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ABSTRACT 

PMC is a three-dimen~ional Monte Carlo program written in the MAP 
language for the IBM 7040 computer. Output includes the scalar neutron flux 
integrals and reaction rates for resonant isotopes for an arbitrary energy 
group structure containing a minimum of approximations. The code is espe­
cially applicable to complex geometrical . situations and areas where diffusion 
theory will not be reliable. A statistical~ confidence· is assigned to' the results. 
Two versions of the program are described: a "nonresonant" version in which 
all cross sections are supplied in the input, and a "resonant" version in which 
resonant cross sections are computed directly. 

Simplified flow diagrams and sample problems showing the use of each 
version are given. 
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I. INTRODUCTION 

1. GENERAL PHILOSOPHY AND PURPOSE OF THE PROGRAM 

There are many reactor physics problems in which diffusion theory 
cannot be relied upon to give satisfactory answers. For example, in regions 
near sources or strongly absorbing boundaries, where the neutron flux becomes 
highly anisotropic, high order transport calculations are necessary to give 
reliable estimates of the scalar flux function even though the angular dis­
tribution is of no particular interest. In general, Pn and Sn transport codes 
are usually limited in application to simplified geometries in one dimension. 
In problems where local flux distributions are highly dependent on strong 
absorbers in peculiar geometric arrangements, the Monte Carlo method 
provides a reliable calculation technique with a minimum of approximations 
but at a relatively high computation cost compared to other numerical methods. 
Usually the flexibility of a Monte Carlo calculat~on is. greatly restricted in 
order to make direct comparisons with other numerical techniques because 
the Monte Carlo method per se is most easily adapted to three-dimensional 
geometries. If truly three-dimensional numerical transport codes existed, 
the efficiency of a Monte Carlo calculation might not then appear in such 
poor light. In addition to its adaptability to complicated geometries and nuclear 
cross sections, another advantage of the Monte Carlo technique is its intrinsic 
mathematical simplicity. 

The purpose of the present program was to make available a three­
dimensional Monte Carlo program for the calculation of the scalar neutron 
flux and its integrals, with associated statistical quantities, within an 
arbitrary energy group structure. Primary emphasis was to be placed on 
the ability to do so-calle<:J. "cell studies" involving complicated geometries 
with flexible boundary conditions and sources. There is no restriction in the 
present program to the calculation of flux integrals and eigenvalues for 
complete chain reacting systems in three dimensions other than the necessary 
restrictions of limited in-core storage and the computing time required to 
reduce statistical fluctuations to within tolerable limits. Experience has 
shown the latter restriction to be far more limiting than the former as applied 
to the IBM 7040 computer for this type of problem. Water-moderated reactors 
of 50 to 100 thermal mean-free-paths diameter require many hours of com­
puting to obtain an acceptable four group eigenvalue with this program even 
when the most elementary geometries are employed. In the ·other extreme, 
the simplest monoenergetic first flight calculation of escape probabilities 
for a few regions of 10 to 20 mean-free-paths width requires only five to 
ten minutes for accurate answers based on 5000 first flight histories. 

Our original objectives for a general purpose Monte Carlo program 
were based on our limited experience with a number of Monte Carlo programs 
then in existence. Notable among them were the Reactor Burnup Code (RBU)[1] 
and a. program written by Marius Troost [21. A limited number of difficult 
transport problems were studied with RBU in 1962 at Hanford Laboratories 
and served to assure us that our general objectives for a three-dimensional 
Monte Carlo transport program were reasonable and, indeed, possible with 
existing computers. This experience also served to point out some of the diffi­
culties accompanying Monte Carlo studies in general. Chief among them is the 
problem of statistical uncertainty inherent in the Monte Carlo method. All 
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bulk reactor properties computed· in the Monte Carlo process result from 
choices of random variables . and, consequently, are subject to statistical 
fluctuation. Any problem solution derived from these bulk parameters, whether 
it be. neutron flux, multiplication factor, collision frequency, or lifetime, is 
not reliable unless a statistical confidence interval can be assigned. In this 
program, the scalar neutron flux was chosen to serve as the statistical basis 
for determining this confidence interval. Each flux tally stored by region and 
neutron energy group specified in the input is assigned a statistical confidence 
limit by the output routine based on an analysis of the trial fluxes using a 
Student's . t-distribution. The method of terminating the particular mode of 
operation and the means of determining the length of trials and number required 
are explained in Section VII. 

Since the scalar neutron flux was to be the variable by which all bulk 
parameters would be determined, the program was built around this computa­
tion. It was felt that the continuous collision analog flux tally employed by 
RBU contained inherently less variance than other models for this quantity. 
This model a.lso oonta.ino other a.dva.nta.gcs which are not so apparent. ·3ince 
boundary crossings and region search routines require the largest amount of 
computation time, this model for flux computation permits the program to obtain 
the most information possible within a region for each boundary crossing. 
In some problems this last consideration can outweigh all others. 

Because the RBU cross section library format had been worked out in 
great detail with special consideration for a Monte Carlo program and was 
available on tape, the collision routine was patterned to fit this library format. 
For this reason much of the formalism of the collision routine is similar to that 
used in RBU. 

Two versions of the program are presented in this report. The first is 
the nonresonant version for which all cross sections are supplied to the code 
in the input as average multigroup cross sections for homogeneous materials. 
The second version, called the resonant version of the program, permits the 
computation of resonance cross sections directly from the single-level Breit­
Wigner equations in materials containing resonance isotopes. Resonance cross 
sections are computed at the energy of the particle, and resonance reaction 
rates are tallied by statistical trial along with the scalar flux. Single-level 
Breit-Wigner resonance parameters are supplied in the input data for each 
resonant isotope of a resonant material. The resonance calculation is described 
in Section V. 

The geometry routines were modeled after the zone geometry method 
outlined by Marius Troost [ 2]. An additional feature in this program is that 
either cylindrical or spherical zone geometry is available, as well as the 
rectangular zone construction. The geometric constructions permitted for 
laying out regions employ what was felt to be reasonable combinations of planes 
intersecting with spheres and cylinders. Although the basic techniques used 
here would allow one to treat all conic sections, little practical use for this 
type of geometry could be determined. 

The present programs calculate elastic scattering of fast neutrons based 
on isotropic scattering in the center of mass system. Subroutines to treat fast 
anisotropic scattering in the center of mass system and fast inelastic scattering, 
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using cross section data from the RBU library, will be incorporated into the 
program when sufficient experience and usage of the program justifies the 
expense of doing so. 

At various points in this report, greatly simplified flow diagrams will be 
included to help tie the discussion together. All extraneous computations, 
such as indexing, have been eliminated from these diagrams. 

Finally, in the last analysis, the code in its present form can be considered 
to be an experimental program by which the Monte Carlo process can be 
studied under a wide variety of conditions. With the present limitations, nuclear 
reactions are treated exactly over only part of the energy range of interest in 
reactor design. As a consequence of this, PMC is not a production code but can 
be used to supplement production codes in the thermal and resonance regions 
where difficult transport problems exist. It is the authors' opinion that the 
present lack of knowledge about efficient statistical estimators for bulk reactor 
parameters in the Monte Carlo process will be the primary limiting factor 
in the application of a general purpose Monte Carlo program to practical 
reactor problems. It is our purpose that this version of PMC will contribute 
to the general analysis of this basic problem. 

2. OUTLINE OF MAJOR SUBROUTINES 

Input Routine . Input data describing the problem are edited and prepared for 
use by the Monte Carlo program proper, and then stored on magnetic tape. 

Initial Value Source Generator Routine. Source coordinates are generated 
as prescribed by the input options and stored on tape. 

Storage Bank Routine. This is a routine wherein coordinates are stored or 
removed from the storage bank for systematic processing. 

Distance to Boundary Routine. The distance to each boundary of a region is 
computed, and the actual boundary to be crossed is selected. 

Flux Calculation and Tally Routine. The continuous collision analog flux is 
computed and stored in the proper location according to the current region 
and energy group numbers. There is provision for equilibration weighting 
and census termination of the particles. 

Resonance Routine. Macroscopic cross sections are prepared for resonant 
isotopes in resonant materials within a specified energy range for use in the 
reaction rate tallies. Collision emission numbers are computed for the nuclear 
events of absorption, scattering, and fission. 

Collision Routine. When a collision occurs, the possible collision events are 
processed according to fast or thermal conditions. Collision tallies and energy 
importance splitting take place. 

1. Post Fission Routine: If fission has been successful the direc­
tion and eue.rgy of the emitted fission neutrons at:e selected. 
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2. Post Elastic Routine: The type of moderation and appropriate 
transformations from the center of mass system to laboratory 
coordinates are made for the direction cosines. 

3. Post Thermal Collision Routine: The thermal direction cosines 
are selected from the linearly anisotropic thermal distribution 
by acceptance-rejection technique. 

Boundary Crossing Routine. Region importance splitting and attenuation of beams 
take place. 

Zone and Region Search Routine. When a particle crosses a boundary, all the 
regions within a particular zone are searched until its new location is found. 

Outer. Boundary Reflection Routine. Beams and/or particles are wholly or 
partially reflected and transmitted from outer boundaries, depending on tho 
boundary albedoes assigned in the input. 

Lost Particles Routine. Logic is supplied ·for a number of situations whereby 
a particle can become lost. Provision to correct the ambiguity is included. 

Output Routine and Statistical Analysis. Reaction rate and flux tallies for each 
of the statistical trials are processed for printing. At the conclusion, a statistical 
analysis of fluxes· and reaction rates is made, and a confidence interval is cal­
culated on preassigned tally boxes. 

4 

, 

• 



-. 

• 

II. COORDINATES, BEAMS, AND FLUX TALLY 

1. PARTICLES AND COORDINATES 

Each group of particles which the program processes has a coordinate whose 
analog is a classical beam of neutrons. This coordinate is continuously updated 
at each event during the Monte Carlo process. A coordinate consists of 12 
variables: N, x, y, z, q, a. y It, ~·g. h, m 

where 

N = the number of particles in t:l}e beam 

x,y, z = space coordinates in the reactor reference frame 

q, 6, y = direction cosines for the direction in which the beam is 
traveling 

t:: time in microseconds 

JE = square root of energy in electron volts 

g = microscopic energy group in which the beam is presently 
located 

, h = region in which the beam is located 

m =material in which the beam is located . 

Thus, a "beam" is a coordinate of N particles traveling in the direction 
a, 6, y. The coordinates are random variables. As particles are followed 
through the reactor system; these coordinates are advanced depending on the 
nuclear cross sections supplied in the input or computed by the resonance 
routine and the outcome of decisions made by random numbers. 

A block of 45 initial value coordinates created by the source generator 
will be read into the coordinate storage bank. The sequence of events which 
takes place in the Monte Carlo process begins when one of these coordinates is 
removed_ from the storage bank. 

2. PARTICLE AND BEAM PROCESSING 

New coordinates may be created at any time as the result of a successful 
collision. Depending on the nature of the collision, one or more particles will 
result having the x, y, z coordinates at the point of collision and traveling in 
the new direction, a' , 6', y '. If the resultant energy of the emitted particles 
lies within a new energy group, theN' new particles are assigned the new group 
number. The entire new set of coordinates is placed in the storage bank for 
future processing as new beams. Should a particle be absorbed, no new coordinate 
set i.s stored. The direction of the original beam does not change when collisions 
and other events take place. Only the discrete particles resulting from collisions 
change direction. The events which take place between collisions determine how 
particles travel in space, where collisions will take place, and how the flux is 
computed and tallied. 
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Each particle in the beam is treated independently of the other particles 
and advanced across boundaries along with the beam or taken to collision 
independent of the beam. Each particle in the beam possesses. an arbitrary 
neutron weight which has been assigned by region and group With the input 
data. Thus, the weights Ig and Ih correspond to the neutron weights assigned to 
the energy group g and region h, respectively. The neutron weight assigned to 
each particle in group g, region h will be 1/Igih. Neutron weights and splitting 
at boundaries Will be explained in Section Vl!. Each particle Will be advanced 
with the beam until it either (a) goes to collision, (b) leaks from the reactor 
through an external boundary, or (c) is lost crossing an internal boundary due 
to neutron splitting. Figure 1 gives a graphic illustration of how beams and 
particles are followed in the direction a, 13, y until they are terminated. Although 
this illustration is two dimensional, beams actually travel and cross boundaries 
in three-dimensional space. 

Region 1 Region 2 

N=2 

Origin ( K, y ,z) 

Region 3 Region 4 

Terminate 
Beam 

INC-A-11486 

FIG. 1 IL-LUSTRATION OF THE rROGRESS OF A SINGLE BEAM FROM BIRTH TOTE,RMINATION. 

· Regardless of how many particles are in the beam, the beam is followed 
until all particles have been processed and the beam has been attenuated to less 
than 1/10 of its original value. 

3. FLUX TALLY AND CONTINUOUS COLLISION ANALOG 

A beam originates at ro traveling in the direction a, S, y with N particles, 
each representing 1/Igih neutrons. The total number of neutrons in the beam is 
therefore: 
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The flux-volume-time integral can be obtained from the beam directly by 
noting that the scalar flux integral along a beam out to a radius R is equivalent 
to an isotropic point source emitter of Io neutrons/sec traveling at a constant 
velocity, v, in a homogeneous medium of mean free path X. The equivalent iso­
tropic point source emitter flowthroughanannulus at radius r from the emission 
point is 

neutrons 
2 em - sec 

In the time dt, a volume dV = r2dstdr is swept out by the equivalent isotropic 
emitter. Since dt = dr/v, tis not independent of r. Therefore, the volume-time 
differential is 

dVdt = r 2dndr o(t-r/v)dt. 

The scalar flux-volume-time integral is 

Io 1 f,R ft t)drdt =- . 
2 2 -r/A. r e 6 ( t-r /v) dndrdt 

4n n o t 
1 

2 
r 

= Io f dQ {R e-r/A.dr {t2 
4n n Jo j + 

tl 

o(t-r/v)dt = 

This is the scalar flux-volume-time integral arising from a point source 
emitter of 10 neutro~s per second over a. homogeneous sphere of radius R. 
That the Monte Carlo beams originate at a different point each time within a 
region and represent each time an anisotropic source rather than an isotropic 
oue makes no difference as long as we only wish to compute a scalar flux-volume 
integral. If the point source emitter above had been a beam emllted in a 
fixed direction, rather than isotropically, the scalar flux-volume integral would 
still be the same for the sphere of radius ~The continuous collision density 
function for the beam traveling in a direction ~1 is exactly analogous to the more 
familiar discrete collision track length definition of the flux for a particle 
traveling a distance .A.i between collisions. In the discrete collision case, the 
scalar flux-volume contribution i~ given 'by 10 >.. for the region in which it is 
traveling. (Note that the region can be any shape, no\ necessarily a sphere.) Here 
all Io neutrons wont to colliston at once at the end of the discrete path, Xi· 
Whereas, in the analytic continuous collision model, the neutron beam undergoes 
continuous collisions over a distance Sb to the boundary of the region; and the 
scalar flux-volume integral contribution for the region is given by this model as: 
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·The weight of the uncollided beam reaching the boundary is 

where 10 = N/Iglh, as before. 

sb 
I = I e-X 

0 

After the boundary has been crossed and the. new region being entered has 
been determined, the beam, with new initial weight I, will now be followed across 
this region to the next boundary for a distance S-b~ giving a flux contribution for 
this region of 

. sb, 

<I> I = I A I ( 1 - e-x' ) . 

The resultant neutron weight at the b' boundary will be 

8b' 
I' =I e-""""ft 

and the remaining portion of the beam will be continued on into the next region. 

In the discrete track length flux tally, the average distance to collision in 
an infinite medium will be A, where A is the mean free path of the medium. For 
the continuous collision model the ayerage distance to collision is given by 

<r-:. 

r 
-"'A r e dr 

Both methods give the same expected value. However, in the discrete 
collision model the fl~ tally depends directly on the discrete distance to colli­
sion which is computed by means of a random number, thus producing a statisti­
cal variance. By using the analytical method for the flux tally, the variance is 
reduced since the flux tally is independent of the distance to collision. 

The process of having collisions. acivanr.in.g the p3.rtioles to boumlal'y, and 
beam attenuation is continued in each region through which the beam passes 
until all N particles have .been used. The beam itself, however, continues.on 
until the beam's neutron weight is less than one tenth of the initial value, 10• 
The resultant weight is then subjected to a Russian roulette process and either 
terminated or doubled anct continuerl ::~.s above. 

When a beam is terminated, the latest coordinate generated from the discrete 
collisions suffered by the particles in the beam is picked up from the storage 
bank and processed as a new beam traveling in a new direction. If the bank is 
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empty, due to the system being subcritical or a temporarily unfavorable run of 
random numbers, 45 more Initial Value (IV) coordinates from the source gen- · 
erator are read into the bank. When. one of these is picked up, the· problem 
continues. If all the IV coordinates manufactured by the source generator have 
been used, the problem is finished. Other methods of ending the problem are 
described in Section VIT. 

4. COLLISIONS 

Even though the flux tally is made on the basis of the analytic model with 
a beam of neutrons suffering continuous collisions along the path of the beam, 
new beams must originate as a result of a discrete collision at one or more points 
along the beam path since the coordinates of the collision constitute the origin 
of new beams. The beam consists of N particles, and it is these particles which 
are advanced to collision as the beam progresses through the reactor. The dis­
tance to collision is a random variable and is determined for each homogeneous 
region the beam enters. If the distance to collision is greater than the distance to 
the next boundary of the region, the particle is advanced to the boundary and the 
process is repeated for the next particle in the beam. If the distance to collision 
is less than the distance to the boundary, the particle is advanced this distance 
to collision and the program enters the collision routine. When the collision 
has been processed, including storing the daughters of the collision in the coor­
dinate bank, the distance to collision is determined for the next particle and the 
process is repeated until all particles in the beam have been exhausted. The beam 
is then advanced to the boundary, and the particles which were advanced to the 
boundary from the previous region are now processed to collision or advanced 
to the next· boundary as described above. 

·Each time a boundary is crossed by the beam, the program enters the zone 
and. region search routine and the distance to boundary routine to determine 
the new region the beam is entering and the distance to the next boundary in 
that region. These routines are described in Section IV. 

A simplified flow chart of the process of beam attenuation, flux tally, and 
advancing of particles through a region is given in Figure 2. In this figure, 
N refers to the number of particles which start in a new region; N" refers to 
the number of particles whiqh have been advanced to the boundary without suffer­
ing a collision; IO is the initial weight of the beam; I is the attenuated weight 
of the beam at a given boundary; Si> is the distance to the next boundary in 
the direction a, 6, y; and Sc is the distance to collision for a given particle. 
In studying this flow chart, reference to Figure 1 and to the discussions in this 
section is necessary. 
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The following definitions are pertinent to Figure 2: 

m =material index 

g = microscopic group index 

h = region index 

>.mg = mean free path for material m and group g 

Imin = 10 percent of 10 = N/Iglh 

t = current particle time in microseconds (t = 0 for IV particles) 

F;. = random number 

V =velocity of particle 

T =census time in microseconds. 

10 
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Ill. NEUTRON COLLISION ROUTINES 

1. DISTANCE TO COLLISION 

In Section II the continuous collision analog flux tally for the beam was 
described. The number of neutrons per second di which have collisions along 
the path of a beam I with total collision cross section E and traveling with the 
velocity v in dr at r is given by 

-di = IEvdt : IEdr 

where the minus sign indicates a loss of neutrons. In this section the beam is 
described as possessing a dual beam-particle nature where only the discrete 
particles are actually advanced to collision. If particles were to go to collision 
continuously along the beam, the number per second dN having collisions in 
drat r is 

-dN =.NEdr. 

Upon integrating from an initial number of particles No toN particles, 

-Er N = No e 

The probability that a collision will occur in dr at r is given by 

dN· -Er P(r)dr = --- = E e dr. 
No 

The cumulative probability to r is given by 

lr tr -Er P(r )dr = E 
0 

e dr .. 

As defined, the cumulative probability will lie between zero and one. Since it is 
a probability function, it can be ·interpreted as representing the random variable 
r, which is the distance to collision Sc. 

r: ~lsc .... Erd :1 _· e-ESc = ., = .:. 
0 

e r = 1 -Sc/A 
- e 

where: A=~ , the mean free path for the medium. 

S = -A 1n(1-t;,) 
c 
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Since ~ is a random number, 1 - ~ will also be a random number. 

S = -A ln t; c 

The random number generator used in this program is de~cribed in Reference 
3. Upon request, it produces a so-called random number E;, where 0 < ~" 1.0. · 

. Because the mean free path A changes when a boundary is crossed, the par­
ticle cannot be advanced to collision beyond a region boundary. (The collision 
probability distribution changes abruptly across a region interface.) Therefore, 
Sc for each particle is compared to Sb; and if Sc is greater than Sb, the particle 
is advanced to the boundary. Although it is, in principle, easy to construct 
the cumulative probability function for particles traversing several regions 
of different mean free paths, one does not know in general which region is 
being entered when a boundary is crossed in a general three-dimensional 
Monte Carlo problem. For this reason it is necessary to stop at the boundary ~til 
the new region being entered is determined. Then, a new random number defines 
a new distance to collision in the next region, and the same process is repeated. 
Since a constant plus a random number is still a random number, this proce­
dure is equivalent to advancing to collision across several boundaries by mean!? 
·of the distributed probability function for several regions. The constant in this 
case is the constant associated with moving the particle a fixed distance, Sb, to 
the boundary before entering the new region. 

The particle is advanced to collision in this manner, but the type of collision 
is yet to be determined. 

2. COLLISION EMISSION NUMBERS 

Given that a collision occurs at Sc, the probabilities for the various nuclear 
events of absorption, scattering, and fission are Pa• Ps• and pF, respectively, 
where 

I: 
so = --
I: 

The average number of neutrons which will be emitted from each event is 
va, vs, and vF, respectively. The average number· of neutrons expected from 
each collision, due to the various events, is the sum of the neutrons from each 
event times the probability that the event will occur. 

N' = 0 • p a + l • p 
8 

+ vFpF = expected number of neutrons from collision. 

Pcmg = vcPcmg is defined as the colli.sion emission number for the type c 
event in material m, group g. These collision emission numbers are used to 
determine the types and .. rates of collision in the Monte Carlo process. It is 
observed that p a = 0 t anci. consequently t no time is spent processing purely 
absorption events since the effect of absorption is merely to reduce the other 
collision emission numbers proportionately. 
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Each time a particle advances to collision, P em particles are expected 
to be emitted from each possible event. These Pcm:particles constitute the 
origin of new beams at each collision, and N 1 = P em is the number of particles 
in the new beam. The Pcm are not usually integ~s. However, the method of 
advancing particles to colli~on described earlier requires N 1 to be an integer. 
It is therefore necessary to integerize the number of particles, Pcnw:' emerging 
from each event. This is accomplished by means of the so-calied Greatest 
Integer Function (GIF) which truncates the argument supplied to it. N1 is defined 
as the actual integer number of particles emerging from the collision event. 

N1 = GIF (P + ~) = fp + ~f 
cmg cmg 

where ~ is a random number between 0 and 1.-(Note: Henqeforth in this repo:r;-t, 
the brackets :f 'f will mean "Greatest Integer Function".) The fact that ·< N1 J> 

= Pcmg can easily be shown. At times the GIF will be zero depending on the 
random number, ~' chosen and the value of Pcmg. When this happens, the event 
is called an unsuccessful collision, and the next Pcmg for· this material is pro­
cessed in the order they have been listed by the problem requester in the 
input data. 

For each successful collision event, the post collision routine for that 
type of event is entered to compute the new energy of the emergent particles 
and their new direction cosines. The new coordinate is placed in the storage 
bank and the next Pcmg in order is picked up and processed. The order which 
has been fixed for storage of the Pcmg is the fission value first, followed by 
the elastic scatterers. Since fast inelastic scattering datahave not been included 
in this version of the code, the post collision routine consists of the post fission 
routine, the post elastic scattering routine for fastneutrons, and the post elastic 
scattering routine for thermal neutrons (thermal scattering routine). 

3. POST FISSION ROUTINE 

N 1 particles will result from a successful fission event, as described in 
the last section. A cumulative fission spectrum probability table for the fis­
sionable isotope involved must be supplied with the input data. The table con­
sists of 21 cumulative probabilities, Pn, and their associated lower energy 
cutoffs, En, for the range 0 < Pn ~ 1.0. 

A random number, ~'is successively compared with each Pn until 

p n < ~ ~ p n-1 

E > E ~·E n n-1 

Linear interpolation i~ then used to fixE 1 between En and En-1: 

~ - p 
El = E + n-1 ( ) n-1 p. - p E 1- E . n-1 n n- n 

14 

J 



The fission spectrum table number is assigned in the input for each material 
along with the P cmg value for that material. Only one fissionable isotope 
is permitted in each energy group of a material. 

The new direction cosines for the emergent fission particles are selected 
from a uniform distribution; ie, the fission particles are assumed to be emitted 
isotropically in the laboratory system of coordinates. The direction in which 
the beam is traveling is specified by the three direction cosines, a., 8, Y. They 
are defined in terms of the polar and azimuthal angle, indicating the direction 
of the beam relative to the fixed reactor reference frame. This fixed reference 
frame is such that the whole reactor lies in the positive upper right-hand 
octant of a sphereo 

a. = sin 8 cos cfJ 

8 = sin 8 sin· cp 

y =cos 9 

The probabiij.ty of a randomly ·distributed point on the unit sphere lying 
in any annulus d9 at 8 is given by 

P(8)d8 = -1/2 d(cos8) = -1/2 d~ 

' = ~y (-1/2) d" = -1/2y + 1/2 

-1 

y = 1 - 2~ . 
Any one of a number of schemes can be used to find a. and 8 by means of 

random numbers, but all methods are not equally efficient. If the azimuthal 
angle, cfJ, is selected from a uniform distribution, thencos 4>and sin <I> must be 
computed, and each of these takes more time than a square root calculation. 
The method used in this program requires only one square root calculation. 

Obtain two random numbers, p and q, where p = 2~1 - 1, q = 2~ 2-1 (0 < ~ 1,, 
~ 2 < 1.0). If p 2 + q2 > 1.0, the point p 2 + q2 lies outside a circle of unit radius. 
In this case, reject these values and select new values of p and q to repeat the 
process until p 2 + q2 :s l.Oo 

Then, 

sin<j> 

- p v 1 - y 2 

a.-., 2 2 
~p + q 

-J 1-/ 8 - q 2 2 
. p + q 

and cos<j> 

1 - y2 
·2 2 

p + q 
= p~ 

, using the value for y found above. 

a. is given the same sign asp, and 8 the same sign as q. 
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These random direction cosines are assignedtotheemitted fission particles 
and stored along with the other coordinates in the storage bank. 

4. POST ELASTIC SCATTERING ROUTINE FOR FAST NEUTRONS 

In Section Ill -2, the elastic scattering collision emission number was 
defined as though only one isotope contributed all .elastic scattering in the 
material. In actual practice, each material will be made up of a mixture of 
isotopes. In order to calculate the proper energy losses for each isotope 
involved, the scattering model must use the exact mass of that isotope in 
the transformation. from the center of mass system of coordinates to the 
lab system. This exact treatment of fast scattering requires that each isotope 
in the mixture be treated as a separate event and be assigned its own Pcmg· 
The order in which these elastic scatterers are assigned in the input is arbitrary. 
The mass of a scatterer is listed with each Pcmg for elastic scatterine;. The 
collision routine then sequences through the list of elastic Pcmg's, treating 
each one independently. · 

No provision for anisotropic scattering in the center of mass system 
is included in this version of the program, and all elastic scattering is treated 
as being isotropic in the center of mass system. For any isotope having a 
successful collision, a set of random direction cosines is selected as described 
in Section lli-3. These are then the isotropic direction cosines, a.", S", andY", 
in the center of mass for this isotope. In Section IIT-3 above, these random direc­
tion cosines were interpreted as being relative to the fixed reactor frame of 
reference. A proper treatment of elastic scattering would seem to necessitate 
that they now be interpreted as relative to the incident direction of the elasti­
caliy scattered particle. Actually, the reference frame is arbitrary since the 
direction cosines are isotropically distributed, and great simplification occurs 
in the equations for transformation to lab coordinates if they are interpreted to 
be relative to the fixed reactor frame in the center of mass system. Let a. ', S ', 
and ·y' be the final direction cosines of the scattered particle in lab coordinates 
relative to the fixed frame of reference. The cosine of the angle of scattering in 
the lab system is given by the inner product of the vectors before and after 
collision: 

case = [a.', S', y'] • [a., S, y] = a.'a. + 8'8 + y'y. 

Similarly, if the random direction cosines a.", S ", and Y" are taken relative 
to the fixed frame of reference, the angle of scattering in the CM system is 
given by 

casiJI =[a.", 8", y"] • [a., S, y] = a."a. + s"S + y"y. 

From elementary reactor theory, the transformation from the center of 
mass to the lab system for elastic scattering from a target at rest in the lab 
system is given by 

case = 
A casiJI + l (1) 

-{A2 + 2A casiJI +l 

E' A2 + 2A casiJI + l (2) -= (A +1)2 E 
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where A is the atomic mass of the isotope. This relationship is obtained by the 
addition of the velocity vectors from the CM to la.b system as illustrated in 
Figure 3. 

Vern 

v' 

INC·A·II484 

A 
In the figure, A+ ;L v is the welocity of 

the neutron relative to the center of mass,· 

VcM = __:f._ is the velocity of the center 
A+l 

of mass, and v'· is the velocity ofthe neu­
tron in the lab after collision. The dir­
ection of motion of the center of mass is 
(a, B, Y), since these are the direction 
cosines of the incident particle. 

FIG, 3 CM TO LAB TRANSFORMATION, 
If the x, y, z components of VCM 

A-r· --+ 
and A+l v are added inqependently to give the x, y, z components of v', the follow-

ing equations result: 

a'v' 
A vu 11 + E:X_ = (Aa11 +a} v --

A+l · A+l A+l 

S'v' (AS11 +S) v = A+l 

y'v' ( AY" +Y) v = A+l 

Adding the sum of the squares of both sides of these equations gives 

2 
(v' )2 = c2 v 

(A+l) 2 
where 

c2 = (Aa" + a) 2 + (AS" + S) 2 + (Ay1
• + y) 2 • 

Substituting this expression for v' into component equations gives 

a'C = Aa" + a 

S'C = AB" + 8 

y'C = Ay" + y 

The transformation equations from the center of niass to the final laboratory 
direction cosines become: 

a' 
Aa" + a = c 

s I AS" + s (3) = c 

y' :::: 
Ayn + 1. 

c 

17 



C2E 
E' = (A+l)2 

Substitution of the values for cose and cos'¥ in terms of these direction cosines 
produces Eguations (1) and .(2) and serves to verify the transformation. 

Thus, the complete transformation is given in terms of the random direction 
cosines and the mass of the scatterer. If a material is made up of several heavy 
elements, where the heavy element scattering is relatively unimportant, then 
these heavy elements may be lumped together in this material and assigned 
an average mass. The transformation will be based on this mass. A further 
option is included for elastic scattering in that any element which is assigned 
a mass of zero in the input will be treated as a scatterer of infinite mass. The 
transformation equations become:. 

a' = a" 

B' = s" '1'17::~nsformation equa.tions for soa.ttoror 

y' y" 
whose mass is set to zero in the input. 

= 
E' = E. 

Although anisotropic scattering coefficients are not provided for in this 
program, the treatment of anisotropic scattering in the CM system can be 
handled in terms of the above equations for elastic scattering. In this case the 
inner product of a set of random direction cosines a", 13 ", yn is taken with the 
incident direction cosines a, 13, y. · 

cos'¥ = a"a + 13"8 + y"y 

The anisotropic CM scattering 
Legendre coefficients, W1, W2, 
distribution function is givP.n hy 

is specified in terms of a truncated set of 
. , Wn, where the anisotropic scattering 

(4) 

The coefficients Ao, A1, •.• , An are obtained from the Legendre coefficients 
by means of a simple recombination of the terms in the Legendre series into 
a power series which is more suitable for machine computation. If cos'¥, as 
computed above with random direction cosines a", s.", Y", is substituted for 
lJ in Equation ( 4), P(cos'¥) is obtained. This value of \.1 is accepted if ,(p < P(ll), 
where ~ is a random number and Pis the maximum value of P()J) in the range 
~1 ~· l1 ~ 1; otherwise, it is rejected. If cos'¥ is rejected, a new set a", 13 ", Y" is 
chosen, and the process is repeated. When cos\!' is accepted, the transformation 
to the lab for this isotope proceeds by way of Equations (3). · 
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5. THERMAL SCATTERING ROUTINE 

Because of the complexity of thermal inelastic scattering cross sections 
for atoms and molecules, the thermal inelastic scattering process is not easily 
adaptable to exact treatment in the Monte Carlo process. Although exact ·treat­
ments of the gas model equations are possible by Monte Carlo[ 1], they represent 
a poor approximation to physical processes for molecular mixtures. Numerous 
thermal spectrum programs[ 7] exist which treat homogeneous mixtures of thermal 
inelastic scatterers and produce average few-group spectrum-weighted thermal 
cross sections. The present program is based on the use of these cross sections 
from a thermal spectrum code for a monoenergetic linearly anisotopic treat­
ment of the thermal scattering process in the lab ·system. For each material, 
average Eso and iio values from the thermal spectrum code for this material 
mixture are specified in the input. The lab scattering probability density function 
for this mixture is 

A set of random direction cosines a'·, ·s', Y' is chosen and~ is obtained from the 
inner product: 

~ = a'a + B'S + y'y 

If P(iJ) ~ s A = s(1/2 + 3/2 ii'o), then the random direction cosines a', s', Y' are 
accepted as the final lab direction cosines; if rejected, a new set a', 8 ', Y' is 
chosen, and the process is repeated. Here, s is a random number, and A= 
1/2 + 3/2 1i 0 is the maximum value of the function P(~) in the interval -1 ~ 
~~1. The energy of the thermally scattered particle remains at the same value 
the particle had when it initially entered the thermal group. The cutoff energy 
of the thermal group is arbitrary, and particles are treated as fast neutrons until 
they enter the thermal group. As more sophisticated thermal spectrum codes 

·become available, higher order terms may be added to the function P(~) so that 
a more exact treatment in the lab system for an anistropic thermal process can 
be made. 

A special thermal scattering routine _is being studied whereby double diff­
erential elastic scattering data will be processed in tabular form for a multi­
group structure in the thermal region. In this way, inelastic scattering laws for 
various moderators may be treated with minimal approximation. When perfected, 
this version ofthethermal scattering routine may be added to PMC a·s an altern­
ative to the present monoenergetic treatment of thermal neutrons. 

One of the merits of the monoenergetic treatment of thermal neutrons is 
that it is. very fast compared to such models as the gas equations, which are 
also approximations compared to the actual physical processes involved. Since 
a large proportion of the total number of collisions in water-moderated systems 
involve thermal scattering, the thermal scattering process must not require 
a large amount of computation time if the program is to be practical. 

If multigroup epithermal results are desired, the thermal group collisions 
may be shunted by specifying that the scattering Pcmg for the thermal group 
(last group) be zero for each isotope. Then, a given daughter entering the thermal 
group will suffer only one collision and be terminated. The thermal group cutoff 
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is arbitrary and is specified in the input. A truly monoenergetic problem may 
be run as a one-group (thermal) problem in which either fast or thermal group 
cross sections may be used as desired. In this case the source energy must be 
specified to be within this (thermal) group. 

In Figure 4, a simplified flow diagram of the collision routines is presented. 
The·following are de~initions of terms used in Figure 4: 

t = current particle time in microseconds 

V = .velocity of particle 

P cmg = collision emission number for this event 

Fm. = 1, material is fissionable; Fm = 0, material is not fission­
able 

i = collision event index 

n = fission spectrum table index 

Im = lulal number of elastic scatterers in the material 

Acm = mass of scatterer <Acm = 0 implies that scatterer is iso­
tropic in lab system) 

iio = average thermal cosine of the polar scattering angle in 
the lab system 

A = 1/2 + ~/2 i:io =maximum value of the function P(lJ) = 1/2 
+ 3/2 ~OlJ. 
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IV. GEOMETRY SPECIFICATIONS AND SEARCH ROUTINE 

Each time a beam crosses an internal or an external boundary, it is 
necessary to find out which region has been entered. The program will locate 
the beam using the geometry information supplied to it in the input data. A 
reactor problem is described in terms of bou:ndaries, zones, and regions. The 
following· sections . describe how regions and zones are construc~ed, how the 
search routines function,' and how the distance to the next boundary in the· new 
region is obtained. Also included is a description of external bound~ry ·reflec­
tion and transmittal and the tallies Which result. 

1. GEOMETRY CONSTRUCTION FOR REGIONS 

' 
The complete volume under study, including fictitious regions (described 

in Section IV -2), must always be placed iri the first octant of the standard rectan­
gular x, y, z coordinate system. Therefore, computed x, y, or z coordinates 
should never be negative. The following types of surfaces may be used to describe 
the region boundaries in a problem: 

(1) Planes, of the general form Ax+ By+ Cz = D 

(2) Points and lines 

\ 
of the general form (x-xo)2 

(3) Cylinders + (y-y0 )2 + C(z-zo)2 = R2 .where c = 0 

(4) Spheres (cylinder) or 1. 0 (sphere). 

Planes are restricted to those lying perpendicular to the x, y, or z axis 
and to those which are perpendicular to the z-axis but not necessarily parallel 
to the x or y axis. Acceptable planes are 

Ax+By = D 

Ax=D 

By=D 

Cz =D. 

Lines and points are used to indicate the center of cylinders and spheres 
and are described as a cylinder or sphere of radius 0. 

. A cylinder must lie_ such that its axis is parallel to the z-axis, as (x-x0)2 
+(y-yo)2 = R2, where xo, YO is the center of the cylinder with respect to the x, 
y, z reference system. 

Spheres are described by the standard equation: 
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There are four basic region types, differentiated by having 6, 1, or 2 
curved boundaries. In preparing input for Input Group 8 (Section VIII-3), refer­
ence must be made to the following sections to determine the proper region 
type. 

1.1 Region Type 1 

These regions are those which have no curved boundaries. Examples are 
rectangular parallelepipeds and polygonal (in the x-y plane) volumes (see Figure 
5). These regions are described by five to eight plane boundaries. Planes inter­
secting the z-axis must be parallel to the x-y plane. These planes may have 
any arbitrary positive z coordinate. 

z z z 

INC-A-11485 

FIG, 5 REGiONS OF TYPE I, 

.1.2 B.~W.<?P. T_yp~ ~- ., 

These regions are those having one curved boUildary and from five to seven 
plarie boundaries. Planes intersecting the z-axis must be parallel to the x-y 
plane. The following examples (Figure 6) in the x-y plane of region type 2 
(shaded areas) show some of its uses. These are not the only possible situations, 
but are sufficient to illustrate the possibilities. The unshaded regions may be 
either cylinders or spheres. 

1.3 Regiori Type .3 

These regions are those having two curved boundaries with two to six 
piane boundaries. This type contains a wid.e variety of forms, some of which 
are shoWn in Figure 7. Again, planes intersecting the z-axis inust be parallel to 
the x-y plane. All cylinders are considered concentric. Therefore, in the case 
of a single cylinder, the region description must include a line cylinder of radius 
0. This also holds true whenever a region lies interior to a sphP.l'e Ol' cylinder. 
All of· the cylinders described in the above examples must be bounded by top 
and bottom planes in the z dimension. These planes may be independent of those 
bounding any adjacent regions. 
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FIG. 7 REGIONS OF TYPE 3. 
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1.4 Region Type 4 

These regions are those which have no plane boundaries. This region type 
is limited to concentric spheres which have two curved boundaries. All spheres 
are considered concentric. Therefore, for a single sphere a point must be included 
in the center of the sphere as part of the region description. This center point 
is a sphere of radius zero. 

The two-boundary description of a single cylindrical or spherical volume 
is necessary because the distance to boundary routine has been programmed on 
the basis of a cylindrical or spherical annulus. Therefore, the area inside a 
single cylinder or sphere becomes a cylindrical or spherical annulus by including 
a center line or point as the second surface. The general routines will then work 
in this case also. 

2. FICTITIOUS REGIONS 

Assume that a beam has just been advanced to a boundary. In order to find 
out Which region the beam is entering, the beam must have actually crossed the 
boundary of the region. A problem arises when the beam crosses an outer bound­
ary of the reactor volume under study. At this external boundary, the beam will 
be reflected or passed through the boundary, depending on the value of the 
albedo assigned to that outer boundary. Since the beam is now physically outside 
the outer boundary, it does not lie in a defined region. The program must be 
able to resolve this ambiguity. As illustrated in Figure 8, to know which 
boundary Was crossed is not sufficient to tell where the particle is. 

Region h 

INC-A-11473 

l:!oundory n 

Outside Reactor 
(fictitious region) 

Region h' 

FIG. 8 USE OF FICTITIOUS REGIONS. 

Along path 1, in general, the beam 
will be reflected after reaching the 
boundary since to continue to advance 
in the same direction would put the par­
ticle outside the reactor. 

However, along path 2 we want to 
continue the beam in the same direction, 
passing on into region h', which is a 
region inside the reactor. 

Since boundary n is crossed in both 
cases, there must be a method of differ­
entiating the two situations. 

To handle this problem "fictitious 
regions" or buffer volumes, completely 
surrounding the reactor cell, are used. 
Whenever a beam enters a fictitious 
region, the program can determine that 
a refieeLi ve boundary has been crossed 
and can then proceed to the reflection 
subroutine. 
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The description of a fictitious region is of the same form as an ordinary 
region. In the Monte Carlo input, fictitious regions follow the ordinary regions 

'in sequence and are numbered beginning with 401, continuing consecutively. The 
region set number and material are .both designated zero. The width of the ficti­
tious region buffer . zone is arbitrary but should be wide enough to eliminate the 
possibility of machine roundoff errors when the particle enters the region. A 
suggested width is 0.5 to LO em. · 

Fictitious regions are also used to tally the number of particles and neutrons 
which have escaped from a particular surface of the volume under study. No 
flux will be tallied in these regions. 

As an example to show how these fictitious regions are constructed, let 
the reactor cell under study be a cylinder. This is surrounded with a second 
cylindrical region one centimeter larger in radius than the first one, and it can 
be called fictitious region 401. 6n the ·top and bottom of these cylinders are 
included two more slabs extending one centimeter above and below the planes 
defining the z-direction limits of the reactor cell. The volumes thus formed are 
fictitious regions 402 and 403. The reactor cell is now completely surrounded 
by fictitious regions. · 

3. RULES OF SIGN CONVENTION FOR REGION BOUNDARY NUMBERS 

All boundaries describing the regions of the problem under study must be 
one of the standard forms given in Section VIII-3, Input Group 5. These boundary 
equations are assigned consecutive numbers by the user, independent of the 
regions they describe. In the region description (Input Group 8), plane bound­
aries are given a sign -- the sign depending upon the location of the region 
relative to the boundary and the fixed reference frame. 

No sign and a positive (+)bothindicateapositiveboundary.All.curved bound­
aries are to be assigned positive in the region description. In general; relative 
to the fixed reference frame, a plane boundary is to be considered positive for 
a region if that region lies to the right of, or above, the boundary, and negative 
if the region lies to the left of; or below, the boundary. · 

As an example, in the x-y plane, take the square region h bounded by 
equations numbered 1 through 4 (see Figure 9). 

The signed boundary numbers describing this region are 1, -2, 3, -4. 

To determine analytically the sign of a boundary for a region, substitute 
the coordinates of an arbitrary point which lies within the region into the express­
sian Ax+By+Cz-D, where A, B, C, and D are the constants which determine the 
plane boundary under question. If the resulting number is positive,considerthe. 
boundary positive for that region; if the result is negative, assign a minus sign 
to the boundary for that ;region . 

For example, take the following trianglilar region in the x-y plane in Figure 
10: 
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FIG, 9 BOUNDARY SIGN CONVENTION EXAMPLE 1. 

3.0. 

I. x=4.0 
2. y= 1.0 

3. x-y = 1.0 
3 

h or 
3. y-x=-1.0 

1.0 --------'-;..""----::---~ 
'/ 2 
/ 

/ 
/ 

o~--~~-~~------~-----2.0 4.0 INC•A•II475 

FIG, 10 BOUNDARY SIGN.CONVENTION EXAMPLE 2, 

The only boundary which is ambiguous is boundary number 3, Assume that 
the boundary is read l.n RA x-y = 1. Tho urbih'a.t•y vulnt (3, 1.1) is clearly within 
the re'gi.on. Since Ax+By+Cz-D = 3.0 - 1.1 -1.0 :> 0, assign boundary number 3 
as positive· for this region. 

If, on the other hand, the boundary is read .in as y-x = -1.0, then for the 
same point ·(3, 1,1), Ax+By+Cz-D = -3.0 + 1.1 + 1.0 < U and the minus sign must 
be given to the boundary number for this region. 

Either equation may be used to describe the boundary, but care must be taken 
to see that the proper signs are specified when using this boundary to describe 
regions. 

4. DISTANCE TO BOUNDARY ROUTINE 

When a beam enters a new regi.~n traveling in the direction a, ~. Y, the 
distance to the next boundary across the region must be computed using the 
general equations for plane and _curved boundaries. Since it is ·not known at that 
point which boundary the beam will cross next, the distance to each boundary 
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in the region must be computed even though some of these distances may be 
negative. The true distance to boundary is the minimum positive distance. All 
other distances are rejected. Each region type takes a different path through the 
distanc~ to boundary routine depending upon the number of curved boundaries. 

4.1 Distance to a Plane Boundary 

To compute the distance, Sb, to a plane boundary, Ax+By+Cz = D, from a 
point in space (x1, Y!t z1) traveling in the dir~ction (a, B, Y), let p be the per­

. pendicular distance from the point (x1, Y1• zi) to the plane, w, be a unit vector 
·alo.ng p, Sb, be the distance . .in the direction (a, B, y) to the plane, an~ v be a 
unit vector in the direction of Sb (see Figtire 11). · 

cA.x+By+Cz =D 

-+ -+ -+ -+ 
w = a. + B. + yk 

~ J 

-+ -+ -+ 
p A. + B. + c 

.~ l J .k 
·v = 

VA2 
+ B2 + c 2 

X INC·A-11476 

FIG. 11 DISTANCE TO A PLANE BOUNDARY. 

From elementary analytic geometry, 

4.2 Distance to a Cylindrical Boundary 

In Figure 12, p1 (x1, y1, z1) is the location of the particle before computing 
a distance to boundary, and p2 (x2, y2, z2) is the point wh~re the path .of the 
particle in the direction (a, B, y) comes closest to the ax1s of the cylmder. 

L is the distance between p1 and p2: Lxy, its projection· on the x-y 
plane. 
D is the perpendicular distance from p2 to the axis of the cylinder. 

R' is the radius of the point p 1• 
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Let 

FIG. 12. DISTANCE TO A CURVED BOUNDARY. 

R
0 

is the radius .of the outer cylinder; li• that of the inner cylinder. 

Sxv i.s the x-y projection of the three-dimensional distance ~ 
to -a curved boundary. . 

Three cases for possible boundary crossings exist (Figure 12): 

(1) The particle is·. headed inward and will cross the inner curve. 

(2) The particle is headed inward, but will miAR the inner curve 
thus crossing the outer curve (because D is larger than,~). 

(3) The particle is headed outward and will cross the outer curve. 

x' = xl -x 
0 '· 

y' = yl-y 0 

N 
2 2 2 = a +!3 = 1-y 

k = ax'+l3y' 
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Then 

R' . + + 
= x' i+y' j 

R'2 = x'2+y 1 2 

+ 
(x2-xo) 

+ + D = i + (y2-yo) j 

The projection of L on the z-axis: L = Y L z 

12 = 12 + 12 
xy z 

12 12-12 2 2 
1

2
N = = 1 (1-y ) = . xy z 

Similarly, 

By using the Pythagorean Theorem: 

For Case (1) 

s = 1 ~R~-D2 
xy xy 

For Case (2) 

s = L + ~R;-D2 xy xy sb = ~ 1 + N • 

For Case (3) 

s -1 + ~R~-D2 
xy xy 

. ~ R2-D2 
S.b = -1 + o . 

N • 

+ + + + 
Let n

0 
- cd+(3j+yk be a unit vector in the direction of particle travel. 

x
2 

= x
1

+1a, or x 2-x
0 

= x1-x
0

+1a = x'+1a 

.. + + + 
D = (x'+1a)i + (y'+18)j 

There is no z-axis component since D is perpendicular to the axis of the 
cylinder, which lies parallel to the z-axis. 
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Sine~ 

-+- -+-
D • n0 = (x 1 +La.)a.+(y 1 +La)a = 0 

2 2 . 
L(a. +a )+a.x 1 +ay 1 = o 

L = .a.x 1 +ay 1 = K 
- 2 

0
2 - N 

a. +'"' 
-+-
R I -+- -+- -+-R' • n0 = cos (R 1 , n 0 ) 

a.x 1+ay 1 = K . 

-+-
lf cos(R', no> > 0. then ito is directed outward, away from th~ center. If 

...:v~(R1 • no> ~ n, then ~) is directed inwind tuward the center. L and -K will 
have the onmc sign, since N ..: 0. Therefore, when L > 0, fio is inward, L > o, fio 
is outward. 

In general then, the distance to boundary; ~·is given by 

where 

_1:2:2 
S = L ± ~~ b N 

R = ~ and the negative sign is used if L > 0, and D < ~ (Case 1) 

R = R
0 

and the positive sign is used if L > 0, and D > ~ (Case 2) 

n - n and the po:slllv~ l:lign is used 1f L < 0 (Case 3). 
0 . 

4. 3 Distance to a Spherical Boundary 

The equations ior the cylindrical and spherical ~oundary crossings may 
be made the same by the following new definitions: 

D is the perpendicular line drawn to the center of the sphere (x
0

, y 
0

, z
0

) 

from the line L. 

~ 2 2 2 
R'~ = x' + y' + z' 

2 2 ·:.0 = a. + a + y~ = 1 

K ....... ax• + !3y' + yz' 
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+ 
Since D now has a z-component, 

D = (x' + La)i + (y' + L8)J + (z' + Ly)k 

resulting in 

L - -

With these definitions; the equations for the cylinder may-be used to compute 
the distance to a spherical boundary. 

5. SEARCH ROUTINES 

The PMC search routine consists of two parts, the· zone search and the 
region search. Any beam crossing a boundary is subjected to both the zone 
and region searches in order to locate the region being entered. Locating a 
region within the geometry framework is analogous to trying to locate a given 
county from the whole Uriited States. On the average, half the counties in the 
country would have to be tested, one by one, in order to locate the county in 
question. The work would be made much easier and faster if the state in which 
the ·county is located were known. Then only the counties of that state need be 
tested. The purpose of the zone search, then, is to locate-the "state" or larger 
subdivision of the geometry framework in which a particle is located. This greatly 
speeds up the region search,. 

There are three kinds of zone geometries: parallelepiped, cylindrical, and 
spherical. The user divides a Monte Carlo problem into zones using zone lines 
which are measured from the zone geometry center point along the x, y, and z 
axes (parallelepiped), radial and z axes (cylindrical), or radial axis (spherical). 
Each zone may contain from one to seven regions (including fictitious regions). 

5.1 Parallelepiped Zones 

Zones are numbered in increasing order, first in the z-direction, then in the 
y-direction, and finally in the x-direction. They may be compared to a pile of 
blocks. Block No. 1 is located nearest the zone geometry center point. Block No. 
2 is just above it, No. 3 above that, and so on up the z-axis until the top of the 
pile is reached. The next higher numbered block will be at the bottom of the pile 
again, one block along the y-axis outward from block No. 1. This pile will 
again numerically increase along the z-axis, and so on until a wall one block 
thick has been built along the y-axis. Next, along the x-axis, walls parallel-to 
the first wall are built until the zone blocks have completely covered the 
volume under study. 

Zone lines will be read in along the x, y, z axes, respectively, as~~ b., 
ck (i = .1, •.. ,I; j = 1, ••. , J; k = 1, •.• , K), where I, J, and K are the total numb~r 
of zone lines along the axes and a1, b1, c1 are all O. There are, then, a total 
of (I-1) (J-1) (K-1) zones. 
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Let (x1, yl' z1) be the coordinate of a point. Along each axis the point will 
lie between two zone lines. A zone index (i, j, k) may be found from the equations: 

a. < < ai+1 1 - x1 -

bj .s y1 ,s bj+1 

c < k - z < . 1- ck+1 

The 2;one number N is then given by 

N = (J-1)(~-1)(i-l) + (K-l)(j-1) + k. 

5.2. C:ylindrical Zones 

zone~ are numbered in increasing order, first in the z-direct~on. then 
radially. Jn the block 11ln~tration, build with uylinder shaped blocks beginning 
with block No. 1 nearest the zone geometry center point; bQild upwa:rd along 
the z-a_,qs until the top i13 reached. The next and following layers of blocks 
will be annuli and are built up like putting doughnuts on a stick. Each time the 
top of the pile is reached, start again at the bottom with a new set of doughnuts 
larger in :radius. 

Zone lines will be read in along the rand z axes, respectively," as Ri, Ck 
(i = 1, •••• , I; k = 1, •.•• , K), where I and K are the total number of zone lines 
along the axes and ·R1 and Cl. are 0. The Ri are radii with respect to the zone 
geometry center point. There ts a tota~ of (I-1) (T<-1) zones. 

Let (x
1

, yl' z1._> be the coordinate of a point and_ (Xq, y0 , z0 ) be the zone 
geometry center pomt. The zone index (i,k) may be found from the equations 

2 2 . 2 2 
. R . .s (x

1
-x ) + (y

1
-y ) ~ R.+

1 1 0 0 l. . 

The zone nurn ber N is gt v0n by 

N = (K-1) (i-1) + k 

5.3 Spherical Zones 

Zones are numbered in increasing order radially, beginning nearest the 
zone geometry center point. Zone lines will be read •in along the r-axis, as · 
R\ (i = 1, •.• ,I), where I is the total number of zone lines and R1 = 0. There is 
a otal of I.,..l zones. · 
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Let (xp y1, z1) be the coordinates of a particle and (x
0

, y
0

, z
0

) be the 
zone geometry center point. The zone index, i, may be found from 

The zone number N is just i. 

To illustrate how to find the zone number of a particular zone using 
cylindrical zones, take two concentric cylinders cut in half (a total of four 
zones). Three zone lines are read in along the r-axis (I = 3) and three along 
the z-ax{s (K = 3). Zone A is the upper, inner cylinder; zone B is the lower, 
outer cylinder. Find zone numbers A and B (see Figure 13). 

I 
I 
I 
I 

I I 
I __ ----------~ 

//1 ----- ~- ....... 
/I/ -....1" 

( ) 
!'-........ -/I -------

INC-A-114 77 

FIG. 13 ZONE GEOMEllo(Y EXAMrLE. 

Solution: 

ForA: i -=1,k=2 
N = 2(1-1) + 2 = 2 -- Zone no. 2 

For B: i = 2, k = 1 
N = 2(2-1) + 1 = 3 -- Zone no. 3 

The zone description is entirely independent of the region description and 
does not necessarily use the same boundaries that were used in the region des­
cription. Although in many cases, a judicious choice of zones will also allow 
some of the region boundaries to be zone boundaries; the two boundaries do 
not have to coincide. If mnr~ zone boundaries are required, they can be con­
structed without regard to existing region boundaries. If a complex region 
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construction is required, then zone boundaries may intersect region boundaries. 
In this case, for Input Group 13, that region is merely described as being 
contained in both zones. There is no restriction to the number of zones occupied 
by a single region, but a single zone may contain no more than seven regions. 
The most efficient choice of zone lines would establish only one region within 
each zone. The region search routine is bypassed, in this case, since once the 
zone is located the region is simultaneously found. This is not always possible, 
and if several regions are contained within a single zone, the region search 
routine must determine which region the particle lies in. 

The region search begins as soon as the zone has been found. The region 
search consists of inspecting each region in the zone one by one until the region 
number of the location of the particle has been found. To determine if a given 
point is within a region, the position of the point is tested with respect to each 
boundary of the region. This is done in thA case of plane boundaries by sub­
stituting the coordinates of the point into the equation of the boundary and com­
paring the sign of the number res1..1lting from. this eubotitutiou with the sign of 
the uuuw.lary for the particular r~gion being tested. If any boundary is encountered 
where the sign assigned to it for that region does not agree with the sign of the 
substitution of the point into the equation, then the particle is not in that region. 
For curved boundaries the radius squared of the point is compared with the 
radius squared of the inner and outer curve for the region. In the case of a 
region with only one curved boundary, it is compared with the radius squared of 
that single curve. 

Since the zone search takes less time than the region search, it is advisable, 
in the construction of the zone overlay, to make as many zones with one region 
per zone as possible or at least to create zones with only a few regions in them. 
Also, to save time, thA largest regions in the zone should be listed first in 
the input (see Input Group 13). In the region search, regions arc tested iu the 
order they are read in. Within any given zone a particle has more chance of 
being in a large region than in a smaller one. 

After the new region, h', has been found, of the N particles which reach the 

boundary, ~ N + t;, t particles enter the new region, where .; io a rar1dow number f I ' 

h J 
and Ih'/Ih is the ratio of importance weights of the new and old regions (see 
Section VII-4). 

6. EXTERNAL BOUNDARY REFLECTION 

In Input Group 6 (Section VIII-3), boundary numbers which are to be external 
reflecting or transmitting boundaries must be indicated. Each external boundary 
is assigned a positive albedo (Input Group 7) by macroscopic group number. 
The albedo is defined as 

S = reflected neutron clrrrent 
total incident neutron current 
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All internal boundary crossings transmit the complete neutron beam, and the 
number of particles crossing the boundary are determined by the ratio of the 
region importance weights. For the external boundaries, the fraction of the 
neutron beam reflected is 8, and the fraction transmitted is 1-8. The same 
applies the Jhe remaining particles in the beam. If N particles reach the external 

boundary, fsN + ~ f are reflected. N = f SN + ~ J are transmitted through the 

boundary. Those particles transmitted are printed at the end of each trial as the 
quantity, PLEAK. The number of neutrons those particles represent is given 

PLEAK . 
by I Ih and talhed as OBSNLEAK. Both of these quantities represent, 

actual gdiscrete particles or neutrons leaking from a particular external boundary 
into a pre-assigned fictitious region and may be positive or negative depending 
on the value of the albedo. The continuous beam weights which cross the external 
boundary are given by I(1-8) = PINLEAK, where I is the beam weight at the 
boundary. This last tally is the one used in computing a multiplication factor 
(KEFF) for the problem. 

After a particle has been advanced to a boundary and it is found that 
the region on the other Jide of the boundary is fictitious, and providing the 
albedo of that external boundary is not zero, 'then reflecting direction cosines 
must be computed at the boundary. The equations to find these new cosines 
depend upon whether the external boundary is a plane or a curve. 

6 .1 Plane Reflecting Surface 

Figure 14 illustrates in two dimensions what will occur in the program in 
three dimensions. The plane external boundary is read in as Ax+By+Cz = D 
(see Input Group 5). The Monte Carlo inputprogram will normalize this equation 
to ax+by+cz = d, where 

B 
b =-----

VA2+B2+c2 

+ 
Let a beam vector, s1,_pe traveling with direction cosines (a,l3, Y) toward 

the plane, ax+by+cz =d. LetT be a unit vector normal to the plane; P be a vee-.,... 
tor parallel to a straight line drawn from the point on the plane where T is 
perpendicular, to the point where 81 strikes ~he plane; and, extend p to the 
point where the reflected beam vector, 82 ( a 1, f3 1 

, y 1) , will meet it. · 
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Then, 

-+ p = 

ox+by+cz=d 

.. 
p 

INC-A-11478 

FIG. 14 REFLECTION FROM A PLANE BOUND­
ARY. 

-+ -+ 
sl + s2 

112"P -+ = sl T (angle of'in.cidence ==.angle of reflection) 

-+ -+ 
82 = sl 

-+ 
2T 

Taking each component, 

a' ls2 1 alsll £al~l 

8' 1821 = 8ISll 2biTI 

y' ls2 1 = Yls1 1 2ciTI 

But, since 
1321 ls1 1 ITI 

...J 2-2 2 - and = 1::1. +b +C = 1 

a' 
2a 

= a -
ls1 1 

8' = 8- A_ 
Js1 1 
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y' = y 2c 

(aa+Sb+yc) IS 11 = 

ls1 1 
a' = a - 2a(aa+Bb+yc) 

S' = S - 2b(aa+Sb+yc} 

y' = y - 2c(aa+Sb+yc} 

6.2 Curved Reflecting Surface 

aa+Sb+yc 

(5) 

For a curved external boundary. first compute the tangent plane at the 
point where the beam vector strikes the curve .(xl• y1• z1), and then proceed 
as in the plane boundary case. 

Let f(x,y ,z) = 0 be the equation of the curve~ bounda::2. For the ~articular 
boundaries allowed in the code, f(x.y,z) = (x-x

0
) + (y-y0 ) + K(z-z0 ) - R = 0, 

where (x
0

, y 
0

, z
0

) is the center of the circle·, and K = 0 for a cylinder and K = 1 
for a sphere. 

·The coefficients of the tangent plane will be: 

A' = lf I = 2(x -x ) ax 1 o 
(xl,yl,zl) 

For the normalized tangent plane: 

a = 

But, 

a = 

A' 

x -x 
l 0 

R 
Y1-Yo 

.b = R 

b = B' 
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Using these values of a, b, and c the reflected direction cosines are com­
puted from Equation (5). 

7. REGION SETS 

By the use of "region sets", the flux from several regions may be tallied 
in a single tally box. Any number of defined regions may be lumped together 
in this manner to create one flux tally box. 

For reasons such as the geometry limitations of the Monte Carlo, actual 
physical regions of a reactor problem may have to be divided into smaller 
regions. This is shown in Figur.e 15 where the whole area outside the shaded 
circles is to be considered one physical region. Because of the geometry 
y · limitations, the lurge physical regiun 

L----------------------------X 
INC-A-11479 

FIG, 15 ILLUSTRATION OF USE OF REGION 
SETS, 

must be divided into two smaller I'eginm:: 
(separated by the dotted line). However, 
both smaller regions may be listed 
with the same region set number; and 
during the Monte Carlo run, any flux 
accumulated in either of the smaller 
·regions will be tallied in the same 
storage location, thus effectively recre­
ating the actual physical region. 

8. RECOMMENDED GEOMETRY CONSTRUCTION PROCEDURE 

Before preparing input to the Monte Carlo program, it is suggested that 
the folloWing general procedure be used when setting up the geometry for a 
problem. It is best to have the problem well laid out in advance: 

(1) Draw two-dimensional diagrams of the problem, all three views 
if necessary, showing each boundary and ·region. All diagramR 
must be in the first quadrant of the x, y, z reference system. 

(2) Surround the drawings by a sufficiently large buffer area for 
fictitious regions; draw in the fictitious regionR (P.verything, 
including fictitious regions, still in the first quadrant). 

(3) Establish the type of zone geometry and its center point. The 
center point will be at (0 ,0 ,0) for parallelepiped zones. For 
cylindrical zones it will be at the center of the cylindrical 
system and 0 along the z-axis, For spherical zoneR it will be 
the center of the spheres (located somewhere in the first octant) • 

(4) Number the regions consecutively; ordinary regions beginning 
with number 1, fictitious regions beginning with 401. 
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(5) Number the boundaries in any convenient order and make a list 
of the boundary equations, beginning with 1, and numbering them 
consecutively. 

(6) Make a separate list of external boundary numbers. 

(7) Next to each plane boundary in each region, put a+ or a -
sign to show the relative position ofthatregion to the boundary. 

(8) Construct the zone overlay and number the zones. 

(9) Write down, by zone number, a list of regions which belong in 
each zone. 
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V. RESONANCE ROUTINE 

Up to this point, no treatment of resonanc~ cross sections has been given 
other than mentioning that resonance effects can be present through the cross 
sections which affect particles through the P c and L:T. Two versions of PMC 
exist: one version treats nonresonant cross sec¥l6ns; the second version permits 
th~ calculation of resonant cro~s sections directly in ~pecified energy ·ranges. 

In previous sections the discussion was geared to the JlOnresonant version 
of the program where it was assumed that all Pcmg's and A's for each energy 
group and material were supplied in the input. This Implies that all cross sec­
tions were calGulated exterior to PMC. Therefore, each time a particle has a 
collision, :resulting in an energy change, or enters a new material, a new set 
of Pcmg's and "A is available by proper indexing. 

In the resonant ver~ion of the program, a resolved and unresolved resonance 
range i~ specified, nnd those ei1ergy groups which He either completely or 
partially within the resonance range have a combination of ~ingl~-l~vel Breit­
Wigner r§sonance parameters and smooth microscopic cross sections stored. 
One set of resonance parameters is input for each resolved resonanc.e in the 
;resolved range for each resonant isotope in a material and one set is giv~n 
for tJ;le unresolved range. No resonance is pe;rmitted in the thermal group, 
however. 

Whenever a new set of coordinates is taken from the storage bank, a test is 
rp.ade to determine if the coordinate is in a region of a resonant material. If it 
is, t]1e energy is tested for each :r:"esonant isotope iJl the material to see whether 
i.t lies in the resolved or unresolved range. Microscopic cross sections are also 
input for nonresonant isotopes i.n resonant materials for those groups which 
lie in the resonance range. For each resonant isotope, the Doppler broadened 
capture, fission, and scattering cross sections are computed from the Breit­
Wigner single-level equations using each of the resonances lying on either 
side of the ·particle em~rgy, E. The smooth cross sectiou~ uf both resonant and 
nonresonant isotqp£;\S are thP.n ~rlrlPd to the rooonant er<'J5S ::;~cllun~, weighted 
by their atom oensitieR. ThP. Pcml!'s and ;\ urc then for111~Ll al that energy, and 
the particle is ready t9 proceed "to collision. This process is repeated every 
time the particles and beams change energy or enter another resonant material. 

The Doppler broadened capture, fiRsiQn, and scattering C:r:'oss sections for 
a resonance at energy E0 are given for a neutron at energy, E, velocity, v, 
by 

rF aF 
= aC(E) - +­r v 

y 

2 r 2 

aS(E) = 4nn _g_ (A+l) _E. 1jJ(X,6) + 2g 
2m E0 A r2 
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where 

J = I ± ~ 

The Doppler line functions $(X,e) and X(X,8) are given by 

where 

l 1jJ(X,8) = -=--
2Fe" 

x(X,8) = l 

2 

1
"" -(X-Y) /48 

-"" ...;;.e_l_+_Y--:2:---- dY 

2 
{"" .::..Y_e;;;..-_c_x_-Y_

0

_) _;_4_8 dY 

} -"" l+Y'-

4EKT 
8 =--

Ar2 

K is Boltzmann's constant and the temperature T is input in degrees 
Kelvin. With the substitution of u = Y-X 1jJ and X may be transformed 
into 2~ 

~(x,e) = Jn L: + ~:~: + X)2 

These equations are now in a form adaptable to the Gaussian-Hermite 
quadrature formula which gives an approximation of the integral 

J(: .-x2r~x) dx by ~ wir(zi) 
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where the zi are zeros of the Hermite polynomial of degree N, and w. are 
their corresponding weights. The number of zeros, N, taken will be either 
10 or 20, depending upon the size of X and 0. 

For some ranges of X and 0 the Gaussian-Hermite approximation is not 
sufficiently accurate and a 51 or 81 point trapezoidal integration is made. This 
approximation is given by · · 

where 

2 
-u 

P. n 
f =--.......;..~~---::::-n r- 2 

1 + (2~0 un + X) 

-I u2 
= ( 2 W U.n + X) e- n 

(N = 50 or 80) 

for tjl 

. f 
n l + (2\[8 u + X)

2 
n· 

for x • 

2 
The Un are the evaluation points along the u-axis, and the e -un are their 

corresponding weights. Numerical integration takes place between u = -3.4 
2 

and u = 3.4, where the value of e -u is approximately 10-
5. l\u is the distance 

between evaluation points along the u-axis. 

In Equation (8), the interference term is summerl for the two adjacent 
resonances before the potential scattering cross section ap for that isotope 
is added. This is true also in Equations (6) and (7) where the 1/v cross section 
variations, a*c/v and o*p/v, are not added until contributions from the two 
adjacent resonances are computed. The two terms o*c and o*F are read in 
as MU13 and MU14 in the resonance parameter tables immediately following 
the unresolved range parameters (see Input Group 28). 

If E lies in the unresolved range of one or all of the resonant isotopes, the 
resonance cross sections can be treated within the framework of the resolved 
resonance routines, using Equations (6), (7), and (8) by the following method: 

(1) Select the location of two reson.a:nces in the unresnlVf~rl r::~nge 
near the energy of the particle being processed by means of 
a pseudo-random decision. 

(2) Select values of rg from a chi -square distribution with one 
degree of freedom, and v::Llues for rF from a chi-square 
distribution with two degrees of freedom. 

The position of the two resonances, E1 and E2, adjacent to E (the energy 
of the particle in the lab system) is given by 
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E1 ={E}n 
E2 = E1 + D 

where D is the average level spacing for the isotope in the unresolved range. 
D is input ,with the unresolved resonance parameters in Input Group 28. E1 
will thus lie below E on the lab energy scale, depending on the value E for the 
neutron, in units of D. The second resonance at E2 will be above E on the 
lab energy scale. This scheme fixes the location of resonances in the unresolved 
range and each is a distance D from the next. 

The Porter-Thomas distribution of the reduced neutron width [ 41 relative 
to its mean value is a chi -square distribution with one degree of freedom. 
The distribution of fission widths is not as well defined. Complete treatment 
of fission requires a multilevel formalism and fission width distributions 
of many degrees of freedom. The data are, however, rather rough. In any event, 
the single-level formula for fission is an approximation which does not require 
great accuracy for fission width distributions. Since it was expected that the 
RBU cross section library would be used in the resonance calculations, the 
RBU treatment of the unresolved resonance range was adopted. 

Define u and X as 

r 
where ro = __ n_ 

n~ 

The neutron width probability density function is a chi-square distribution 
with one degree of freedom and is given as 

As such, the distribution in u will be normal. 

dP(u) 
du du = 

P(u) = 

2 
e -u /2 du 

-u2f2 
e du = t; 

(9) 

(10) 

(11) 

P(u) lies between 0.0 and 1.0 and is set equal to a random number.~. 
P(u) is interpreted as the cumulative probability. 

The physics of fission requires "at least" two degrees of freedom for the 
distribution of fission widths. Since the single-level formalism is being used, 
this minimal r~qulrement on the distribution of fission widths will be adopted. 
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The chi -square distribution with two degrees of freedom for the variable x2 is 

is 

2 
-X /2 e . .(12) 

If P(X2) is set equal to a random number as in Equation (11), the result 

Since 1-~ is also a random number, 

2 rF 
-2il.n.; = X = -~-

<rF> 
Neither Equation (9) nor (10) permits a closed solution lil~e Equation 

(12) for the random variable u2 or u. The following method was used by RBU 
to select u from the distribution in Equation (10). 

u = -~n.; 
1 

v = -~n.; 2 • 
(13) 

Since u has been selected from the improper distribution function [Equation 
(13)], require that u be such that 

(11) 

If the .requirement is not satisfied; reject u and v until they are acceptable. 
Values of u so determined will be from the proper distrihul:1nn. of the joint pro­
bability deu.~lly function for u and v. The proof of this requires that Equation 
(14) be used 1n the joint probability density function to determine what the 
probability density of u will be when Equation (14) is applied. The conditional 
probability density of u will then be 

00 

dur P t( u; 1) 2 ~ v I v] e -udu i u-1)2 
-v 

dv e dv 

0 2 = 
co co . 00 00 

f f P [ (u;l)" s.vl v] f -u J -v 
dudv e du e dv 

(u-1)
2 

0 2 0 0 
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2 
-u -(u-1) /2 

e e du = ------------~~ 

= 

2 -(u +1)/2 d e u 
= 

[ 
0 

2 -(u +1)/2 
e du 

2j 
-u 2d e u 

Therefore, Equation (14) yields the required probability density function 
for u, and the restriction (u-1)2/2 ~ v < oo gives acceptable values of u and v. 

r n and f'F are then the following: 

rn = ~ <!'n) u2 

Two additional parameters, D* and R.*, are included in the RBU cross 
section library for unresolved resonance parameters. They are coefficients 
which give rough approximations to the variation of the level density with 
energy and for the presence of resonances with angular momentum greater 
than R.=O. If values other than zero for the parameters are specified in the 
input, then the factor 

( 1+l.9132D*E)( 1 +VL9132E .e * )2 (15) 

multiplies g in Equations (6) and (8) for the unresolved calculation only. If 
D* and R.* are zero, the equations are evaluated the same as in the resolved 
resonance case. 

For each resonant isotope in the material, the resonant cross sections 
ac(E), aS(E), oF(E), and v aF(E) calculated from Equations (6), (7), and (8) 
will have added to them the smooth cross sections for that energy group. 
The result is multiplied by the atom density of the isotope to obtain mac­
roscopic cross sections. These cross sections will be multiplied by the beam 
flux and stored as the resonant reaction rate for the isotope in the particular 
macroscopic group in which E lies. The resonant reaction rate for capture, 
nu sigma fission, and scattering accumulated throughout a statistical trial 
will be listed following the group fluxes for each material, isotope, and mac­
roscopic energy group. At the conclusion of the probl~m, statistical confidence 
limits are assigned to each reaction rate total, as described in Section VII-2. 

Once the macroscopic cross sections have been computed, the mean free 
path for this material m, group ,g, may be found from 

A =! = (L + L + L )-1 
mg LT C F S 
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After the collision emission numbers (Pcmg's) have been calculated as 
described in Section III-2, the program continues as in the nonresonant version 
until another resonant material is entered or another set of coordinates having 
resonant properties is picked up from the storage bank. (See Figure 16 .) 
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VI. SOURCE GE:NERATORS 

Three types of random source generators for Initial Value (IV) particles 
are presently available. They are an integral part of the Monte Carlo input 
program and include; beam source; uniform source, regionwise; and uniform 
isotropic point and disk source. 

All types of source generators will automatically exclude those points which 
are generated in a fictitious region. Only those points in regions numbered 
through 400 will be accepted .. In addition, provision is made (see Input Groups 
25 and 26) to label any regions in the volume under study as "exempt" regions. 
Regions so labeled in the input will also have no source particles originating 
in them. 

The source generators store the IV particles on magnetic tape unit S.SU05 
in blocks of 45 particles. For this reason, in Input Group 1 the total number 
of IV particles is required to be a multiple of 45. Each particle consists of 
12 position coordinates with the following information; 

N -- number of particles in the beam which will be set to lolh, 
the product of region and group importance weights 

x,y,z 

a.,8,y 

reference frame coordinates 

random direction cosines 

PTIMF -- particle time which is entered as 0 for all source 
particles 

BOOTE 

g 

h 

square root of the starting energy (read in with Input 
Group 25) which remains constant for all source particles 
for a given problem 

microscopic energy group 

rP.e;ion in which tP.e source particle is located 

m -- material in which the source particle is located. 

The source generators use the same zone and region search routine that 
was described in Section IV-5 to determine the region for a source particle. 
If the regluu cannot be located after a suitable number of attempts due to 
improper setup of the geometry, a program stop will occur, and an error message 
will be printed. Some of the reasons for this type of error include; the fictitious 
region buffer zone may be too small;: an incorrect sign may have been assigned 
to the plane boundaries in a region (or a region defined with the wrong bound­
aries); some regions may be forgotten and not included in a zone (or, in general, 
improper zone overlay). 

The source generator input information (Input Groups 31, 32, 33) is printed 
after the rest uT lhe input listing and is followed in turn by sample IV particles. 
Every 45th IV particle is printed on the output listing. 

/ 
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1. BEAM SOURCE 

The beam source generates points uniformly distributed on a circle of 
specified radius and center located on a plane within the reactor framework. 
All source planes must be of the form Ax, By, or Cz =constant with the cor-· 
responding coefficients either 0.0 or ± 1.0. The neutron direction for positive 
A, B, or C is outward in the positive direction normal to the plane (away from 
a reference axis). For negative A, B, or C, the direction is inward normal to the 
plane (toward a ·reference axis). If the source plane is to lie exactly on an external 
boundary (on a line between real and fictitious regi.ons), the center of the circle 
in the source plane should be changed by a small amount sufficient to ensure that 
the source plane is physically inside a real region. 

2. UNIFORM SOURCE, REGIONWISE 

The uniform source generator wiil y 
generate points uniformly over the whole 
reactor volume under study or any por­
tion of the volume as specified by a 
maximum and minimum point along each 
axis of a problem's zone geometry. These 
maximum and minimum points, which are 
read in, are measured along an axis with 
respect to the geometry center point and 
need not fall on a zone line or region 
boundary line. As an example, take the 
following annulus in two dimensions (Fig­
ure 17). Assume that the user only wants 
sources generated in the outer cylinder. 
In the input for the source generator 
(see Input Group 33), he should list r 2 x 
as the maximum point along the radial 
aXiS and 1'1 aS the minimum point, and FIG. 17 SOURCE GENERATOR L EXAMPLE, 

similar limits along the z-axis. Thus, 
no sources will be generated in the inner cylinder but will be uniformly distributed 
throughout the outer cylinder. Direction cosines will be . generated randomly 
in an isotropic distribution (direction cosines between -1 and 1). 

3. UNIFORM ISOTROPIC POINT AND DISK SOURCE 

The third generator, a point and disk source generator, was programmed for 
use in determining the efficiency of gamma ray detectors. Uniform sources 
are generated over a disk of radius, r. To use this source generator the reactor 
problem must be oriented such that the disk is perpendicular to the z-axis, but 
the center of the disk may be located at any point within a real region. (Sources 
cannot be generated within fictitious regions). The point source generator is 
obtained by setting the radius of the disk to zero (RAD = 0 in Input Group 33). 
In either case, :X, y, and z are the coordinates of the center of the disk or 
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point relative to the fixed reference frame. Provision is made to generate direc­
tion cosines such that the source beams lie within a cone whose axis is normal 
to the disk and which has a polar angle eo relative to the z-axis, given by 

8 = tan-l !{ 
0 D 

where D is the perpendicular distance from the disk to the area 
being irradiated by the source, 

W is the radius of a circular area or one half the diagonal of a 
rectangular area to be irradiated. 

Then, y is given by y = coss0 + (1-cosso) ~·where ~is a random number. 

One may use this source without irradiating any specific area. In this case, 
W and D are merely parameters used in determining 8 o, the polar angle of the 
cone within which to generate an isotropic source. Since no sources are emitted 
from the backward face of the disk, the largest cone permitted is a hemisphere, 
where s0 = 90 degrees. To obtain this case, specify W as very large relative to 
D. Figure 18 illustrates the geometric configuration employed in using the disk 
or point source generator. 

Face of The Crystal 
(circular or rectangular) 

Disk 

FIG. 10 councr: Clii:~llii:n.~.Ton a lii:.":.'\MPL.E:, 
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VII. MISCELLANEOUS INFORMATION 

1. METHODS OF TERMINATING A PROBLEM 

A Monte Carlo problem begins when the first45 IV coordinates are read in­
to the storage bank from the IV tape. The initial IV coordinate generates a 
succession of new coordinates depending on the results of successive collisions 
which occur in the system. Jf these daughters are used up due to leakage or 
unsuccessful collisions because the system is not fissionable or subcritical, 
the next IV coordinate will be processed in turn until all 45 have been used. Then 
45 new IV coordinates will be read in and processed until all coordinates on the 
IV tape have been exhausted. If this occurs, the problem is terminated regardless 
of which method has been prescribed for termination. It is entirely possible that 
only one or a very few IV coordinates are necessary to generate enough daughters 
to continue the problem ad infinitum if the system is fissionable and the rnulli­
plication is greater than one. Because of the wide range of problems envisioned 
to be run with the program, and since the co1lision process results from random 
sampling, it is impos::;ible to expect a problem requester to guess the number of 
sources which will terminate a problem in a given time. Also, the fluxes gen­
erated in the Monte Carlo random sampling process contain an inherent statis­
tical fluctuation, and it is necessary in most cases to assign a confidence limit 
to any given result. 

With these considerations in mind, three methods were chosen for terminating 
a problem. Two of these methods will allow the user to fix a .statistical confidence 
limit to a result and at the same time permit him to estimate the length of running 
time required within narrow limits. The assignment of "CTEND" in Input Group 2 
prescribes the method of termination. 

Ordinarily, a statistical confidence limit is desired on the fluxes by group 
and region which have been, generated duri.n.g the entire problem. Thus, the 
accumuiated flux in each tally box is divided into statistical blocks. Ea.ch 
statistical block of data is called a trial and represents an independent statistical 
sample of the data acquired in any given tally box. The length of the problem 
is determined by specifying the number of trials to be processed. At the con­
clusion of each trial, the flux tallied for each region set and group is written 
on the output tape, as well as the other individual tally boxes which record 
various events occurring during the running of the problem. The next trial 
is then begun -- until all trials are finished. 

If the problem is stopped (perhaps unexpectedly) before the last trial is 
completed, the output will be for all trials up to and including the last completed 
one. The statistical analysis of fluxes will be based on this completed number of 
trials rather than including the incompleted trial. In this way a requester may 
set up an upper limit on time that a problem may be run, through the use of the 
$TIME card, without losing all data if the computer or its operator stops the 
problem before the last trial is completed. Using the merge option of the Monte 
Carlo output program, the problem may then be continued at a later time and 
coalesced with the results of the first set of trials which was completed. In 
this way the requester may periodically receive an evaluation of the confidence 
limits and continue the problem until the desired accuracy is achieved. Any 
number of trials may be requested on the second and succeeding runs. 
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1.1 CTEND = 1 

If CTEND = 1 no statistical confidence limits are properly determined . , 
or even possible in this case. Collision daughters are followed in time until 
the progeny of any IV coordinate acquires a total flight time in microseconds 
equal to the input census time. At this point, that particular daughter is stored on 
the census tape and the immediately preceeding entry in the storage bank is 
processed with its progeny to census time and stored on the census tape. If the 
system is nonmultiplying, the progeny of the initial IV coordinate will soon ~e 
exhausted and the next IV coordinate is processed in an analogous manner. Th1s 
is repeated until all IV coordinates have been processed to census time. The 
problem is then terminated, and all tally boxes are printed on the output listing. 
CTEND = 1 will not normally be used to end problems. 

1.2 CTEND = 2 

In general, it is very difficult to estimate the number of IV sources which 
will allow a problem to run a specified length of time when multiplication 
is present in a problem. Even in some nonmultiplying problems, it is next 
to impossible. If no termination by census (census time very large) is pre­
scribed, it is possible that the problem would never terminate if left to its 
own devices. In the case CTEND = 2, a definite number of trials is prescribed 
in the input and the time in seconds for the first trial. During the first trial, 
in addition to the flux tallies being made for each region set and each group, 
a separate tally is made for the total flux accumulated in all regions and 
energy groups. When the first trial is completed, based on the length of time 
requested in the input, the next· and succeeding trials are terminated when the 
total flux accumulated during these trials is equivalent to that for the first 
trial. In this way, the integral neutron flux for each trial in the problem is 
equal to that for every other trial even though variations exist within the 
individual tally boxes. Since the scalar neutron flux constitutes the basic 
statistical sample in this program, the statistical samples from trial to trial 
are of equal size in this sense. However, the running time associated with 
each trial varies from trial to trial. Unless the problem is very large, this 
running time will not vary substantially, and experience has demonstrated 
that it will usually lie within a plus or minus ten percent of the first trial 
length for most problems. When the q.ext trial is begun, the last particle 
being processed when trial termination occurred is then picked up and con­
tinued in an uninterrupted manner as the first event at the beginning of the 
next trial. 

1.3 CTEND = 3 

If CTEND = 3, the length of the trials is determined by specifying the number 
of IV sources to be processed to termination during each trial. When this speci­
fied number of sources has been processed, the end-of-trial edits are made, 
and the contents of each tally box are written on the output tape for that trial 
for analysis at the end of the problem. If the geometry of the system is not too 
complex (four or five regions, ten boundaries), about 1000 collisions are 
processed per minute, and a little experience enables one to estimate the 
running time beforehand. In multigroup, nonmultipling problems, the ·source 
energy is specified to lie within the first group, and particles are followed into the 
thermal group where they will remain since fission is the only process by which 
the daughter of a thermal collision may enter a fast group. Unless a relatively 
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high percentage of thermal collisions result in unsuccessful collisions (absorp­
tion), it will be difficult to estimate the running time for a fixed number of IV 
coordinates, and CTEND =.2 is recommended for cases involving low absorbing 
water-moderated sys.tems. 

In either CTEND = 2 or 3, a census time may be prescribed, in which case 
coordinates are terminated at census and the problem is continued with the 
next daughter from the storage bank. ·In this way the trials are all processed 
for a: definite particle flight time, but in no other way do they differ. Of course, 
the chains of progeny generated over the length of a trial will differ depending 
on the value of the census time. It is possible that with a very long census time 
only one parent IV coordinate will be required to generate the progeny which 
will survive until the end of the problem. Whereas, for a very short census time, 
many chains of progeny will be required since each is periodically being 
terminated as it reaches census. The statistics for these two cases could be 
quite different even though both are representative of the same physical problem. 

2. STATISTICAL ANALYSIS OF FLUXES 

In order to obtain a confidence limit on any bulk macroscopic parameter 
computed during the Monte Carlo process, it is necessary to divide the compu­
tation into a number of independent statistical samples which are accumulated 
during the solution run. Thus, the problem is divided into trials as explained 
above. For most reactor design calculations, the basic quantity from which useful 
macroscopic design information can be obtained is the scalar neutron flux, and 
this is the quantity upon which the statistical analysis is based in this program. 
Numerous authors have pointed out over the years how, in the Monte Carlo pro­
cess as applied to neutron transport, the present condition of any progeny is 
dependent to some extent on the past histroy of the parent collisions which pro­
duced them. Therefore, the Monte Carlo process does not strictly satisfy the 
broad conjectures associated with the central limit theorem of statistics. In 
this program, we have made no attempt to justify these conjectures relative to 
the scalar flux estimator being used. Rather, we have assumed that a Student's 
t-distribution analysis of the trial fluxes will be indicative of the confidence 
limit which can be assigned to the estimator. In all the reactor test problems 
which have been run with the program where it was possible to obtain a solution 
with another method, the alternate solution method has produced results which 
have been within the confidence limit of the Monte Carlo result. This leads us 
to believe that statistics based on the Student's t-distribution may be valid for this 
estimator in spite of the associated uncertainties, relative to the eentral limit 
theorem. 

The percent error accompanying the total trial flux for each tally box on 
the output listing is the relative percent error for this tally, based on a Student's 
t-distribution at 95 percent confidence. The variance for each tally box is given by 

(g = l, ... , G; h = l, • . • , HS) 
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where N is the total number of trials which have been completed, i is the trial. 
index, and ~gh is the average flux in that tally box, 

N 

{;_ (if> gh) i 

iflgh = N 

The relative percent error, per tally box, is 

\N-1) 8gh • lOON lOOtlN-ll_ Sgh ( % error ) gh = - ---=..::.;:.=-..._ = ---'-=.:......:....:...o:;.._~ 

~ ~ y;.~gh 
{:f (if>gh)i 

where t(N-1) is the value of the Student's t-distribution at 95 percent confidence 
for N-1 degrees of freedom. To obtain the results in terms of any other percent 
of .. confidence, multiply the ratio of the new t value to the 95 percent t value 
times the percent error at 95 percent confidence: ie, 

t(N-l) at new confidence 
• percent error at 95 percent confidence. 

t(N-l) at 95% 

If the merge option is used to merge two sets of trials, the statistical analysis 
is based on both sets of trials combined into one set. -

3, EQUILIBRATION TIME 

The source generators which were described in Section VI are not ver­
satile enough to satisfy the requirements of every problem. It may be desired 
to allow the source to come to equilibrium in the problem before any tallies 
are made. An equilibration time specified in the input serves this purpose. 
The time coordinate of all source particles is initially set to zero. Ifthe equili­
bration time is nonzero, beams and particles are processed in exactly the same 
manner as they would be otherwise, except that no flux tallies are made until 
the time coordinate of each particle has reached the equilibration time. Beyond 
this point all tallies are made for that particle and its progeny in a normal man­
ner. Equilibration time must be used with great caution if problem termination 
is chosen with the option CTEND =2. In this case it is possible that no flux tallies 
would be made at all during the first trial if a long equilibration time is requested. 
Subsequent trials would be terminated without any tallies. In general, equili­
bration time cannot be used with this option if many source coordinates are 
required. The equilibration period may be avoided entirely by setting it equal 
to zero in the input data. 

4. IMPORTANCE SPLITTING 

In Input Groups 16 and 17 groupwise and regionwise importance weights are 
requested which determine the relative neutron weights of particles as they 
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cross region and energy boundaries. Initially, each neutron beam has a weigl)t 
of one neutron. If the source coordinate appears in group g, region h, which 
have been assigned importance weights I and Ih, respectively, then the number 
of particles assigned to that coordinate ;Jfll be -Ig_lh and each particle will have 
a neutron weight of 1/Igih neutrons. If a regionl>oundary is crossed by N par­
ticles remaining in the beam where a different importance weight has been 
assigned in the adjacent region, then each particle crossing will be split into N' 
particles, 

r 1h' J N' = l Ih + E;,. 

where E;, is a random number and Ih' is the importance weight of the new region 
being entered. The neutron weight of each new particle in region h' will be 

I ' 
1/Igih'; but since the number of particles is now approximat~ly {J-, thP. totr-~1 

number of neutrons is conserved within the limits of the greateot integ~r functluu. 
If lh' > Ih, the number of particles will increase, but their neutron weight will 
decrease. If Ih' < Ih, the number of particles will decrease, but their neutron 
weight will increase. In both cases the total number of neutrons crossing the 
boundary is approximately conserved. The same gP-neral rules apply when 
crossing energy boundaries. In either case the weight of the beam crossi.ng 
the boundary from which the fl\Lx tally is made is not affected. But the new 
beams originating from the split particles which have gone to collision will 
receive new weights accordingly, given by N/I.)h', as they are processed from 
the storage bank. No importance splitting o8curs if all importance weights 
are entered as 1.0. If a large number of regions and groups are employed, all 
weights are set equal to 1.0 if the single number -1 is entered in Input Groups 
16 and 17. 

Importance splitting has the effect of reducing the variance of the flux in 
regions of high importance weights and a corresponding increase of variance 
in regions of low weights. This is because more time is spent in regions (or 
groups) with high weights. If strong coupling exi . .Rlts between regions of high and 
low importance weights in a given problem, the effect of splitting, even though 
it reduces the variance in one region, does not necessarily tend to improve 
the accuracy of the answer since the variance in low importance regions is 
increased. One benefits from this process only whP.n low importance weights 
a1·e assigned to regions of truly low physical importance in the problem. lf 
any doubt exists in a given problem as to the assignment of weights, it is better 
not to use importance splitting. No general rules for this can be stated at 
this time, and only experience will indicate when the process is beneficial. 

5. MULTIPLICATION FACTOR 

The program has the capability of computing a multiplication factor. 
Cross sections E a and vrp must be read in to the output program for each 
region set and group. The definition of the multiplication is based on the ratio 
of second generation neutrons to first generation neutrons, where the former 
are computed from the expected value of fission neutrons which would result 
from the scalar neutron flux computed to the end of each trial. The nux esti­
mator is used because it has less variance associated with it compared to other 
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tallies made. At the end of each trial, the fission neutron reaction rate is given 
by 

L_cpghu[Fgh 
gh 

where <1> h is the accumulated flux in the gh tally box at the end of each trial. 
The firsY generation processes are defined as all those which result in the 
termination · of beams and amount to absorption or leakage processes. The 
absorption and -leakage accumulated at the end of a given trial are given by 

L cp gh Eagh + L PINLEAKj 

gh j 

where PIN LEAK is the tally of all partial beam weights which have been 
transmitted throdgh the jth external boundary. This leakage tally will have 
less variance than the discrete leakage tallies which are also made. The 
multiplication factor is then defined as 

L cp gh \)LF gh 

{ ) 
gh 

K eff = --'-""--'-------

K(eff) is printed for the total accumulated flux and leakage at the end of each 
trial, and the final value is that for the last trial. No confidence limits are 
computed for K(eff) directly but may be determined from those assigned to the 
fluxes. It is not generally recommended that an attempt be made to calculate 
multiplication factors for water-moderated thermal systems unless they are 
highly poisoned. If a system is a large number of mean free paths· in size and. at 
the samP. time permits a large proportion of scattering events at the principal 
fission energies, it will require a great amount of machine time to determine 
an eigenvalue within acceptable confidence limits. Usually the cases which are 
not favorable to efficient Monte Carlo solutions· are those in which diffusion 
theory may yield acceptable answers. 
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VIII. MONTE CARLO INPUT AND OUTPUT PROGRAMS 

PMC is actually made up of three programs. It consists of thepre-Monte 
Carlo Input Program, the main Monte Carlo program, and the Monte Carlo 
Output program. Communication between the separate programs is dm1e by 
magnetic tapes. Once one program of PMC has been executed, it will never 
again be used during that problem run. The function of the pre-Monte Carlo 
Input program is to edit the user's data, to generate IV source particles, and 
to print the input data. From this program two data tapes are prepared for 
the main program. These two data tapes are the only source of input for the 
main program. The main Monte Carlo program, in turn, writes its results, 
consisting of the various tallies made in the program, on a third tape. The Monte 
Carlo Output program uses for input this third tape, as well as information 
read in from cards, in order to do the final statistical analysis and printing 
of the results. By eliminating the standard method of input and output to the 
main Monte Carlo program, a maximum of corP. stora.ge is made uvailablt:: 
fo:t· use by that program. 

Two versions of PMC are availahle: one which oulculates i'esunance 
contributions to cross sections, and one which does not. The input for both 
versions is identical up t.o the point where the l'e~wna.nce version requires 
additional information, as indicated in the input specifications given in the 
following sectionR. 

1. MONTE CARLO INPUT PROGRAM -- GENERAL INFORMATION 

The pre-Monte Carlo Input program consists of two parts: the input edit 
and the source generators. The source generators have been discussed in 
Section VI. The input edit takes numbers from a data card, passes or rejects 
that data, stores the information in the core, and goes hack: to process the 
neA-t card. When all the data cards have been read, and providing there are 
no program-discovered input errors, the stored information for the problem 
is placed on system utility tape, S .SU04, called the Monte Carlo input tape. 
If there are any program-discovered input errors, a program stop occurs and 
nothing will be written on tape. If an error is found, the card which caused 
the error and an error warning message will be printed out. The data following 
the error will continue to be checked until a total of 15 errors has been encoun-

. tered, at which time the program will stop and no further data will be checked. 
Certain types of errors, such as not having enough data in an input group, will 
cause the program to assume succeeding cards have errors. When an error 
warning occurs, always check the firRt P.-r:-ror before any others as it illa.y l.Je 
the cause of all succeeding error messages, Some of the pnRRihl~;> ~;>rrorF. inoludc: 
exot:t:Lllug lhe size limit of a quantity, inserting intege~s when the number should 
be floating point or vice versa, having too few or too many numbers in an input 
group, and leaving out an input group entirely. 

Some of the numbers appearing in the p-rinting of the Monte Carlo Inpul 
do not appear in the same form or order that they were read in. The boundary 
equation parameters, for instance, are normalized, radii are squared, and 
equations are changed into the general form 
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where D l> 0 for planes and D ~ 0 for curves. This is the form that is required 
for use in the geometry routines. Radial zone lines are squared before printing. 

More than one problem may be run successively by placing the second 
and succeeding problem input decks to the pre-Monte Carlo behind the first 
deck. This applies also to the input data for the Monte Carlo Output program. 

The Monte Carlo input tape may be generated independent of the IV tape, 
. through an option in Input Group 1 (number 10). Specifying 0 as the type of source 
generator will cause the source generator subroutine to be bypassed. If it is 
desired to use the same IV source tape with several Monte Carlo problems, this 
may be used. Ofcourse,changesinthegeometry or group structure portions may 
affect the source particles, so this option should be used with care. Different 
initial random numbers should be used in each new problem of this type. The 
user must also instruct the machine operators in advance to save the IV tape 
(S .SU05). This option should only be used if it takes a considerable amount 
of time to generate the IV tape for a particular problem. Since the source 
generator uses the zone and region search subroutines, the time required 
to generate a specified number of sources is proportional to the complexity 
of the geometry in the problem. A problem with relatively simple geometry, 
which can be set up on the basis of one region per zone, requires less than 
one minute to generate 5000 source particles. As the geometric complexity 
is increased, the time required increases accordingly. It is advisable to generate 
a new source tape each ·time a problem is run since it is quite likely that the 
time required for the computer operator to mount tapes will be more than the 
time required to generate a new set of sources. 

2. METHOD OF INPUT 

With the exception of Input Groups 0 and 3 of the pre-MonteCarloinput 
data and Input Group 0 of the Monte Carlo Output program input data, all input 
information is read in and then converted to binary form by means of the sub­
routine CVI (PPCo 40.0156). The following rules will be useful in preparing 
input to meet CVI specifications: 

(1) One complete floating point or integer number constitutes a 
field, with the sign of the number placed in the first column of 
the field. A number is considered positive if no sign is given. 

(2) A field is ended by any of the following: comma, blank, or 
asterisk. The only exception to this rule is given in 4(c). An 
asterisk signals the end of the number fields on a card, and the 
rest of the card may be used for comments. Columns 73 through 
80 for Monte Carlo input will always be available for numbering 
or comment; therefore, no data may be punched in these 
columns. 

( 3) An integer number is indicated by a field containing a sign 
(if needed) followed only by numerical digits. Zeros placed 
in front of an integer do not affect its value. 

( 4) A floating point number may be indicated in three ways: 

(a) By a field with a decimal point in the desired 
position. 
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(b) By a digit in a field followed by a plus or a minus 
sign and a one or two digit integer exponent which 
is the power of 10 to which the number is raised. 
If rio decimal point is given, the point is assumed 
to be in front of the first numerical digit of the 
field. 

(c) By a digit in a field followed by an "E ", a plus or 
a minus sign, and a one or two digit integer expo­
nent. One blank immediately following the "E" 
can be used to indicate a positive exponent. As in 
(b), the decimal point may be given or assumed. 

(5) Miscellaneous information. Any number of blanks can separate 
two fields. A number field may not extend to a second card. If 
there is not enough room before column 73 for a complete field, 
start the field on a newcard.Aninteger zero (0) may be used to 
read in.a floatingpoint :r.ero (0.0). The CVT subro1.1tine will detect 
format errors and print out the card eausing the error. Situa­
tions whlch are conside1'ed errors include: a blank followed by 
a comma, adjacent E's or multiple decimal points, adjacent 
commas (thls will not enter a. zero), a decimal point in the expo­
nent, no digits in the exponent, and numbers too large or too 
small for the computer. 

The sample input cards listed below will illustrate legitimate uses 
of the input subroutine: 

(a) -231,+100,9,-15-3,+15-3,002,1+6,0 *COMMENT 

(b) -231 100 9 -.00015,15E-3 2 l.E 05 0.0 * 

(c) -231 100 +9 -15,0E-15 .15-3 02,100000.0 0 

Cards (a), (b), and (c) are all equivalent and would read in the same 
numbers. 

(6) SomA of t.hR input gro1.1pa ma.y requh•o more lhun ot'le cc1rd to 
complete the information. When this happens, end a card before 
column 73 with a complete field; then, continue the data on the 
next card, following the specifications for that input group. The 
following input groups may be continu.ed in this manner: 7, 10, 
11, 12, 14, 15, 16, 17, lf.l, 19, 23, 24, 27, 28, 29, 30, 32. 

(7) It is suggested that the input deck be numbered sequentially in 
columns 77 through 80 or 73 through 80. Program-detected 
errors on a card, as well as errors determined by CVI, will 
cause a printing of the card on which the error was found and.· 
even.tua.uy, will cause a program stop. Thus, numbering the cards 
will make it easier to locate an error. Any error found will 
prevent the generation of the input tapes. 
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3. INPUT TO THE PRE-MONTE CARLO INPUT PROGRAM 

Input Group 

0. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

~. 

10. 

11. 

12. 

13. 

14. 

15 

16. 

17. 

18. 

19. 

20. 

21. 

2~. 

23. 

24. 

** 
25. 

26. 

27. 

28. 

29. 

30. 

Parameters in the Input Group (see following pages for explan­
ations) 

Title Card 

G,GM,H,HS,F ,M,ZG,S,IV,SG,MT(JS 

CTEND,TRIALS,TRITIM/CTENP,IV /TR,TRIALS 

RANNf> 

ETIME ,CTIME ,Xc;2S, Yc;2S,Zc;2S 

Boundary Equation Parameters 

External Boundary Numbers 

Albedoes 

Region Descriptions 

TNZONE,XZL,YZL,ZZL 

X Zone Ltnes 

Y Zone Lines 

Z Zone Lines 

Re~op.s per Zoi).e 

Elastics,~ 

Fissions, F m 

Group Importance Weights, Ig 

Region Importance Weights, Ih 

Mean Free Paths 

Microscopic Group Energy Cutoffs 

Macroscop~c Group Energy Cutoffs 

Pcmg 
Thermal P ·cmg 
Fission Spectrum Probability Tables 

Fission Spectrum Energy Tables 

RESONANCE INPUT SECTION 

Gr,I,Q 

Resonance Materials, Atomic Masses 

Resonance Groups 

Resoi).ance Parameter Tables 

Isotopes, Table Numbers, Smooth Cross Sections 

Resonant Material Information 

61 



** SOURCE GENERATOR INPUT SECTION 

31. IV Source Generator Constants 

32. IV Source Generator Exempt Regions 

33. IV Source Generator Defining Parameters 

Input Group 0. The first input card is a problem title card. Insert a 1 in 
column 1. Any alphanumeric message to describe the problem being run may be 
in columns 2 through 72. 

Input Group 1 (Integer only) Consists of one card containing 12 integer num­
bers with the following information: 

(1) G 

(2) GM 

Total number of microscopic groups . . . 0 < G ~ 511 

Total number of macroscopic groups ... 0 < GM ~ 4, and 
GM 5.G 

( 3) H -- Total number of real regions •.• 0 < H ! 400 

(4) HS -- Total number of region sets (flux tally boxes) •.• 0 < 
HS i. 400, HS .S. H 

(5) F 

(6) M 

(7) ZG 

(8) s 

Total number of fictitious regions . . . 0 "' F ~ 111 

Total number of materials ..• 0 "' M ! 511 

Zone Geometry ••. 0 ! ZG ~ 2 

0 indicates parallelepiped zones 
1 indicates cylindrical zones 
2 indicates spherical zones 

Total number of boundary equations (surfaces) 
0 < s ~ 255 

(9) IV -- Total number of initial value source particles . . . 
0 "'IV ! 20,000 

Note: IV must be a multiple of 45 

( 1 0) SG -- Type of source generator to be used for IV particles ... 
0! SG 53 

0 - Source generator is not to be used this time. 
1 - Beam source, generating uniform points over a 

circular area, with direction cosines perpen­
dicular to a plane described in Input Group 33. 

2 - Uniform source over the whole volume under 
study, or portions of it, as described in Input 
Group 33, with random direction cosines. 

3 - Pointor disk source, angles generated inacone. 

(11) FS -- Total number of fission spectrum tables ..• 0 ! FS ~ 10 

(12) MTO- Mono-thermal option 

0 - regular thermal collision routine 
1 - special thermal collision routine (not yet available) 

Ex~mple: 1 ,1,2,2 ,3,1,1,8,5040 ,2,0,0 
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... 

. Input Gro~p 2 (Integer o_nly) Consists of one card containing 3 integer numbers 
w1th the folloWing mformabon: 

1st number CTEND •.• The method of problem termination. 

CTEND = 1, 2, or 3 

1 indicates ending by census time 

2 indicates a specified number of trials· -- for which a 
length of time is given for the 1st trial 

3 indicates a specified number of trials -- for which 
the number of IV's to be processed per trial is given. 

If: CTEND = 1 CTEND = .2 CTEND = 3 
2nd' number, 0 TRIALS •.• number of sta- IV /TR. • .number of IV's. 

tis·tical trials to be taken to be processed per trial 
. 3rd number, 0 TRITIM •.• time, in seconds TRIALS ... number of sta-

for the first trial (this is tistical trials to be taken 
clock time, not computed (IV /TRIALS must be equal 
time) to an integer) · 

Example: 2,60,120 

Input Group 3 (Octal number) Consists of one card, containing one octal 
number, occupying the first 12 columns, which is used as the initial random 
number. The random number must be nonzero, unsigned (positive), and odd. 
No digit may be larger than 7, and the first digit must be 3 or less. 

Example: 123456227651 

Input Group 1. (Floating point only) Consists of one card containing 5 floating 
point numbers: 

(1) ETIME -- Equilibration time, in microseconds. This can be 
zero. 

(2) CTIME 

(3) X~ 

Census time, in microseconds· .•. ETIME < CTIME 
For an infinite census time, use a very large number 
such as 1+8. 

(4) Y~ -- The geometry center point,. subject to the following: 

(5) · z~ 

(a) If ZG = 0, then X~= Y~ = Z~ = 0 

(b) If ZG = 1, then Z~ = 0, X~ and Y<}) I 0 

(c) If ZG = 2, then none of X<}), Yqj, Z~ are 0 

[See input group 1, item (7) for ZG] 

Example: 0,1+8,3+1, 3+1,0 

Input Group 5 -- Boundary Equation Parameters. Each equation is o~ the 
form: Ax + By + Cz = D for planes, or (x-x0 ) 2 + (y-y0 )

2 + C(z-z0 )2 = r for 
cylinders and spheres. One boundary is i11put per card . 
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All distances are in em. 

For planes list the parameters in the following order: 

(1) Equation number (integer) -- these begin with 1 and increase 
sequentially on following cards. 

(2) N -exponent of the equation (integer) (N=1 for planes) 

(3) A. 

(4) B 

(5) c 
(6) D 

(floating point or 0). 

The following types of planes are permissible: 

Ax= D 
By= D. 
Cz = D 
Ax+ ·By = D 

ie, B = C = 0 
le, A = C "" 0 
l~:'• A = R = 0 
ie, C = 0 

For cylinders and spheres, list the parameters in the following order: 

(1) Equation number (integer), as above 

(2) N - expon:ent (integer) (N = 2 for cylinders and spheres) 

( 3) C (floating point), = 0 for cylinder, = 1.0 for sphere 

( 4) R - radius (not squared) (floating point or 0) 

(5) x0 

(6) Yo 

( 7) (z0 ) 

center of cylinder or sphere (floating point or 0) with 
respect to the (0,0,0) point of the coordinate system. 

For a cylinder, the z
0 

term can be omitted. 

Examples: 

For the plane x + 2y = 3 
1,1,1·f-1,2+ 1,0 ,3+1 

For the cylinder (x-3)2 + (y-3)2 = (2.51)2 
2,2,0,251+1,3+1,3+1 

Input Group 6 -- External (Reflecting) Boundary Numbers (Integer only) 
This group consists of one card of integers containing a list, in increasing 
order, of the boundary· equation numbers (from Input Group 5.1) which form 
reflecting boundaries (those between fictitious and real regions). 

Example: 1,17 ,20,21 

Input Group 7 -- Albedoes (Floating point only) The albedo of a reflecting 
boundary is the measure of reflection of neutron beams. Albedoes may range 
in size from 0, for perfect transmittal, to 1.0, for perfect reflection. Albedoes 
greater than 1.0 indicate an external source and are acceptable. 
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List as follows: for each external boundary number listed in Group 6 input 
one albedo for each macroscopic group: 

1st external boundary -- macro group 1, ..•. , macro group GM, 

2nd external boundary --macro group 1, •.•. , macro group GM, 

nth external boundary-- macro group 1, ..•• , macro group GM. 

The albedoes may continue on more than one card. 

Example: 

For the example for Input Group 6 with GM = 4 

1st card - 1+1,1+1,1+1,1 +1,0,0,0,0,1+1,8+0,6+0,4+0,1 +1 

2nd card - 5+0,1+1,5+0 

or they may be given with one card for each macroscopic group as: 

1st card- 1+1,1+1,1+1,1+1 

2nd card - 0,0,0,0 

3rd card - 1+1,8+0,6+0,4+0 

4th card - 1+1,5+0,1+1,5+0 

Input Group 8 -- Region Descriptions (Integer only) One region is des­
cribed per card. There must be 7 to 13 numbers, as follows: 

(1) Region number -- Start with 1 and continue in consecutive order 
on following cards, up to H. Fictitious regions must begin with 
numher 401 and must follow the real regions, again numbered 
consecutively. 

(2) Region set (flux tally box) -- The number of the region set in 
whtch the region flux is to be tallied. For fictitious regions, 
specify a 0; for any other region-- a number from 1 to HS. 

(3) Region type -- The region type number as given in the list of 
region types described in the Monte Carlo geometry (Sec-
tion IV -1). · 

(4) Material -- The number of the material in this region, a number 
from 1 to M. For fictitious regions set material equal to 0. 

(5) Number of boundaries for this region. Maximum is 8. · 

(6-13) Region boundary numbers -- a list of the signed boundary 
numbers (from Input Group 5) which describe this region. The 
signs must agree with the rules for boundary numbers given 
in Monte Carlo geometry (Section IV-3). 
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Example: For the rectangular region shown with top and bottom 
boundaries 5 and 6, material 2 

5,5,1,2,6,-1,2,3,-4,-5,6 

1 

31 Region 5 

2 

4 

Input Group 9 -- (Integer only) This group consists of one card· with the 
following four numbers on it: 

(1) TNZqjNE -- The total number of zones into which the problem 
has been divided. The maximum number is 
TNZqjNE = 511. 

(2) XZL -- The total number of zone lines alongthe x-axis, or 
in case of curved geometries (ZG = 1 or 2), the 
total number along the radial axiR Rtart.ingwiththe 
zone geomP.t.ry 0~;>nt~r point. 

(3) YZL The total number of zone lines along the y·-axis. 
In case of curved geometry this number must be 0. 

(4) ZZL The total number of zone lines along the z-axis. 
In case of spherical geometry this number must 
be 0. 

As a check, TNZqjNE must be equal to: 

If: ZG = 0 (XZL-1)(YZL-1)(ZZL-1) 

ZG = 1 (XZL-1)(ZZL-1) 

ZG = 2 (XZL-1) 

Example: GO,:::;,o ,4 

Input Group 10 -- X Zone Lines (Floating point only) A list of the distances 
(in em), in increasing order, including the zone geometry center point, which 
form zone lines along the x or radial axis. In curved geometries, the first number 
must be 0, and the following numbers are radii with respect to the zone geometry 
center. 

Example: 0,1+1,2+1,10+2 

Input Group 11 -- Y Zone Lines (Floating point only) A list of the distances 
(in em), in increasing order, from the zone geometry center point, which form 
zone lines along the y-axis in rectangular geometry. Omit this list if YZL = 0. 

Input Group 12 -- Z Zone Lines (Floating point only) A list of the distances 
(in em), in increasing order, from the zone geometry center point, which form 
zone lines along the z-axis for plane and· cylindrical geometry. Omit this list 
if ZZL = 0. 

Input Group 13 -- Regions per Zone (Integer only) One zone is listed per 
card, containing these numbers: 

1. Zone number - Beginning with 1 and increasingconsecutively on 
the following cards, up to TNZ qjNE • 

66 



2. Total number of regions in this zone. 

3 to 9. A list of the regions, including fictitious regions, which 
are found in this zone. The maximum number of regions 
allowed in a zone is 7. Regions may be listed in any order, 
but they should be listed in order of relative size within the 
zone. 

Example: 1,4,23,401,5,6 

Input Group 14 -- Elastics <!m> (Integer only) For each material, give the 
total number of elastic scatterers m that material. 

Example: Im 1, 1m2, •... ,IM 

Input Group 15 -- Fissions (F ) (Integer only) For each material, list 0 
if there is no fission in this materiaf; or 1 if there is. 

Example: Fm ,Fm , .•. ,FM 
1 2 

Input Group 16 -- Group Importance Weighting (I ) (Floating point only) 
For each microscopic group, list the importance weig![ for that group. If all 
weights are to be 1.0, input the single number -1. 

Example: Ig1, Ig2, . . . , IG 

Input Group 17 -- Region Importance Weighting (I~ (Floating point only) 
For each real region, list the importance weight for tha region. If all we1ghts 
are to be 1.0, input the single number -1. 

Input Group 18 -- Mean Free Paths, A mg (Flouting point only) List the mean 
free paths as follows: · 

List the A for all microscopic groups, consecutively. 

For each new material start a new card~ 

The list for any given material may extend to s~veral cards •. 

Example: 

Material one (1st card): Al A1 AI 
. g 1 , g2·• • • • • • • • , G 

Material two (new card): 
A2gl' A2g2 ••••••• ' A2G. 

·Material M (new card): 

Input Group 19 -- Microscopic· Group Energy Cutoffs (Floating point only) 
For each microscopic group, g, list the lower energy cutoff for that group, in 
units of electron volts. The last number, for group G, will be 0. 
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Input Group 20 --Macroscopic Group Energy Cutoffs (Floating point only) For 
each macroscopic group, gm, list the lower energy cutoff for that group, in units 
of electron volts. The laslnumber, for group GM, will be 0. 

Input Group 21 -- Pcm (Fast groups) For a one-group problem omit this 
input group. Start a new cai1for each new group and each new material. Mass = 
0 implies no moderation for that isotope; no energy change. List the Pcmg 
numbers for the fast groups as follows: 

In each material and group, list: 

(1) PF, fission collision emission number (floating point). 

(2) Fission spectrum table index (integer). 

Note: omit the above if Fm for this material is 0. 

(;j) Pe_e
1

, elastic collision emission number; 1st elastic. 

(4) Mass1, ratio of isotope mass to neutron mass; lst elastic. 

Peg,2; 2nd elastic 

Mass2; 2nd elastic 

Floating point numbers 

Repeat the above list for each group in a material before advancing to the 
next material. The list for any given m,g may extend to several cards. 

If the resonance version of the program is being used, insert a 0 for each 
PF or Pet which will be calculated by the program itself, ie, in every resonant 
group of a resonant material. 

Input Group· 22 --Thermal Pcmg List the thermal group Pcmg's as follows. 
Start a new card for each material: 

(1) PF• fission collision emission number (tloating point). 

(2) Fission spectrum table index (integer). 

Note: Omit the above if Fm for this material is 0. 

( ;j) 

(4) 

( 5) 

P e£• elastic collision emission number. 

~0 ~As described in Section III-5 

No resonance is permitted in the thermal group 
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Input Group 23 -- Fission Spectrum Probability Tables If FS,:;::; 0, omit. _ 
this input group. List thefissionspectrumprobabilitytables in order of decreas­
ing probabilities as follows. Each table will require more than one card. On each 
card must be the following: 

(1) Table number (integer) -- The table numbers must run sequen­
tially, starting with 1. The number to be read in for the Pcm 
fission (PF) Table index refers to the table nurp.bers describe§ 
here. 

(2) Card number for this table (integer). Starting at 1 for each new 
table, and must be numbered consecutively for each table. 

( 3 on) The remaining numbers on the card are the fission spectrum 
probability table numbers in decreasing order (floating point). 
There are 21 values in each table. 

Any additional probability tables follow the first one in consecutive order. 

Example: 1,1,1 +1,9+0,8+0, 7+0, •.•.. 

1,2,33-1,2-2 , •..• ,0 

Input Group 24 -- Fission Spectrum Energy Table If FS = 0, omit this input 
group. List the fission spectrum energy, in electron volts corresponding to the 
probability from the table of Input Group 23 as follows: 

(1) Same as Input Group 23, only insert as the number here the table 
number + 50 to distinguish these tables from the previous proba­
bility tables (integer). 

(2) Same as Input Group 23 (integer). 

( 3 on) The remaining numbers on the card are the fission spectrum 
energy table in decreasing order (floating point). There are 21 
values in each table. 

Any additi~nal energy tables follow the first one, in consecutive order. 

Example: 51,1 ,1 +6 ,1 +5,99+3, ••...• 

51,2,11 +2,43+ 1,532+0, •...•. 

RESONANCE .INPUT SECTION (Omit Input Groups 25-30 if the nonresonant 
version is being used.) 

Input Group 25 (Integer only) Consists of one card containing 3 integer 
numbers with the following information: 

(1) Gr Total number of resonance groups, regardless which 
materials they are in. 

(2) I Total number of isotopes in resonant materials; total 
including .both resonant and nonresonant isotopes. 

( 3) Q -- Total number of resonance tables to be read in. 

Note: If the resonant version of PMC is being used, however •. the particular 
problem beip.g run has no resonance; insert QIJ~ ~9,~1'9 with a zero in 
column 1 in place of Input Groups 25-30. 



Input Group 26 --Resonance Materials, Atomic Masses Consists of one card, 
containing alternately: Resonant material number (in sequential order); atomic 
mass to neutron mass ratio, ~, for collision lumping decision. Lumping will 
occur for those isotopes for which Ai ~Am (see Section III -4). 

Example: 1,2+3,2,18+3 

Input Group 2 7 -- Resonance Groups (Integer only) A list in sequential order 
of microscopic group numbers in the resonant range. The largest group number 
will correspond to the least resonant energy. A total of Gr numbers must be 
read in, which may extend to several cards. 

Example: 4,5,6,7 

Input Group 28 -- Resonance Parameter Tables Using as many cards as are 
necessary, read in a resonance parameter table for each resonant isotope. These 
numbers correspond to the order of the parameters in the RBU library, but the 
definitions differ in some cases. They are all floating point numbers unless 
otherwise indicated. 

(1) Actual resonance parameter table number (integer). 

(2) Total number of parameters in the table, including both 
resolved and unresolved, beyond this point (integer). 

(3) NEo (integer): Number of resolved resonances in this isotope. 

(4) E1: Upper energy cutoff in eVforthe unresolved energy range. 

(5) E2: Cutoff energy in eV between the resolved and unresolved 
range. 

(6) E3: ·Lower energy cutoff in eV for the resolved range. 

Numbers 7 through 12 are unresolved resonance parameters. 

(7) MU1 =·< ro > Average reduced neutron width in eV. n 
(8) MU2 = < r > Average capture width in eV. y 
(9) MU3 = < rF > : Average fission width in eV. 

(10) MU4 ::::: vF Average number of neutrons per fis-
sian. 

(11) MU5 = D Average level spacing in eV for unre-
solved range. 

(12) MU6 = -1 (2J+1)· Statistical weight for S-wave reson-g- 2 21 +1 . 
ances in unresolved range. 

(13) MU7 =· (J S-wave potential scattering cross sec-p 
tion for both the resolved and unre-
solved range. 

(14) MUS = A Factor for transformation from lab 
A+1 to CM system, where A is the ratio 

of the isotope mass to.neutronmass. 
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(15) 

(16) 

MU9=5·551x 103 A 

= 1.9132 A 
4K 

MUlO= 

3. 602 X 106 e:l) = 

4n112 V -~AA+ 1) 1.9132 
2m 

Factor in Doppler line shape function, 
where K is Boltzmann's constant in 
eV/°K, 

Factor in resolved resonance cross 
section calculation [Equation (V -1)] • 

(17) MUll=D* Linear factor to account for the vari­
ation of level density with energy 
[Equation (V-10)]. 

(18) MU12=£ * 

·* (19) MU13=ac 

* (20) MU14 = aF 

Linear factor to account for variation 
of resonance cross sections in the un­
resolved range [Equation (V-10)]. 

* Constant for ac/v smooth capture 
cross section variation in the resolved 
and unresolved resonance range [see 
Equation (V-1)], in barns. 

. . * 
Constant for a aF/v smooth fission 
cross section variation in the resolved 
and unresolved resonance range [see 
Equation (V-2)], in barns. 

For each of the NE0 resolved resonances in this isotope, in order of 
decreasing energies, list on one card: 

Eo: 

rn: 

r Y: 

rF: 

g: 

Energy at resonance, eV. 

Neutron width for elastic scattering, eV. 

Capture width, eV. 

Fission width, eV. 

S . f - .!. (2J+1) 
pm actor- 2 (2I+1) 

Repeat Input Group 28 for all Q resonance parameter tables. 

Example: See RBU Library format. 

Input Group 29 -- Isotopes. Table Numbers. Smooth Cross Sections For 
each isotope in a resonant material, list the folloWing: 

(1) Isotope number: 

(2) Table number: 

(3) 
max 

gmax i: • 

Actual library tape number (integer). 

Resonance table number to be used with 
this isotope (integer). If the isotope itself 
is not resonant, this must be set to 0. 

For all materials containing this isotope, 
give the group number corresponding to 
the maximum energy in a resonant group 
for all these materials (integer). 
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( 4) 
min 

gmin,i: For all materials containing this isotope, give 
. the group number corresponding to the mini­
mum energy in a resonant group for all of 
of these materials (integer). 

N t I . 
1 

. max _ min 
o e: n numeriCa . s1ze, g . ~ g . . 

. . max,1 m1n,1 

( 5) Smooth microscopic cross sections in barns . (floating point). 

For each group, gmax . through gm~n. (in order o.f increasing 
max,1 m1n,1 

energy), list aC, aS' aF' vaF. 

In part 5 sta'rt a new card with each group. 

Example: 183,7 ,4, 7 
25+2,45+1,0,0 

.1G+2,4+l,O,O 
0,0,0,0 
0,0,0,0 

328,8,4,5 
1+1,18+2,0,0. 
1+1,2+1,0,0 

16,0,4,7 
1-3,37+1,0,0 
2-3,37+1,0,0 
3-3,37+1,0,0 
3-3,37+1,0,9 

For isotope 1~~. groups 4 through 7 
are resonant. 

For isotope 328, groups 4 and 5 are 
resonant. 

For isotope 16, groups 4 through 7 are 
resonant. 

Input Group 30 Resonance Material Information For each resonant. 
material only, read tn the following in order of increasing material numbers: 

(1) .H.esonant material number (integer). 

(2) Tm : Temperature of this material in OJ< .(floating point). 
max (3) g : G1·oup number for the maximum energy of any group 
m having resonance in this material (integer). 

(4) gmin: Group number for the minimum energy of any group 
m having!esonance in this material (integer). 

(5) R : Number of isotopes, both resonant and nonresonant, 
m in this material (integer). 

(6) For each of the R isotopes in this material list: m 
(a) Isotope number (integer). 
(b) Nf; Atom density for this isotope in this material, 

in units of 1024 atoms/cm3 (floating point). 
(c) Ai: Moderating mass; the ratio ofisotope mass to neu­

tron mass (floating point). 

In part 6 start on a new card with each of the Rm isotopes. 
Start on a. new card for each additional resonant material. 
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Example: 

2 .293+3 .4.7 .3 I 
183,187-2,1149+3 
328,245-2,197+3 
16 ,291-2 ,16+2 

Resonant material 2 has 3 isotopes, 
some of which are resonant between 
energy groups 4 and 7, inclusive. 

Input Group 31 -- IV Source Generator Constants This group consists of 
one card of two numbers as follows: 

(1) Starting energy in electron volts for the IV particles (float­
ing point) 

(2) The total number of regions which are to be excluded as source 
regions (exempt regions) (integer) 

Example: 1+8,0 

lJ:lput Group 32 -- IV Source Generator Exempt Regions (Integer) If 
number 2 of Input Group 31 is 0, omit this input group. This group is a list 
of the regions which are to be excluded as source regions. Fictitious regions 
are automatically excluded. 

Example: 9,10,1,4 

Input Group 33 -- IV Source Generator Defining Parameters (Floating 
point) 

(1) Source Generator 1 

Source generator 1 generates sources uniformly from a circle of 
radius r, center x;y;z, located on a specified plane with parameters A,B,C,D 
(AX+ BY +C Z=D). All source planes must be of the form x, y, or z = constant 
with the corresponding coefficients either. 0 or + 1.0. Neutron direction for 
positive A,B,C is outward in the positive direction normal to the plane. Direc­
tion is inward for negative A, B, or C. If the source plane is to lie exactly 
on an outer boundary (on a line between real and fictitious regions ) ' change 
the center of the source plane by a small amount sufficient to put the source 
plane physically within a real region. 

For Source Generator 1, on the next card read in the following numbers 
(floating point): 

A,B,C,X,y,z,r 

Example: 1 + 1 ,0 ,0 ,3+ 1 ,2+ 1 ,1 + 1 ,5+0 

(2) Source Generator 2 

Source Generator 2 generates points uniformly over the whole reactor 
or certain specified parts of it with random direction cosines. 

For Source Generator 2 on the next card read in the following numbers 
(floating point): the max and min of the following refer to the maximum and 
minimum points on the axes, measured with respect to the zone geometry center 
pci~. . 
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If Zone Geometry (ZG- Input Group 1) = 0: 

xmax'xmin' ymax' ymin'zmax'zmin 

If ZG = 1 

Zmax' Zmin ,RADIUSmax'RADIUSmin 

If ZG = 2: 

RADIUS ,RADIUS . max m1n 

Example: (ZG = 0) 11+2,1+1,12+2,2+1,5+1,4+1 

(3) Source Generator 3 (See Section VI-3) 

Source Generator 3 generates sources at a point, x,y ,z, or from a disk 
with centei", :X.,y,z, and radius .HAD located a distan-r.P., n, from the area \Vhioh 
the particles are to hit. Angles are generated in the z-direction such that a 
cone is formed by the angles. 

For Source Generator 3 on the next card read in the following si.x floating 
point numbers: 

x,y,z,RAO,W,D 

where x,y,z is the location of the point source or the center of the/disk source 
(this must not be located in a fictitious region). 

RAD = 0 for a point source; RAD = radius for a disk source. 
W = one half the length of the diagonal of the rectangular 

area toward which sources are directed, or the radius 
of the circular area if sources are directed toward that. 

D = the perpendicular distance between the source and the arP.a 
the source particles are to strike. 

4. INPUT TO THE MONTE CARLO OUTPUT PROGRAM 

Input data for the output program is a separate deck of cards from the 
pre-Monte Carlo Input progrr-.m data r1eck. These data control the output editing 
and statistical analysis of the fluxes (and reaction rates). After Input Group 0, 
all input is in the standard CVI input format, as explained in Section VIII-2. 

Input Group 0 

Duplicate the title card for Input Group 0 of the pre-Monte Carlo input. 

Input Group 1 (Integer only). 

Consists of one card containing the three numbers, G,HS,F, where: 

G =total number of microscopic groups 

HS = total number of region sets 

F = total number of fictitious regions. 
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These numbers must be the same as used in Input Group 1 of the pre-Monte 
Carlo input. 

Input Group 2 (Integer only) 

Consists of one card,containingthe six numbers, ATH,ATG,PTH,PTG,EIGNV, 
MERGE, where: 

A TH = total number of region sets to statistically analyze 

ATG = total number of groups to statistically analyze 

PTH = total number of region sets to print per trial 

PTG = total number of groups to print per trial. 

Note: For the four terms above, a "0" indicates none; a" -l"indicates 
all. After the last trial, however, the flux tallies for all region 
sets and all groups (regardless of value ofPTH and PTG) are 
printed. The percent error will appear as "0" for any region 
set or group which is not requested to be statistically ana­
lyzed. 

EIGNV: Does the user want a multiplication factor (Keff) computed? 

0 indicates no. 
1 indicates yes. 

MERGE: Are the results of two previous Monte Carlo runs to be 
merged together on one tape? 

0 indicates no. 
1 indicates yes. 

Note: This option may be "1" only when the output program is run 
separate from the rest of the Monte Carlo program. 

Input Group 3 (Integer only) 

Omit this section if ATH = 0 or -1. Otherwise, list the region st::ll numbers 
which are to be statistically analyzed, a total of ATH number. 

Input Group 4 (Integer only) 

Omit this section if ATG = 0 or -1. otherwise, list the group numbers which 
are to be statistically analyzed, a total of ATG numbers. 

Input Group 5 (Integer only) 

Omit this section if PTH = 0 or -1. otherwise, list the region set numbers 
which ar§ to be printed each trial, a total of PTH numbers. 

Input Group 6 (Integer only) 

Omh this section if PTG = 0 or -1. otherwise, list the group numbers which 
are. to be printed each triRl, a total of PTG nwnbers. 
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Any of Input Groups 3, 4, 5, and 6 may extend to several cards if necessary. 

Input Group 7 (Floating point only) 
Omit this section if EIGNV = 0. For EIGNV = 1 read in macroscopic cross 

secti.ons l:a and v I:F as follows: for each region set, read in I: a followed by vl:F, 
for all groups, ie, 

Region set 1 (1st card); ra, vl:F (group 1), •.• ,ra, vl:F(group Q) 

Region set 2 (new card): Ea, vl:F (group 1), ... ,ra, vl:F(group G) 

Region set HS (new card): Ea, vl:F (group 1), ... ,Ea, vl:F(group G) 

Begin a new card for each new region set. The list of cross sections for 
any region set may extend to several cards. Howeve-r, the last number on any 
card must be a v rF.· 

RESONANCE INPUT SECTION (Omit Input Groups 8 and 9 if the Nonresonant 
Version is being used.) · 

Input Group 8 (Integer only) 

Consists of one card containing the three numbers, M,GM,IR, where: 

M = total number of materials 

GM = total number of macroscopic groups 

IR = total number of resonant isotopes in resonant materials, 

Note: If the resonant version of PMC is being used, but the par­
ticular problem being run has no resonance, insert one card 
with a zero in column 1 in place of Input Groups 8 and 9. 

Input Group 9 (Integer only) 

List the resonant isotope numbers in the same order they were read for 
Input Group 29 of the pre-Monte Carlo input. Do not list any of the nonresonant 
isotopes given in Input Group 29. A total of IR numbers are to be read; the list 
may extend to several cards. 

5, TERMS WHICH APPEAR ON THE OUTPUT LISTINGS 

The following terms, which appear on the output Hsting of the pre-Monte 
Carlo input edit and source generator, are defined: 

( 1) Problem title 

(2) G = total number of microscopic groups 
GM = total number of macroscopic groups 
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) 

H = total number of nonfictitious regions in the geometry 
setup 

HS = total number of region sets 
F = total number of fictitious regions 

M = total number of materials 
ZG = zone geometry (0, parallelepiped; 1, cylindrical; 2, 

spherical) 
S = total number of boundary equations 

IV = total number of initial value particles (sources) 
sG = type of source generator used (0, none; 1, beam; 2, 

uniform; 3, point or disk) 
FS = total number of fission spectrum tables 

MTO = monothermal option(presently = 0 only). 

(3) EQ TIME =equilibration time limit, in microseconds 
CENSUS TIME in microseconds 

ZG xo I ZG YO . = zone geometry center point coordinates 
ZG ZO 

( 4) Boundary equation parameters which are normalized and put 
in the generalform, A(x-x

0
) + B(y-y

0
) + C(z-:z

0
) -f: D, =0 

NO = boundary number 
N = plane (=1) or quadratic (=2) equation 

A 
B 
c 
D 
x

0 
= parameters of the equation above 

y 
0 

D(RSQ) = the negative of the radius squared, for an 
z0 equation with N = 2 

(5) External boundary numbers (EX.BN) and their associated albe­
does, by macroscopic group 

(6) Region descriptions 

Region numbers, in order, with the corresponding region set, 
region type, material number of the region, number of bound­
aries, and the boundary numbers for the region. Fictitious 
regions are similarly listed, following the regular regions 

( 7) List of x zone lines (the radii will be squared for curved 
geometries) 

(8) List of y zone lines (if there are any) 

(9) List of z zone lines (if there are any) 

{10) Zone contents.•- zones, numbered consecutively, with the regions 
that are c-ontained in each zone 
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(11) TNZONE =total number of zones 
TNZ END = total number of zones having more than three regions 

in a zone 
TNEBN =total number of external boundary numbers 

XZL =total number of x zone lines· 
YZ L = total number of y zone lines 
Z Z L = total number of z zone lines 

( 12) Im - the total number of elastic scattering isotopes, per 
material 

(13) Fm - indication of fission, per material (1, yes; O, no) 

(14) Importance weighting, listed by group 

(15) Importance weighting, listed by region 

( 16) Mean free paths • lambda, listed by malerlal and gl'OUp (in sec -l) 

(17) Microscopic group lower energy cutoffs (in eV) 

(18) Macroscopic group lower energy cutoffs (in eV) 

(19) Fast group Pcmg's listed by material, and then by group. If 
there is no fission, the 1st, 3rd, 5th, etc, numbers are elastic 
collision emission numbers for each elastic scattering isotope; 
the alternating numbers are the corresponding masses. If there 
is fission for the material, the first number is the fission 
collision emission number, the second number is the fission 
spectrum table index and the following numbers are the same as 
in the nonfission case 

(20) Thermal Pcmg's listed for each material 

If there is no fission, the three numbers per material are the 
elastic collision emission number, jj0 ,A. With fission, the first 
two numbers are the fission collision emission number and the 
fission spectrum table index followed by the same numbers as 
in the nonfission case 

(21) A list of the fission spectrum probability tables given in order 
of decreasing probabilities 

(22) A list of the fission spectrum energy tables given in order of 
decreasing energies (eV) 

(23) The total number of (nonresonant) data words which were 
written on the input tape S .SU04. The constants are numbers 
such as those printed in numbers 2, 3, and 11 above 

If the resonant version of the program is being used, items 24-31 will be 
listed 

(24) GR = total number of resonant groups 
IRM = total number of isotopes in resonant materials 
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Q = total number of resonance paramete;r tables given 

(25) List of resonant material numbers andthecorrespondinglump­
ing mass used in that material (AM) 

(26) List of energy group numbers which are resonant 

(27) Resonance parameter tables for both the unresolved and resolved 
energy ranges. The terms used are given in Input Group 28 of 
the pre-Monte Carlo input 

(28) List of the isotope numbers used in resonant materials, their 
corresponding resonance parameter table (or 0 of the isotope 
is nonresonant), and the group number corresponding to their 
maximum and minimum resonant energy · 

(29) List of the isotope numbers used in resonant materials with 
their corresponding smooth microscopic cross sections ac, 
as, ap, and vaF for each resonant energy group 

(30) List, by resonant material, of each isotope in that material: 
its corresponding atom density and mass to neutron mass ratio, 
the temperature of the material, in °K, the group number 
corresponding to the maximum and minimum resonant energy 
in this material, and RM, the number of isotopes in this 
material 

( 31) The total number of resonance data words which were written 
on the input tape S .SU04 

( 32) Source generator information 

Initial energy, in e V 
Number• of exempt regions 

(33) List of exempt regions; no sources are generated in these 
regions 

( 34) Parameters necessary to the source generator. 

(a) For the beam source: in the source plane Ax + By + Cz = 
D, A, B, and C are printed, together with the center of the 
circular beam area (x,y,z) and its radius -- as XBAR, 
YBAR,ZBAR,RAD . 

(b) Fqr the U,niform source: maximum and minimum point 
along the geometric axes limiting the range .of source 
generation 

(1) Parallelepiped zones: XMAX, XMIN, . YMAX, YMIN, 
ZMAX, ZMIN 

(2) Cylindrical zones: ZMAX, ZMIN, RADMAX, RADMIN 

(3) Spherical zones: RADMAX, RADMIN 

(c) For the polnt and disk source: XBAR. ~Aij. ZBAR is 
the coordinate of the point source, or cenw~ [;).f tb.~ disk 
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source; RAD is the radius of the disk source (=0 for a 
point source); W is the radius of the circular area, or 

. one-half the length of the diagonal of the rectangular area, 
· toward which the sources are directed. DIST is the perpen­

dicular distance between the source and the area the source 
particles are to strike 

(35) Sample IV source particles. Every 45th particle generated will 
be. printed. It coordinates are: N (number of neutrons in the 
beam); X,Y,Z, position coordinates; ALPHA,BETA,GAMMA, 
direction cosines; PTIME, particle time; G, microscopic group; 
H, region; M, material 

(36)Time required f~r thl:l input .edit, Jn seconds, and time required 
· to· generate the IV tape, also in seconds · 

.The ~esults of thP. P.rlit of the output data from a pr11blern i"tm follows. If 
CTE.NU is equal to either 2 or 3, the output edit is made by trial. The contents 
of the flux and resonance r~action rate tally boxes are printed with the amount 
accumulated du:r:-l.ng · the length of this trial. The content~ of all other tally 
boxes are printed with the accumulated total fnr thRt. box to. the· end of the trial. 
In addition-, the last edit contains the total flux and reaction rate accumulated 
through the .last trial with the pP.rcent of error for each box, based on the 
Student!s t-analysis of the trial fluxes at a 95 percent confidence level. If the 
calcuiation of tP,e multiplication factor is requested, it is listed after each trial 
and is based ori the total flux accumulated through the end of that trial. 

Fo~ each trial the following information is printed: 

(1) Problem title 

(2) Trial number, time in seconds for this trial to run, total flux 
in all region sets accumulated for this trial, 

(3) Number of IV particles remaining to be processed. 

(4) NPTCOL (NNTCOL), total numberofparticles (neutrons) which 
have been taken to collision through this trial. 

(5) NPFCOL (NNFCOL), total number ofparticles (neutrons) which 
have been created as a result of collisions. 

· (6) Leakage billies, listed by fictitious region (FREGION) .PLEAK, 
total number of particles which have leaked through an outer 
boundary into 'lhe fictitious regions accumulated through this 

· trial •. · · 
PINLEAK, continuous neutron beam weights which have leaked 
through an outer boundary into the fictitious regions. 
OBSNLEAK, the number of neutrons· represented by PLEAK 
which. have leaked through an outer boundary into the fictitious 
regions. 

(7) NPTHER (NNTHER), the total number of particles (neutrons) 
reaching the thermal group through this trial. 
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(8) NPTEQN (NNTEQN), the total number of particles (neutrons) 
which have reached equilibration through this trial. This total 
is 0, however, if equilibration time is input as 0. 

(9) NPTCEN (NNTCEN), total number of particles (neutrons) 
which have reached census through this trial. 

(10) PGEIW (NGEIW), total number ofparticles (neutrons) gained as 
a result of group importance weighting through this trial. 

(11) PGHIW (NGHIW), total number of particles (neutrons) gained 
as . a result of region importance weighting through this trial. 

(12) PFFCOL (NFFCOL), total number ·of particles (neutrons) 
arising from fission collisions through this trial. 

(13) PFUSED (NFUSED), total number of particles (neutrons) 
resulting from fission collisions which have been taken 
from the storage bank and reused through this trial. 

(14) ERRBOX1, ERRBOX2, ERRBOX3, total number of erro:rs in 
three categories which have resulted during the running of the 
problem accumulated through this trial. At any time during the 
running of a problem if any of the error tally boxes accumu­
lates a number equal to ten percent of NPTC OL, a program 
stop will occur. In such a case, the output will not be printed, 
although the output tape, if saved, would include all trials 
completed up to the program stop. 

ERRBOX1 ~allies are a result of particles being lost, or 
trapped within a :region. 

ERRBOX2 tallies occur when a particle is found to lie 
entirely outside the problem's fictitious regions. 

ERRB0X3 tallies occur when there are nny of several miscella­
neous errors arising from program checks throughout the code. 

(15) ON TAPE, the number of blocks of 50 particles stored on the 
storage bank overflow tape at the end of this trial. 

IVDONE, the number.of IV particlesprocessedduringthis trial 
plus the number of particles taken from the storage bank 
less the number of particles placed in the storage bank. This 
may be a negative number. 

(16) If this problP.m has fission, the multiplication factor KEFF is 
given. 

(17) The flux for this trial is listed by region set and group. 

(18) If the resonant version is being used, the resonance reaction 
rate for absorption, scattering, and nu fission is. listed by 
material, isotope, and macroscopic group. 
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In addition, after all trials have been completed the following is printed: 

(1) Total accumulated· flux over all groups; -region sets, and time. 
(2) Total accumulated flux for each region set and group tally box 

and its corresponding relative percent error from the statistical 
analysis. · · 

( 3) Total accumulated reaction rate in each category and its corres­
ponding relative percent error. 

The following quantities are printed on the computer console typewriter 
for the first and every tenth succeeding trial: 

NPTC . (in octal) ::::: total number of particles taken to collision. 
NPFC (in octal) = total number of particles arising from collisions. 

. -
IVP = total number. of IV.particles remaining to .b.e used.· 

ERR = total number of type 1 errors (see 14 above). · 

At the conclusion of th~ fifth trial, a message will be typed to the computer 
operator instructing . him :to save the PMC output tape (S .SU07) regardless of 
what happens if the user has indicated that he wants the tape saved. The output 
tape conta~ns the flux,_.reaction rates, and miscellaneous tallies. 
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APPENDIX A 

CORE STORAGE AVAILABLE 

The nonresonat version of PMC has approximately 19,000 core locations 
available for input data. This limit, in terms of symbols given in Sections VIII-3, 
-4, and -5.1, may be approximated by 

(1) 2G + GM + 5H + 3F + 2M + 8S + TNZONE + XZL + YZL + ZZL + 42FS 
+ (GM+1) TNEBN 

+ 2(G-l)t;_ 19,000. 

In ~ddition, the pr.evious sum, plus (HS) G + 3F must be less than 24,700. 

~he resonant version ·has 18,600 core locations available. TJ:Us may l:)e 
expressed as restriction (1) plus 

5M + GR + (Q+l) + 2IRM + lR + size of resonance tables + 4(IR)GR 

M 

+ 2 .~ RMm < 18,600. 

In ~ddttiQn, the previous sum, plus 3(IR) (GM)M + 3Max(RM) < 23,000. 
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APPENDIX 8 

. PMC CARD DECK 

The following layout of control cards and binary cards is used for a normal 
run of PMC program: 

$JOB 
$TIME 
$IBJOB PRE·MC NOSOURCE 
PRE-MONTE CARLO BINARY DECK 
$ENTRY 
PRE-MONTE CARLO INPUT DATA 
$IBSYS 
$CLOSE S.SU05,REWIND 
$TIME 
$IBJOB *PMC* NOSOURCE, IOOPl 
MONTE CARLO BINARY DECK 
$ENTRY 
$IBSYS 
$TIME 
$IBJOB MC-OUT NOSOURCE 
MONTE CARLO OUTPUT PROGRAM BINARY DECK 
$ENTRY 
MONTE CARLO OUTPUT PROGRAM INPUT DATA. 

In addition, if the output tape containing the flux, reaction rate, and other 
tallies, is to be saved for later mergining with other output tapes, include at the 
end of the cards: 

$IBSYS 
$CLOSE S .SU07 ,REMOVE 

The following layout of control cards and binary deck is used for merging 
two output tapes, or when the output program is run independently of the other 
programs: 

$JOB 
$PAUSE (Instruct operator to mount the two tapes to be merged) 
$IBJOB MC-OUT NOSOURCE 
MONTE CARLO OUTPUT PROGRAM BINARY DECK 
$ENTRY 
MONTE CARLO OUTPUT PROGRAM INPUT DATA 
$IBSYS l (These cards are included only if 
$CLOSE S.SU07,REMOVE { the merged tape is to be saved) 

Tapes to be merged are placed on S. SU05 and S. SU06 in either order. The 
merged results will appear on S .SUQ7. To merge two tapes, the MERGE option 
in the input data Input Group 2 must be set to 1. 
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APPENDIX C 

NONRESONANT SAMPLE PROBLEM 

A calculation was made to obtain the thermal flux disadvantage factor for 
a hexagonal lattice of fuel pins. As such, only one-half the actual geometry needs 
to be mocked up, with perfectly reflecting albedoes used for the symmetry 
axes. Thus, boundary numbers 5, 6, 7, and 8 have albedoes of 1.0. Although the 
z-dimension is not shown, there are 4 boundaries enclosing 3 regions and 3 
zones. The vertical axis fictitious regions are numbered 405 (bottom) and 406 
(top). They entirely cover the rectangular area shown, both below and above. 
The central vertical zones contain all of the regions shown in Figure C-1. ... 

9 

y 

Fictitious 
Region 
404 7 

13 

Region 1 

10 

\ 
\ 
\ 
\ 
\ 

a I 
I 
I 
I 

I 
I 

12 

Fictitious Region 
403 

Fictitious Region 
402 

Fictitious Region 
401 

INC-A-11481 

FIG. C-1 GEOMETRY DIAGRAM FOR NONRESONANT SAMPLE PROBLEM. 
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The problem was a one group (monoenergetic) mock-up using thermal cross 
sections from the TEMPEST Code for each material indicated. No fission cross 
sections were included in region 1 since the problem was to be monoenergetic. 
A homogeneous isotropic source of 45 IV coordinates per trial was generated 
for region 3. Eighteen trials were run for the statistical sample. Cylindrical 
zone geometry was employed. The region and boundary numbers are as given in 
the diagram in the same order they are listed on the accompanying input form. 

Boundary numbers 1, 2, 3, 4 are the four vertical planes from bottom to 
top, respectively. These same boundaries constitute vertical zone lines. The 
three radial region boundaries, 13, 14, 15, were also chosen to be radial zone 
lines. One additional radial zone line is indicated by the dashed curve in the 
figure. It is important to remember that the geometry center point at boundary 
number 13 is also both a region and zone boundary. The machine time for 18 
trials was 50 minutes. Four materials were input to this problem even though 
only three were used. This is permissihlA. Sixteen boundaries we!'e input and 
only 15 were actually usAd. This is a.lso pern-ri f:\Bl~Jle. 

In this problem, IV source particles were generated in region 3 only. T~e 
source generator Will create sources uniformly in a circular annulus between 
the specified RADMAX and RADMIN. Since it is circular, the fictitious region 
to the left of the semi -cylinders must be large enough such that no sources will 
be generated in an undefined region, in other words, sources not in the first 
octant. This would cause errors in the region search routine and ultimately end 

· in a program stop. 

other details can be inferred from the sample input form. To conserve space, 
the output listing shows only the first trial, last trial, and final results. 
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NONRESONANT SAMPLE PROBLEM -- INPUT TO PRE-MC INPUT PROGRAM 

0000000001 I I I I I I I I I 2 2222222225 5533353334 4 4 4 4444445 555555555 666666 6 6 6 6 7 7 7 7 7 7 7 7 7 7 8 
I 2 5 4 5 6 7 8 9 0 I 234567890 1254567890 1234567890 I 2 3 4567890 I 2 5 4 5 6 7 8 9 0 I 2 3 4 5 6 7 8 9 0 I 2 3 4 5 8 7 8 9 0 

i 1 1 1Id~~~~ 1Co8. I oT L1A 1T1T.l C. E I 1D1l s, .F.A C T1C R, ,/1,8 I .1 7 9, P A.~.e ,,,F,F= v.t? r.n,=-,AL 
J I 3 3 G. L{., I 1._&_ ,j,j 0 .~ 0 0 
3 '.'-! .. '>. !.H. 
l , I I .2 :J.. 2.3 3 3 'I '117o 
0 I+ G. I t I 1!.'1.7' S: I + 0 0 

L' I 0 ,(), I + I , 0 
:1.. I. 0 0 1 .+II I + I 
3 I 0 0 I +!I "-I+;).. 
'/-,I I 0 0 I+ I .J).+J.. 

15. I -.s-7.7 ].~ +0 I+ I, 0 .-15.7.7.3 S.+.O ' ' 

" I 5";773~+0 I+ I 0 .23 17.,3.7.'1 +I 
17, I I+ I 0 0,/ I .+.1 I 

' 
lX. I I ,f ,I 0 lo. 1,7,78_+1 

19. I I.+ ' o, Ia. ,()" 
I 0 I' 0 I+ I 'o la __ 'l,<J,o ;;.,'7 +I ' ' ' 

_/__/" 1 I r.+.1 0 .t?.' ;).J +I 

1 ,),, I ,o. I + I '/), 0 ' 
I ,3, " 0 0 II+, I 3.'1.'1.5".1 +0 ' 

li_L'fL J. 0 '1./, -11,., IO.S.+ 0 I + I f 9. 9 's. J .+ 0' ' ' 
I ,s;, ,.;~., 0 so.~ '1,'1,+.0, /.-t,l JJ'9,9S;I +,0, 
I,~:,, .~ 0 s.?,s 0 l,,f 0 1,+ I 8'19 ,'1 ,s, I + o 
.1 3 ~ 7. 18. 

., 
s; . 

I+ I I+ I , +, J +I 1.+ I J + I . . 
I I. 3 I s: ;1., - 3 .7 I 3 J .'1-. ' 
~ ,.l 31 3 1~1 12,. - 3 7,' 1,'1', I I 1G. 

31 .3' . .l. 1<11 . 7, ll. .-.3 ·.s. 1- "· i7. -,3 'I fo, ' ' ' I ' I I ' I ' ' ' ' ' ' 
'I 0 I 0 I 0 s; .1.. -3 -.~ - I I I .l ' I I I ' ' ' : 
~.O,J.. IJ,' 'I tJI G. ,).., /,- 3, s: ,- b Y. ,- I I ,: -· 

' ' ' ' 
'l.o,3 0 I 0 s. ,.;I., - 3 G. - j,Q, - I ,I 

_'/,0 <./ i) I 0 / (, " -3 r - I o l,:l., -,7, 
1./,o s; /, 0 {,' I ' - J. , r, 

. / 

I:L'-to 0 - 1 I I I 

If 0 " 0 I .o " 3. -,¥, ''1' -JJ//2. - ./ Cl ' 
~ 

/ J 

'1' ,'/-, 0 ,t./-, 
' ' 

O, ,'IIY.7.0.S.+ 0, s. 7.5".0 r;, +. 0 ' j, 1 1+. I ' ' ' ' I ' ' ' 
0. I+ I .;1. J .+ .l. ;;!;J.+l. 1 
0000000001 \~~~~~~~~~ I~ ~ ~ ~ ~ 2 2 2 2 3 ~ ~ ~ ! ; : ~ : ~ ~ 4 4 4 4 4 4 4 4 4 5 ~~;:g~n 5 6 ~~~=~~~:;~ 7 7 7 7 7 7 7 7 7 8 
12345 '378 90 6 7 8 9 0 1234567890 9 0 I 2 545678 9 0 



0 00000000 I I I I I l I I I I 2 2 2 2 2 2 2 2 2 2 ll 
ll ' 

3 J 3 ll 3 3 J 4 4 4 4 4 4 4 4 4 4 5 5 5 5 e. s 5 5 5 5 6 6 6 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7 7 7 8 
I 25456789 0 I 2 ll 4 ~ 6 7 8 9 0 I 2 ll 4 5 6 7 8 9 0 I 2 3 4 5 6 7 8 9 0 I 2 ll 4 5 6 7 8 9 0 I 2 3 4 5 6 7 8 9 0 I 2 3 4 5 6 7 8 9 0 I 2 ll 4 5 6 7 8 9 0 

~.1·1~101~ I 1 ' 
I~' I .LAo,</, 

' 

I 3. .Lf:o 1:, 

14'. ,J.I.oOS 

5". .l ,/.1 o,'-1, 
(o .4.0 b 
] .~0 ~ 

'l. .:~ .4 o I HO .;t. tl-.0 3 . ,'/,O.t.i. 

r. ,1./.0.fo 

I. I, I I ' ' ' 
0 0 0 0 
I-t- I ' ' 
I + I I+ I I+ I 
I, (.,<j, ,_ 3 (, + I ' ' 

_l_ -t.K. ' ' ' ' 
I 0.~ 'i, 3 3 3 + .l.. 
2..9. 7.9 + 0 ' 
0 ' f 

() 
' ' ' ' 

lb ~t, s; I /i ,'/ + iJ l.;l.~,S.9,- , ~3 3 9.8. ~~.9 .9 .+. 0 
/ 

I + I I+ I J. :+ I 
KK'f;_S+O. J.,'-1- 1¥.~.- I 5.3 b '.7 LS':+ .c 
'1.'f.§',oo :1. + o,,,o~ I .cl_ + ,()_, !,).. i 5". + lo. ' ' ' / 

t;'.3.:t +.0 .:J.. 

I ,). ' 
~"" J,f,).., J,+ l ,.9 f, I, ._s~ ?.s.+ o ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' , 

' ' ' ' ' . ' ' ' ' 
' ' ' ' ' 

. 
' ' ' 

I 

,. " 
' ' ' -'-

' ' ' ' ' ' ' ' ' ' ' ' ' 
I 

0 0 0 0 0 0 0 0 0 I I I ~ .: ~ I I I I 2 I~ ~ ~ ! ~ 2 2 2 2 3 I~ ~ ~ ! ~ 3 ~ ~ ; ~ 1 4 4 4 4 4 4 4 4 ·~~~~!l Q 5 5 5 6 ~ ~ ~ ! 6 6 6 6 6 7 7 7 7 7 7 ., 7 7 7 8 
I 2 ll 4 5 6 7 8 9 0 I 2 6·7890 6 7 8 9 0 6 2 3 4 5 6 7 8 9 .; ..., 8 9 0 567890 I 2 3 4 5 6 7 8 9 0 



NONRESONANT SAMPLE PROBLEM -- INPUT TO OUTPUT PROGRAM 
0 OC•OOOOOO I I I ' I I I I I I 2 2 2 I! 2 2 2 2 2 2 .3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 s 5 s s s 5 5 s 5 s 6 6 6 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7 7 7 8 
I 2 :J 4 5 6 7 8 9 0 I 2 3 4 s 6 7 8 9 0 I 2 5 4 s 6 7 8 9 0 I 2 3 4 s 6 7 8 9 0 I 2 5 4 s 6 7 8 9 0 I 2 5 4 5 6 7 8 9 0 I 2 3 4 s 6 7 8 9 0 I 2 3 4 s 8 7 8 9 0 

I, .--;-.8..0. ,c,R r ~r L A:r.r.r c E I D I S F.A C..T.O R o../,B~ J-.,7~9 PIA~C'~ £ • C:. F,f=, . VO I D =A L 

I 3. b 
- /, - I - I - I 0 0 

' J J 

. 
--'-

I I 

' 

I 

I ' I I 

I 

I 

' I I ' 

I I 

I 

. 
' I ' . I I I ' ' ' I ' ' I I I I I I I ' I ' 

I I ' I . " I ' ' I I ' I I ' ' I 

I 

I 

' I I 

I I I I ' ' ' I I I I 

0 0 0 0 0 0 0 0 0 I I I I I I I I I ~~~ ~ ~ ~ ~ 2 2 ~ ; ~ 17 ~ ~ ~; : ~ : ~ 4 4 4 4 4 4 4 4 4 4 ~~~ ~ ~ ~ ~ : ~: ~ 6 6 .. ti 8 6 ~;:: ~ n 7 7 7 7 7 7 7 8 
I 2 3 4 s 6 7 8 9 0 I 2 5 4 5 6 7 8 9 6.7 0 I z 3 4 5 6 7 8 9 0 I 2 5 4 5 5 4 II 6 7 8 9 0 



'Till! CRIT LaTTICE 1 DIS F' lCToR N81279 p.,GE 6F'f' VO I o•·AL 

G ·CH1 H HS f' M ZG s IV SG rs MTO 
1 1 3 3 6 4 1 16 810 2 0 

CTEND I ~IT!l TRIALS fUNDOM NO 
3 45 18 111222:;33447 

EO f~~E CENSUS TIME ZG ~;o ZG YO ZG ZO 
D, ii11oooooooe o6 0,1000COOOE )1 o,8il95toooe 00 0. 

BOUNDARY .EQLATION PARAMeTE•S 
NO N A B: c DlliSC) XO ·vo 20 
~ 1 a' 0, 01LOOOOOODE 01 ~o10000000E 01 0. 01 o.ioooooooE 8i 1 Q I 0. 011000000JE 01 ,10000000E 01 a' 01 o; oooooooe 
3 1 a, 0. o.tooooooJE 01 011oooooooe 01 Q I 01 o ,•226oooooE 02 
4 1 o, 0. 0,1000DODJE 01 o,1oooooooe 01 01 Q I o;231iolioooE 02 
5 1 •0,49999983E iio O,B66Q255tE co 01 0110DOOOCOE D1 •D 11000000i'E 01 Q I Q I 
6 1 IJ1,49999983E oo o;8&6a25>1E co 0 I o,1oooooooe 01 o,6U6oo3oE 01 Q I 0 I 7 1 o•,1oooooooe 01 0 ~ Q I o,1oooooooe 01 o,2oooooooe 01 Q I 0. 
8 1 o.1oooiioooe ii1 0. 01 0 o1000DOOOE 01 ol2779ooooe 01 0 I o, 
9 1 0110000000E 01 0. 01 0110000000E 01 o11oooooooe 01 0 I a, 

10 1 Q I ·0,1QOODODOE 01 o, 0110000000E 01 Q I o,2799il24ae 01 Q I 
11 1 o.toooooooe 01 0. 0 I o,toooooooe 01 o,J1ooooooe 01 D I o, 
12 1 o. o ,1oiiooo.,oe Ql 0 I 011DOOOOOOE 01 01 •lo10uoooooE 01 o; 
13 2 o.1oilolioooe li1 0 ,1iiOOOO!IOE 01 o, ·01 o110ooooooe •0 1 ~,8995toooe DO 01 
14 2 Oo10000000E ii1 o,1liiiolio~oe Oil 0 I eO 1237217? DE 00 0 11DDDOOOOE 01 01899510DOE 00 0 I 
15 2 o.toooiioooe 01 D,1oODOQI10E 01 01 o0 1 253955~2E DO o;1oooooooe D1 ~,B9951oooe DO o, 
16 .2 o,ioooooooE ii1 0 ,1oOOOOI•OE 01 0 I .o,J3o694ooE 00 a,toooooooE D1 10 ,89951oiloE 00 0 I 

ALBEDOSS 
EX,BN H,tiCGt MACG2 MACG3 MACG•· 

·2 1,000 
3 1,000 
5 1,000 
6 1,000 
7 11000 
8 1,000 

REG I ON •tESCR I PT IONS 
RE·JION ·~eGSET REG TYPE HAT NOBDtS BOUNDARY NUMBERS•• 

1 1 3 1 5 2 •3 7 13 14 
2 2 3 J 5 2 '•3 7 14 1.6 
3 J 2 4 7 2 ·•3 5 •6 7 ·8 16 

401 0 1 0 5 2 •3 ·5 ·11 12 
402 0 1 0 6 2 e3 5 •6 8 ··11 
403 0 1 0 5 2 ·3 6 ·10 •11 
404 0 1 0 6 2 ·3 9 ·10 12 .7 
405 0 1 0 6 1 •2 9 ·1l 12 .to 
406 0 1 0 6 3 ·4 9 ··11· 12 .10 

X ZONE L f~ES 
o. 0, 23722E 1]0 [J,35069E 0~ 

z ZCNE LHES 
a 1 o,uocioe ~1 li,2LOOOE 0~ 0.220lOE 02 

ZONE • I~AS -_,EGIONS 
1 ·405 
2 1 404 



3 ·~06 
4 ~05 
5 2 404 
6 ~06 
7 405 
8 3 401 402 403 4ti4 
9 ~06 

TN ZONE li~ZEND TNEBN XZL 
3·~ 9 1 6 4 

NO OF EL~STICS,PER MATERIAL•IH 
1 1 1 1 

YZL 
0 

FISSION PER MAlERIAL.PH a1(Y6Sl :O(NOI 
0 0 0 0 

IMPORTANCE WEIGHTING BY GROUP.IG 
11ooo 

IMPORTANCE WEiGHTING BY REGION•IH 
11000 1,000 11000 

MEAN rREE PATHS 
MATERIAL ;GROUP LAMBDA 

1 1 Oo16923600E 01 

2 

3 

• 

1 

1 

1 

O,lOOOOOOOE o8 

o,10283330E o2 

o~29790oooe oo 

MICRO G~OLP EWERGV CUTOFFS 
0 I 

MACRO GRO~P E~ERGV CUTOFFS 
D I 

THERMAL P.CMG, MATERIAL 1 

ZZL 
4 

0 1 656519~oe oo o,2259tioooe.ot o,53388499e oo 

THERMAL PCHG, MATERI-L 2 
011oooooooE o1 o.1o6oooooE o1 fi,2oooooooE o1 

THERMAL P.CMGt MATERIAL 3 
0188424999E 00 ti,24450000E.01 o,53667500E 00 

THERMAL P.CMGt MATERIAL 4 
0199500t99E 00 o,21900000E 00 0,82850000E 00 

TOTAL NUMEER OF DATA WORDS ON TAPE 202 PLUS 36 CONSTANTS 

SOURCE GENERATOR INFORMATION 

STARTING ·ENERGY NO OF EXEMPT REGIONS 
0,53200000E 00 2 



Elo:EHPT ·~ EG I 0~'5 
1 2 

ZMAX nulli A.AD~A~ R'DMIN 
21,000 1. 000 I() ,901• ) ,575 

·BORN STOR~GE IV P'I\RT ICl.BS 
N X y z Al.PHA BETA .GAMMA PTIM~ SQI<iiEI G H H 
1 1,744 o,631 t4:38o ·•0.~31 •o,632 0,764 o.ooo Q,729 1 3 4 
1 11185 01252 t5:391 •01~79 o.6o5 •0 I 165 o,ooo 0.729 1 3 4 
1 1,038 11741 1:013 0 10•39 o,63o o0 I ?76 0,000 0,729 1 3 4 
1 1,662 1126i 1:2 ;714 01 ~ 77 •0,056 ·0,207 o,ooo 0,729 1 3 4 
1 .1 '497 01574 1'0;638 o,o46 o,447 01860 0,000 01.,729 1 3 4 
1 1 1652 o·1965 11.307 0,~48 •0,306 ·0 1086 u,ooo o.729 1 3 4 
1 1,56o 11423 s:887 0,!96 • 0 ,974 •0 1113 0,000 0,.729 1 3 4 
1 11740 0,471 15i358 .o,eo3 •0,536 ·01:?59 0,000 0,729 1 3 4 
1 11592 112?6 !1,035 •0 125o •0. 771i 01~87 0,000 01729 1 3 4 
1 1,643 11383 5:278 8 0 I 10 0 o.599 0,?95 o,ooo 0. 729 1 3 4 
1 1;046 ll647 11:156 •0,3'90 ·o.754 0,529 o,ooo 0.729 1 3 4 
1 11177 11530 L :984 o,e!le o.o26 01439 o.ooo ().729 1 3 4 
1 1,335 11367 3:423 •0,206 - 0 ,949 •01239 o,ooo () 729 1 3 4 
1 1,353 ' 11566 1'~:455 o,4o3 ·o.oao 0,912 0, 0 0 0 0 729 1 3 4 

~ 1 1,367 C:l28ii :s:576 •0,743 o.64Q o119a o.ooo D. 129 1 3 4 
en 1 11602 o,823 2:224 o0,736 o. 311 •01534 o.ooc 0, ~29 1 3 4 

1 1,601 1,371 e:2os 0,138 o.475 •0,869 0, 0 0 0 J,"29 1 3 4 
1 1,203 0,325 6:549 01959 0,248 Q 1136 u.ooc ) • :'29 1 3 4 

0 

'T;ME F'OR INPUT EDIJ = 4 SEC 
T:ME F'OR IV GENE'IAfiON = 42 sec 

END•OP•DAlA ENcOJNJERED ·0~ Sy!:TEH I"PUT F'llEI 

.> 



TRX CRIT .LATTICE 1 D;S F'ACTOR NB1279 PAGE 6F'F' V.O I n:AL 
.TRIAL 1 TRIAL TIME = 114 TRIAL F'LUX 477,980 

IV PART LEF'T 765 
NPTCOL 955 NNTCOL. Oo955QOOOOE 03 
NPF'COL 912 NNF'COL. Oo91200000E 03 

F'REGION 401 PLEAK 0 PJNLEAK o, OBSNLEAK ,.g. 
F'REGION 402 PLEAK 0 PJNLEAK o, OBSNLEAK •0, F'REGJON ·403 PLEAK 0 PJNLEAK o, OllSNLE4K •0, 
F'REGJON •o4 PLEAK 0 PJNLEAK 0 I OBSNLEAK •D, 
F'REGJON 405 PLEAK 0 PJNLEAK o, OBSNLEAK •0. 
F'REGJON 406 PLEAK 0 P!NLEAK o, OBSNLEAK •0, 
NPTHER 9J2 NNT~ER Ot912DOOOOE 03 
NPTEQN NNToON o. 
NPTCEN NNT~EN o. 
PGEIW NGEJW 0. 
PGHIW NGHlW o. 
PF'F'COL NF'F'COL 0. 
PF'USED NF'USED 0. 

co ERRBOX1 1 ERR8DX2 0 ERRBOXJ --1 
ON TAPE 0 JVDONE 45 

REGSET G~OUP TRIAL F'LUX 
1 1 o,16062070E o3 
2 1 o,62262921E 02 
3 1 o,2S.S1oo1ae oJ 



(0 

00 

TAX CRIT .LATTICE 1 DIS f'ACTOR ~81279 PAGE 6Ff' VDID=AL 

TRIAL 18 TJ;IAL TIHE a 135 TRiAL F'LUX a 56e ,43• 

IY PART lEF'T 0 
NPTCOL :<o12Q NNTCOL · Oo2012900DE 05 
NPF'COL 1932·8 NNF'COL Oot9J28000E 05 

f'REGION 401 PLEAK 0 P!NLEAK 01 
f'REGION 402 PLEAK 0 P!NLEAK 01 
F'REGION •oJ PLEAK 0 P!NLEAK 01 
J"REGION ·4 04 PLEAK 0 PJNLEAI< 01 
F'REGION •o5 PLEAK 0 P!NLEAI< 0 I 
f'RE•3! ON 04 06 PLEAK 0 P!NLEAK 01 

NpTHER 193218 NNTHER Do19328000E O!> 
NPTEON I) NNTEON 0 I 
NPTCEN I) NNTCEN 0' 
PGEIW I) NGEIW Oo 
PGHJW D NGHIW 0' PF'F'COL D NF'F'COL • Q I 
PJ"USED D NF'USEO o. 
ERRBOX1 16 ERRBOX2 0 ERRBQXJ 
ON lAPE 0 IV DONE 45 

REG SET G~OUP TRIAL F'LLJX 
1 1 Oo18840741Ji o:s 
2 1 o,791JJ728E o2 
J 1 o,Joon:sau o:s 

rRl( CR IT .L ATT !XE 1· 0 IS f' AC1 OR ~81279 PAGE 6F'f' YO I DdL 

·roTAL F'LUM OYB! ALL H,G ~ 0,1Q147032F. 05 

REGSET 
1 
2. 
3 

ll~OUP 

1 
1 
1 

TOTAL F'i.;LX 
o,J38639iJ?E O' 
o,14013iJ44E o• 
o,5358J4o•E o• 

PEl! CENT ERR 
0,7839783BE 01 
O,B18423J7E 01 
0, 784211i6E 01 

OBS~LEA~ •0, 
OBS~LEAK •0, 
OBSH EAK •0, 
OBS~LEAK ... o, 
OBS~LEAK •01 
OBSNLEA~ •Do 
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APPENDIX D 

RESONANT SAMPLE PROBLEM 

This problem was chosen for its simplicity to illustrate the input and output 
of a resonance-type problem. The accompanying geometry diagram (Figure D-1) 
is self-explanatory. Cylindrical zone_ geometry was employed for the two 
cylindrical regions. Region one is a 238uo2 pin surrounded by H2o in region two. 
It was desired to obtain the average absorption cross section of U-238 in the. 
resolved and unresolved range of region one. The macroscopic energy groups __ 
were thus set at the resolved and unresolved energy cutoffs for U-238. The 
lower resolved energy cutoff was chosen as 0.532 eV for convenience. There 
were 55 resolved resonances, and the set of unresolved parameters were as 
given in the input. No smooth cross sections for U-238 were input in groups 
four and five. Average group cross sections for 16o and H2o were computed by 
a fast spectrum code, and the appropriate Pcmg were then determined. The fast 
Pcmg for material one in groups fourandfive were input as 1.0, but were mean­
ingless since they are in the resonance range (ie, these values will be ignored 
since the Pcmg will be recomputed from the resonance cross sections at each 
particle energy in groups four and five). Complete attenuation was specified in 
the thermal group in both regions so that no time would be wasted on thermal 
collisions. A total of 7200 initial value particles was generated in region 2 in a 
flat distribution, with an initial energy of one MeV. In this way a 1/E slowing 
down. source was generated into the unresolved. range. Forty statistical trials of 
180 initial v~lue coordinates . per trial were prescribed. The running time was 
approximately 1.9 hours. 
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FI·G. D-1 GEOMETRY DIAG.RAM FOR RESONANT SAMPLE PRIDBLEM. 
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RESONANT SAMPLE PROBLEM -- INPUT TO PRE-MC INPUT PROGRAM 

0000000001 I I I I I I I I I 2 2~22222223 5333333334 4444444445 5 555555 5 5 66666& 6 6 6 6 7 
I 2 3 4 5 6 7 B 9 0 1234567890 1:<:3456783•) 12345678901 234567890 I 23·4567 8 9 0 I 2 3 4 5 6 7 8 9 0 

~I lliJI8' 1 ,R,[. S lNT Rt.JN, WI T1f/1 ~l,U~T ~ G,( ~ R c .b1 I ;./.;?.7/.,s; J .HR. RUN 

I e. ,1/-, 1_ ..t 3 ~ I ! .7),,0,0 , 0 0 

3 I -8.0 ,,.t,o ' 
, , 

l , 71 I 3 'I 6. ~ 7 I I J..,7, 

0 I+ 1 )..S,33 1../.+ I ).. S.3 3.'f.+ I 0 

I J. 0 0 . :2,5 33'-ltf :2533 [t,t, of I 

J. ~ 0 S", 3. 3.'1 +O .J. s:3 3 .'l.'t.l :;.s .. 3' .. :f .II.+ I 
3 J.. 0 I 53 3 'i t I . 2.5.3.3 .11. + I • .2 ~s.3 .3 . 'f.'t. · 

I <t. 1.1 0 : s 3 3 II+/ ~ 5~3 .3 .II+ I :lS:33lf+t 

5'. I ,0, 0 I + I 0 I 

li. I 0 0 I t I I t ' 

!7. II 0 0 I+ '· I f _. ~ 

K. I 0 0 I+ I I 1_,.- ,,_ I 

3: .t.," .7. ' ' 
I,+, I , I -t /, It I I + I , f + I /, t. I l.t.l 1..+ I , I + I. f. -f' I I -t I I + I. ' 
I I, .3 j <!-. 1.' d.. c;; - 7. .J 

l.;z. .l. 3 .:t' 1../. ~' 3.J " -.7. 
1~.0 I, .o. .3. 0 "' 3 ~ ,, - 7 ' 
I 11. t1 .l. 0 3. 0 iJ."'. I ,'i-./ s; - (, ' . 
ltl.o ~. 0 3 Q, 'f. J 'fJ 7 -i 
19. ·"'· 0 ,I./, ' 
lo. s. J 31i.J.I+ 0 .I S.J 3 4- + I .2.S:3 3.'1.+. I ' 
0 I +.1 f I +J.. /d.t;.., ' ' 
I I . 11"o.:J. 

1.;. • I , I , . 
3, ,I, ,L/,013 ' ' ' ' ' ' . . ' ' ' I ' ' ' ' ' ' 
I¥,' I 1/,0 l. ' ' ' ' " r ' ' 
15'.- (' 2. ' ' . ' ' ' ' ' . . ' ' ' 
Ito. I . &1.0 3. 

17. I. . LJ. (} :J. 
:gl I} ''f. 0 .I ' 
q, I .ll.o 3. ' 
'.l 

. ;}... . . 1 I 
O, ,0, ' ' ' ' . . I I ' ' ' 
--1 
0000000001 I I I I I I I I I 2 I~ ~ :; ! ~ 2 2 2 2 ' ~ ~ ~ ~ ; 333344 4 4 4 4 4 4 4 4 5 ~~~!~in 5 6 6bti 6666667 
12345 S78 90 I 2 3 4567890 6 7 8 9 'J 678901 234567890 9 0 1234567890 

7 7 7 7 7 7 7 7 7 8 
I 2 3 4 5 6 7 8 9 0 

' 

. ' 

' ' 

7 7 7 7 7 7 7 7 7 8 
I 2 3 4 5 6 7 8 9 0 
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0000000001 I I I I I I I I I 2 2 2 2 2 2 2 2 2 2 3 3533333334 444444 4 4 4 5 5 5 5555!155 66666666667 7 7 7 7 7 777•78 
I 234567890 I 2 3 4 5 6 7 8 9 0 1234567890 1234567890 123456 7 B 9 0 I 2 3456789 01234567890 I 2 :!1 4 5 6 7 a 9 o 

!-Ill I I I I I I 

3 fo,"-.4 3 + I J...¥ /fi'S:+ I 1.9,, 7 Ia.~.+ I I + I I + I 1,-3 
3.7oGC.-+I"!! (,G.~.-+ I t..9. !.'f. l3+o l.. 9. I .'1-.3. + 0 G 9. I ,'1.3 + o I - .3. 

8, J..l + G, ~~Jo +if, .~S:+I'+o I + Itt,_ s~3·"-·+o 0 
l.cil!i+,if, /1~.'-1-. -;I 3.l..+ .o. 0 

/ 

3b3S.3+0 .:u 8.+.3. fcl..'i'3!(. ~0 I~ +.d.. 
~s:'f. e:, r.+ o :A.3 1¥.+ . .3 .~ .'I. 3.1, 'f.S. 9 +o /,(, .+.;;... 
(, .2..:1. 9. +.0 ";,..3 8 + 3 J3'1./Sft7 I~.+.;).. 
I + I .1.3.8 +.3 I+ I /,fat,;). 

l +I ~.3 g +.3 1.+.1 I fc + 2< ' ' ' 
7,0, 1.3 + 0 I o o i +I' ~.9.7.J...t.O I G +,~ 

K.3.5.7,+ o _Lo o 8'.+ I I t,,l/,3,+ o I(, .f,J. 
' 

i 'I I . t..J + 0 "' I o o K.+. I !33.'-.-1 J. (,rf ·'-
'/,J,fD-3,+,0 I O.o g,+, I !.J .3.J.- I U.+.l. 
9/,bJ,+.O, , I O.o li'.+. I .!.3.3 J..-.1 I"+.'- ' ' ' 0 0 5. t-,0 ' 
0 .o. 5'.+,0 ' 
J.. .;1, I ' 
I J...4.+.3. ' ' ' ' ' ' 

It~. 5": 
3 .:1.9.3 ss. ,;I. s: +.If . , I + If ~3 -.o+o ,,2 0,3,-,... J..5,9,- I 0 0 d..O b ;-,d-, I+ I ''!~ + I 9~9.S:K.l + 0 133S:/.+,7 
3 "3,o,J,.f,7 . • ?,4 -(, JI.'I.J..?.l-.J.. 3.J..::J:7:/ + ~ '0 

,/ , 
I 

9.9. 7.t 3 .ll.+ 0 3 b- I 0 I + I I ' 
'1.9.5+ 3"' .I- :t"' :J..S.9.-/ 0 I + I 

' 
j',C,,.l,.f-.31 l,'f,+~O J..?-1/ 0 I,+ II 
• 91L/o 11+ .3 .11915.+ o. ':;.. f -,/' () , I i+.l ' ' ' ' ' ' I I o ' ' ' ' ' ' ' 
9,3 .+-.~ J.7- I J-,5-.9 - I 0 , 1. +II ' ' ' I ' ., 

.9.1,1 +-.3, .9 -,, If.;)_-, I 0 '1, +.I ' ' ' ' 
!.9.~.+·'· I 3- ;;.. J .. .5'.9,- I" 0 I + I 
i.l..9 + 3 .a'-. -,.;1 J.. S. c;,-' I 0 I + I 
3,{,,+3 .~-j_ ,5:'1,- I 0/ I +.1 

_E,S '- + .3 I 3 ~ o J..S.9.~ I 0 I + I ' 
l.r . .l.t. . .f .. 3 (.,-/ J,7,- I 0 I -t I ' ' 
17.9.3.+ •. 1. I I -,I ' J .. .s-.9 ..._ ·, 0, . I + I ' ' ' ' I I 
17 .1.3 + .3 , .3 - J... ~£9 - I 0 I -+ I 1-: 

0 0 0 G 0 0 0 0 0 I :~~~~~~~~~ I~ ~ ~ : ~ ~ ~ ~ ~ ~ ~ ~ ; ! ~ ~ ~ ~ ~ ~ ~~;:;:~:;~ ~~i!:~~:~~ ~~;:~~;::~ 7 7 7 7 7 7 7 7 1 a 
1234567890 I 2 345678 9 0 
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~1"17,+,3,~1~1-;),. :i.S.9-,J. 0 I -t I 

17 3 .31t 3 .'f,). 5"- .:l J. S: 9.- I 0 I + I 

l7,;l,l/,t 3 l,'f,7,- I J 5", 9 - I 0 It+ .1 
17 I I + 3 I 1? - I S,-1 0 I-t I 
[(, 19 (, + 3 ~3- I ;;_ K- I 0 . I+ I . 

l(,.! 1 +3 1 3 -.J.. d.S.9-I 0 I t f 
'-G..3+3 I J.. S+ o 3.,9 -.! 0 .I It f 
(,3+3 • 9-)... ~:s;9,- I . o"' If I 
~ .u .. +J 3 9- I ,:;..7- "t 0 J + IL ' 
!;, cH,+ 3 '- 3 J...J-.9 - I 0 I .+ L . 
5". 'f. 7. + 3 J 6:, " - I d,tt,-j" 0 I.+ I 

ls.K.J..+,3 .'/,J.. - I .~ft. -.J 0 I -+ I 
' 

i5.'l.Y.+.:~ I- .:l 2.S.'f - I o" I + I 

ls,J, 7, t ~.3 ,s; I.J,- I ,)._,7_.- J .o I.+ :1 ... 
t;,J.. +,3, J..,KS- I J-S.'J,-"'t, t7 I + I . 

_1./-,9, I + ~'3 I - • .l :J.,t:;,q - J 0 I + I 
!'-!.!.+ 3 ,1./-.~ - ;_ 7.-./ OJ 1.+.1 ' 
11/.~.S:+ 3 .7.- ,).. 3 J.. -,i 0 I + I ' I 

1</.s-, + .3 ,7- 3 J..5,'J- .I 0 I ,t I ' ' ' 
1/,J,C, + 3 l.'f,- I ,;)_,1j'- I / 0 1,+ I 
'f, I l. + 3 I, 7 - I ~'f -; 0 I+ I .. 
J.'f.'? f,J I- ,I' s;(,-1 0 I,+ I ' 
3 1 j"i+ ~ lS".- :JS"9.- I, 0 I +,I . ' 

13 "-. 9.+ 3 .'f. S".- I .:1..3 -.r. "o "1 + I 
'3 I,)). S.+ ,3 I - ,;t J.~S/1,- I, 0 I -+ I ' 
J.,9,li+,J .J,9- I 'J,'f,- I . .o "I,-+ I ' I ' ' ' ' ' . I ' I ' ' ' ' ' ' 
:J.,7,1/.S. + ,3 ' J. .7 - ·I. ,J..,S',- .I o, II+.! ' I ' I ' ' ' 
,J.,(..,lJ,f .'3 .~ 3,-3 '.2..,s,9 -,1, 0 .I f,l' ' ' ' ' ' 
~3~+3 3,.:1.,- I .k'L- I 0 I --±LL 
~ 0,9, I+ ,3 5-1 3- I 0 I + 1 
/,9 + 3 I J 7 + o .;t f -,1 0 I+ I 
Lt.. t:;, ?."+ 3 3 'f -11.. J. .5.9 - I 0 II .+.I 
1.~.<;".9+ 3/ K_,l -L3 J...S,'f -,1 0 I +,/ ' ' ' 
lol .?.+,J' ,1._, 7 C..- I J. I - J ' o. ,/ I+ I ' ' ' ' I I ' 
I OJ...~.+,3 ,7 ,J...- I ~ • .l.- I ,0, , I I+ I 
0000000001 \~~~~~~~~~ I~ ~ ~! ~ 2 2 2 2 5 f ~ ~ ! : ~ ~ ~ ~ ~ 4 4 4 4 4 4 4 'I 4 5 5:>:>:>555556 ~~;:~~;::~ 7 7 77777778 
12345'37890 6 7 8 9 <l' 1234567890 1234567890 I 2 341567890 

.. 
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1.0~+'- I tf - 5 ~.s-.r.<t 0 J+L 
(,,(,.,8.+ ' I 1.11- ~ :J...7.- I a I I+. I 
3 '9. ;I. 3 ,I./; 5-: 

lo. .o. 0 o0L
1 

0 ,o, .o. ,Q, ' ' 
1.~ 0 . '1. ,_c;-, 

0 •• 31L±.i 0 0 
' 

0 .3.7.+ I .0 0 

I, J.,q,] t 3 ,LJ s; ·'-
13.9.2 ,;).lj_,.J.,9 -I .:1. 34".+ J, ' ' 
I ~ .'I. (,,f,(,- I I 6 +.:J.. 
I t.-7. I 

/ 

' 
I ' _l_ 

I t. t ;J., I ,t, I ,/ s 3 3 ,'/-,+ I 5".3 3 !'1-,+ 0 . ' ' . 
~ 

' 

' ' 

' 

. ' ' ' . 
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RESONANT SAMPLE PROBLEM -- INPUT TO OUTPUT PROGRAM 

0 00 0 0 0 0 0 0 I I I I I I I I I I 2 2 :! 2 2 2 2 2 2 2 ll ll ' 3 J 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 s· 5A . 5 5 5 5 5 5 6 6 6 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7 7 7 a 
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l.1 IJ.IJI rl I R, !01 s 1 N1T RUN IW,l Tl1 Z.U.T .:;, t; ~ ). REG I J.. I'-·· 7~ I.~ ~- ,.1, H.f? .R U IV 
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0 
C1l 

238 RES INT RUN WITH ZUT 6 GP 2 REG, 12127/6!1 

G QM 
6 4 

CTEND IVITR 
3 uo 

~ ~s 

2 2 

TRIALS 
40 

r 
3 

M 
2 

RANDOM NO 
271346!i171127 

ZQ 
1 

2 I>IR RUN 

s 
8 

IV 
7200 

SG 
2 

EO TIME CENSUS TIME ZG ~0 ZG VO ZG ZO 
o, ii,100000DOE 08 o,25334000E 01 0,253340DOE 01 0, 

90UN04RV EQUA110N PARAMETERS 
NO ~ A 9 
1 2 o,JOOOiiOOOE 01 0,1000DOOOE 01 
2 2 o,:tuooiioooE 01 o,1D"ooooooe 01 
3 2 o,:toooiioooe 01 0,10000000E 01 
4 2 o,:IUOOOOOOE 01 0,10000000E 01 
5 1 Do 0. 
6 1 0. o. 
7 1 0. Oo 
8 1 o. o, 

ALBEDOES 
E~.BN MACCl1 MACG2 MACG3 HACG4 

3 1,000 1,ooo 1,000 1oDOO 
6 i. 00 0 1,iioo 1oDOO 1oDOD 
7 i,ooo 1,iioo 1,000 1o000 

REGION DESCRIPTIONS 
REGION REQSET REClTVPE HAT NOBDYS 

1 1 3 
2 2 3 

401 (1 3 
402 ~ 3 
403 0 3 

X zONe LINES 
0 I o,28452E 00 

z ZONE LINES 
0. Oo1DOOOE 01 

ZONE • HAS REO IONS 
1 402 
2 1 
3 403 
4 402 
5 2 
6 403 
7 402 

4 .. z. 8 401 
9 403 

TNZONE TNZI!NO TNEBN XZL 
9 0 3 4 

NO Or ELAST!CS,PER MATERIAL•IM 
2 2 

1 
2 
0 
0 
0 

4 
4 
4 
4 
4 

o.23!l13E 

o.uoooE 

YlL 
0 

ZZL 
4 

F'ISSJON PER MAT&RIAL•rM •1CVESI •oCNOI 

c DCRSOI 
o, .o. 
0. •ii, 28451556E 
0. •0,235131!i6E 
0. •0, 6418U55E 
Oo1000C•OOOE ii1 iio10DOOOOOE 
0 o1000C•iitiOE 01 Oo10000000E 
0 o1000C•OiiOE 01 iio10000000E 
o .uooooooe 01 o,1oooooooe 

BOUNDARY NUMRERS•,. 
1 2 6 •7 
2 3 6 •7 
3 4 6 •7 
1 4 5 •6 
1 4 7 •8 

01 Q,64181E 01 

o2 0,12000E 02 

00 
01 
01 
01 
01 
01 
01 

F'S MTO 
il 

xo 
0,25334000E 
o,25334000E 
o,25334ilooe 
o,25334oooe 
0. 
o, 
0' 
o, 

vo 
01 0,25334000E 
01 0,2!l334000E 
01 0,25334000E 
01 0,25334000E 

0' 
0' 
0' 
0' 

zo 
01 o, 
01 o, 
01 0. 
01 0. 

0 o10000000E 01 
o,2000DOOOE 01 
Oo12000000E 02 
0,13000000E 02. 



..... 
0 a:. 

IMPORTANCE WEIG~T!NG BY GROUP•IG 
ALL GROUPS ~AVE WEIGHT 1 0 0 

IHPOR1~NCE WEIGWT!NO BY REGION•!M 
ALL REJ!ONS WAVE WEl3WT 1,0 

MEA~ 'REE PATWS 
MATERUL GROUP LAMBDA 

o.36243oooE 01 
o.2•aesoooE 01 
0,19Z726•JUE 01 
0,10IOOOOOE 01 
0,10100000E 01 
0,99~99999E•04 
0,37066000E 01 
0,1H68000E 01 
0,69H3000E 00 
0,69l43000E 00 
0,69l43000E 00 
0,99~99999E•04 

1 1 

2 

2 
3 
4 

' 6 
1 
2 
3 
4 

' 6 

MICRO GROUP ENERGY CLTOrFS 
o.&2t:ooooe o6 ii,5!i3oooooE 04 

MACRO EROUP ENERGY CUTorrs 
D,250000001! 04 ii,1DOOOOOOE C·4 

FAST PCMGoBY GROUP • MATERIAL 
0,363913000E 00 ii 1 23SOOOOOE OJ 
o,5541olloooE 00 ii 1 2JBoooooE o3 
0.62289999!! OG ii,23BoooooE o3 
0 o10DC•DOOQI! 01 ii,2J!IoooooE o3 
Oo100CDOOOI! l'1 ii,23Bouoooe o3 

FAST PC~G,BY GROUP • ~ATEFIIAL. 

D,7013JOOOE au ii 1 10J80000E 01 
Qo835?JOOO!i 00 iio10J80000E 01 
Q,916JJOOOil DO ii 1 10.)8UOOOE 01 
D o91639000E 00 5,1ooeooooe 01 
o,9163~oool! 110 o,tooeooooE o1 

TWERHAL. PCHOo MATERIH .1 
o, ii, 

TWEFIMAL PC MOo MATERIAl 2 
o, ii, 

o,25ooaoooE 04 

0 .53200iliOOE DO 

1 
0 62838600E 00' 
o.4314~~ooe DO 
0.33419DOOE DO 
0.10000JOOE D1 
0,1000DJDDE D1 

2 
0,2972Dt)OOE oo 
0•1643DODOE DO 
o,B3319999E•01 
o • .B3319<~99E•01 
o.83319!199E•01 

o ,.5o o o o o Doe DO 

0,500DDCDOE DO 

TOTAL. NUHBER OP DATA ~OROS ON TAPE 1es PLUS 

G,1000DOOOE 04 o,!I320COOOE 00 ) . 
0 • 

O,t600iiOOOE 02 
0,16000000E 02 
0,16000000E 02 
D.t6ooDoooE' 02 
O,t6000DODE 02 

0 ,160000DOE 02 
D·160DOOOO!! D2 
0,16000000E 02 
Oo1600DODOE D2 
0 ,160000001!· 02 

36 CONSTANTS 
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RESONANCE J'NPUT 

GR 
2 

RES HAT 
1 

IRM 
2 

Q 
1 

AT MASSIAM) 
2401000 

T~E rOLLOWJNG GROUPS HAVE RESONA~CE IN THIS PROBLE" 
4 5 

RESONANCE PARAMETER TABLE 3 

UNRESOL.VED PARAMETERS 

NE0/MU6 E1/MU7 E2/MU8 E3/M JO 
55 0,25000E 04 o.1ooooe 04 o.sJ2oJE 0•) 

Oo10000E 01 0,90000E 01 0,99582F 00 Oo1335LE 0'1 

RESOLVED PARAMETERS 

EO GAMMA N GAMMA GAMMA G~MMA rrs:; 
Oo997ooE o3 o;4ooooE oo o.36oooE•o1 0. 
Oo98500E 03 o.1ooooE•o2 o,259oOE•o1 0. 
Oo96200E 03 Q,19000E 00 o,27000E•01 0' 
Oo94200E 03 o.1osooe oo Q,28QOOE•01 0' 
o.noocE 03 Q,37000E•01 o.2soooE•o1 0. 
o,ouooe 03 0,900DOE•01 0,42000E•01 0, 
o,eoaooE 03 0,13000ii·02 o,259ooE.o1 0' 
Oo86900E 03 o.22oooE-o2 o,259oOE•o1 0 I 
Q,86oooE a3 o.6uoooE•o1 o.2soooE•o1 o. 
Oo85600E 03 o.1Joooe oo o,259ooE•o1 0' 
Oo82600E ·)3 0,60000E•01 0,37QOOE•01 0. 
0•793ooE D3 o.uouoE•o1 Oo2590QE•o1 0 I 
Oo783oOE 03 o.3ooooE·o2 Oo2590QE•o1 0 I 
Q1?6?QQE 03 o.oooooE•o2 oo259ooE•o1 0. 
0•7:53ooe o3 o.425ooE·o2 Oo2590QE•o1 0. 
Oo72400E o3 o.14?ooE•o1 o,259ooEoo1 01 
0,?1100E 03 0,17000E•01 0150000E•01 0' 
Oo69600E 03 0,53000E•01 0,2BOOOE•01 0. 
Q,68100E 03 0,13000E•02 0,25900E•01 0. 
0,66300E 03 0,12500E DO o,2oooOF.•01 0' 
0,6300UE 03 0,90000E•02 0,25900E•01 0 I 
Oo62200E 1)3 0,39000E•01 o,27000E•01 . 0. 
Oo60600E 03 0,60000E•03 o,25900E•o1 0. 
Q,59700E OJ 0,66000E•01 o,26000E•01 0. 
Oo58200E 03 0,42000E•01 0,26000F.•01 0' 
o,ssaooe 03 0,10000E•02 0,25900E•01 Q 1 
o~53?ooe 03 o,54oooE.o1 o,21oooe:.o1 0' 
0•52000E 03 o.285ooe·o1 Oo25900F•01 0. 
0149100E 03 o.1ooooE•o2 Oo259QQF.•01 0' 
0•4BOOOE 03 o.45oooll•o2 Oo70000E•01 0 I 
0•465ooe o3 0•70000!!"02 Oo3200QE•o1 0. 
o•456ooe 03 O·?ooooE•o3 0•259oQE•o1 0. 
Q1436oo~ 03 0•14000il•o1 0•2800QE•01 0 I 
Qo41200@' 03 0·17000E•01 0·2•oor·01 0 I 
01399QOE 03 0•10000E•01 o~56oo E•o1 0 I 
DI37800E 03 0,15000E•02 0,2590 E•01 0 I 

MU1/MU10 11U2/~U11 MU3/MU12 MU4/MUi3 MU5/MUU 
o.2o3oOE•02 o~25900E•01 0 I o. o.2o6ooe 02 
o.363oee o? Oo74000E•06 DI14272E•02 o,32271E oo 0. 

G 

0•10000E 01 
Oo10000E 01 
Q,1000QE 01 
Oo1000QE 01 
o.100UOE 01 
0,10000E 01 
0,10000E 01 
Oo10000E 01 
Oo1000QF. 01 
Oo10000E 01 
o.1ooooe 01 
0·10000E 01 
0•1DOOOE 01 
0•10000E 01 
0•100UOE 01 
Q,10000E 01 
0,1DOOOE 01 
Q,10000E 01 
0.100DOE 01 
0,1DOOOE 01 
Q,10000E 01 
Q,10000E 01 
o.1ooooe 01 
0,100UOE 01 
0.10000E 01 
0,10000E 01 
0.10000E 01 
0•1000QE 01 
Oo10000E 01 
0•1DOOOE 01 
0•1000QE 01 
0•1000QE 01 
0•10000E 01 
0•10000E 01 
0•1DOOOE 01 
o.1ooooE 01 



o~:s~9ooe 03 o,45oooo•01 o~2300DE•01 01 o.10oooE 01 
01312!10E 03 0 ol00006•o2 012'5900F•01 0 I 0•10000E 01 
01211200E 03 0•19000E•01 0134000F.•01 0 I 0•10000E 01 
01274'50E 03 o.27oooE•o1 0125000E•01 0 I 0•10000E 01 
0126400E 03 o.23oooE•o3 0•25900E•01 0 I Q •10000E 01 
o~238ooE 03 o.32oooe•01 Oo24000Ew01 0. Oo10000E 01 
01209iOE o3 0•5UOOOB•01 o~3ooooE•01 01 0•10000E 01 
Oo1900QE o3 0,13700E oo o. uoooE•ol o. 0.10000E 01 
0•1657oE o3 o.J•oooe•o2 Oo25900F•01 0. 0•10000E 01 
Oo145110E 03 0, 81000E•03 o,259oo~•o1 0. Oo10000E 01 
0111100E 03 0,176006•01 o,21000E•01 o. Q,lOOOOE 01 
Oo1D280E 03 0, ?2000E•U1 o,22oooe-o1 0 I O,lODOOE 01 
D1IIDOOOE 02 0,80000E•U4 0,25900E•01 0. 0,10000E 01 
o.auooe 02 0,21000E•02 0,25900F•01 0. 0,10000E 01 
0,66300E 02 0,23000E•01 0,23000F•01 0. 0,10000E 01 
01J6800E 02 o.~JoooE•Ol 0,30000E•01 0. O,LOOOOE 01 
o.21oooe 02 0,90DOOE•02 0,29000F•01 0. O,lOOOOE 01 
0,10200E 02 0,14000E•05 o,25900F•01 01 0.10000E 01 
0,66800E 01 0,14800E•02 0,27000E•01 o. 0,10000E 01 

ISOTOPE RES T -'ISLE GMU:.•AX ( ]') G141NMINCI1 
392 3 4 5 

16 •· 4 5 

...... ODD RECORD CROSS SECTIONS 
0 ISOTOPE RES G~)UP SIGMA a: SIGM~ S SIGMA r NU SIGMA r 00 

392 4 0 I 0 I (. 0. 
5 01 0 I (. 0. 

16 4 0 I 0,37DOOE 1)1 (. o, 
5 0. 0,37•300E 1)1 0. 0 I 

RES MAT ISOTOPE TEMP Nl GMMA~ GMMIN AT MAoSSIAil RM 
1 293,00 4 9 2 

3112 0,~229DE•01 0,238:001!' 03 
16 0,46860E•01 Oo16000E 02 

T~ERE ARE 340 :eSONANCE OA TA. WORDS ON s.sui4 

SOURCE GENERArOR INFORHATIO~ 

STARTIIIID ENERGY NO or EXEMPT REGIONS 
0,10000000E 07 1 

E~EMPT REGIONS 
1 

ZMAX ZII1N RA011AX RADMIN 
t1,00D 1,800 11533 0,533 

BORN STORAGE IV PlRTICLES .. X y ALPI'A seTA DAMMA PTrME SQRTI E l G H 



.-. ·.· ·"' 

1 2,452 1,136 6·, 328 0,074 0,150 ·•0 0 986 o,ooo 1000,000 1 2 2 
1 3,093 3,616 6,1!23 •0,259 •0,149 6,954 o,ooo 1000,000 1 2. 2 
1 3,2011 2,002 8,770 o,Q24 •0,379 •0,040 o,ooo 1000,000 1 2 2 
1 3,494 2,666 8,o39 0.253 •o,394 6,884 o,ooo 1000o000 1 2 2 1 2,351 3,820 1,804 0,498 0,861 Oo104 0,000 1000,000 1 2 2 1 1.657 1o51o 4,306 •0,476 •o.17o •6,863 o,ooo 1000o000 1 2 2 1 2,934 3,059 5,569 •0,831 .• 0. 4 72 .jj,296 o,ooo 1000,000 1 2 2 1 2,724 3,117 3,981 •0,248 o,49o •fi,A3fl o,ooo 1000,000 1 2 2 
1 3,652 1,547 6,56? 0,680 •0,!198 •0,425 o,ooo 1000,000 1 2 2 1 2,937 1,1180 3,564 .o,To9 ·•0,61A •0,340 o,ooo 1000,000 1 2 2 1 2,020 2,186 3,899 •0,040 0,937 •0,346 o,ooo 1000,000 1 2 2 
1 2,827 3,603 8,472 o,880 o,il97 fi,46!1 o,ooo 1000o000 1 2 2 1 1,159 2,622 10 1 758 •0,790 0,455 6,412 o,ooo 10oo,ooo 1 2 2 
1 1,989 3,521 10o013 o,349 •o.o41 • 0 ,936 o,ooo 1000oOOO 1 2 2 
1 1.875 2,680 10,071 •0,:508 0,845 jj,43? o,ooo 1000,000 1 2 2 
1 2.818 1o150 4,897 •0,236 •o.1121 Oo917 o,ooo 1000o000 1 2 2 1 3,207 3,574 5,977 o,168 0,630 i),116 o,ooo 1000,000 1 2 2 
1 3,105 2,760 2. 716 •0.193 •0,862 •6,468 o,ooo 1000,000 1 2 2 1 2,996 2,848 5,78o •0,249 •o,82o ij,516 o,ooo 1000,000 .1 2 2 1 3,418 2,146 2,771. 0,018 0,703 •0. 711 o,ooo 1000,000 1 2 2 1 3,949 2,548 2,465 0,5o6 0,824 •0,253 o,ooo 1000,000 1 2 2 
1 3,331 2,332 5,585 0,416 •o,74o 6,5211 o,ooo 1000,000 1 2 2 1 2,139 1,101 7,883 0,632 •0,307 6,712 o,ooo 1000,000 1 2 2 1 2,171 1,890 8,7?9 •O,A98 0,202 •0,390 o,ooo 1000,000 1 2 2 1 1,162 2,699 6,7?9 .0,714 •0,034 6,699 o,ooo 1000,000 1 2 2 1 3,!164 1,814 1,834 .o,5o2 •0,003 .fi,865 0,000 1000,000 1 2 2 1 2,125 3,60!1 5,835 .o,772 0,234 ii,592 o,ooo 1000,000 1 2 2 1 2,140 3,151 1,587 o,&77 •o.122 o. 72fl o,ooo 1000o000 1 2 2 

...... 1 3,445 2,752 5,680 •0,232 o,837 •6,496 o,ooo 1000o000 1 2 2 
0 1 4,001 2,444 4,779 ·•0 ,072 •o,24!1 •fi,96? o,ooo 1000o000 1 2 2 
(() 1 1o937 3,330 3,023 Oo110 •o.782 fi,613 OoOOO 1000o000 1 2 2 

1 2,668 3,754 8,o72 •0,788 •o,615 •Oo012 o,ooo 1000o000 1 2 2 
1 1,462 1,1176 3,908 0,357 •0,891 •ilo280 o,ooo 1000,000 1 2 2 
1 ·2, 314 2,o39 10.148 •0,758 •o.ii73 •0,648 o,ooo 1000,000 1 2 2 
1 1,416 2,412 e,o68 •0,848 0,!124 0,083 o,ooo 1000,000 1 2 2 
1 3,o78 1,213 8,774 •0,512 0,778 .6,364 o,ooo 1000,000 1 2 2 
1 1,066 2,639 7,216 ·•0,234 0,014 •0. 972 0,000 1000,000 1 2 2 1 3,378 2,165 1,302 •0,582 o,71il .fi,396 o,ooo 1000,000 1 2 2 
1 2,850 2,990 2,257 o,Q97 •0,037 •0,072 o,ooo 1000,000 1 2 2 1 1,468 1,465 5,181 o.~o9 •0,411 o,o76 o,ooo 1000,000 1 2 2 1 1,839 1,46!1 10,432 •0,369 0,924 •0,102 u,ooo 1000,000 1 2 2 
1 2,745 1,042 4,779 0,149 •o,365 6,919 o,ooo 1000o000 1 i. 2 1 1,2?8 2,256 6,704 •0,729 •0,624 li,283 0. 0 0 0 1000,000 1 2 2 
1 2,867 3,817 6,261 0,286 •0.190 •6,939 o,ooo 1000o000 1 2 2 
1 3,715 2,206 10,909 0,9o3 •0,371 •0,21!1 o,ooo .1000,000 1 2 2 
1 2,355 1,548 4,859 o,532 0,245 ·•ii, 810 o,ooo 1ooo.ooo 1 2 2 
1 t,A69 2,592 6,757 Oo600 •o,78Q ij,130 o,ooo 1000,000 1 2 2 
1 2,914 1,83u 8,194 0.139 o.o57 •6,989 o,ooo 1000o000 1 2 2 
1 3,287 1,493 5,793 •0,492 •O, 716 ·• 6. 495 0,000 1000,000 1 2 2 
1 3,217 3,25o 1,671 o,599 0,126 li,791 o,ooo 1000.000 1 2 2 
1 1,617 3,o67 2,705 •0,369 0,759 .(),!137 o,ooo 1000,000 1 2 2 
1 2,162 3,307 9,357 0,443 •0,417 .jj,794 o,ooo 1000,000 1 2 2 
1 2,832 3,?39 7,851 0 ,'227 •0,132 o,96!1 0,000 1000,000 1 2 2 
1 3,386 1,969 3,612 o,o49 •(),609 (j,792 o.ooo 1000o000 1 2 2 
1 1,471 3,152 4,578 0,128 •o,'.o1 6,656 o,ooo 1000o000 1 2 2 
1 3,264 1,663 6,792 ··o,890 0. 336- fi,3o7 o,ooo 1000o000 1 2 2 
1 3,185 2,134 5,25?. 0,036 0,788 jj,614 o,ooo 1000,000 1 2 2 
1 1,765 3,140 2,999 •0,223 0,414 6,883 o,ooo 1000oilOO 1 2 2 
1 3,183 1,943 10,960 o,798 ·•o. !191 ··ii ,123 o,ooo 1000,000 1 2 2 
1 2,128 1,332 5,553 •0,884 • 0. 340 •0,320 o,ooo 1000,000 1 2 2 



1 2,802 1,827 5,900 o,25S •o,oo4 ··li. 341 o.ooo 1000.000 1 2 2 
1 2,404 1,735 3,786 o,823 0,437 •ii,364 o,ooo 1000,000 1 2 2 
1 1.068 2,768 7,857 •0,343 o.eo5 •o,485 o,ooo 1000.000 1 2 2 
1 2,159 3,557 2,362 •0,770 0.606 jj,200 o,ooo 1000,000 1 2 2 
1 3,385 1,259 8,314 •0,505 •0,863 6,014 o,ooo 1000.000 1 2 2 
1 1,957" 2,943 4,599 w0,172 0,052 6,984 o,ooo 1000,000 1 2 2 
1 2,308 3,318 5,226 o,916 •o.on ii,394 o,ooo 1000.000 1 2 2 
1 3, 741 2,030 6,585 •0,127 •0,304 ii,944 0,000 1000,000 1 2 2 
1 2,913 3,269 1,003 •0,583 •Q,487 fi,650 o,ooo 1000 .!iOO 1 2 2 
1 3,508 3,596 7,733 0,575 0,689 6,442 0,000 1000,000 1 2 2 
1 3,!123 2,327 7,116 •0,517 (),591 •0,618 0,000 1000,000 1 2 2 
1 2,714 1,033 1,381 •0,330 •0,143 ·ii,933 u,ooo 1000,000 1 2 2 
1 2,484 1,561 5,134 o,582 •o,654 fi,484 o,ooo 1000,000 1 2 2 
1 1,138 2,014 L0,932 0,013 0,987 6,160 0,000 1000,000 1 2 2 
1 2,438 3,994 8,596 •0,961 0,010 6. 275 o,ooo 1000,000 1 2 2 
1 3,957 2,415 5,805 ·eO 156 7 o,o8o .fi,820 o,ooo 1000,000 1 ? 2 
1 3,o88 1,323 3,199 •1.000 o.o18 Oo012 o.ooo 1000o000 1 2 2 
1 1,467 1,870 9. 477 •0,284 0,899 .ij,33" o,ooo 1000,000 1 2 2 
1 1,624 2,257 8,567 •0,49" •o,B31 0,251'1 o,ooo 1000,000 1 2 2 
1 1,!528 3,40" 1,276 0,541 0, .. 77 .fi,693 o,ooo 1000,000 1 2 2 
1 3,297 3,377 9,!H7 •0,061 0,!172 0,818 0,000 1000 ,ooo 1 2 2 
1 2,014 1, '09 6,3!53 0,234 0,160 ·6,959 o,ooo 1000,000 1 2 2 
1 2,890 1,816 9,222 o,371 0,229 •fi,900 o,ooo 1000,000 1 2 2 
1 1,!123 2,996 6,968 •0,293 0,021 .ij,256 u,ooo 1000,000 1 2 2 
1 2,062 3,314 4,567 0,783 •0,!197 ·•0 ,1711 0,000 1000 ,ooo 1 2 2 
1 2,791 3,~59 1,707 0,376 0,24" fi,B94 o,ooo 1000 ,ooo 1 2 2 
1 1,626 1,707 2,10" •O,B3B •0,!138 fi,093 o,ooo 1000,000 1 2 2 
1 1,!125 2,H1 ",o55 0,236 0,!100 .6,833 o,ooo 1000,000 1 2 2 

...... 1 1,733 1,548 1,993 0,459 •0. 277 6,844 o,ooo 1000,000 1 2 2 

...... 1 3,o25 3,584 7,eoo •0,629 li;o27 •0. 771 o,ooo 1000,000 l 2 2 
0 1 2,114 1,963 7,!117 o,914 0,336 6,228 o,ooo 1000.000 1 2 2 

1 3,863 2,!11!1 7,786 o,992 •o.o29 6,123 o,ooo 1000.000 1 2 2 
1 3,249 1,813 5,692 0,163 •0,063 ii,98!1 o,ooo 1000,000 1 2 2 
1 3,214 3,393 A,B!I4 •0,609 0,477 ·6,634 o,ooo 1000,000 1 2 2 
1 2,950 3,o65 5,767 o,7oo •0,614 •ii,36!1 o,ooo 1000,000 1 2 2 
1 2,482 1,993 2,750 0,881 o.•3" 0,190 o,ooo 1000,000 1 2 2 
1 :5,461 1,753 1,633 •o,863 o.o92 •fi, .. 97 o,ooo 1000t000 1 2 2 
1 1,268 2, ?53 9,836 0,9!16 •o.o69 ii ,28!1 o,ooo 1000,000 1 2 2 
1 3,606 1,993 :.o. 75o o,9o8 •o,o85 .a, 411 o,ooo 1000,000 1 2 2 
1 3,279 1,247 30,219 •0,200 •o,781 d,592 0,000 1000,000 1 2 2 
1 3,447 3,663 5,35!5 •0,120 0,308 ··0 '94" o,ooo 1000,000 1 2 2 
1 2,287 1,208 !1,671 .o,876 •o.•o6 ii,260 0,000 1000,000 ~ 2 2 
1 1, 411 2,311 5,863 .o,81!1 0,506 .• 0. 281 o,ooo 1000,000 1 2 2 
1 :5,!100 3,209 5,27" •0,061 0,223 ii, 973 0,000 1000,000 1 2 2 
1 :5,!181 1,65!1 4,151 •0,83!1 0,361 f1,41!1 o,ooo 1000.000 1 2 2 
1 2,o43 3,828 8,909 o.o80 0,995 .jj,054 o,ooo 10oo .aoo l 2 2 
1 3,623 1,!171 4,273 0,831 •o.533 •ii.160 o,ooo 1000,000 1 2 2 
1 2,!182 1,,13 1,3,4 o,5oo •o,!l49 •6,670 o,ooo 1000.000 1 2 2 
1 1,992 2,"71 2,o4?. •0,020 •o,35A fj,934 o,ooo 1000,000 1 2 2 
1 2,216 1,837 30,008 0,383 •0,323 •0,865 o,ooo 1000,·JOO l 2 2 
1 2,!198 3,~H e,o35 •0,342 •o.•3B •6,831 o,ooo 1000 o'lOO l 2 2 
1 3,207 3,90!1 5,857 0,736 •0,335 .fj,589 o,ooo 1000,000 l 2 2 
1 2,355 ~.7o6 1,855 o,R49 •0,380 .jj,368 o,ooo 1000,000 l 2 2 
1 1,388 2,617 3,479 •0,102 •0,306 .fi,946 0,000 1000,000 I 2 2 
1 1,480 3,148 3, .. 811 •0,450 0,675 o,58!J o,ooo 1000,000 t 2 2 
1 2,125 3,282 9,286 ·•0,4,8 •o,587 .fi,674 o,ooo 1000,000 1 2 2 
1 3,741 2,758 1,371 •0,811 0,!146 ·6,212 o,ooo 1000,000 1 2 2 
1 3,499 2,026 10,506 0,117 •0,032 6,344 o,ooo 1000,000 1 2 2 
1 1•788 3,179 1~·3g6 O•Ou •o.6~2 • 0,79 0 0·0~0 1000•000 1 2 2 
1 1,416 '1,~3 ,2 4 •O,!l o.• 2 0,664 o,o 0 1000,000 1 2 2 



-. 

1 1,840 2,481 4,19o .o,88e o.•4o •0,133 o,ooo 1000,000 1 2 2 
1 3,753 1,839 1,125 0,97<' •0,201 0,125 o,ooo 1000,000 1 2 2 
1 :5,356 1,523 6,006 •0,528 0,333 .jj,781 o,ooo 1000,000 1 2 2 
1 1,228 2,132 8,862 •0,168 0,981 ii,096 o,ooo 1000,000 1 2 2 
1 2,166 3,796 '1,169 0,294 •0,313 .o,9oJ o,ooo 1000,000 1 2 2 
1 1,849 1,472 8,39o • 0 ,854 •o,5o2 •iio139 o,ooo 1000o000 1 -2 2 
1 2,501 1,366 3,019 0,728 •0,!173 .jj,376 o,ooo tooo,ooo 1 2 2 
1 2,395 1, 775 9,H7 ·•0,628 0,763 •ii,153 o,ooo 1000,000 1 2 2 
1 2.906 3,317 9,044 0,461 o.u5 ii,88o o,ooo 1000, DoD 1 2 2 
1 3,Q25 3,529 6,708 0,099 0,096 •ii,990 o,ooo 10o.o.ooo 1 2 2 
1 2,813 3,872 7,234 •0,912 •Q,jj78 .fi,4oJ o,ooo 1ooo,ooo 1 2 2 
1 3,390 2,545 7,524 o,oo~ •0,178 •0,984 o,ooo 1000,000 1 2 2 
1 3,33o 3,116 4,1116 0,228 0,890 ··ii ,394 0,000 1000,000 1 2 2 
1 1,960 2,972 3,4S4 •0,121 •0' 373 .fi,920 o,ooo 1000. ooo. 1 2 2 
1 3,215 2,588 5,212 0,957 •0,198 ii,213 o,ooo 1000,000 1 2 2 
1 1,464 2,468 1,476 ··0,993 0,115 ii,023 o,ooo 1000,000 1 2 2 
1 3,291 1, 716 9,Q54 •0,919 ··o.t69 6,356 o,ooo 1000,000 1 2 2 
1 3,420 3,486 10,916 •0,545 0,657 ij,522 o,ooo lOOO,OOC• 1 2 2 
1 2,867 3,559 8,576 0. 477 •0,877 ii,057 o,ooo 1ooo.,ooo 1 2 2 
1 1,'346 3,520 4,607 o,9o5 ·•o,251 •b,344 o,ooo 1000o000 1 2 2 
1 3,839 3,316 6,:!-32 ·•0,517 o. 610 •ii,600 o,ooo 1000o000 1 2 2 
1 1o622 3,7o2 2,483 o,728 0.682 •6,076 o,ooo 1Doo,ooo 1 2 2 
1 1oB02 3' 344 10,784 o.o18 o.843 •6,537 o,ooo 1DOOoOOD 1 2 2 
1 3,154 1o 723 8,249 eo,1c5 o,574 •o,812 o,ooo 1000o000 1 2 2 
1 1,56o 3,151 6,566 •0,9~2 •o,3o9 Oo128 o,ooo 10oo.ooo 1 2 2 
1 1,869 1o166 10,607 •o,7o9 0,'46 iJ,546 o.ooo 1000oOOO 1 2 2 
1 2,56:5 3,731 7,854 0,041 •0,860 ii,5o8 o,ooo 1000,000 1 2 2 
1 2. 555' 1,966 1,264 .o,757 1},552 •0. 349 o ,·ooo 1'000,000 1 2 2 

~ 1 :5,288 2,807 8,18:5 0,550 •0,531 0,644 0,000 1Doo,ooo 1 2 2 
~ 1 1,02:5 2,791 7,o69 .o,454 •0,882 ··0 ,129 o,ooo 10oo,ooo 1 2 2 
~ 1 2,787 '3,919 2,622 .o,666 ·•0 ,.743 •0,067 o,ooo 100C·,OOO 1 2 2 

1 2,186 3,258 1,§49 0,490 0,016 6,872 o,ooo 1000,000 1 2 2 
1 1,70:5 2,o8s 9,727 .o,475 0,038 .1),879 0,000 1000,000 1 2 2 
1 3.7o4 2,521 2,994 o,3t3 •c .235 •fi,92o OoOOO 1DOOoOOO 1 2 2 
1 1,831 1,668 2,565 •0,592 (•. 350 6,734 o,ooo 1000o000 1 2 2 
1 2.8Q9 3,617 1,763 •Oo600 o,,o8 jj,618 o.ooo 1000o000 1 2 2 
1 3,585 2,688 4,897 •0,728 0,,31 jj,433 o,ooo 1000,000 1 2 2 
1 1, •u 3, 0?3 6,697 •0,711 •0,060 u,1o1 o,ooo 1000,000 1 2 2 
1 2,936 3,200 1,669 •0,4!18 •0,854 0,247 o,ooo 1000,000 1 2 2 
1 3,749 3,097 1, 772 0,368 ·•o,ooe ·•0,930 o,ooo 1000,000 1 2 2 

0 

TIHE F'OR INPUT EDIT • 10 sec 
T!HE rOR IV GENERATION • 64 sec 

END•OF•DATA ENCOUNTERED ON SYSTEM INPUT rtLEo 



238 RES INT RUN II JTI< ZUT 6 liP 2 REG. 12."27/6!i 2 HR R~N 

!f!.l AL 1 .. _H(I.AL TIMt = 161 iRIA~ FLU I' • 3682.283 

IV P4RI LEfT 702C• 
NPICOL 3241 NNT(;C·L O,J241COOOE 04 
NPf. COL 3062 N,.,FCOI,. O,J062COOOE 04 

(Rt:GION 401 PLE4K PINLEAK a, OBSNLEAK -a. 
FREGION 402 PLE4K PJ:NLEAK (), 03SNLEAK ~.0 ~ 
FlitGION 403 PLE~K PIINLEAK (), 03SNL:EAK -a. 
NPTHE~ 0 Nr.ITHER 0. 
NPIEO~. ... 0 !'IWTtQN 0. 
NPI CE ~ 0 NWT(;EN 0. 
f'GI:.JW 0 NliEIW 0. 
PGHIW 0 NGHIW 0. 
PH COL 0 _NF FCO!. 0. 
PFUSED 0 NF USED 0. 

ERR8-iii1 I:RJ.Hiox·2 0 ERRBOXJ 
llN TAPE .... l.VOONE 180 

.. RJ'.G.s.f.L.li.!IO.U.!:' .. ___ .. f.IIJA.L FLUX 
1 1 O.t120118JE U3 

..... ···-· ... 2. ....... 0 .17U75760E 03 
3 O.U/5Jl16E 02 

-· ·-- ... 4. 0, Y'il3Q408E U1 
5 0.12b75184E U3 

, __ , _________ ,.6, --- ___ o. •--·- -. 
2. 1 0,92S89J51E UJ 

__ 2 0.12144903E 04 
3 0,97927412E U2 
4 0.12119760E 03 
5 0.8~164713E 03 

. -.. -·---~--- ___ 0 .Ho9Y991l:·U1 

••• ~ * ••• *. *. *. * *. * •• * ••• * * * •• * ••••• * * ••• * * * * •••••••••••••• •· ••••.•• 

MAI.ERhL 
1 

ISOTOPE ~ACRO G~OUP 

J92 1 
2 
3 

--···-·-· ___ ,_ ·- ·- -· __ 4. - . 
2 NOr RESONANT 

_,,_, ··- ·-----··· -- ---··· 
liESONANCE REACTION RATES 

ABSORPTION SCATIERI~G .... .A.U .. F.lSSlDt._ 
Q • 0. 0. 
0, 95345106E·Itl 0.2t879220E ... D.L_.IJDL.o., __ _ 
o.978449t4l 01 o.33004125E o2 o. 
a. .o. ..... ·- ··------u.-



...... ,_. 
(.oj 

·~· 

238 RES INT RUN WITH Z•JT 6 liP 2 REG. 12127/6!; 2 HR RUN 

(R I.~ I. 40 TlliAL r U1E 167 TRIAL FLUX c 38H.012. 

IV FAR I LEn 0 
NP I (.QL 135295 NNTt;OL O.l3!;29500E 06 
NPFCQL 128098 NNFt;OL 0 .121109800E .06 

.FRI:GION 401 PLEAK PINLEAK 0. OBSNL.EAK •0. 
F"RE6!0N 402 PLEAK PINLEAK 0. OBSNLEAK ,o, 
f"Rt:610N 403 PLEAK PI"'LEAK 0. OBSNLEAK ·o. 
NPlHER 0 NNH•H .o. 
NPIEQN 0 N.Nl.t:OII 0. 
NPl :eN· 0 NNTt;EN 0. 
PGE~II 0 NGEIW o. 
PGHl'l 0 NGHIW o. 
PHC•JL 0 Nf"F"COL 0. 
PF"UScO 0 NFU~EU 0. 

f:RfiliOXl 8 ERHBOX2 0 ERRBOX3 
ON UPE u IVDONE 180 

R~_GSE.l G~O.UP lRIAL fLU• 
1 1 0.11Y66882E U3 

2 0.1611419371:: OJ 
3 0.15417496E U2 
4 0 .18171461~ U2 
!) 0.140678651: OJ 
6 o .• -

2 1 0.91412354E UJ 
2 0 .132~·13281: 04 
3 0 .10196539E UJ 
4 0.104953061: U3 
5 0.92191699E U3 
6 0,14599159~·.01 

•••• * • * •· • ~ * * •••••••••• * • * * •• * •••••••••••••••••••••••••••• * ••••• •· • 

11AIEHIAL 
1 

i.JJ 

I SO TOPE. 
392 

11ACHO GROUP 
1 
2 
J 
4. 

2 NOT HESONANl 

ReSONANCE ReACTION 
A8SuRPTION SCATTERING 

0. 0. 
0,45256329E·OO o.524118BO~ 01 
0,81194229E 01 o.J3300293E 02 
0. 0. 

RATES 
ttU 

0. 
0. 
o. 
o. 

fiSSION 



238 R~S I~T RUN WITH ZUI 6 ijp 2 REG, 1il2716~ 

TOlAL fLUX_ OVER ALL H,G • 0.15203102E 06 

REGSEf G_ROUf' TOIAL FLUX PER CENf EHR 
1 1 0.45680670E 04 0,344008'/E 01 

2 _0.69Y17183£: 04 0, 380915-56E 01 
J 0.55~158>5E 03 0, 9698BH6E 01 
4 0. 6127Y987E 03 0 ,1 0 39 31lJE 02. 
!) 0.50\119216E o• 0 ,5552-35:'\IE 01 
6 U.21Y9Y998E•U2 o. 525317:-ue 02 

2 1 0.36:iB5230E U5 0,131871 :-7E 01 
.2 o.50ij46504c o5 0.315547CijE 01 

3 0.42052467t 04 o.559939~oE 01. 
4 u.4Bc50009t: 'J 4 0,543391~1E 01 
5 0.38:i11310E 1)5 0,52200BaE 01 
.6 . 0.67:s98413E uo o.&13163:t:oE 01 

.2 .. HR ·RUN 

• •· •· * * ••••••••••• * * *. * * •••• *. *. * ••• * •• * •••••••.••••• * ••.• ·• * •••.• * * ••• 
\ 

HA IE___~_IA.l. __ l_SOT.OP.t: 
1 392 

4-1! 

. 1:1~C~O GtlQUP 
1 
2 
J 
4 

2 NOI ~ESONANT 

A!ISURPT 10 ~-
0. 
0,1,248050E 02 
0,2681249!>E 03 
·a, 

RESONANCE REACTION RATE TOT~S 
Y.' E R C . ERR SJ~A1J.EIU.ltL __ e£.R.C .. .ERH. _______liti.JHS S ! 0 N 

0. 0. 0. 0. 
.18, 72 .. 0 .1635861i3E ... OL-----ll~21-.- a .• -

9,28 0.11573071E 04 5,93 0, 
.o. a_. · D"". a .•. 

--

... PERC _EJIB _ 
0 •. 
o. 
o •. 
a ... 

:~. 




