
5 
5 
7 
8 
9 

b 7 
1 1 

0. 3.  

E 
1 

3.  

E S Y l J v I l  EYE7;Vl I  I r y l  J.1 I S Y I J . 1 1  

3 . 1 5 0 0 0 ~ E + 0 2  
0 . 1 0 3 0 0 3 E t 3 2  

0 . 3 6 4 3 3 O E t 3 3  
3 . 1 3 2 4 3 l I t 3 1  

0 . 4 3 3 0 3 3 E t 0 3  
3 . 6 5 3   1 3 3 E + 3 1  
3 . 7 1 5 3 3 3 t t 3 1  i . 8 3 3 3 0 3 ; + 3 1  

0 . 6 3 0 0 0 0 E t 0 1  

0 . 4 3 3 0 0 3 c t 0 1  
3 . 5 3 3 3 D D E t 3 1  

3.30OOOOEt31 
0 . 2 0 0 0 0 3 E * D l  
0 . 1 5 3 0 0 3 5 + 0 1  
3 . 1 0 0 0 0 0 E t 0 1  
3 . 8 3 0 0 0 0 E t 3 3  
0 . b 0 0 0 0 0 E t O D  
3 . 5 3 3 0 0 3 I t 3 3  
0.4DOOOOEt03 
3 . 3 0 0 0 0 0 E t 3 5  
0 . 2 0 0 0 0 3 i + 3 3  

3 . 1 3 7 3 3 1 E t 3 1  3 . 1 3 7 9 l l E ~ l l  
3 . 1 2 8 1 0 3 E t 3 1  J . 1 2 8 1 3 l E ~ 3 1  
0 . 1 1 6 4 3 3 F t J l  3 . 1 1 5 ~ l l F + J l  
3 . 1 3 8 7 5 3 E t 3 1  1 . 1 3 8 7 5 J E + 3 1  

3 . 9 5 2 ~ 3 3 E + 3 1  
3 . 1 ) 7 7 1 3 E + 3 1  
3 . 1 2 4 7 3 3 E t 0 1  

j . 1 5 8 2 2 3 E t 3 1  
0 . 1 9 3 3 3 3 E t 3 1  
3 . 2 2 3 7 6 3 ? + 3 1  
3 . 2 7 5 3 3 0 E t l l  
0 . 3 0 5 3 0 D E t 3 1  

0 . 3 7 5 1 3 3 f * 3 1  
0 . 3 4 8 3 0 3 i t 3 1  

3 . 4 1 3 3 3 0 E * 3 1  

3 . 1 5 8 2 2 3 E t J l  3 . 1 4 9 6 3 3 E * 3 1  
3 . 1 9 3 3 3 3 5 + 3 1  3 . 1 9 3 3 3 3 E + 3 1  
3 . 2 2 3 7 5 3 C t 3 1  3 . 2 2 3 0 3 3 E t 3 1  

1 3  
11 
1 2  
1 3  

3 . 2 7 5 3 3 3 E t 3 1  

3 . 3 4 8 3 l J E t 3 1  
3 . 3 0 6 3 3 J E t 3 1  

3 . 4 1 2 3 3 3 E t 3 1  
~ . 3 7 5 3 ~ l E t 3 1  

3 . 2 7 5 0 3 3 t + 3 1  
3 . 3 3 6 0 3 3 E + 3 1  
3 . 3 4 8 0 3 l t t 3 1  

3 . 4 1 2 0 3 3 E + 3 1  
3 . 3 7 5 0 3 3 E t 3 1  

3 . 4 5 3 0 3 3 E * 3 1  
1 4  
1 5  
l b  

3 . 4 6 2 3 0 3 E t 3 1  8 . 4 5 0 3 1 3 E + 3 1  
O . j 3 7 3 3 3 E + J l  3 . 5 2 9 3 l l ! t 3 1  
3 . 5 3 8 1 3 3 i * 3 1  3 . 5 7 7 3 l l E t l l  
3 . 7 1 9 3 3 3 E t 3 1  3 . 6 4 1 3 3 3 E t 3 1  
3 . 8 3 3 3 3 3 E t l l  3 . 5 7 2 3 l l E t 3 1  
3 . 1 1 1 1 3 1 E + 3 2  3 . 7 1 3 l l l E + 3 1  

1 7  
1 8  
1 9  

3 . 1 5 3 0 0 3 i t 0 3  
3 . 1 0 0 0 0 0 E t 3 3  
3 . 8 0 0 0 0 D E - 3 1  

2 0  
2 1  

0 . 5 0 0 0 0 0 E - 3 1  
3 . 5 3 3 0 0 3 E - 3 1  
3 . 4 0 0 3 O O i - 3 1  

1 . 7 2 3 3 ) 1 E * 3 1  
3 . 7 5 1 3 3 3 E t 3 1  
3 . 7 7 5 1 1 3 E t 3 1  

2 2  
2 3  
2 4  

3.3OOOOOE-31 
0 . 2 3 5 3 3 O E - 3 1  

2 5  
2 5  

3 . 1 5 1 3 0 3 F - 0 1  
5 . 1 3 3 0 0 D E - 3 1  
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C O L L I S I O N   P 7 3 B A B I L I T Y   T A B - E S  

ENERGYINGYI .  YGY= 2 6  
1 . 5 0 O O E + 3 1   1 . 0 3 0 0 E t J l   3 . 0 0 0 5 E t 3 0  6.3330Et33 5 . 3 3 3 3 5 t 3 3  4 . 3 3 3 3 5 c 3 3  3 . 0 3 O D E t J 3  2 . 3 3 3 3 E t 0 0   1 . 5 3 3 3 E t D b   1 . 0 3 3 0 E t J l  
8 - 0 0 0 0 E - 3 1   5 . 3 3 3 3 E - 3 1  5.0030E-31 4 . 3 3 0 3 E - 3 1   3 . 3 3 3 3 5 - 3 1   2 . 3 3 3 3 i - 3 1   1 . 5 3 3 3 ~ - 3 1   1 . 1 ~ J ~ E - 3 1   8 . 3 3 3 1 E - 5 2   6 . 3 3 0 3 : - 3 2  
5 . 0 0 0 0 E - 3 2   4 . 3 0 3 O E - 0 2   3 - 0 0 3 3 E - 0 2   2 . 0 3 3 0 E - 3 2   1 . 5 3 3 3 E - 3 2  1 . 3 3 3 3 E - 3 ?  

C O H P T O N / E L P S r I ~   S C A T T E R   P 7 3 8 A B I L I l I E S   F J R  E L E q F V T  I 

TOTAL  MACK35:3PIC CROSS S F C T 1 3 W S  FOX Y 4 T L  1 
0 . 0 5 8 1 3   3 . 3 6 1 7 5  O.055DG 1 . 0 7 7 2 4   3 . 3 7 3 1 9   3 . 5 8 3 5 7   3 . 3 2 5 + 1   3 . 1 1 5 5 6   3 . 1 3 4 9 3   3 . 1 6 5 8 2  
3 . 1 8 4 5 2   3 . 2 3 9 8 4   3 . 2 2 6 7 3   3 . 2 4 3 3 4   3 . 2 7 3 5 3   3 . 3 ? 3 3 1   3 . 3 5 1 5 3   3 . 4 3 3 5 6   3 . 5 3 2 3 0   3 . 6 6 3 3 3  
0 . 8 7 9 7 9   1 . 3 6 9 4 1   2 . 8 1 9 6 3   5 . 9 8 6 5 1   2 1 . 2 3 5 7 5   7 1 . 1 5 + J l  

ENERGY OF YIUOENERGETIC S I J R C E  3.033OE+DDYEV 

5OURCE F R A Z r I 3 Y  I Y  E A C H  P I L A R   I Y T E R V A L  
1 . 0 ~ 3 1 i - 3 1   3 . 5 0 0 0 E - 0 1   2 . 5 0 0 0 E - 0 1   1 . 5 3 3 0 E - D l   1 . 3 3 0 3 E - 3 1   5 - 3 3 3 3 i - 3 2  

SOURCt F R A Z r  13’4 I \  EACH  AZ IMUTHAL  IUTE iVPL  
1 . 3 3 3 1 3 t 0 0  

A Z I M U r H A L  A’4;LES 
0. 6.28OOE+00 

SOURCE PAKTIZLE  PAqAYETERS  HAVE  BEEY  GEYEIATEJ AYD W k I T T E N  3Y SL7PT.i r4 ’E  43. 2. 
T U I S  TAPE  ;3YTAINS - 

1 . 0 0 0 0 0 3 E t 1 3  = VJMBER O F  SOJRCE  PARTITLFS 
9 . 9 9 4 B B l E t l 2  = THE TOTA. HEIGMT OF T.(E-;iJa:E P A S T I L L E S  

11 = \UMBER O F  LOGICAL  REZORJS  l r (4X.  3F 1 3 3 P P R T I Z L 5 S   P E I  7E:I?Jl  
1 1 3  = NUMBER OF P A R T I C L E S  3 Y  L P S T   * E L 3 3 0  

1 = TYPE OF 5 O U R C C  P P R T I Z L E I  O = V E U T I J V S /  l=;PYYPS/ 

P0.AR 

I N T E R V A L  VI. 

1 

2 

3 

4 

5 

6 

AYGLE A V O  rlE1:MT 3 I S r ? 1 3 U T I J N  F ? ?  P B 1 4 S E 3  I S 3 T R O P I :  SJ0R:E 

C 3 S I Y 5  THET4 vo. OF P 4 R r I ; L i s  4 Y S J L A I   d E I G 4 T  

1.D303 - 3 . 3 9 9 3  1 3 3  7 . 2 2 6 3 2 9 E - I 2  

0 .9939  - 3 . 9 3 6 2  3 5 3  1 . 3 2 3 7 5 3 E + 3 0  

0 .9962  - 3 . 9 5 5 9  2 5 3  1 . 5 1 3 1 4 9 = t 1 1  

0 - 9 6 5 9  - D.Bb63 1 5 3  4 . 3 9 5 1 4 8 E t 3 1  

0 . 8 6 6 0  - 3 .7371  1 3 3  7 . 9 + 5 4 3 5 E + J l  

0 . 7 0 7 1  - - 1 . 3 0 3 0  5 3  3 . 5 3 5 5 3 3 E t 3 2  

n r u s  1003 3 . 3 9 3 3 9 9 E t 3 2  
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VUMBER OF 
P A X T I C L E S  

3 .  YJYBER I F   C J L L I S I J Y S  = 12. T i ?  ' I P X I Y J Y  4 L L J d I I  

0. 
1 . 3 0 0 0 3 3 E t ) 3  THE S C A I T E R E D  EYE?;Y IS LESS T i 4 Y  2 . 3 3 3 3 i - 3 1  Y E V .  I i E  Y L Y I H J Y  t ~ L 3 d E l  

3. 
0.  
0. 
1 . 3 3 0 0 5 ) E * 1 3  THE  NUW3ER JF H I S T J X I E S   b Z T J 4 L L Y   P 1 J Z i S S E J  I N  T i I S  P I J 3 L E R  W I T - I I Y  T- IE  Z J I - J F F   T I Y E   L I M I T  
4 . 3 3 1 3 3 3 5 + ) 3  THE  YUH3ER OF E X P J Y I Y T I I L   C J T - I F F S  I Y  T ? 4 Z <   L E Y ; T i   a Y P - Y S I S  
4 . 3 3 1 0 3 3 E 1 1 3   T J T A L   Y J Y E E R  I F   C J L L I S I I Y S  

THE  dEI;HT I S  L E S S  I H 9 V  1 .333DE-051  T- l  Y I Y I W J Y   4 L L l J i J  
ESCAPES  FRDY  SOJRCE Xt;IJY i l Y ~ l L L I I C 1  
ESZAPES  FR3Y  SJJ9EF 7E;13V L F T I 7   I Y E  3 7  * J t i  : I L L I > I J Y i  
ESCIPES  FRDY S H I F L D  GE31ETI . I  

EUERCY 

1 .325E-33  

1 . 4 5 5 E t 3 3  

4 . 9 3 3 E - 3 2  

1 . 5 1 5 E t 3 0  

EWERGY 

1 .544E-34  

3 .379E-02  

5 . 3 3 3 E - 3 3  

3 . 5 8 8 E - 3 2  

EYERGY 

7 . 3 3 2 E - 0 5  

4 . 1 6 5 E - 3 2  

1 . 8 3 7 t - 3 3  

4 . 3 5 6 E - 3 2  

I 
S T D  5EV 

1 4 9 7  

2 .291E-04  

1 . 9 4 4 E - 3 1  

1 . 0 0 ~ - 3 2  

2 . 0 0 2 E - 0 1  

4 
s ro  S E V  

a7 

9 . 3 7 7 E - 3 5  

1 . 6 3 7 E - 3 2  

3 . 7 5 8 E - 3 3  

1 . 7 2 0 E - 3 2  

7 
S T D  DEU' 

2 6 1  

4 .259E-05  

2 . 3 1 C E - 3 2  

4 . 2 7 4 E - 1 4  

2 . 3 3 9 E - 3 2  

< i G I J Y  Y J Y B i i  

P Z  OEV cYE7SY 

2 - 2 3 4 E t 3 1  8 .658E-35  

1 . 3 2 1 E I 3 1  2 . 1 3 7 F - I 2  

2 . 3 4 3 E t 3 1  b . 3 7 5 E - 3 3  

1 . 3 2 1 E t 3 1  3 .354C-32  

7E;IJY Y O Y R E R  

P3  3EV  EYE2GY 

b . 0 7 1 E t 3 1  1 . 2 3 5 i - 3 3  

5 . 3 1 9 E t 3 1  4 . 4 5 1 E - 3 1  

5 . 3 3 4 E t 3 1  5 . 2 3 7 E - 3 2  

4. b 5 5 E t 3 1  4 .9 t lCE-31 

7 E S I l V  YUYBEA 

PZ  DEV  EYEIZY 

5 . 3 3 9 E t 3 1  3.  

5 . 5 $ 5 E t 0 1  J. 

2 . 3 2 5 I 1 3 1  3 .  

Y.311€+31 J. 

2 
s r 3  J E V  

1 5 1  

3 . + 5 5 S - l 5  

3 . 1 ? 3 I - J 3  

4 . 3 5 l f - 3 3  

1.331:-32 

5 
S T D  l i d  

1 3 3 3  

3 . 3 3 3 i - I 4  

l . % 2 3 c - 3 1  

1 .441 : -32  

l . 5 3 5 F - 3 1  

8 
sr3 I E J  

3 

3.  

I. 

3 .  

3 .  

P C  OEJ 

3 . 3 8 3 E t J l  

3 . 3 7 1 E t 3 l  

5 . 3 5 1 E t 3 1  

3 . 3 3 2 E t ) l  

P C  D E J  

2 . 5 3 5 : t I l  

3 . 1 9 1 E t J l  

2 . 7 5 R E t 3 1  

3 . 1 8 3 i t J l  

PI 3 I V  

3 .  

3 .  

I. 

I. 

P.(C'L ss  

1 
S T 0  J E V  

1 4 9 7  

2 .211E-34  

1.944:-31 

1 . 0 3 8 F - 3 2  

2 . 2 3 2 E - 3 1  

s r J  J t d  

8 7  

7 . 1 3 b E - 3 7  

l . 2 4 l E - 5 4  

2 . 2 3 4 E t J l  1 . 3 1 5 5 - 3 5  

1 . 3 2 7 E 1 3 1  4 .233E-34  

2 . 3 4 3 E * ) l  1 . 3 1 3 c - 5 4  

1 . 3 2 1 E t J 1  5 . 3 L b f - 3 4  

li;IIU Y J Y E : l  

J :  3EV  EYf<;Y 

3 
~ Y E X S Y  srJ J:V 

1 2 5 4  

1 . 3 3 1 F - 1 3  2 . 5 3 1 t - 3 4  

3 . 1 1 5 ~ - 1 1  1 . 7 3 2 E - 0 1  

5 . b 7 7 t - 3 2  1 .327E-02  

8 . b 9 5 E - 3 1  1 . 8 4 9 t  -01  

5 
EYESSY S T >  D i V  

3 1  

5 . 3 4 4 E - 3 6  2 . 3 5 l t - 3 6  

1 . 2 5 b E - J j  5 . 1 9 9 E - 5 4  

2 . 8 2 5 E - 3 4  1 . 3 1 2 1 - 1 4  

1 - 5 C 4 E - 3 3  j . 3 3 4 1 - 3 4  

3 . 9 1 3 E - 3 3  5.897E-34 

2.922 - + I 3  3 . 1 6 7 t - J I  

1 . 7 ? 6 ? - 3 1  2 . 2 0 7 7 - 7 2  

2.938E+31) 3 . 1 7 5 t - : I I  



PROCESS 

YO. cnLs .  

LBSO3PTIJY 

SCATIERIY; 

H I Y  *IT+EYSY 

T O T 4 L S  

4.49bE-35 2.848E-05 5 .334Et31 5.237E-02 l . C ' + l I - 3 2  2.750Ec31 1 .071E-56 4 . 3 7 1 t - 3 7  4 . 5 4 Z i t 3 1  

2 . 7 3 5 ~ - 3 4  1 - 3 3 4 E - 3 4  4.555E+31 4.304E-31 1.535:-I1 3 . 3 0 3 I 1 3 1  5.951t.-16 Z - Z I I E - O b  3.779:+11 
3 E G I l Y  YJM0Ea 

7 0 
EUERGI S T 0  I E V  P: OEV  EYE7;Y j r )  I C J  P C  I E J  

r 3 r 4 ~ h  
E Y E ~ G Y  s r l  O L V  P C  

2 61 I 

7.332E-05  4.259E-05  5.839E131 3. a. 

4.155E-32  2.310E-32  5.545Et01 3. I. 

1.837E-33  5.274E-34  2.325ElJl  3.  3. 

4.356E-02  2.339E-32  5.311E131 3. 3 .   3 .  2.927t t30   3 .175E-01 1.359:+>1 

3 .  3.556E-33 5.897E-34 1 . 5 0 0 ~ t 3 1  

3 .  2*754E+JO 3.157E-11 1 . 1 2 2 E + 3 1  

I .  1 . 5 l Z E - 3 1  2 .237t -02  1 . Z 7 3 E t l 1  

IESPOYSE  FUYCT13Y  INPJT 

OUTPUT  EVF1;f 0OJYDS 
2.0003E-JL  4.0033E-01  5.000OE-31  1.3033Et33  1.5330E+33  2.3333El31  2.5333E+33  2.3333EtOO  3.3333Et00 

5.360E-37 
CA114A DlSE  R4TE I R I H R  PER P i 3 T 3 Y I Z M Z - S E C l  

1.353E-06  1.613E-06  2.273E-05  2.8995-05 3.513:-15 4.182E-35  4.335E-36 

UPPE9 EhlEGY 
ADS(HEV) 

4.733E-11 

5.3JOE-11 

1.330Etll 

1.530Et33 

2 .030E+31 

2 . 5 3 0 E t 3 1  

2 . 9 9 9 E t l l  

3- ' I30E*Jl  

T O T A L S  

UPPEQ ENELV 
RDS I HEV 1 

4.J33E-31 

6.730E-11 

1 . 3 3 0 E t l l  

1 . 5 3 0 E + j I  

2 . 3 3 3 E t I l  

2 . 5 0 0 E t ~ 3  

2 . 9 9 9 E t J l  

3 . 3 3 0 E t 3 1  

T 3 T  4L S 

UPPER ENEGI 
RDSlMEVl 

4 . 3 0 0 E - ~ L  

6.000E-31 

1.330E+JJ 

1.530E+31 

2.OOOE*lJ 

2.500E+31 

2.999E* )3 

3.??'JE+ 13 

1014LS 

FLUXES  VERSJS RECLOY 4Y3  EUE7ZY 
L O ~ E R  EhlEQZY 

FLJX 

1.551EtJO 

1 .J36Et00 

4 . 5 4 4 E - 3 1  

4.318E-31 

1.872E-31 

5.512E-31 

2.516E-01 

5.441E+30 

1 . 1 3 3 E t 3 1  

FLJX 

l.JJlE-33 

~ . Z B + E - O +  

2 . 3 8 4 ~ - 5 4  

3.338E-34 

1.312E-34 

2.175E-04 

1 .47 lE-04 

I . l Z 2 E - 3 3  

3.039E-33 

FLJK 

1.374E-01 

l .7OIE-03 

0. 

3 .  

3. 

0. 

3 .  

3 .  

1 . 3 3 l E - 3 1  

I 
sru D E V  

3.465E-31 

2.764E-31 

1.936E-31 

1.771E-01 

9.779E-32 

2.339E-31 

1-489:-01 

7.255E-31 

1 . 2 9 5 E t 3 3  

4 
s r o  D E V  

3 . 4 0 1 : - 3 4  

I .013E-04 

1.33JE-04 

1 - 3 0 6 E - 3 4  

3.395F-35 

0.038E-35 

9.946E-35 

1.153E-34 

5.155E-34 

S T D  DEV 

1 - 2 0 4 E - 3 1  

1.7OIE-03 

3.  

0. 

3.  

0. 

0. 

3 .  

1.204E-31 

7 

~ 2 . 0 0 0 E - D I ~ ~ E V  

1E;IJY Y J ' I B C I  

PC JEV  FLUX 

L .234E+01 2.513E-33 

2 . 5 2 7 E t J l  2.343E-33 

4.135E+31 9.1115-54 

4 - 4 3 8 E t O l  l . 4 3 9 E - 3 3  

5.225Ei31  3 .45 lE-34 

4.1B9Et31 3.121E-34 

5 .92JEt31 8.33bE-34 

1.1ZBEtOl 5.833E-33 

1 .101EtOl  1.519E-32 

IESIJU Y U Y 0 E I  

PC JEV  FLUX 

J - 4 7 0 E t O l  1 . 8 9 3 E r J J  

2.B%5E+J1 1 .358Et33 

4.355E+31 3 - 9 3 6 E - 3 1  

4 . l i J E 1 3 1  L.743E-31 

4 . 3 I C E + I l  3.933E-31 

4 .054Et ) l  +.805E-31 

5 .75JEt01 1 .743E-31 

1 .120Et31 1 . 1 4 7 E t 0 3  

1.535E131 5 . 8 1 0 E 1 3 1  

3EGI3Y YUYBER 

2 :  JEY FLJX 

9 . 3 4 7 E l 0 1  3. 

1 . 3 3 l E t O Z  3. 

3.  3.  

3 .  3 .  

3. 3. 

3.   3.  

3. 3 .  

3. 3. 

9 .220Et01 2 .  

2 
sro J F V  

L.JBZ:-I~ 

1 . 3 1 3 : - 1 3  

+.293c-34 

5 . 3 2 l f - 3 4  

1 .710?-14 

4.119I-I4 

5 . 9 4 4 E - I 4  

5.575:-34 

2 . 5 % 1 ? - 1 3  

5 
573 3 f Y  

5 .219: - I1  

2.535E-31 

1 .3275-11 

3.535:-32 

1.53$F-11 

2.333E-31 

1 . 3 0 l i - 3 1  

1 . 7 3 % : - 3 1  

1 . 2 3 3 E t 3 3  

B 
S T 1  I:$ 

3. 

3. 

3 .  

3. 

3. 

3 .  

3 .  

5 .  

3. 

PC  OEd 

4.14lE+ll 

4 . 2 0 0 I + J L  

'r.709E131 

4 . 0 1 3 E * I l  

4 . 7 0 3 E l J l  

4 . 5 3 4 i + J I  

7.196E+31 

l.IZOE+Jl 

1 . 7 3 8 f t ) l  

P: O E t  

? . 7 5 5 E + I l  

2 . 5 4 7 E l J I  

3 . 3 7 2 E l J l  

3 . 5 3 2 E t I l  

3 . 3 9 1 E l I l  

4 . 7 8 5 E l I l  

5 . 1 9 0 E t J l  

1 . 1 2 0 L t 3 1  

2.12BE+lL 

PZ 3EJ 

3.  

3. 

I. 

3. 

I .  

I .  

I .  

I .  

3 .  

F L J X  

1 .973br13 

l . l 3 I E + O 0  

7.D42E-31 

r . o 8 7 ~ - ~ 1  

2 .536E-11 

3.940E-31 

3.094E-31 

2 . 1 9 5 E t J I  

7 .74Zt+30 

FLJX 

1 .254E-34 

2.630E-35 

1 . 9 C l E - I 5  

1.31OE-35 

3.124L-35 

3 . 4 0 1 t - 3 5  

1.025E-35 

5 .03 lE-35 

3.294E-34 

3 
S T 3  OEV 

4 . 4 5 3 E - 3 1  

2.537E-01 

2 . b 3 1 F - D l  

3.554E-01 

1.37ZE-01 

I . 4 5 5 t - 0 1  

2.191E-31 

2 . $ 6 5 t - O l  

1.286€+0 

5 
510 DEV 

3.351E-35 

?.llZE-05 

5.572E-35 

3 .C52E-JL~ 

1.249F-05 

1.777E-3, 

6 . 1 5 0 t - 3 6  

7 . 7 7 1 f - 3 5  

1.13ZE-34 

D C  3 c v  

Z.254!+31 

2 . 2 1 4 E t J l  

3 .735?+31 

5 . 3 1 5 E t 3 1  

3 . 9 7 5 5 r 1 1  

3.bn51+11 

7.384.E+31 

1 . 1 2 8 i + 3 1  

1 . 5 6 l E * l L  

'C J C V  

7.869€+11 

3. 3 4 1 E * 1 1  

3.3852+11 

2 . 5 3 + i t 3 1  

4. 131i+31 

5 . 2 1 5 I * 1 1  

b.Ol6Etll 

1 . 1 2 0 i t l l  

3 . 3 4 C E t l l  
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UPPER  ENEGY 
B D S I M F V I  

4.030E-31 

6.OOOE-31 

1 . 0 3 0 E t O 3  

1.500E+33 

2 - 0 3 0 E + 3 3  

2 . 5 0 0 E t 3 1  

2 . 9 9 9 E t 3 1  

3 . 3 3 0 E t J l  

TOTALS 

UPPER  ENESY 
B O S I H E V I  

4.OOOE-31 

6.000E-91 

1 . 0 0 0 E t 2 3  

1 - 5 3 0 E t 3 3  

2 . 0 0 0 E t O l  

2 . 5 0 0 E t 3 3  

2 . 9 9 9 E t 3 1  

3 . 0 3 0 E t 3 3  

TOTALS 

UPPER  ENEGY 
B O S I H E V I  

4.000E-31 

6.000E-31 

1.000E+D3 

1.500EtOJ 

2 . 0 0 0 E t 0 3  

2 . 5 0 0 E t 3 3  

2 . 9 9 9 E t 3 3  

3 . 0 0 0 E t 3 3  

TOTALS 

LJWER ENERGY = 2 . 0 0 3 E - 3 1  
GASH4  OJSE 7 4 T I  I 7 l i R  PE3   Pd3T3V/ .Y2-S IJ I  

t5;IJV Y U Y B i X  
1 

F L U X   S T 0  OEV P: 3EV 
2 

FLUX sro IEV PC O E V  

9 . 3 3 7 E - 3 7   2 . 1 3 3 E - 3 7   2 - 2 3 4 E t O l  1.584E-39  6.555:-13 4 . 1 4 3 ? + 3 1  

1 .154E-06   2 .909E-37   2 .522Et31  2.453E-39 1.355:-33 4 . 2 B B E t 3 l  

7 . 3 2 9 E - 0 7   3 - 0 7 5 E - 0 7  4 - 1 9 S E + 3 1  1 - 4 7 3 E - 3 9   6 . 9 2 3 E - 1 3   4 . 7 3 9 E e 3 1  

9 .132E-37   4 .025E-07  4 . 4 3 8 E t 0 1  3 . 2 7 0 E - 0 9   1 . 5 7 3 1 - 3 9   4 . 8 1 3 E t 3 l  

5 .425E-37   2 .835E-37   5 .225EtO l  1 . 3 3 3 E - 3 3  S . 3 5 l i - 1 3  ' 1 . 3 8 J i t 3 1  

1 . 3 3 4 E - 0 6   8 . 1 3 1 E - 3 7   4 . 1 5 3 E t J I  3 . 2 3 3 E - 3 9   1 . 4 C 2 E - I 9   4 . 5 0 4 E t 3 1  

1 . 3 2 7 E - 3 6   6 . 0 7 R E - 0 7   5 . 3 2 l E t 0 1  3 . 2 8 3 E - 3 9   2 . 4 2 5 i - 3 9   7 . 3 9 5 E t 3 1  

2 . 3 2 5 E - 3 5   3 . 1 8 7 E - 0 6   l . l 2 B E + O l  2 . 5 5 7 E - 0 0   2 . B B + E - 1 9   l . l Z B E t 3 1  

3 . 5 4 9 E - 0 5   4 . 2 0 2 E - 3 6   l . l B I E t 3 1  4.104E-33  7.273:-33 1 . 7 3 8 i t l l  

RE:IJY YUWBEX 
4 5 

FLUX S T 0  OEV PC 3EV F L J X   S T 3  ]Ell PC DEl l  

6 .364E-10   2 .109E-10  3.475E131 1 . 1 4 1 E - 3 5   3 . 1 5 7 i - 3 7   2 . 7 5 5 f r 3 1  

6 .614E-10   1 .90BE-10  2 . 8 8 5 E t 0 1  1 .114E-36  2 .B35E-37  2 .547Ec31 

4.812E-10  2 .101E-10 4 . 3 6 5 E t 0 1  6 . 3 4 8 E - 0 7   2 . 1 4 l f - 3 7   3 . 3 7 2 E t 3 1  

7.587E-10  3 .149E-10 4 . 1 5 3 E t 0 1  6 . 2 3 3 E - 0 7   2 . 1 5 3 : - I 7   3 . 5 3 2 E t 3 1  

5 . 5 4 2 E - 1 0   2 . 7 2 3 E - 1 0  4 . 9 1 4 E t O l  1 . 1 5 7 E - 3 6   4 . 5 1 3 i - 3 7   3 . 9 9 1 E t 3 1  

7 .631E-10   3 .101E-10  4 . 3 6 4 E t O l  1 . 7 1 4 E - 3 6   8 . 2 3 2 E - 3 7   4 . 7 8 5 E t 3 1  

6.136E-IO  4 .060E-10 5 . 7 6 3 E t 0 1  7 . 1 1 5 E - 0 7   4 " + 1 3 - 3 7   5 . 1 3 5 E t l l  

4 .482E-39  5 .055E-10 1 . 1 2 B E t j l  5 . 3 3 1 E - 3 5   5 . 5 7 4 5 - 3 7  1 . 1 2 5 I t I l  

8 .337E-09   1 .430E-39  1 . 5 3 5 E t 3 1  1 . 2 1 3 E - 3 5   2 . 5 8 3 f - 3 5   2 . 1 2 B E + 3 1  

7E513V V J Y B E R  
7  B 

F L U X   S T 0  DEV PC JEV F L J X  s r 3  1 s t  PL  D E #  

8.328E-OB 7.784E-08 3 . 3 4 7 E t 3 1  0. 0. I .  

1.79OE-09 1.790E-09 1 . 3 3 3 E t 0 2  3.  3. 3 .  

0. 0. 3.  3 .  3 .   3 .  

0. 0. 3.  3. 3 .  3 .  

0. 3 .  3 .  0. 0. 3.  

3. 0. 3.  3 .  3. 3.  

0. 3 .  0. J. 3 .  5. 

0. 3 .  3. 3 .  3. 3.  

8.507E-38 7 . 8 5 0 E - 0 8  3-22BEI .31 3. 3. 3 .  

DETECTOR  VJS3ER I 
COORDINATES X = 3 -  

UPPER  ENESY 
B O S I H E V I  UFLUX S T 3  DEV 

4.000E-31 3.  0. 

b . 3 3 0 E - 3 1  3.  0. 

1.000E+O3 3 .  3 .  

1.500E*33 3.  3. 

Z.OOOE+OI 3. 3 -  

2 . 5 0 0 E t 3 3  3.   3 .  

2 . 9 9 9 E t 3 1  0. 3. 

r = 0. 

'T. I E V  

3.  

3 .  

3 .  

3 .  

3 .  

3. 

0 .  

3 . 0 0 0 E t 3 1  2.649E-14 2.988E-35 l . l Z B E t 0 1  

T D I A L S  2.649E-34 2 . 1 8 8 E - 3 5  l . l 2 8 E + 3 1  

3 
F L J X  S T 1  OEV 

1 . 1 3 3 E - 3 6  2 . 7 3 2 b - 3 7  

1 .254E-36   2 .776E-07  

1 . 1 3 6 E - 3 6   4 . 2 4 3 E - 7 ;  

1 . 5 1 1 E - 3 6   B . 3 7 8 t - 0 7  

7 .815E-37  3 .135E-37 

1 . 3 8 5 E - 3 6   5 - 1 3 5 E - 0 7  

1 . 2 5 3 E - 3 6   9 . 9 4 5 i - 0 7  

3 - 5 5 7 E - 3 6   1 . 3 8 I E - 3 5  

1 .822E-35  3 .127E-0 '~  

6 
F L J X  s r 3  J E V  

7 . 6 5 2 E - 1 1   5 . 3 3 3 t - 1 1  

2.84OE-11  >.486E-12 

3 . 1 3 1 E - 1 1   I . 3 6 J E - 1 1  

2 . 9 7 B E - 1 1   7 . 3 4 5 t - 1 2  

8 . 7 6 6 E - 1 1   3 . 5 2 5 E - 1 1  

l . l ? 6 E - 1 3   5 . 2 3 7 F - 1 1  

C.135E-11  2 .517E-11 

3 . 3 2 2 t - 1 3  3 . 4 3 8 t - I 1  

7 . 1 7 4 E - 1 1   2 . 3 9 9 E - I  

PT. 3.v 

2 . 2 5 C i * l l  

2 . 2 1 4 i C l l  

3 . 7 5 5 E t 3 1  

3.:15:t51 

3.975:+11 

3 . 6 8 5 E t 3 1  

7 . 3 R 4 I + 3 1  

1.128:+31 

1 . 6 5 1 E + J l  

2 :  J E V  

7 . 8 6 3 E t 3 1  

3 . 3 4 3 i t 3 1  

3 . 3 8 5 i t 3 1  

2 . 5 3 4 E t 3 1  

4 . 1 3 3 L l . j I  

5 . 2 1 5 i t J l  

6 . 3 1 5 r t 3 1  

1 . 1 2 3 : + 1 1  

3. 3 4 4 i t 3 1  

SFLUX 

6.957E-05 

7 . 7 4 2 6 - 3 5  

3.796: -35  

3 . 4 7 6 5 - 0 5  

3.325E-35 

3.435:-15 

2.935E-35 

3.445E-33 

3.139E-34 

s r ~  3 : ~  

1.233:-35 

?.153:-35 

5 . 3 5 9 6 - 3 6  

5 . 3 5 3 1 - 3 5  

2.312:-35 

5.523:-35 

3.336:-36 

1 . 3 9 8 : - 3 5  

2 . 5 + 7 1 - 3 5  

PJ  JEV 

1 . 3 6 2 E t 3 1  

2 . 9 2 7 E + 3 1  

1 . 5 1 1 E + 3 1  

1 . 3 4 3 E t 3 1  

9 . 3 1 5 E * l l  

1 . 5 3 7 E t l l  

1 . 1 2 5 E t 3 1  

3 . 1 5 5 E t 3 1  

8 . 1 3 3 E + l l  

T F L J X  

6.367E-35 

7.742E-35 

3.796E-35 

3.476E-35 

3.128E-35 

3.438E-35 

2.935E-35 

2.650E-34 

5.7d5E-34 

S T 0   D t V  

1 .2331  -35  

2 . 1 M o t - 3 5  

6 . 8 5 ' A - 0 6  

5 . 3 5 3 t - 3 6  

2.972E-35 

5.629:-06 

3.306E-36 

2 . 9 P 8 f - 3 5  

3 . 3 3 2 f - 3 5  
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UPPER  ENEGY 
8 O S l M E V l  

4.330E-31 

6 . 0 0 0 E - J l  

1 - 3 0 0 E + 3 3  

1.500E+OJ 

2 - O D D E t 3 3  

2 . 5 0 0 E t O J  

2 . 9 9 9 E 1 3 3  

3 . 3 3 0 E t J I  

TDTALS 

3.  

0. 

0. 

3 .  

3. 

0. 

0. 

1 - l 6 2 E - 3 9  

1.162E-39 

DETECTOR  NJY3ER 2 
COORDINATES X = 0 .  

UPPER E N E G Y  
BDS(MEV1 

4.000E-31 

6.030E-31 

l .OOOE+33 

1 . 5 0 0 E + 0 3  

2.03OE+31 

2.500E+OJ 

2 - 9 9 9 E t 0 3  

3 . 3 0 0 E t 3 3  

TOTALS 

UPPER  ENEGY 
BOSIMEVI 

4.DOOE-31 

6.000E-01 

1 . 0 0 0 E + 0 1  

1.5DOE133 

2.000E+D3 

2 . 5 0 0 E t D I  

2 . 9 9 9 E + 3 3  

3.3DOE+33 

T O T A L S  

UFLUX 

3 .  

3. 

0. 

0. 

3.  

3. 

0 .  

2.432E-35 

2.432E-35 

3.  

0. 

0. 

3. 

3 .  

0. 

0. 

1.567E-10 

1.357E-13 

GA'lMA  DOSE 7PTE l7lHR PER P H J T J Y I 3 ' 4 2 - S E 3 1  

ST0 DEW 

0. 

3 .  

0. 

0. 

0. 

0. 

0. 

1.311E-13 

1.311E-10 

' 2c DEV 

3. 

3. 

3 .  

0. 

3. 

0 .  

3. 

1 . 1 2 8 E + 3 1  

1 . 1 2 8 E t 3 1  

r = 0. 

S T 0  DEW 

0. 

3.  

0. 

0. 

0. 

3. 

0. 

2.743E-Ob 

2.743E-Db 

3 C  DEW 

3. 

0. 

3.  

0. 

0. 

0. 

3. 

1 . 1 2 8 E + 0 1  

1 . 1 2 8 i t 3 1  

6 . 2 2 2 5 - 1 1  

8 . 1 4 9 E - 1 1  

6.122E-11 

7.931E-11 

8.777:-11 

1 - 2 0 5 E - 1 3  

1.198E-13 

1.5111-13 

5.923:-13 

s r )  D:V 

7.717:-12 

2.313:-11 

1.138:-11 

1 . 2 1 7 5 - 1 1  

5.514:-12 

1 - 3 7 5 1 - 1 1  

1 . 3 5 3 5 - 1 1  

( . L I ~ S : - L ~  

4.336:-11 

2 = 2 . 1 3 J J J E + 1 1  

SFLUX 

1.478E-35 

5.733:-35 

1 - 5 7 2 E - 0 5  

4.839E-35 

5-283:-35 

5.497:-35 

5.868E-05 

b.193E-33 

5.9735-35 

sr3 D Z V  

3.758:-35 

1.J59;-35 

3.154:-36 

B . + l b i - 3 7  

1.364:-35 

7.328:-37 

5 . 3 5 4 : - 0 1  

1.333:-33 

1.313:-35 

GAMMA DOSE R I T E  I a l H R  PE9  PHOTJYIC~2-SE; )  

STD DEW P C  DEV s r l  D Z V  

0 .  0. 8.953E-12  2.278:-12 

0. 3. 6.3OOi-12  1.1?5:-12 

0. 0. 2.535E-11  1.315:-11 

0.  0. 1.lJJE-lL 1.313:-12 

0. 3. 1 .821E-11   5 .5365-12  

0. 3. 1.929E-11  2.740:-12 

0. 0 .  2 .395E-11   2 .5335-12  

1 . 2 0 3 E - 1 1   1 . 1 2 9 E t J l   2 . 7 1 5 1 - 1 6   3 . 3 + 7 5 - 1 5  

1 . 2 0 3 E - 1 1   1 . 1 2 8 E t 3 1   l . 1 2 8 E - 1 3  1-3415-11 

P3 3EW 

1 . 3 6 2 E t 3 1  

2 . 3 2 7 € + 0 1  

1.313E+31 

1 . 5 4 I E t 9 1  

9 . 3 1 5 E t 3 3  

1 . 5 3 7 E t 3 1  

1.125E+01 

3 . 1 3 5 E t 3 1  

B . ( 3 5 E t 3 3  

4.222E-11 

8.149E-11 

6.122E-11 

7 . 9 5 1 E - 1 1  

8.777E-11 

1.2DbE-13 

1.19EE-13 

l . l b 2 E - J 3  

1.754E-33 

S T D  DtW 

7 . 7 7 7 ~ - 1 2  

2.331:-11 

l - ! . > , J C - l l  

1 . 2 1 7 t - 1 1  

8 . 6 1 4 ~ - 1 2  

1 .97 ' jE -11  

1.35uE-11 

1 . 3 t l t - 1 3  

1.21JE-10 

-3dE7 EYERZV = 2.333E-01 HEW 

PT. DEV 

2 . 5 6 2 E t J l  

1 . 3 7 5 E t 3 1  

5 . 1 9 7 E + O l  

1 . 7 3 9 E t 3 1  

3 . 3 9 5 E t 3 1  

1 . 6 2 1 E t J l  

1 . 3 8 3 E t 3 1  

3 . 1 7 3 E + 0 1  

1 . 7 2 1 E + 3 1  

P3  3EV 

2 . 5 4 2 € + 3 1  

1 . 3 7 5 E + O l  

5 . 1 8 7 E + 0 1  

1 . 7 3 3 E t 3 1  

3. 3 9 5 E t 3 1  

l . O Z l E t 3 1  

1 . 3 5 3 E t 3 1  

3 . 1 7 3 E t J l  

1 . 7 2 l E t ~ l  

TFLUX 

1.478E-35 

5.703E-36 

1.572E-35 

4.839E-35 

6.2 83E-   35  

5.497E-05 

5.868E-35 

2.433E-35 

8.302E-35 

8.959E-12 

6.303E-12 

2.535E-11 

1.130E-11 

1.821E-11 

1.929E-11 

2.395E-11 

1.367E-13 

2.195E-13 

STD D t V  

3 . 7 5 8 t - 3 6  

1 . 5 b ' i E - 0 6  

8 . 1 5 4 F - 0 6  

8 . 4 1 t + - 3 7  

1 . 9 4 4 t - 0 6  

7.83.,E-07 

6 . 3 5 4 1 - 3 7  

2.74 X - O b  

1 . 3 4 7 L - 0 5  

S T 0  OEV 

2 . 2 7 8 - - 1 2  

I r l Z ' . E - 1 2  

1.315t-11 

1 . 9 1 3 t - 1 2  

5.b36E-12 

2 .74   F-12  

2.533E-12 

1 . 2 0 3 . - 1 1  

2.75 r t - 1 1  

PZ DEV 

2 . 5 4 ' i t l l  

1 . 8 7 5 E t 3 1  

9 . 1 8 7 i t J I  

1 . 7 3 1 E t I l  

3 . 1 9 5 E c 3 1  

l . ' + 2 1 E + J l  

1 . 3 8 3 E t J l  

1 . 1 2 3 E t 3 1  

1 . 2 6 1 E + 3 1  

P 3  D E V  

2.54. 'E+31 

1 . 8 7 5 E t 2 l  

5 . 1 8 7 t t 3 1  

L . 7 3 ? E t I l  

3 . 3 9 5 E I J l  

1 . 5 2 l t t I l  

1 . 3 8 3 k t l l  

1 . 1 2 4 t t 3 1  

l . ? b l ~ + 3 1  



DETECTOR  NJ'13ER 3 
COORDINATES X = 3 .  

UPPER  ENEGV 
BDSIMEVI 

4 . 3 3 0 E - 3 1  

6.330E-31 

1 . 3 0 0 E + 3 3  

1 . 5 ? O E + ) 3  

2 . 3 3 0 E t S I  

2 . 5 0 0 E * l l  

2 .939Ec))  

3 . 0 3 0 E + 3 3  

T 3 T A L 5  

UPPER  ENEGV 
B O S I H E V I  

4 . 0 0 0 E - 3 1  

b . 0 3 0 E - 3 1  

1 . 0 3 0 € * 3 3  

1 . 5 3 U E t 3 J  

2 . 0 3 0 E t 3 3  

2 . 5 3 0 E t 3 3  

2 . 9 9 9 E t 3 1  

3 . 0 3 0 E + 3 3  

T O T A L S  

END OF P708. i '4  

JFLUX 

3.  

3 .  

3. 

3.  

3 .  

3 .  

3. 

9 . 2 3 3 E - I 7  

8.23OE-37 

3. 

0. 

0. 

3.  

0. 

0. 

3.  

3.597E-12 

3.597E-12 

2 3  

v = 0. 

S T 0  OEY 

3. 

0. 

0. 

0. 

3.  

3 .  

0. 

9 . 2 4 3 E - 3 8  

9.243E-38 

'C DEV 

3 .  

3. 

3. 

3 .  

3 .  

3. 

3. 

1 . 1 2 9 E t 3 1  

l . I 2 8 E + J l  

2 = 4 . 2 3 3 3 3 E * I l  

SFLUK 

1 . 3 7 8 1 - 3 5  

2 . 3 9 1 5 - 0 7  

4.7885-37 

2 . 1 4 7 E - I 7  

1 . 8 3 B i - 3 7  

5 . 7 7 2 i - 0 7  

4.4585-37 

5 . 8 7 3 i - 1 1  

4.115:-I5 

sr3 J E V  

1 . i 7 7 E - I 5  

3.335:- I8  

1.573:-07 

3.352:-33 

3.344:-39 

2.322:-37 

1.352:-07 

3 . 4 1 3 : - 1 3  

l . i j 5 E - I 5  

ZAqMA DOSE SLTE I I I H R  P E R  PHDrJVICY2-SI ;J  

S T 3  JEV 

3 .  

0. 

0. 

3 .  

3. 

0. 

0. 

4 . 0 5 7 E - 1 3  

4.357E-13 

3: J E V  

3. 

0. 

3.  

0. 

3. 

3 .  

3. 

1 . 1 2 9 i t 3 1  

1 . 1 2 8 f t 0 1  

1.199E-12 

2.515:-13 

7.722E-13 

4.9731-13 

5.239:-13 

2.325E-12 

1.523:-12 

3.314E-15 

7.382E-12 

sr] DE$ 

9.555:-13 

1.1+5:-13 

?.535f-13 

3 . 3 3 2 5 - 1 4  

1 . 1 1 4 ~ - 1 3  

8.149:-13 

5.550:-13 

l . 4 3 5 i - 1 5  

2 . 5 7 3 1 - 1 2  

L 3 d E I  EUERZV = 2 . 3 3 l F - 3 1  *,EV 

P3 JEV 

7 . 3 7 2 E i 3 1  

4 . 1 5 5 E * J l  

3 . 2 3 C E t 3 1  

1 . 3 4 1 E t 3 1  

2 . 1 2 7 E t 3 1  

4 . 3 2 3 E t 3 1  

3 . 3 5 5 E t 3 1  

4 . 3 6 1 5 + 3 1  

3 . 7 3 2 E t I l  

2: DEV 

7 . 3 7 2 E t 3 1  

4.155E+31 

3 . 2 3 4 E t 3 1  

1 . 3 4 1 E t J l  

2 . 1 2 7 E t 3 1  

4 . 1 2 3 E t 3 1  

3 . 3 5 5 E t 3 1  

4 . 3 5 1 E t 3 1  

3,7J2E+31 

r F L J X  

1.975E-35 

2.391E-37 

4.788E-37 

2 . 1 4 7 E - 3 7  

1.803E-37 

5.772E-37 

4.459E-37 

8 - 2 0 7 E - 3 7  

4.335E-55 

1.199E-12 

2 - 5 1 b E - 1 3  

7.722E-13 

4.879E-13 

5.239E-13 

2 - 3 2 5 E - 1 2  

1 - 9 2 3 E - 1 2  

3.503E-12 

1.368E-11 

sru U ~ V  

1 - 5 7 7 t - 3 6  

9.93 11-38 

1 . 5 7 3  - 3 7  

3-35 L - 3 4  

3 . H 4  . t - 3 8  

2.322, - 3  I 

l . 3 6 . t - 3 7  

9.24ir,-38 

1 . 5 5 9  -06 

s n  OEV 

9 . 5 5 6 r - 1 3  

1 .04 / , t -13  

2 - 5 3 6 1 - 1 3  

8 . 9 8 2 i - 1 4  

1 . 1 1 4 r - 1 3  

8.149r-13 

5.56 i-13 

4.057E-13 

3 . 3 7 4 t - 1 2  

2 :  D E V  

7 . 3 7 2 E t 3 1  

4 . 1 5 6 f + 3 1  

3 . 2 9 4 t r I l  

1 . 8 4 1 t t 3 1  

Z . 1 2 7 E t 3 1  

4 . 3 2 3 E I I l  

3 . 3 5 5 I t 3 1  

1 . 1 2 7 E t 3 1  

3 . 1 5 3 E t S I  

F I N A L  R A Y f l 3 1  VUMBER 
0 5 5 3 5 5 3 5 5 3 1 5  
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X' + y2 = 25 

z - 0  z = 10 

Figure 1. - Geometry  i l lustration. 

Reads input  Generates 
pr imary   source  
part ic le data 

EXECT 

Ma in   con t ro l  

I 

I I 

t rack ing   and output 
scor ing 

" 

i 

Generate 
secondary  gamma 
source  tape 

Figure 2. - COHORT-I1 major  subdivisions  and  functions. 
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I I 

0 Generate R2 

Figure 3. - Selection of random  direct ion  cosine in the  laboratory system. 

("4"') 

n Generate R1,  R2, R3 

c o s $ =  ~- 

F igu re  4. - Reject ion  technique for selection  of  scattering  angles  and  scattered  energies  for  compton  coll isions. 
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(F) 
number  generator 

(track  particles 
and do scor ing) 

4 
Call SECGAM 
(generate  secondary 
gamma  tape) + 

Wr i te   last   ran-  
dom number 

4 
STOP 

Figure 5. - Subrout ine  EXECT. Acts as execut ive  rout ine  for   ent i re code. 

el I H I  = NGY 

L 

ITEST = (ILO + IHI)/Z 

? Y E S T )  J = ITEST - 1 11 J = ILO 

(STOP) 

Figure 6. - Subrout ine  XSEC. Given  the  part icle  energy (EA), performs  l inear  interpolat ion 
to obtain a cross-section  value at that  energy. 



Read tit le  and 
control  parameters 

Set up  ar ray 
locations:  compute 

1 Read atom weights 
and  densities 

Read isotropic 

Read output 
energy  bins  and 
polar  angle  bins 

Point  
detectors? 

Read output 
azimuthal 

detector 

Call  INPUT 
(read best of 
inpu t  data) 

(*) 

(srART) 
Compute number 
of input   l ib rar ies 

Read l ib ra ry  
header  card 

+&NO , rb read i n ?  message 

Wri te 
e r ro r  of l ibrar ies 

- 

Library 

+ read? 

I Compute  macroscopic 
cross  sections I 

Wri te out control  
parameters, atom 
weights  and  den- 
sities,  energy  and 
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Figure 7. - Subroutine MAIN. Computes  storage  requirements of problem  and reads in part of inpu t  data. Figure 8. - Subroutine INPUT. Reads and  pr ints out remaining  input data. 
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F igu re  9. - Subrou t ine  SORCE. Ma in   rou t i ne   f o r   p r imary   pa r t i c l e   sou rce  ye: t ra t c r .  
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probabi l i ty   d is t r ibut ion 
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(3) Compute  branching  cont ro l  
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from  biased or unbiased 
distr ibution  according 

p robab i l i t y<   R l?  

coordinates  for 

I A 

Compute  coordinate 
value  at   random 
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Figure 10. - Subrou t ine  COORD. Selects spatial  coordinates of primary  source  part icles  according to i n p u t  spatial  distributions. 
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(1) Ini t ial ize  parameters 
r21 Choose  random  number t- 

Find  po lar   angular  
interval  of part ic le 
f rom  accumulat ive 
distr ibut ion 
I 

?es 

Find  new  polar 
ang le   b in   fo r  
particle 

6 

Q 
randomly  on  polar 
angular  interval  

b 

Compute  biased 
WTf rom  angu la r  
distr ibut ion 

t 4 
Select  azimuthal 
angular  interval  
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1 

Find  new  b in  
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Figure 11. - Subrou t ine  DIRCOS. 
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p for   part ic le 

from  bias 

Compute  overall 
angular   weight  
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(") 

Generates  direct ion  cosine  for  source  part icles  according to option. 
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to u n f i l l e d   b i n  
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-" 

EW= 1.0 EW= 1.0 

Compute  weight 

Compute  particle 
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F igu re  12. - Subrou t ine  ENERGY. Selects  source  particle  energy  from  energy  spectrum. 
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Dl 

Call TIMLFT, clock 
t ime  remain ing  for  
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Figure 13. - Subrou t ine  HTA. Execut ive  rout ine  for   part ic le  t rackin?  and  scor inr   part  of t i l e  code. 

70 



Init ialize  parameters 

region  of  particle  and 
calculate  distances 
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Apply  exponential 
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Compute x, y, z 
across  boundary 

F igu re  14. - Subrou t ine  HISTRC. Performs  part icle  tracking  through  reactor  shield  geometry. 
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I 
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Perform  region  search 
to locate  particle I 

Compute  residuals to 
determine  position of 
particle W. R.T. 
region  boundary 

Is residual 

Yes I 

pr intout 

region, NRR = 999 (*) 
positive  distance S 
to nearest  boundary 

Initialize  parameters 

Figure 16. - Subrout ine GEOMT. Performs  qeometry  calculations. 

Write  title  headings 
for   neutron  or  
gamma  problem 

Write  particle 
termination  edit 

Call TLFLX to p r i n t  
out  track  length  f luxes 

r-+ Initialize  parameters 

Compute  statistics 
for  energy  deposition 
i n  regions 

energy  deposition 

Call FPRINT to Drint 
out  f luxes  at  point 
detectors 

Figure 17. - Subrout ine OUTPUT. Writes  out  tables  for  energy  deposition in regions. 
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l eng ths   and  

Wr i te  leakage 
tape 

Call FLPRT to p r i n t  
o u t  leakage  fluxes 

Figure 18. - Subroutine  TLFLX  Normalizes  track  length  f luxes  and  writes  leakage tape. 
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Any  response 
func t i ons?  
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Init ial ize  and  test 
parameters  for  track 

6 

Q 
Write  ou t   t rack  
l eng th  data 

func t ions   resu l ts  

(*) 

Figure  19. - Subrou t ine  FLPHT. Wr i tes   ou t   reg ion   f lexes   and  par t i c le   cur ren ts   leak ing   f rom  sh ie ld  geometry. 
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Norrr.al ize  f lux  and 
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Compute  standard  and 
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energy  group 
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1 

angular  stat ist ics 

P r i n t  out angu la r  
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F igu re  20. - Subrou t ine  FPRINT. P r in t s  out point  detector  fluxes. 
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Compute  storage 
requi red  for   capture 
gamma  analysis 

F igu re  21. - Subrou t ine  SECGAM. Computes  and  allocates  storage  required  for  secondary  gamma  problem. 

( = = )  

data requ i red   fo r  

production  probabil i ty 
tab les  f rom  input  data 

and  gamma  production 
probability  tables 

neutron  capture  per  
e lement   f rom  micro-  

probabil it ies 

F igu re  22. - Subrou t ine  SECRED. Reads in secondary  gamma  input data. 
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isotropic  direct ion  cosine 
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9 

F igu re  23. - Subrou t ine  SECSO. Computes  secondary  gamma  and  writes  source tape. 
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