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THE STATUS OF MONTE CARLO AT LOS ALAMOS

William L. Thompson and Edmond D. Cashwell
Group X-6
Monte Carlo, Applications, and Transport Data Group
Theoretical Applications Division
Los Alamos Scientific Laboratory
Los Alamus, New Mexico 87545

ABSTRACT

At Los Alamos the early work cf Fermi, von Neumann,
and Ulamr has been developed and supplemerted by many
followurs, notably Cashwell and Everett, and the main
product today is the con*inuous-energy, general-purpose,
generalized-geometry, time-dependent, coupled
neutrcn-photon transport code called MCNP. The Los Alamos
Monte Carlo research and development effort 1is concentrated
in Group X=6.

MCNP treats an arblitrary three-dimensional
configuration of arbitrary materials in geometric cells
bounded by first- aud second-depree surfaces and some
fourth-degree surfaces (elliptical tori). MCNT has {ts own
cross=section libraries plus 1t allows two thermal neutron
models: the {ree-gas and S(..,") treatments. There (s a
wide variety of standard sources plus a very easv-to-use
and extensive tally structure. MCNP is quite rich i
varlance-reduction schemes, including threc different
techniques for estimating flux at a point. Other features
include being able to calculate eigenvalues for hoth sub-
and super=-critical systems, an elaborate plotter for
checking geometry setups, calculation of cell volumes and
surface areas, and good documentat{on.

Monte Carlo has ev.lved {nte perhape the matn method
for radiation transport calculations at Los Alamus. MCNP
15 used in every technical division at the Laboratory by
over 130 users about 600 times a month accounting for
nearly 200 hours of CDC-7600 time. However, MCNP iz just
the patent code. In addition to MCNP, major variants
supported by Group X-6 {nclude A multigroup forward ang
ad joint code, a code allowing geometrical perturbations,
and a code that allows cell boundaries to change as a
function of time. 1In addition, Group X=6 isx involved In
electron and high=energy nucleon/meson transport by Monte
Carlo.



INTRODUCTION

We are happy to report that Monte Carlo is alive and well at Los
Alamos. Our main code, MCNP,1 is used by about 130 users in virtually
every technical division at the Laboratory over 600 times a month,
accounting for nearly 200 hours of CDC-7600 computer time. Monte Carlo,
and in particular MCNP, 1f possibly the main method for radiation transport
calculations at Los Alamos today. MCNP is also actively supported by Group
X-6 on the Magnetic Fusion Energy computer network where it is used by a
nunber of people throughout the country. Although Monte Carlo has
widespread use at Los Alamos, the main research, code development and
maintenance, user support, documentation, and nonroutine applications are
concentrated in Group X-6 in the Theoretical Applicaticns Division
(X-Divisisn). The purpose of this paper is to tell you a little about X-b
and its codes, with emphasis on MCNP.

GROUP X-6

Group X-6, presently consisting of 22 members, has as {ts title "Monte
Carlo, Applications, and Transport Data.” From this title, 1t is clear we
have three areas of concern: (1) Monte Carlo methods and code
development, (2) applications requiring particle transport by Monte Carlo,
and (3) cross-section data. A strength of the group lies in the
interaction of these three areas and thelr support of one another. To a
very large extent, all the people in X-6 are conversant in each of thesc
areas and appreciate the requirements and problems of edact . The magnitude
of the Monte Carlo expertise that resfdes in X-6 {s likely unrivaled.

Activities in each of thesec arcas will be discussed, but tc help
clarify the role of Group X=6 relative to some other activities at Lo
Alamos that you may be familiar with, the roic of two groups from the
Theoretical Division will be briefly mentioned. Grouup T-1, headed by
D. J. Dudziak, is whcere the Laboratory's S, cxportiqe 1s concentrated,

They are respouslible for codes like ONFTRAN" and TRIDENT.? Like X-n they
also are involved in applications but specialize in §; and occasionally use
the X-6 Monte Carlo codes as we in X-6 occasfonally use thefr §, codes.
Basically though, we in X-6 solve transport problems randomly and T-1
solves transporl problems discretely. Group T-2, headed by P. G. Young, I
the Laboratory's nuclear data proup. Among other activities, T=2 evaluoates
crosy Rections and processer data sets with their codes such as NJIOY; 4 x-n
docs not evaluate cross sections but extensively tests them and tien makes
them avallable in proper form for dircct use by many of the major transport
codes at LASL.

Monte Carlo Methods and Code Development

X=-6 responds to requests from throughout the Laboratory for noew
methods and techniques te help solve fidividual problems. The requests are



frequently very specific and limited in scope (such as how to sample from
some exotic distribution), but the requests may lead to a new feature that
becomes a permanent part of our codes. Furthermore, X-6 originates many
nev methods and code improvements based on its knowledge of Monte Carlo and
applications.

Somc¢ of the recent accomplishments include an S(»,t) thermal
treatment, a more general analytical volume and surface-area calculntor,5 a
very general tally structure, a once-more-collided point detector routine
with a bounded variance, the addition of th: union and complement operators
for geometiry specification, new standard sourcea with improved directional
biasing into a fixed cone or in a continuous manner by means of an
exponential function, a way to deterministically transport particles during:
thelr random walk (DXTRAN), many more user-oriented features and
snfeguards, plus a long liet of misrcellaneous items. A major
accomplishment has been in the area of code documentation with the
publishing of the 411-page MCNP manuall that contains over a hundred pages
each of theory, cookbook =xamples, and details of the coding.

In the arca of Monte Carlo .hLec>y, the theory of errors ir a
significant tcpic in x-6.6'9 and a mijor work on relativistic effects has
just been pudllished.l0

A new area of rodi- development ¢nd physice for X-6 i{s the transport of
high-energy (GeV range) protons, plons, mesons and the complete cascade of
secondary particler down to the thermal-energy range. Applicatlions will
include envrgy deposition calculationr in tiassue in conjunction with the
L.os Alamos Meson Physics Facility rescarch in cancer treatment plus
shi:-1ding and materials damage wtulies. Our work {8 based uvn a
modification to the HETC!! code with an Interface to MCAP.

In addition to the parent code MCNP, other X-6 coden include Moyl
which {s a multigroup version of MCNP that alao has an aldliaint capability,
MCNPPER that allows peometrical perturbhations for calculating derivatlve
information, MK which is a coupled electron=photon code that addreases
the complete electron-photon cascade in the energy range trom 20 Mel' to 100
keV, a code that allows geometrical boundarfes to change an a function of
time, and mmerous special verrlona of MONP with whic-h we ovaluaie now
techniques and wolve wpeclalized problems.

About 497 of our effort {m spent in taln area.

Applicactionn

X=6 avrves two roles in the area of applicationst (1) we work clorely
with MCNI' urers to help them with their applications, and (2) we do many
applications onrgelves that require our expertise aml experience.  Both
these roles are valuable dwcause Lhey give us feedback on the use of MCNP
and how hent to {mprove it, and they broaden our own experience with a
varfoty of applications.



Many applicaticns are related to data verification and will be
mentioned in that context.

An ongoing responsibility that we have for the Laboratory is
calculating the bioiogical dose from the intrinsic radiatioa (from the
various natural decay modes of plutonium and uranium isotopes) emitted
from the nuclear material used in muclear weapons. This 1is of concern when
military personnel are required to be In the proximity of the weapons for
extended periods of time as 1s the case on a sulmarine. We also perferm
many calculations related to the vulnerability and effects of nuclear
weapons.

X-6 has done extensive neutronics calculations for magnetic fusion
reactor designs such as the Elmo Rumpy Torus (EBT),13 Linus,la Reversed
Field Pinch Reactor (RFPR)!3 and Fast-Liner Reactorl® concepts.
Furthermore, studies were made on Tokamak designs to evaluate the effect of
geometrical simplifications in calculations.l? Figure 1 is a Tokauak
reactor geometry set up for MCNP; the surfaces marked by asterisks are
torl. We would like to increase our role in the magnetic fusion area.

1 \"-
i

Fipure 1. Tokamak Geometry.



The shielding designs for new facilities to be bullt at Los Alamos are
frequently done by X-5. Recent examples include shielding from
bremsstrahlung for a new electron accelerator to be built by the Physics
Division and for the Antares Laser Fusion facility being built by the Laser
Division. The Monte Carlo bulk=-shielding calculations were done for
Antares during the early design of the facility.l® The basic building has
been constructed, and we are now doing a radiation mapping inside the
Target Building to ascertain material and instrumentation damage plus
activation analyvsis of the target-chamber componeuts. TFigure 2 is the MCNP
representation of the Antares target-insertion mechanism.

An activation analysis code, using the LASL GAMMON 11brary,19 1s
coupled with MCNP and calculates gas production (H,D,T, and He), material
activation, and pnoton sources. The photon sources can be used in MCNP to
calculate dose rates at points of .nterest.

Figure 2. Antares Target=Inscrtion Mechanism.

Many intercsting calculations have hwen done for the lealth Division
that Involve instrument duslun:”'2| and radiation rafety. One project
fnvolved the design of the ploveboxer at the new Plutonfum Facility at Los
alamor, and another project Just completed was a eriticality atudy for the
Slagping Pyrolyris Incinerator Facflity (SPI) to b huiilt at Idaho Falla.22



A recent series of calculations was completed as part of the review of
the design of the Fusion Material Irradiation Test Facility (FMIT) to be
built at Hanford.

X-6 works closely with the Nuclear Safeguarde (assay and
accountability) groups zt Los Alamos in the designing of instrumentation,
helping to underatend the physics and Monte Carlo eimulation of their
experiments, and providing special versions of MCNP to account for delayed
neutrons and to simulate coincidence counters.>d (Calculations in this area
are invaluable to optimize an instrument design and to understand or
extrapolate a calibration curve in the assay of unknowns.

About 357 of X-6's efiort is spent in the area of applications.

Transport Data

X-6 is responsible for the X-Division nuclear cross scctions and does
partial processing of cross-section data provided by Group T-2. This
includes continuous-energy, multigroup, and radiochemistry data used nat
only in the X-6 Monte Carlo codes bui also in other transport codes usa2d in
X-Division and throughout the Laboratory.

The major effort In this third area of X-6 work is the testing of
cross-section data.2® The data are verified by two methods:
(1) differential testing involving spectra, and (2) integral testing
involving critical mass calculations of Los Alamos assemblie:« like Godiva
and Jezebel. As part of thls cross—section work, X-6 has been calculating
and analyzing the latest experiment designed to measure the neutron
gpectrum and tritium production, and to check specific cross sections at
varinus locations in a system consisting of a 93.5% enriched uranium sphere
surrounded bv ®LiD. The Livermore pulsed-gsphere experiments are also
calculated for integral testing of cross-section data.

Extensive thermal benchmark calculations have recently been comgleted
to text the integrity of MCNP', its thermal treatments, and {ts data.

MCNP calculations arc now making significant contributions to the thermal
data-testing program.

We have recently completed the monumental task of thinuing, testing,
and assembling in suitable form the ENDF/B-V and Livermore ENDL7Y data.
There datn are new be'np used at Lows Alamos.26-28

This final area accounts for about 25% of the group's effort. We find
having this cross-section ecffort an integral part of X-6 to be a very
valuable arrangement. 1t givea those of us doing applications a greater
apnreciation and awarenesr of the data. Furthermore, great resources can
b immedliately broupht to bear on questious of transport data - as
f1lustrated in the following paper on deep=~penctration calculations by
Thompaon, Deutsch, and Booth.



MCNP

As menftioned earlier, Group X-6 is the author of MCNP, and MCNP is the
backbone and main product of X-6.

MCNP is a very mature and reliable Monte Carl> code. 1t represents
over two hundred man-years of effort and 1s the culmination of the original
Monte Carlo work at Los Alamos by Fermi, von Neumann, and Ulam. Cashwell
and Everett, over a perfod of almost thirty years, have contributed most to
the development of MCNP. Thew first book on MCNP was written hv Cashwell
and Everett.?

MCKP is a general-purpose, continuous-energv, generalized-geometry,
time-dependent, couplid neutron-photon Monte Carlo transport code. 1t may
be used in any of three modes: (1) neutrcn transport only, (2) combined
neutron-photon transport, or (3) photon transport only. The capability to
calculate eigenvalues for critical svsteme 1s also a standard feature of
MCNP.

The following few sections will point out the main features of MCNP
but will not go into detail. The MCNP manual, in addition to explaining
how to use the code, contains the details of the physics, mathematics, and
nuclear data aspects of MCNP. Another short publlcation,3O whkich 1s just a
reprint of the first part of the manual, summarizes the code. Finally,
Carter and Cashwell's book3! is not only a good general refuerence on
radiation transport by Monte Carlo, but it is based upon MCNP in many
aspects.

For most applications of MCNP, the user has to supply no more than an
input file describing a problem. All of the input to MCNP is in free
format. There 18 a variety of standard sourcus to choose frow, and the
tally structure 1s very gencral and elaborate. There Is no need for a user
to compile cross-section libraries for problems; X-6 maintaiis and provides
all the data needed by MCNP.

Nuclear Data and Reactions

MCNP is a continuous-energy Monte Carlo code that makes no gross
approximations reparding data. Lincar interpolation {s used between energy
points with a few hundred to several thousand ponints typically required to
reproduce the original data within a speciflied tolerance (in fact, usually
within 0.1 to 0.5%). The only significant difference between the MCNP data
libraries and the ENDF/B library (from whic' it is derdived with the NJOY
processing code) im that resonance data are represcented 1n MCNI’ am linearly
interpulated pointwise data that are Doppler broadened to a specific
temperature. AJl reactions given i{n a particular neutron cross=-section
evaluntion arce accounted for in the encrgy range from 20 MeV to 1075 v,
Users cin choomre from data with prompt or total flasfon “'s as well ax



having the option to use a set of discrete-reaction cross sec.lons 1in which
the reaction cross sections have been collapsed into 240 energy groups to
save computer memory. Users have the cholce of data from the ENDF/B,
British AWRE, Livermore ENDL, or special LASL libraries.

There are two thermal treatments in MCNP. One is the free-gas model
in which, for elastic collisions, light atoms (Z = 1 through 8) are assumed
to be in a Maxwellian distribution with some thermal temperature that may
be a funct on of time. Secondly, the 5(°,:) scattering model is available
which accounts for chemical binding and crystalline effects at very low
energies. Typically, vhen going down to room temperature, the free-gas
model 1s used from around 10 eV to 4 eV, and then the (2,7) model 1is used
belaow that.

Fhoton interactions are accounted for in the range of 100 MeVl to
1 keV. MCNP accounts for both incoherent and coherent scattering,
fluorescent emission following photoelectric absorption, and pair
production.

Geometry
— ————

The geometry of MCNP treats a general three-dimensional configuration
of arbitrarily-defined materials 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 regions bounded by the surfaces.

Surfaces are easily defined by suppl.ing coefficients to the analvtic
surface equations or bv indicating known points located on the surfaces.
For example, the surface vy - D = 0 ig8 represented in MCNP by the mnemonic
PY with the single entry D. Therefore, a plane normal to the v-axis at
y = 4 s defined by the rimple input line of

by 4
MCNP has 26 such mnemonics available.

Figure 3 is a geometry set up to test the analytical volume cdlculator
in MCNP ‘the volume was calculated analytically and also stochastically by
using a track-length estimator). This geometry of a fancy fish wiih a
welrd sun is actually only three cells in the MCNP problem: (1) the
disjoint regions of the fish plus the sun (which appears as four regions),
(2) everything else inunide the sphere, and (3) everything outside the
sphere. The geometry was apecified by portions of twenty=-three surfaces
consiriing of six torl, two hyperboloids, two ellipsoldus, seven cones, onc
cylinder, two spheres, and three planes.



Figure 4 is
of two cells and
surface nuabers:
planes; 6, 7, 14
of two Bshcets.
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Figure 3. Example of MCNP Geometry.

another example of MCNP geometry. This geometry consists
fifteer surfaces. The mumbers in the figure refer to
surface 1 is a cylinder; 3 is a cone; 12 and 13 are

and 15 are ellipsoids; and 2, 5. 9, 10, and 11 are¢ planes

Flgure 4. Example of MCNP Geometry.



More details about ti.e MCNP geometry are given in the following paner
by Godfrey. The significant additions of the urnion and complement
operators to our gecmetry vocabulary are products of Godfrey's work. Cells
that are now routinely specified with the union operator that are
illegitimate when using intersections only are now in fact called "Godfrey
cells” by us.

Variance Reduction

This one area alone makes MCNP a superh Monte Carlo code; MCNP is rich
in variance-reduction techniques. The tollowing two papers by Cashwell and
Schrandt and by Thompson, Deutsch, and Booth will illustrate some of these
techniques. More details are available in Refs. 1 and 31.

In addition to obvious ways to save computer time like using energy
and time cutoffs, MCNP coffers geometry splitting with Russian roulette,
analog capture or survival bilasing with weight cutoff and Russian roulette,
correlated sampling, the exponential transformation, energy splitting,
forced collisions, flux estimates at points by three methods (next-event
estimator, ring detector, and once-more-collided estimator), track-length
estimators, source blasing in direction and energy, and a combiration
random walk/deterministic scheme called DXTRAN. Furthermore, a Russian
roulette game can be played with detector or DXTRAN contributions as a
function of mean free path that can save substantial computer time.

X-6 is always evaluating new variance-reduction techniques and
improving existing ones. Erxamples are (1) angle blasing which we look at
from time to time but to date have not found a scheme that has anvthing
substantial to offer over other methods already in MCIT, and (2) a weight
vindow that looks quite promising (see paper by Thompson, Deutsch, and
Booth). Furthermore, we are looking at generalized phase-space splitting.

An important part of thie MCNP output that the user has little control
over (except for all of it or a fixed subset of it) is summary and
diagnostic informatlon. This information is valuable for determining *he
characteristics of a problem and the effect of variance-reduction
techniques. Exramples are (1) a complete breakdown of all encrgy and weight
creation and loss mechanisms averaged over the entire problem and also
individually by cell, (2) the number of tracks entering a cell and the
track population in a cell, (3) the average energy, weight, number of
collisions, and mean free path In a cell, (4) the volume, mass, and surface
area of a cell, and (5) the activity (i{.e., collisiona, collisions times
weight, and weight lost to capture) of each nuclide in each cell.

In addition to this summary information, MCNP has an elabor.ate and
easy-to-use tally structure that allows the user to tally almost anvthing
concelvable. Choices include, as a function of energy and time,



(1) current as a function of direction across s surface, (2) flux across a
surface, (3) flux at a point, (~) average flux in a cell. and (5) energy
depoesition (o:r heating) in a cell by neutrone, photons, .d products of
neutron reactions. Surfaces or cells may be subdivided into segments four
tallying purpozes. 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. Thc user has
avallable a special subroutine by which the standard tallies can be
modified in almost any desired way.

Reactions such as fission, absorption, tritium production, or any
product of the flux times the aprroximately onc hundred standard ENDF/B
reactions plus several nonstandard ones may be tallied very simply.

Printed out with each tally is also its ertimated relative error
corresponling to one standard deviation of the mean.

O_thei_Features

MCXNP hes the capability to calculate eigenvalues for critical
svstems. Three esLimators \in various combinations) are used tn calculate
kefg: absorption, collision, and track-length estimators.

For debugging input and geometries, MCNP makes extensive and elaborate
checks for consistency. A plotting capability is in MCNP that provides an
arbitrary cross-sectional vicew of the input geometry on several nutput
Jdvevices (all figures in this paper plus slides used in the oral
presentation were generated by the plotter). 1f a trark gets lost during
its trane;prt, diagnoaticks are automatically printed for that trdck which
include an even. log. The event log is a print of the complete life of the
track from cvent to event (birth, collisions, surface crossing, etc.).

A feature is avallable to allow the user Lo translate and/or rotate
surfaces from one coordinate system to another. For example, it is a
nontrivial task to determine the coefficients for the general quadratic
equation needed to define an ellipse with 1ts origin off somewhere in space
and 1tr axes at sonme srkewed anple. However, an ellipse can be easily
defined centered about the coordinate=-svstem orf+'n with axes parallel to
the conrdinate axes. It is then an easy prucedure to move the simple
ellipsc¢ to another place with another oricntation.

For tallyving purposes, cell volumes and murface aredas are analviieally
calenlated for pnlvhedral cells and for any cell hounded by surfaces of
revolution (repardless of axis of symmetry). Surfaces of revolution
penerally account fur the majority of cells, Wit irregular volumes and
surface areas can also be easily calculated stochastically.

A convenifent mechanism is provided to specify informatfon to bhe
written to a file for post=-procensing, such as for plotting results or to
gencerate a source for a subrequent problem.



Full restart capabilities arc available thart are used for machinc
fallure or continuing a run to obtain better statistics.

Future Work

Wwe are the first to recognize that MCNP does not do everytning for
everybody. We &re cautious about what goes into the code and put somcthing
in only for a good reason and after it has been carefully evaluated.
However, X-6 frequently creates special versions of MCNP for the one-time
requirements of speclal calculations or for the special requirements of a
limited number of users.

The two most obvious shortcomings for use outside of Lus Alamos are a
lattice geometry specification and a better treatment of unresolved
resonances. The lattice capability has not been of overriding importance
to us £t Los Alamos, but 1 others are interested in this feature we could
be pursuaded tn increasc the priority of it.

As mentioned earlier, we are alwavs improving the existing variance-
reduction techniques and devising new ones. We are iuterested In
photo-neutron transport, but this 1is mainly a problem of duta. Work is
presently in progress on a three:-dimensional plotter; our gecmetries have
become 8o complicated 1t {s hard tov comprehend them with two=dimensinnal
slices. Graphical techniques are being explored for posl=processing of
outpui data and for visual alds to help understand the character!stics of a
problem (f.e., where are the particles golng and how does a variance-
reduction technlque Influence them). Studies of Monte Garlo vectorization
are underway to see how wv can take advantage nf modern computer
architecture (such as the CRAY-1) or future computers with parallel,
independent processcrs.

MCNP is not a static code. 1t ir under constant scrutiny and
development by X=h. W release a new versfion about once a year with the
current code being Verion 24,  If MCNP ever becomes mtatic, 1t will b so
because there Is no further use for {t. We do not anticipate tils
happening; rather, the opposite scems to be the case.

MCMG

The multigroup code MCMG has hisically the same fentures as the
cout invous=energy code MCNP', but It relies on the same user-asupplied
multigroup, multitable croar=scction data that are used {n discrete
ordinates codes.  Unlike the data for MCNP, the multigroup data treatment
results {n problem—dependent cross sectlons that can place a Wirden on the
user to asremble and understana.  MCMG can be applied to standard shiclding



probiems, to problems in reactor physies including the use of thermal
upscatter matrices, to problems In eccelerator or cosmi.-ray shielding at
very high energies, to problems in neutral atom transport in plasmas, and
to any other problem in linear transport for wtich multigroup data have
heen developed.

An added feature of MCMG is that it is also an ad joint code. A cell-
and energy-dependent scalar flux is automatically generated during a
forward-mode calculation, and this information 1s used for importance
sarpling of adjoint collisions and for an energy-dependent Reometric
splicting and Russian roulette game in the adjuint trackig.

The distributicn of scattering angles for group-to-:roup transfer is
represented by either continuous, equiprobable cosine bins or by MORSE-tvpe
discrete-scattering angles, both of which preserve all »f the moments of
the truncated Legendre representation.

MCMG has an advantage over discrete ordinates cod:s in that it does
not sufrer from geometrical restrictions. Like discreie ordinates codes,
however, it can be limited by the approximations that arc inherent in the
multigroup data th..t can, for example, resul: in nmsl:’ ng the existence of
self-shielding effects.

CONCLUSINN

In our opinfon (admlittedly biased in the true nature of Monte Carlod,
Gronp X=6 s a very strong, experienced, an! versat{le Monte Carla group.
Our code MCNP 1: a leading Monte Carlo code becauss of {ts maturity,
generality, case of use, reliability, richnees of varfance=reduct fon
techniques, documentation, cross=scction llbrarfes, and active support and
development by the expertise of X-=6.
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