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MCNP/X Transport in the Tabular Regime

H. Grady Hughes

Los Alamos National Laboratory
Group X-3-MCC, MSAl43
Los Alamos, NM 87545 US4

Abstract. We review the transport capabilities of the MCNP and MCNPX Monte Carlo codes in
the energy regimes in which tabular transpori data are available. Giving special atention to
neutron tables, we emphasize the measures taken to improve the reatment of a variety of
difficult aspects of the transport problem, including unresolved resonances, thermal issues, and
the availability of sunable cross sections sets. We also briefly touch on the current situation in
regard to photon, electron, and proton transport tables.

Keywords: Monte Carlo, neutron ransport; particle transport; nuclear data rables.
PACS: 28.20.Gd

INTRODUCTION

Traditionally, and quite understandably, high-energy particle transport codes have
enjoyed less extensive development for the low-energy regime than for high-energy
processes. However, many aspects of low-energy transport are important for high-
energy facilities and experiments. For example, the low-energy background of an
experiment can significantly impact its interpretation. Similarly, the proper
characterization of low-energy contributions to calonimeters can be essential, as is
discussed elsewhere in this meeting. Serious personnel safety issues in facility
shielding design also mandate a full understanding of the transport cascade, including
the effects of low-energy particles. Some high-energy facilities (spallation sources)
exist entirely for the purpose of producing low-energy secondary particles, such as
neutrons for materials science research, production of useful isotopes, etc,
Environmental issues, such as air and groundwater activation, are also related to low-
energy particle behavior, For these and other reasons, the developers of high-energy
transport codes are putting increasing efforts into improving their modeling of
transport in the low-energy regime. _

In contrast to most high-energy codes, MCNP' began life as a low-energy code
transporting neutrons and photons (and later electrons) in energy ranges typically
below 20 MeV. Important applications included reactor design, criticality safety,
radiation shielding and protection, and later electron accelerator design, medical
physics, and many other aspects of the low-energy world. Before high-energy
transport methods and an extended set of particle types were introduced, first in the
MCNPX code’ and later in the (not vet released) developmental version® of MCNP
itself, low-energy capabilities benefited from the full attention of the MCNP
developers. As a result, the MCNP/X codes are a uniquely valuable resource



especially for high-energy applications in which the low-energy component is
important. In this paper we shall review a number of the specific capabilities of the
MCNP/X codes in the low-energy regime, with particular attention to those aspects
that are associated with use of nuclear data tables.

EVALUATED NUCLEAR DATA TABLES

The essential source of the transport physics for MCNP is the collection of
evaluated nuclear data tables that are developed and distributed with the code. MCNP
uses data tables in a format based on the Evaluated Nuclear Data File' (ENDF), a
national (and by now international) standard for format and content established and
monitored by the Cross Section Evaluation Working Group (CSEWG). The ENDF
tables can be supplemented by other evaluated sets such as the Evaluated Nuclear Data
Library’ (ENDL), leading to a powerful and quite general compilation of data for use
in transport calculations. For example, a recent release of cross-section data for MCNP
includes 974 “continuous energy” neutron tables covering 250 isotopes among 80
elements ranging from Z=1 to Z=98.

There are a number of different kinds of tables represented in the collection of
transport data distributed with the code. We have mentioned “continuous energy”
neutron tables, which constitute the most detailed available description of neutron
transport. These tables typically address neutron processes from very low energies (on
the order of 107 eV) up to the MeV range. Older tables, driven by applications such as
reactor design or radiation shielding, often ended at 20 MeV. More recent ENDF
releases, motivated by applications to be addressed by the MCNPX code, continue to
150 MeV, We shall discuss the contents of continuous-energy neutron tables in the
next section, and the supplementary S(a,3) thermal tables in a later section.

Besides continuous-energy data, MCNP can use multigroup tables familiar from
deterministic methods, This kind of data table represents the cross sections as averages
over energy groups weighted by assumed energy-flux spectra. The energy groups are
generally much larger than the resolution of continuous-energy tables, so that much
detail is lost, especially in the neutron resonance region. For example, Figure 1 shows
the total cross section for naturally occurring ron over most of the energy range of the
ENDF/B-V evaluation, contrasting the detailed presentation of the continuous-energy
table (26000.55¢) with the relatively crude representation of a typical multigroup table
(26000.55m). Further, the dependence on the assumed energy spectrum makes the
results quite problem-dependent and requires a great deal of insight in the selection or
preparation of the cross sections. For a wide range of Monte Carlo applications, there
is now little reason to prefer a multigroup approach. However, there are special
circumstances in which multigroup transport offers considerable advantage. For
example, in simulations featuring diffuse, extended sources and very locahized
detectors (tallies), the adjoint method will usually provide a more efficient calculation
than the standard forward method. Adjoint Monte Carlo in MCNP is only available as
multigroup transporl and requires the use of multigroup cross sections. Another
popular method reguining multigroup tables is the simulation of coupled
electron/photon transport by the Boltzmann-Fokker-Planck® (BFP) algorithm, Here the
electrons and photon masquerade as neutrons and appropriate multigroup tables can be



generated with the CEPXS’ code developed by Sandia National Laboratory. Another
area of recent interest is the use of a deterministic method to pre-calculate phase-space
importances or weight-window parameters for variance reduction in a forward Monte
Carlo calculation, In this hybrid method, the multigroup cross sections for the
deterministic calculation correspond as closely as possible to the continuous-energy
cross sections of the eventual Monte Carlo caleulation. Finally, multigroup
calculations may be needed in the context of validation and verification to compare
Monte Carlo results with those of deterministic transport methods, in scoping studies
or sensitivity studies, or to simulate isotopes for which continuous-energy cross
sections are unavailable.

FIGURE 1 place holder

FIGURE 1. Total cross section for naturally-occurning iron from ENDE/B-V (26000.55¢) and from an
ENDE/B-V-based multigroup tabulation {26000, 55m).

The data libraries distributed with MCNP also include an extensive set of neutron
dosimetry cross sections. These tables are not full transport tables in the sense of the
next section, and cannot be used to model the neutron transport in the specified
isotope. Rather they contain energy-dependent cross sections for various specific
reactions that neutrons may induce in the particular 1sotope. Thus these tables are
suitable for calculation of reaction rates for trace elements in an experiment by
integrating the reaction cross sections weighted by the neutron energy-flux spectrum.
This capability is frequently used in neutron dosimetry and neutron activation
applications. To generate these data, ENDF sources (ENDF/B-V Dosimetry Tape 531
and Activation Tape 532) are supplemented with ACTLY, an evaluated neutron
activation cross-section library from Lawrence Livermore National Laboratory, The
current MCNP distribution includes 463 isotopes of 82 elements from Z=1 to Z=98.

CONTENTS OF CONTINUOUS-ENERGY NEUTRON TABLES

Continuous-energy cross sections are not, of course, continuous in the mathematical
sense. They are necessarily tabulations of various data at a discrete set of energies.
The word “continuous™ is meant to suggest that, unlike multigroup data. the tabulation
is for a set of energies sufficiently dense that all of the edges, resonances, and sundry
features of the physical evaluation are completely represented to within some
prescribed small tolerance. With modemn data, that tolerance is typically 1% or better.
Many recent tables have been processed with tolerances of (.1%. In order to provide a
complete description of the physical processes, data libraries must incorporate a large
amount of information. There must be a transport table available for each isotope
present in a simulation. Each of these tables must provide as a function of energy a full
accounting of the reactions that a neutron may undergo with the given isotope. For all
energies, total, absorption, and elastic cross sections, and average heating numbers are
given. For each reaction channel in the evaluation, partial cross sections and reaction-



specific Q-values are provided. For every reaction producing secondary particles
(other neutron, photons, or other particles types), energy and angular probability
distributions for sampling must exist. There may be a large number of reaction
channels, For example a recent tabulation for “"Fe (26056.66¢) contains individual
information for (n,2n}, (nnp), and (n,ne) reactions, for excitation to the first 25
excited states, and for excitation to the continuum. For fissionable isotopes, total
fission cross sections and average v (number of fission neutrons) must be present
along with fission neutron cnergy distributions. In many cases, both v and fisston
neutron spectra will be tabulated separately for prompt fission and for several modes
of delayed fission together with channel probabihities.

In the generation of secondary particles, some sampling distributions are correlated
in reaction channel, energy, and angle. For example, elastic scattering is
microscopically correct because energy-momentum conservation can be 1imposed n
the sampling process, Some other sampling distribution are coupled in energy and
angle as well. However, many distributions for secondary particles are provided as
independent energy spectra and angular distnibutions and therefore lead 1o
uncorrelated sampling of the secondary-particle phase space. In addition, in any
reaction generating more than one secondary particle, the various particles from the
reaction will be sampled independently. The best-known example of this situation is
the fact that neutron-induced photons are generated from the photon-production
probability distributions without regard to the selection of the actual neutron reaction.
The result of all this lack of correlation is that MCNP, using tabular neutron data, is
not well suited to the simulation of coincidence experiments and other application of
“microscopically correct”™ tallies. However, these matters are irrelevant to the
macroscopic tallies of MCNP such as particle flux and current, energy spectra, angular
distributions, reaction rates, energy deposition, etc. For these standard calculations of
integrated quantities, the important 18sue is the correctness of the transport methods in
the average.

UNRESOLVED RESONANCE PROBABILITY TABLES

In Figure 1 we saw an example of a cross-section table containing sufficient data to
represent an essentially complete description of the transport process over the entire
range of the table. By contrast consider Figure 2, which shows two different
tabulations of the total cross section for U, specifically an older set from ENDF/B-V
(92235.50¢) and a newer set from ENDF/B-VI (92235.69¢c). The abrupt loss of detail
(at just above 0.08 keV for the older table and above 2.25 keV for the newer) clearly
indicates that the nuclear resonance region is incompletely described in both
evaluations. In fact the resonance region for “U extends up to 25 keV. The
meandering curve representing the total cross section above the detailed portion of the
resonance region 1s simply an average of the cross section over energy ranges in which
full data are not available. The neglect of the details of the cross seetion in the
unresolved-resonance region would ignore self-shielding effects, which can have a
significant impact on the results of the calculation. While the apphication programmer
should be strongly motivated to use the latest cross-scetion sets, with their increased
coverage of the resonance region, the problem of an unresolved region remains.



Fortunately, modern evaluations provide an excellent approximation for dealing with
this problem. Beginning with MCNP version 4C (and therefore MCNPX) and later
versions, the code is able to take advantage’ of cross-section probability tables derived
from statistical information in evaluations such as average level spacings and average
resonance widths. When these data are provided in a transport table, a probabilistic
approach can be taken in which the cross section encountered by the neutron in the
unresolved resonance region is sampled from a probability distribution. With
appropriate attention to the transport logic, self-shielding can be well simulated even
in the absence of detailed knowledge of the energy-dependence of the cross section.
The current data distribution incorporates probability-table data into the cross-section
tables of 72 1sotopes among 21 elements from Z=40 to Z=Y8,
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FIGURE 2. Total cross section for U from ENDF/B-V and from ENDF/B-VI showing the detailed
representation of the resonance region only up to 0.08 keV for the earlier evaluation (92235.50¢) and up
to 2.25 ke for the later (92235.6Y¢). Neither evaluation provides a complete representation up to the
true end of the resonance region (about 25 KeV).

THERMAL ISSUES

Each neutron transport table in the data distribution has been created for a specific
temperature. Usually this 1s room temperature (293.6 K), but for selected 1sotopes,
other temperatures (eg. 20 K, 77 K, 600 K, 3000 K, erc.) are provided. For
simulations of systems at temperatures other than those provided in the cross-section
sets, the results can be affected because of the different thermal velocities of the target
nuclei. In MCNP there is a straightforward analytic/stochastic method (the free-gas
model) for dealing with this situation, but this method applies only to the elastic
scattering channel of the cross section. For problems not dominated by elastic
scattering, the temperature dependences can be important. The differences in the
resonance region between cross sections evaluated at different temperatures can be
quite significant and can have severe effects on the results of the calculation. One
really needs cross-section sets evaluated at the correct temperature of the system.

MCNP does not use the ENDF-format files directly. Rather a processing code such
as NJOY'" is used to write the cross-section tables in a format called ACE (A
Compact ENDF) with 1s used directly by the code. It 15 at this step that a specific
temperature 1s selected. Thus to generate cross sections at a particular temperature not
available in the standard distribution, one would expect to have to run NJOY. This has
never been an easy matter for the ordinary applications programmer, because NJOY is
an extremely complex program with a daunting array of options, and is generally
considered something that should be approached only by a specialist in the program.
Recently, however, the portion of the logic of NJOY relating to temperature
dependence has been i1solated in a user-friendly code called DOPPLER'' and, even



more conveniently, has been incorporated into the cross-section libranan called
MAKXSF. which is distributed with the MCNP code and data. It is now easy for the
user to take an existing cross-section table (or two) and generate a corresponding table
at a different temperature. There are two cases. First, for tables in which the resonance
region 1s completely described (or for an application in which the unresolved
resonance region 1s unimportant) one needs only a reference table at a lower
temperature than that desired. The MAKXSF code can produce a Doppler-broadened
table for the needed temperature. Second, for unresolved-resonance probability tables
or for the S{w,p) thermal tables to be discussed in the next section, one needs tables
evaluated above and below the desired temperature. Then the MAKXSF code can
interpolate to produce a table at any temperature between the two reference tables.

THERMAL NEUTRON TRANSPORT TABLES

In the previous section we discussed issues related to thermal motion of target
nuclei and associated with Doppler broadening and neutron/nucleus kinematics. There
are also more difficult issues affecting low-energy transport, including molecular
binding effects, vibrational/rotational levels, lattice spacing, crystal structure, and
other solid- and liquid-state properties. The standard ENDF evaluations concentrate on
the neutron/nucleus interaction and do not address these matters. Rewvisiting Figure 1,
for example, we see no detail at low energies. In the thermal region, at energies from
about 4 eV down to 107 eV, the cross sections fall into simple {/v form ignoring the
complexities of the low-energy regime. In MCNP the best currently-available
approach to improving this situation is the use of S(u,[}) transport tables. These tables
are presented as scattering matrices, correlated in scattered energy and angle, and
attempting to represent the effects of many of the physical processes that complicate
the low-energy neutron transport. When present, they replace the standard cross
sections for neutron energies below 4 ¢V. For applications in which the thermal
regime is important, the use of appropriate S(u,p) tables can be essential for obtaining
accurate results. In the current data distribution there are S{u,pB) tables available at a
variety of relevant temperatures for beryllium metal, beryllium oxide, benzene, ortho
and para liquid hydrogen, ortho and para liquid deuterium, graphite, deuterium in
heavy water, hydrogen in light water, hydrogen in liguid methane, hydrogen in
polyethylene, hydrogen in solid methane, and hydrogen and zirconium in zirconium
hydnde. Although this collection is a powerful resource for applications that are
covered by this list, it is clear that this is a very limited list considering the vast range
of applications that can arise in the thermal regime. Obviously this is an area that can
benefit greatly from future expansion,

PHOTO-ATOMIC AND ELECTRON TRANSPORT TABLES

MCNP also simulates the coupled photon/electron cascade using methods based on
those of the ETRAN'? codes and of the Integrated TIGER Series"’. Photo-atomic
transport tables provide data describing the four basic photon interaction processes. (1)
At photon energies above the threshold {chz for electron mass m), the photon may



produce an electron/positron palr The selection of energies for the two products is
based on Bethe-Heitler theory', and the angular distribution comes from an
adaptation of high-energy theory. Trlplet production is not considered separately from
pair production. (2) Compton (incoherent) scattering is based on the Klein-Nishina'’
cross section, but is modified by form factors that partially account for the effects of
binding energy on the angular distribution'®. In a recent enhancement, MCNP also
takes advantage of data to include the effects of the momentum of bound electrons on
the Compton energy distribution. This capability is sometimes confusingly called
Compton Doppler broadening, but does not have anything to do with thermal motions
of the target atoms, which are not considered for photon or electron transport in
MCNP. (3) Thomson (coherent) scattering, arguably the least important of the
principal processes, 1s optionally included in the transport and is also modified by
form factors. (4) The photoelectric interaction is the most approximate of the four
treatments. MCNP treats only K-shell vacancies and produces at most two fluorescent
photons or an Auger electron. The lines that may be selected are restricted to (L3 —
K), (L2 — K), (mean M — K), (mean N — K), and (mean upper levels — L). These
limitations are somewhat mitigated by the fact that photon/electron transport in MCNP
never extends below 1 keV, and is often limited to still higher energies. Nevertheless,
the improvement of the treatment of this low-energy regime is a desired future plan for
the MCNP/X developers. The upper energy limit for the most recent photo-atomic
tables is 100 GeV.

Electron tables, supplemented by analytic models, also support the modeling of the
photon/electron cascade. "vIC’wIP treats bremsstrablung as in Version 3 of the
Integrated TIGER Series'’, including its effect on stopping powers. Knock-on
electrons are sampled from the Meller cross section”, with angular distributions
determined from kinematics. Charat.tcnstm X-ray and Auger electron production rely
on Kolbenstvedt's cross section'® and are restricted to the same lines mentioned above
for photoelectric events. The eicctrcm angular deflection is calculated from the
Goudsmit-Saunderson distribution”, and the electron energy loss straggling is based
on Landau’s theory®' with the various extensions described in Ref. 12. The low-energy
limit of the MCNP electron tables is 1 keV, as is the case with photo-atomic tables.
For historical reasons, the upper energy limit for the electron tables is | GeV.

PHOTONUCLEAR TABLES

A recent enhancement of the transport capabilities of MCNP is the addition of code
and data to support the simulation of photonuclear reactions at low energies. (Various
event-generator models such as the Cascade Exciton Model™ and Los Alamos Quark-
Gluon-String Model®® deal with photonuclear reactions, but become increasingly
uncertain at low energies.) Photonuclear tables contain energy-dependent photon cross
sections for nuclear interactions leading to the production of photons, neutrons,
protons, deuterons, tritons, helions (*He), and alpha (‘He) particles. The tabular data
are limited to energies below 150 Me\f’ and address photoabsorption hy the excitation
of either the giant dipole resonance’” or a quasi-deuteron nucleon palrz . Production
data including energy and angular distributions are given. In contrast to photo-atomic
tables, which are provided for elements and make no distinction among isotopes, the



photonuclear tables are isotope-specific. The initial release”® of P]mmnm:lear tables for
MCNP/X contained only 13 isotopes: 3H= e, ”’G, £l Vst nCa, BFe, *Cu, '#'Ta,
4w, 20%ph, *'Pb, and *Pb. This is an area which will be greatly aided by the
eventual availability to MCNP/X of the newly released ENDF/B-VII data®. That
compilation will include a new sub-library with 163 photonuclear evaluations.

PROTON TRANSPORT TABLES

Proton transport tables were developed at Los Alamos in order to support the
Accelerator Production of Tritium program, the same program that was a major
driving force behind the original development of the MCNPX code itself. These tables
include total, nuclear elastic plus interference, and inelastic cross sections; production
cross sections for photons, neutrons, protons, deuterons, tritons, hellions, alphas, and
heavy recoils; double-differential (energy and angle) production spectra for neutrons,
protons, deuterons, tritons, hellions, and alphas; and angle-integrated emission spectra
for photons and heavy recoils. Like the photonuclear tables, proton tables provide data
up to 150 MeV. These tables are intended to describe nuclear reactions only: energy
loss and angular deflection caused by collisional multiple scattering are to be modeled
by other methods. Traditionally in MCNPX, these processes were simulated using the
Vavilov"’ model and a Gaussian approximation’’ described by Rossi. Recently we
have developed and implemented a new multiple scattering model™ that takes into
account projectile and nuclear target form factors, and provides a coupled sampling of
both collisional energy loss and angular deflection.

The initial release”™ of proton transport tables for MCNPX included 42 isotopes
ranging from 'H to *“Bi. The release if ENDF/B-VII*” will expand this list somewhat,
adding six more proton tables and introducing five tables for deuteron projectiles,
three for tritons, and two for helions. The new projectile types will present a welcome
challenge to MCNP/X developers to generalize the code, which currently assumes that
only neutrons, photons, electrons, and protons make use of transport tables,

SUMMARY

We have presented a basic introduction to the capabilities of the MCNP and
MCNPX transport codes in the low-energy regime, with particular attention to the use
of transport data tables. These codes offer powerful and accurate methods for the
simulation of particle transport, especially for applications in which the details of all
energy ranges are important.
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