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FOREWORD

This manual is a practical guide for the use of our general—purpose
Monte Carlo code MCNP. The first chapter is a primer for the novice user.
The second chapter describes the mathematics, data, physics, and Monte
Carlo simulation found in MCNP. This discussion is not meant to be
ezhaustive — details of the particular techniques and of the Monte Carlo
method itself will have to be found elsewhere. The third chapter shows the
user how to prepare input for the code. The fourth chapter contains
several examples, and the fifth chapter explains the output. The
appendices show how to use MCNP on particular computer systems at the Los
Alamos National Laboratory and also give details about some of the code
internals that those who wish to modify the code may find useful.

The Monte Carlo method emerged from work done at Los Alamos during
World War II. The invention is generally attributed to Fermi, von Neumann,
and Ulam; Metropolis and Richtmyer should be credited also with early
development. Much of the early work is summarized in the first book to
appear on Monte Carlo by Cashwell and Everett in 1957. Shortly thereafter
the first Monte Carlo neutron transport code MCS was written, followed in
1967 by MCN. The photon codes MCG and MCP were thén added and in 1973 MCN
and MCG were merged to form MCNG. The above work culminated in Version 7
of MCNP in 1977. The first two large user manuals were published by
W. L. Thompson in 1979 and 1981. This manual draws heavily from itls
predecessors.

Neither the code nmor the manual is static. The code is changed as the
need arises and the manual is changed to reflect the latest version of the
code. This particular manual refers to Version 3A.

MCNP and this manual are the product of the combined effort of the
people in the Monte Carlo Section of the Radiation Transport Group (X—6) of
the Applied Theoretical Physics Division (X Division) at the Los Alamos
National Laboratory and reflect approximately 300 person years of effort.

We would like to acknowledge the assistance of Michael Keeve, a 1985 summer
student, Joe Mack and Alexandra Heath, Los Alamos National Laboratory
personnel outside Group X-6, and Lynn Byers, editor on assignment to X
Division.

The code and manual can be obtained from the Radiation Shielding
Information Center (RSIC), P. 0. Box X, Oak Ridge, TN, 37831.

J. F. Briesmeister
Editor
505-667-7277
843-7277 (FTS)
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DISCLAIMER OF CERTIFICATION

MCNP is used throughout the world on many projects, including ones
carried out by organizations outside of Los Alamos National Laboratory. No
document exists that certifies the code for specific problems and there is
no intention of ever producing such a document. It is correct results that
develop a user’s confidence in a code and qualifies the code for various
purposes.

The history of MCNP is discussed in Chapter 2, Sec. A. In the 40
years since World War Il, the Monte Carlo techniques and data now in MCNP
represent over 300 person years of effort and have been used to calculate
many tens of thousands of practical problems. MCNP is used over 500 times
and 100 Cray hours per month at Los Alamos alone. The probability of a
serious error in the code or its data bases is greatly reduced by this
heavy usage. There is a large user clientele for MCNP, including the
Magnetic Fusion Energy community. MCNP has been used to analyze physics
experiments and reactor designs: design nuclear safeguards nondestructive
assay systems, radiation shields, and nuclear instrumentation; calculate
material activations and magnetic fusion neutronics; perform criticality
analyses; and address health—physics problems. It is also used for well
logging calculations, determinations of radiological doses, physics
experiments, spacecraft radiation modeling, radiation damage studies, and
Monte Carlo applications at major universities. The satisfaction of these
many users lends credibility to the results of calculations obtained using
MCNP.

One of the strongest features of MCNP is its use of continuous—energy
data. In reproducing the intentions of cross—section evaluators, MCNP
stands second to none in the faithful utilization of even the most
sophisticated ENDF/B evaluations. One can model the geometry and particle
transport in difficult problems nearly exactly. The possibilities of
representing complicated geometries in MCNP are limited only by the
dedication of the user. The rich collection of variance reduction
techniques allows MCNP to be used very efficiently and effectively for a
wide spectrum of applications.

We know of no other Monte Carlo code with better state—of—the-art
physics, data, and mathematical methods than MCNP. Furthermore, these
state—of-the-—art attributes rest on a very strong. time—proven foundation.

~-jv-
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MCNP = A General Monte (arlo Code
for Neutron and Photon Transport
Version 3A

Monte Carlo Section
Los Alamox Radiation Transport Group

ABSTRACT

MCNP is a general-purpose Monte Carlo code that can be used for
neutron, photon, or coupled neutron/photon transport, including the
capability to calculate eigenvalues for critical systems. The code treats
an arbitrary three-dimensional configuration of materials in geometric
cells bounded by first— and second-degree surfaces and some special
fourth-degree surfaces (elliptical tori).

Pointwise cross-section data are used. For neutrons, all reactions
given in a particular cross—section evaluation (such as ENDF/B-V) are
accounted for. Thermal neutrons are described by both the free gas and
S(a.8) models. For photons, the code takes account of incoherent and
coherent scattering, the possibility of fluorescent emission after
photoelectric absorption, and absorption in pair production with local
emission of annihilation radiation.

Important standard features that make MCNP very versatile and easy to
use include a powerful general source; a geometry plotter; a very rich
collection of variance reduction techniques; an elaborate tally structure
and user interface that allow a user to easily calculate almost anything
conceivable; and an extensive collection of cross—section data.
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CHAPTER 1
Introduction

CHAPTER 1
PRIMER

This chapter, which will enable the novice to start using MCNP,
assumes very little knowledge of the Monte Carlo method and no experience
with MCNP. Other available Leaching aids are videotapes! and a related
report? that explain many as;;ects of MCNP, from the basic level to
more—advanced concepts.

MCNP is a general-purpose, continuous—energy, generalized—geometry,
time-dependent, coupled neutron/photon Monte Carlo transport code. It
solves neutral particle transport problems and may be used in any of three
modes: neutron transport only, photon transport only, or combined
neutron/photon transport, where the photons are produced by neutron
interactions. The neutron energy regime is from 10-!! MeV to 20 MeV, and
the photon energy regime is from 1 keV to 100 MeV. The capability to
calculate k. eigenvalues for fissile systems is also a standard feature.

The user creates an input file that is subsequently read by MCNP.
This file contains information about the problem in areas such as: the
geometry specification, description of the materials, which cross-section
evaluations to use, the location and characteristics of the neutron or
photon source. the type of answers or tallies desired, and any variance
reduction techniques used to make the problem run more efficiently. These
areas will be discussed in the primer by use of a simple problem.

The primer begins with short discussions of the Monte Carlo method.
Five features of MCNP are introduced: nuclear data and reactions, source
specifications, tallies and output, estimation of errors, and variance
reduction. The third section explains MCNP geometry setup, including the
concept of cells and surfaces. A general description of an input deck is
followed by a sample problem and a detailed description of the input cards
used in the sample problem. Section V tells how to run MCNP at Los Alamos
and the last section lists tips for setting up correct problems and running
them efficiently.

Remember five “rules” when running a Monte Carlo calculation. They
will be more meaningful as you read this manual and gain experience with
MCNP, but no matter how sophisticated a user you may become, never forget
the following five points:

Sample the source well;

You cannot recover lost information;

Question the stability and reliability of results;

Be conservative and cautious with biasing: and

The number of histories run is not indicative of the quality
of the answer.

LAl S



CHAPTER 1
Introduct jon

I.  PARTICLE TRANSPORT CALCULATIONS WITH MONTE CARLO

The following s=ectionx compare Monte Carlo and deterministic methods
and provide a ximple description of the Monte Carlo method.

A, Monte Carlo Mcthod vs Deterministic Method

Monte Carlo methods are very different from deterministic transport
methods. Deterministic methods, the most common of which is the discrete
ordinates method. solve the transport equation for the average particle
behavior. By contrast, Monte Carlo does not solve an explicit equation,
but rather obtains answers by simulating individual particles and recording
some aspecta (tallies) of their average behavior. The average behavior of
particles in the physical system is then inferred (using the central limit
theorem) from the average behavior of the simulated particles. Not only
are Monte Carlo and deterministic methods very different ways of solving a
problem, even what constitutes a solution is different. Deterministic
methods typically give fairly complete information (for example, flux)
throughout the phase space of the problem, whereas Monte Carlo supplies
information only about specific tallies requested by the user.

When Monte Carlo and discrete ordinates methods are compared it is
often said that Monte Carlo solves the integral transport equation., whereas
discrete ordinates solves the integro—-differential transport equation. Two
things are misleading about this statement. First, the integral and
integro—differential transport equations are two different forms of the
same equation; if one is solved, the other is solved. Second, Monte Carlo
“solves' a transport problem by simulating particle histories rather than
by solving an equation. No transport equation need ever be written to
solve a transport problem by Monte Carlo. Nonetheless, one can derive an
equation that describes the probability density of particles in phase
space; this equation turns out to be the same as the integral transport
equation.

Without deriving the integral transport equation, it is instructive to
investigate why the discrete ordinates method is associated with the
integro-differential equation and Monte Carlo with the integral equation.
The discrete ordinates method visualizes the phase space to be divided into
many small boxes, and the particles move from one box to another. In the
limit as the boxes get progressively smaller, particles moving from box to
box take a differential amount of time to move a differential distance in
space. In the limit this approaches the integro-differential transport
equation, which has derivatives in space and time. By contrast, Monte
Carlo transports particles between events (for example, collisions) that
are separated in space and time. Thus differential space or time or both
do not appear in Monte Carlo transport. The integral equation does not
have time or space derivatives,
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B. The Monte Carlo Method

Monte Carlo can be used to theoretically duplicate a statistical
process (such as the interaction of nuclear particles with materials) and
is particularly useful for complex problems that cannot be modeled by
computer codex of deterministic methods. The individual probabilistic
evenls that comprise a process are simulated sequentially, and the
probability distributions governing these events are statistically sampled
to describe the total phenomenon. In general, the simulation is performed
on a digital computer because the number of trials necessary to adequately
describe the phenomenon is usually quite large. The statistical sampling
process is based on the selection of random numbers - analogous to throwing
dice in a gambling casino - hence the name "Monte Carlo.” In particle
transport, the major application for Group X-68, the Monte Carlo technique
is pre~eminently realistic (a theoretical experiment). It consists of
actually following each of many particles from a source throughout its life
to its death in some terminal category (absorption, escape, etc.).
Probability distributions are randomly sampled from the transport data to

determine the outcome at each step of its life.
.

EVENT LOG

1. NEUTRON SCATTER 3
PHOTON PRODUCTION

2. FISSION, PHOTON PRODUCTION|

3. NEUTRON CAPTURE
WNCIDENT

4. NEUTRON LEAKAGE
NEUTRON ]

8. PHOTON SCATTER

6. PHOTON LEAKAGE
FISSIONABLE

7. PHOTON CAPTURE voio MATERIAL

Vo

Figure 1.1

Figure 1.1 represents the random history of a neutron incident on a
slab of material that can undergo fission. Numbers between 0 and 1 are
selected randomly to determine what (if any) and where interaction takes
place., based on the rules (physics) and probabilities (transport data)
governing the processes and materials involved. In this particular
example, a neutron collision occurs at event 1. The neutron is scattered
in the direction shown, which is selected randomly from the physical
scattering distribution. A photon is also produced and is temporarily
stored, or banked, for later analysis. At event 2, fission occurs,
resulting in the termination of the incoming neutron and the birth of two
outgoing neutrons and one photon. One neutron and the photon are banked
for later analysis. The first fission neutron is captured at event 3 and
terminated. The banked neutron is now retrieved and, by random sampling,
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leaks out of the slab at event 4. The fission-produced photon has a
collision at event 5 and leaks out at event 8. The remaining photon
generated at event | is now followed with a capture at event 7. Note that
MCNP retrieves banked particles such that the last particle stored in the
bank is the first particle taken out.

This neutron history is now complete. As more and more such histories
are followed, the neutron and photon distributions become better known.
The quantities of interest (whatever the user decides) are tallied, along
with estimates of the statistical precision (uncertainty) of the results.

H. INTRODUCTION TO MCNP FEATURES

Various features, concepts, and capabilities of MCNP are summarized in
this section. More detail concerning each topic is available in later
chapters or appendices. Attention is drawn to reference 32 also.

A. Nuclear Data and Reactions

MCNP uses continuous—energy nuclear data libraries. The primary
sources of nuclear data are evaluations from the Evaluated Nuclear Data
File (ENDF)3 system, the Evaluated Nuclear Data Library (ENDL)* and the
Activation Library (ACTL)® compilations from Livermore, and evaluations
from the Applied Nuclear Science (T-2) Group®~® at Los Alamos. Evaluated
data are processed into a format appropriate for MCNP by codes such as
NJOY.? The processed nuclear data libraries retain as much detail from the
original evaluations as is feasible.

Nuclear data tables exist for neutron interaction, photon interaction,
neutron dosimetry or activation, and thermal particle scattering S(a.8).

It is understood that photon data are atomic rather than nuclear in nature.
Each data table available to MCNP is listed on a directory file, XSDIR.

Users may select specific data tables through unique identifiers for each
table, called ZAIDs. These identifiers generally contain the nuclear

charge Z and mass number A.

Over 500 neutron interaction tables are available for approximately
100 different isotopes or elements. Multiple tables for a single isotope
are provided primarily because data have been derived from several
evaluated sources, but also because of different temperature regimes and
different processing tolerances. More neutron interaction tables are
constantly being added as new and revised evaluations become available.
Photon production data are given as part of the neutron interaction tables
when such data are included in the evaluations.

Photon interaction tables exist for all elements from Z=1 through
7Z=94. The data in the photon interaction tables allow MCNP to account for
coherent and incoherent scattering, photoelectric absorption with the
possibility of fluorescent emission, and pair production. Scattering

—4-
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angular distributions may be modified by atomic form factors and incoherent
scattering functions.

Cross =ectionx for nearly 2000 dosimelry or activation reactions
involving over 400 target nuclei in ground and excited states are part of
the MCNP data package. These cross sections may be used as
energv-dependent response functions in MCNP to determine reaction rates but
may not be used as transport cross sectiony.

Thermal data tables are appropriate for use with the S(a,8) scattering
treatment in MCNP. The data include chemical binding and crystalline
effects that become important as the neutron’s energy becomes sufficiently
low. Data are available for light and heavy water, beryllium metal,
beryllium oxide, benzene, graphite, polyethylene, and zirconium and
hydrogen in zirconium hydride.

B. Source Specification

MCNP’s generalized user—input source capability allows the user to
specify a wide variety of source conditions without having to make code
modification. Independent probability distributions may be specified for
the source variables of energy, time, position and direction, and for other
parameters such as starting cell(s) or surface(s). Information about the
geometrical extent of the source can also be given. In addition, source
variables may depend on other source variables (for example, energy as a
function of angle) thus extending the built-in source capabilities of the
code. The user can bias all input distributions.

In addition to input probability distributions for source variables,
certain built—in functions are available. These include various analytic
functions for fission and fusion energy spectra such as Watt, Maxwellian
and Gaussian spectra; Gaussian for time; and isotropic, cosine, and
monodirectional for direction. Biasing may also be accomplished by special
built-in functions.

C. Tallies and Outpul

The user can instruct MCNP to make various tallies related to particle
current and particle flux. All standard MCNP tallies are normalized to be
per starting particle. Currents can be tallied as a function of direction
across any set of surfaces, surface segments, or sum of surfaces in the
problem. Fluxes across any set of surfaces, surface segments, sum of
surfaces, and in cells, cell segments, or sum of cells are also available.
Similarly, the fluxes at designated detectors (points or rings) are
standard tallies. Heating and fission tallies give the energy deposition
in specified cells. In addition, particles may be flagged when they cross
specified surfaces or enter designated cells, and the contributions of
these flagged particles to the tallies are listed separately. Tallies such
as the number of fissions, the number of absorptions, the total helium
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production, or any product of the flux times the approximately 100 standard
ENDF reactions plus several nonstandard ones may be calculated with any of
the MCNP talliex. In fact, any quantity of the form

c ¢(E) 1(E) dE

may be tallied, where ¢(E) is the energy-dependent fluence, and {(E) is any
product or summation of the quantities in the cross—section libraries or a
response function provided by the user. The tallies may also be reduced by
line—of-sight attenuation. Tallies may be made for segments of cells and
surfaces without having to build the desired segments into the actual
problem geometry. All tallies are functions of time and energy as
specified by the user and are normalized to be per starting particle.

In addition to the tally information, the output file contains
standard summary information in ledger tables to give the user a better
idea of how the problem ran. This information can give insight into the
physics of the problem and the adequacy of the Monte Carlo simulation. If
errors occur during the running of a problem, detailed diagnostic prints
for debugging are given. Printed with each tally is also its relative
error corresponding to one standard deviation from the corresponding
average. Tally fluctuation charts, which are described in the following
section, are also automatically printed to show how a tally mean and error
fluctuate as a function of the number of histories run.

A postprocessing code, MCPLOT, is available at Los Alamos to
graphically display the MCNP tally output.

D. Estimation of Monte Carlo Errors

All standard MCNP tallies are normalized to be per starting particle
and are printed in the output accompanied by a second number R, which is
the estimated relative error defined to be one estimated standard deviation
of the mean S; divided by the estimated mean x. In MCNP, the quantities
required for this error estimate — the tally and its second moment - are
computed after each complete Monte Carlo history, which accounts for the
fact that the various contributions to a tally from the same history are
correlated. For a well-behaved tally, R will be proportional to l/\]ﬁ.
where N is the number of histories. Thus, to halve R, we must increase the
total number of histories fourfold. For a poorly behaved tally, R may
increase as the number of histories increases.

The estimated relative error may be used to form confidence intervals
about the estimated mean to make a statement about what the true result is.
The Central Limit Theorem states that as N approaches infinity there is a
68% chance that the true result will be in the range X(11iR) and a 95% chance
in the range X(112R). [/t is extremely important lo note that these .
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confidence statements refer only to the precision of the Monte Carlo
calculation itself and nol to the accuracy of the resultl compared lo the
truc physical value. A statement regarding accuracy requires a detailed
analvsis of the uncertainties in the physicul data, modeling, sampling
techniques and approximations, etc., used in a calculation.

The guidelines for interpreting the quality of the confidence interval
for various values of R are listed in Table 1.1.

Table 1.1
Guidelines for Interpreting the Relative Error R’

Range of R Quality of the Tally
0.5 to ! Not meaningful
0.2 to 0.5 Factor of a few
0.1 to 0.2 Questionable
< 0.10 Generally reliable
< 0.05 Generally reliable for

point detectors
R = S;/X and represents the estimated relative error at the lo level. These
interpretations of R assume that all portions of the problem phase space
are being sampled well by the Monte Carlo process.

For all but point detector tallies, the quantity R should be less than 0.10
to produce generally reliable confidence intervals., Point detector results
tend to have larger third and fourth moments of the individual tally
distributions, so a smaller value of R, < 0.05, is required to produce
generally reliable confidence intervals. The estimated uncertainty in the
Monte Carlo result must be presented with the tally so that all are aware
of the estimated precision of the results.

Keep in mind the footnote to Table {.!. For example, if an important
but highly unlikely particle path in phase space has not been sampled in a
problem, the Monte Carlo results will not have the correct expected values
and the confidence interval statements may not be correct. The user can
guard against this occurring by setting up the problem to not exclude
completely any regions of phase space and by trying to sample all regions
of the problem adequately.

Despite one’s best effort, an important path may not be sampled often
enough, causing confidence interval statements to be incorrect. To try to
inform the user about this behavior, MCNP calculates a figure of merit
(FOM) for one tally bin of each tally as a function of the number of
histories and prints the results in the tally fluctuation charts at the end
of the output. The FOM is defined as

FOM = 1/(RT),
where T is the computer time in minutes. The more efficient a Monte Carlo
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calculation is, the larger the FOM will be because less computer time is
required to reach a given value of R.

The FOM should be approximately constant as N increases because R? is
proportional to I\N and T is proportional to N. Always eramine the tally
Sluctuation charts to be sure that the tally appears well behaved, as
cvidenced by a fairly constant FOM. A sharp decrease in the FOM indicates
that a seldom—xampled particle path has significantly affected the tally
rexult and relative error estimate. In this case, the confidence intervals
may not be correct the fraction of the time that statistical theory would
indicate., Examine the problem to determine what path is causing the large
scores and try to redefine the problem to sample that path much more
frequently.

E. Variance Reduction

As noted in the previous section, R (the estimated relative error) is
proportional to l/\/ﬁ. where N is the number of histories. For a given MCNP
run the computer time T consumed is proportional to N. Thus R = C/\]'f.
where C is a positive constant. There are two ways to reduce R: (1)
increase T and (2) decrease C. Computer budgets often limit the utility of
the first approach. For example, if it has taken 2 hours to obtain R=0.10,
then 200 hours will be required to obtain R=0.01. For this reason MCNP has
special variance reduction techniques for decreasing C. (Variance is the
square of the standard deviation.) The constant C depends on the tally
choice and/or the sampling choices.

1. Tally Choice

As an example of the tally choice, note that the fluence in a cell can

be estimated either by a collision estimate or a track length estimate.

The collision estimate is obtained by tallying l/Zt (Z,=macroscopic total
cross section) at each collision in the cell and the track length estimate

is obtained by tallying the distance the particle moves while inside the
cell. Note that as I, gets very small, very few particles collide but give
enormous tallies when they do, a high variance situation (see page 112).

In contrast, the track length estimate gets a tally from every particle

that enters the cell. For this reason MCNP has track length tallies as
standard tallies, whereas the collision tally is not standard in MCNP.

2. Nonanalog Monte Carlo

Explaining how sampling affects C requires understanding of nonanalog
Monte Carlo models.

The simplest Monte Carlo model for particle transport problems uses
the natural probabilities that various events occur (for example,
collision, fission, capture, etc.). Particles are followed from event to
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event by a computer, and the next event is always sampled (using the random
number generator) from a number of possible next events according to the
natural event probabilitien. Thin in called the analog Monte Carlo model
becau=ze it ix directly analogous to the naturally occurring transport.

The analog Monte Carlo model works well when a significant fraction of
the particles contribute to the estimate and can be compared to detecting a
significant fraction of the particles in the physical situation., There are
many cases for which the fraction of particles detected is very small, less
than 1078, For these problems analog Monte Carlo fails because few, if
any, of the particles tally, and the statistical uncertainty in the answer
is unacceptable.

Although the analog Monte Carlo model is probably the simplest
conceptual probability model, there are other probability models for
particle transport that will estimate the same average value as the analog
Monte Carlo models, and they are useful because although the average value
remains unchanged, the variance (uncertainty) of the estimate can often be
made much smaller than the variance for the analog estimate. Practically,
this means that problems that would be impossible to solve in days of
computer time can be solved in minutes of computer time.

A nonanalog Monte Carlo model attempts to follow “interesting”
particles more often than uninteresting’” ones. An “interesting' particle
is one that contributes a large amount to the quantity (or quantities) that
needs to be estimated. There are many nonanalog techniques, and they all
are meant to increase the odds that a particle scores {contributes). To
ensure that the average score is the same in the nonanalog game as in the
analog game, the score is modified to remove the effect of biasing
(changing) the natural odds. Thus, if a particle is artificially made ¢
times as likely to execute a given random walk, then the particle’s score
is weighted by (multiplied by) 1/q. The average score is thus preserved
because the average score is the sum, over all random walks, of the
probability of a random walk multiplied by the score resulting from that
random walk.

A nonanalog Monte Carlo technique will have the same expected tallies
as an analog technique if the expected weight executing any given random
walk is preserved. For example, a particle can be split into two identical
pieces and the tallies of each piece are weighted by 1/2 of what the
tallies would have been without the split. Such nonanalog, or variance
reduction, techniques can often decrease the relative error by sampling
naturally rare events with an unnaturally high frequency and weighting the
tallies appropriately.

3. Variance Reduction Tools in MCNP

Standard optional variance reduction schemes in MCNP include geometry
splitting/Russian roulette, weight cutoff, time and energy cutoff,
correlated sampling, anajog capture or implicit capture by weight
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reduction, an energy~ and cell-dependent weight window to control particle
weight fluctuations, the exponential transformation, energy
splitting/roulette, forced collisions in designated cells, flux estimates

at point or ring detectors, track length estimators, and source biasing
(both in energy and direction).

DXTRAN, which stands for deterministic transport, improves sampling in
the vicinity of detectors or other tallies. [t involves deterministically
transporting particles on collision to some arbitrary, user—defined sphere
in the neighborhood of a tally and then calculating contributions to the
tally from these particles. Contributions to the detectors or to the
DXTRAN spheres can be controlled as a function of geometric cell or as a
function of the relative magnitude of the contribution to the detector or
DXTRAN sphere.

Variance reduction techniques, used correctly, can be a great help to
the user. Used poorly, they can result in a wrong answer with good
statistics and no clue that anything is amiss. Some variance reduction
methods have general application and are not easily misused. Others are
more specialized and attempts to use them carry high risk. The use of
weight windows tends to be more powerful than the use of importances but
typically requires more input data and more insight into the problem. The
exponential transform for thick shields is not recommended for the
inexperienced user; rather, use many cells with increasing importances (or
decreasing weight windows) through the shield. Forced collisions are used
to increase the frequency of random walk collisions within optically thin
cells but should be used only by an experienced user. The point detector
estimator should be used with caution, as should DXTRAN.

For many problems, variance reduction is not just a way to speed up
the problem but is absolutely necessary to get any answer at all. Deep
penetration problems and pipe detector problems, for example, will run too
slowly by factors of trillions without adequate variance reduction.
Consequently, users have to become skilled in using the variance reduction
techniques in MCNP.

The following summarizes briefly the main MCNP variance reduction
techniques. Detailed discussion is in Chapter 2 section VIl, page [16.

1. Importance sampling: Particles transported from a region of higher
importance to a region of lower importance {(where they will probably
contribute little to the desired problem result) undergo Russian roulette;
that is, some of those particles will be killed a certain fraction of the
time, but survivors will be counted more by increasing their weight the
remaining fraction of the time. In this way, unimportant particles are
followed less often, yet the problem solution remains undistorted. On the
other hand, if a particle is transported to a region of higher importance
(where it will likely contribute to the desired problem result), it may be
split into two or more particles (or tracks), each with less weight and
therefore counting less. In this way, important particles are followed
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more often, yet the solution is undistorted because on average total weight
is conserved.

2. Weight cutoff/Russian roulette: 1f a particle weight becomes so
low that the particle becomes insighificant, it undergoes Russian roulette.
That is, some particles are killed, and some particles survive with
increased weight. Again the solution is not distorted because total weight
is conserved, but computer time is not wasted on insignificant particles.

3. Time and energy cutoff: Particles that have a time or energy or
both out of the range of interest are killed so that computation time is
not wasted following them.

4. Implicit capture vs analog caplure: When a particle collides with
a nucleus, there is a probability that it is captured by the nucleus. In
analog capture, the particle is killed with that probability. In implicit
capture, also known as survival biasing, the particle is never killed by
capture; instead, its weight is reduced by the capture probability at each
collision. Thus, important particles are permitted to survive by not being
lost to capture. On the other hand. if particles are no longer considered
useful after undergoing a few collisions, analog capture efficiently gets
rid of them.

5. Exponential transformation: To transport particles long distances,
the distance between collisions in the preferred direction is artificially
increased and the weight is correspondingly artifically decreased. Because
this often results in large weight fluctuations, it is highly recommended
the weight window be used with the exponential transform.

6. Forced collisions: A particle may be forced to undergo a collision
each time it enters a designated cell that is almost transparent to the
particle by appropriately splitting the particle and its weight into a
collided and uncollided part.

7. Energy splitting/Russian roulette: Particles can be split or
rouletted upon entering various user—supplied energy ranges. Thus
important energy ranges can be sampled more frequently by splitting the
weight among several particles and less important energy ranges can be
sampled less frequently by rouletting particles.

8. Correlated sampling: The sequence of random numbers in the Monte
Carlo process is chosen so that statistical fluctuations in the problem
solution will not mask small variations in that solution resulting from
slight changes in the problem specification. The " history will always
start at the same point in the random number sequence no matter what the
previous i—1 particles did in their random walks.

9. Source biasing: Source particles with phase space variables of
more importance are emitted with a higher frequency but with a compensating
lower weight than are less important source particles.

10. Point detectors: When the user wishes to tally a flux-related
quantity at a point in space, the probability of transporting a particle
precisely to that point is vanishingly small. Therefore, pseudoparticles
are directed to the point instead. Every time a particle history is born
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in the source or undergoes a collision, the user may require that a
pseudoparticle be tallied at a specified point in space. In this way, many
pseudoparticies of low weight reach the detector, which is the point of
interest, even though no particle histories could ever reach the detector.
For problems with rotational symmetry, the point may be represented by a
ring to enhance the efficiency of the calculation.

11. DXTRAN: The DXTRAN method is a way of obtaining large numbers of
particles on a user-specified ""DXTRAN sphere.” DXTRAN makes it possible to
obtain many particles in a small region of interest that would otherwise be
difficult to sample. Upon sampling a collision or source exit density,
DXTRAN estimates the correct weight fraction that should scatter toward,
and arrive without collision at, the sphere. The DXTRAN method then puts
this correct weight on the sphere. The exit event is sampled in the usual
manner, except that the particle is killed if it tries to enter the sphere
because all particles entering the sphere have already been accounted for
deterministically.

12. Weight window: As a function of energy, geometrical location, or
both, low-weighted particles are eliminated by Russian roulette and
high—-weighted particles are split. This technique helps keep the weight
dispersion within reasonable bounds throughout the problem.

I1l. MCNP GEOMETRY

We will present here only basic information about geometry setup,
surface specification, and cell and surface card input. Areas of further
interest would be the complement operator and use of parentheses, found in
Chapter 2. Chapter 4 contains geometry examples and is recommended as a
next step. Chapter 3 has detailed information on the format and entries on
cell and surface cards.

The geometry of MCNP treats an arbitrary three—dimensional
configuration of user-defined materials (using up to 50 different tables
chosen from the MCNP cross-section libraries) in geometric cells bounded by
first— and second-degree surfaces and some special fourth—degree surfaces
(elliptical tori). The cells are defined by the intersections, unions, and
complements of the regions bounded by the surfaces. Surfaces are defined
by supplying coefficients to the analytic surface equations or for certain
types of surfaces by supplying known points on the surfaces.

MCNP has a more general combinatorial geometry than is available in
most other codes. Rather than combining several predefined geometrical
bodies as in a more conventional combinatorial geometry scheme, MCNP gives
the user the added flexibility of defining geometrical regions from all the
first and second degree surfaces of analytical geometry and elliptical tori
and then of combining them with Boolean operators. The code does extensive
internal checking to find input errors. In addition, elaborate
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geometry-plotting capability in MCNP helps the user define and check the
geometry.

MCNP treats geometric cells in a Cartesian coordinate system. The
surface equations recognized by MCNP are listed in Table 3.1 on page 178.
The particular Cartesian coordinate system used is arbitrary and user
defined, but the right—handed system shown in Figure 1.2 is often chosen.

4

Figure 1.2

Using the cell specifications, MCNP tracks particles through the
geometry. MCNP knows all of the bounding surfaces of a cell and calculates
the intersection of a track’s trajectory with each bounding surface and
finds the minimum positive distance to an intersection. If the distance to
the next collision is greater than this minimum distance and there are no
DXTRAN spheres along the track, the particle leaves the current cell. At
the appropriate surface intersection, MCNP finds the correct cell that the
particle will enter by checking the sense of the intersection point for
each surface listed for the cell. When a complete match is found, MCNP has
found the correct cell on the other side and the transport continues.

A. Cells

When cells are defined, an important concept is that of the sense of
all points in a cell with respect to a bounding surface. Suppose that
s=f(x,y,z)=0 is the equation of a surface in the problem. For any set of
points (x,y.z). if s=0 the points are on the surface. However, for points
not on the surface, if s is negative the points are said to have a negative
sense with respect to that surface and, conversely, a positive sense if s
is positive. For example, a point at x=3 has a positive sense with respect
to the plane x—-2 = 0. That is, the equation x-D = 3-2 = s = 1 is positive
for x = 3 (where D=constant).

To specify cells in MCNP, list on a cell card the cell number,
material number, and material density followed by a list of operators and
signed surfaces that bound the cell. If the sense is positive, the sign
can be omitted. The material number and material density can be replaced
by a single zero to indicate a void cell. The cell number must be in
columns 1-5, with the remaining blank-delimited entries in columns 6-72. A
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more complete description of the cell card format can be found on page 22.
Each surface divides all space into two regions, one with positive sense
with respect to the surface und the other with negative sense. The
geometry description definesx the cell to he the intersection, union, and/or
complement of the listed regions.

The subdivixion of the physical space into cells iy not necessarily
governed only by the different material regions, but may he affected by
problems of sampling and variance reduction techniques (such as splitting
and Russian roulette), the need to specify an unambiguous geometry, and the
requirements of the tallies. Using the tally segmentation feature will
eliminate most of these requirements for tallies.

You are cautioned about making any one cell very complicated. With
the union operator and disjointed regions, a very large geometry can be set
up with just one cell. The problem is that for each track flight between
collisions in a cell, the intersection of the track with each bounding
surface of the cell is calculated, a calculation that can be costly if a
cell has many surfaces. As an example, consider Figure 1.3a. It is just a
lot of parallel cylinders and is easy to set up. However, the cell
containing all the little cylinders is bounded by fourteen surfaces
{counting a top and bottom). A much more efficient geometry is seen in
Figure 1.3b, where the large cell has been broken up into a number of
smaller cells.

Figure 1.3

1. Cells by Intersections

The intersection operator in MCNP is implicit: it is simply the blank
space between two surface numbers on the cell card.

If a cell is specified using only intersections, all points in the
cell must have the same sense with respect to a given bounding surface.
This means that, for each bounding surface of a cell, all points in the
cell must remain on only one side of any particular surface. Thus. there
can be no concave corners in a cell. Figure 1.4, a cell formed by
intersection of five surfaces (ignore surface 6 for the time being),
illustrates the problem of concave corners, allowing a particle (or point)

—14-




CHAPTER 1|
Geometry

to be on two sides of a surface in one cell. Surfaces 3 and 4 form a

Figure 1.4

concave corner in the cell such that points p; and p, are on the same side
of surface 4 (that is, have the same sense with respect to 4) but point p,
is on the other side of surface 4 (opposite sense). Points p, and p; have
the same sense with respect to surface 3, but p, has the opposite sense.
One way to remedy this dilemma (and there are others) is to add surface 6
between the 3/4 corner and surface 1 to divide the original cell into two
cells.

With surface 8 added to Figure 1.4, call the cell to the right of
surface 6 number 1 (cells indicated by circled numbers); to the left number
2: and the outside cell number 3. The cell cards (in two dimensions and
all cells void) are

1 0 1 -2 -3 6
2 0 1 -6 -4 5

Line t says that cell 1 is a void and is formed by the intersection of
the region above (positive sense) surface 1 with the region to the left
(negative sense) of surface 2 intersected with the region below (negative
sense) surface 3 and finally intersected with the region to the right
(positive sense) of surface 6. Line 2 describes cell 2 similarly.

Cell 3 cannot be specified with the intersection operator. The
following section about the union operator is needed to describe cell 3.

2. Cells by Unions

The union operator, signified by a colon on the cell cards, allows
concave corners in cells and also cells that are completely disjoint. The
intersection and union operators are binary Boolean operators, so their use
follows Boolean algebra methodology: unions and intersections may be used
in combination in any cell description.

Spaces on either side of the union operator are irrelevant, but
remember that a space without the colon signifies an intersection. In the
hierarchy of operations, intersections are performed first and then unions.
There is no left to right ordering. Parentheses may be used to clarify
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operations and in some cases are required to force a certain order of
operations. Spaces are optional on either side of a parenthesis. In fact,
a parenthesis is equivalent to a space (after any ordering has taken place)
and therefore signifies an intersection.

For example, let A and B be two regions of space. The region
containing points that belong to both A and B is called the intersection of
A and B. The region contening points that belong to A alone or to B alone
or to both A and B is called the union of A and B. The lined area in
Figure 1.5a represents the union of A and B (or A : B), and the lined area
in Figure 1.5b represents the intersection of A and B (or A B). The only
way regions of space can be added is with the union operator. An
intersection of two spaces always results in a region no larger than either
of the two spaces. Conversely, the union of two spaces always results in a

Figure 1.5

region no smaller than either of the {wo spaces.

A simple example will further illustrate the concept of Figure 1.5 and
the union operator to solidify the concept of adding and intersecting
regions of space to define a cell. See also the second example in
Chapter 4. In Figure 1.6 we simply have two planes that meet to form two
cells. Cell 1 is simple to define; it is everything in the universe to the
right of surface 1 (that is, a positive sense) that is also in common with
{or intersected with) everything in the universe below surface 2 (that
is, a negative sense). Therefore, the surface relation of cell 1 is 1 -2.

(a) (b)

Figure 1.6

Cell 2 is everything in the universe to the left (negative sense) of
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surface 1 plus everything in the universe above (positive sense) surface 2,
or -1 : 2, illustrated in Figure 1.6 by all the shaded regions of space.

If cell 2 were specified as =1 2, that would represent the region of space
common to -1 and 2, which is only the cross—-hatched region in the figure
and is obviously an improper specification for cell 2.

Returning to Figure 1.4 on page 15, if cell 1 is inside the solid

black line and cell 2 is the entire region outside the solid line, then the
MCNP cell cards in two dimensions are (assuming both cells are voids)

1 0o 1 -2 (-3 : -4) 5
2 0 -5 : -1 : 2 : 3 4

Cell 1 is defined as the region above surface 1 intersected with the region
to the left of surface 2, intersected with the union of regions below
surfaces 3 and 4, and finally intersected with the region to the right of
surface 5. Note that cell 2 contains four concave corners (all but between
surfaces 3 and 4), and its specification is just the converse (or
complement) of cell 1. Cell 2 is the space defined by the region to the
left of surface 5 plus the region below 1 plus the region to the right of 2
plus the space defined by the intersections of the regions above surfaces 3
and 4.

A simple consistency check can be noted with the two cell cards above.
All intersections for cell 1 become unions for cell 2 and vice versa. The
senses are also reversed.

Note that in this example, all legitimate corners (less than 180
degrees) in a cell are handled by intersections and all illegitimate
corners (greater than 180 degrees) are handled by unions.

To illustrate some of the concepts about parentheses, assume an
intersection is thought of mathematically as multiplication and a union is
thought of mathematically as addition with multiplication being done first
unless parentheses are present. The cell cards for the example cards above
from Figure 1.4 may be written in the form

{ ab{c+d)e
2 e+a+b+cd

Note that parentheses are required for the first cell but not for the
second, although the second could have been written as e+a+b+(cd),
(e+a+b)+(cd), (e)+(a)+(b)+(cd). etc.

Several more examples using the