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Abstract. MONK® and MCBEND® are two advanced Monte Carlo codes developed by the ANSWERS®
Software Service, which have been used in over 30 countries worldwide for a range of applications, and
have been well-established in the UK criticality and shielding communities respectively over the course
of several decades. These codes continue to be actively developed to meet the needs of their users. We
introduce a number of new developments which have been implemented in recent releases of these codes,
or will be implemented in the next release. As MONK and MCBEND share a significant amount of source
code, some of these new developments are in common between the two codes and some are specific to
each. Improvements to the physics include stochastic mixing of bound thermal scattering data, Doppler
broadening rejection correction, improved support for low temperature analyses in MONK, and modelling
of photonuclear reactions in MCBEND. A novel approach for transferring irradiated geometry components
between models has been developed for burn-up credit applications in MONK. A list mode facility has
been added for subcritical analyses, including a model for the full distribution of neutron multiplicity.
The geometry capabilities have been enhanced by the addition of novel stochastic geometry algorithms for
modelling highly disordered heterogeneous mixtures and random distributions of shapes. IGES-formatted
CAD geometries may be imported into MONK and MCBEND and approximated as a set of triangular
surface polygons in a new Fractal Geometry body. The new IGES import feature additionally offers dedi-
cated particle tracking routines that process the model geometry within the IGES file exactly, allowing the
geometry to be used in MONK and MCBEND with no approximation. New estimators of the adjoint flux
in both codes and adjoint-weighted kinetics parameters in MONK have been implemented, in addition to a
pulse height distribution detector resolution model in MCBEND. A brief discussion of parallel processing
in both codes is presented. New developments to the tools available in the accompanying Visual Workshop
integrated development environment are also described.

1 Introduction

MONK® and MCBEND® are two advanced Monte Carlo
codes which are part of the ANSWERS® codes suite.
ANSWERS codes are used globally for modelling various
scenarios encountered across the nuclear fuel cycle and
beyond, including but not limited to: modelling of physics
in nuclear reactor types such as AGR, BWR, CANDU,
HTR, MAGNOX, MSR, RBMK, PBMR, PWR, SMR,

problems. It has a proven track record of application to
the whole of the nuclear fuel cycle and is well estab-
lished as the de facto standard criticality code in the
UK criticality community. Furthermore, it is increasingly
being developed and used for reactor physics applica-
tions. The current version of MONK is MONK12A [1],
which was released in early 2024. The previous release
was MONKI11A [2], which was released in 2021 after an
extensive programme of enhancements over the previous

VVER and experimental reactors; dosimetry assessments;
radiation shielding; medical physics applications; and oil
well logging.

MONK is an advanced Monte Carlo neutronics code
for the solution of criticality safety and reactor physics

* e-mail: jessica.fildes@global.amentum.com
** MONK Design Authority: e-mail: simon.richards@global.
amentum. com
***MCBEND Design Authority: e-mail: adam.bird@global.
amentum. com

versions. MONK continues to be actively developed, with
new features and enhancements, including some of those
described in the current work, being incorporated into the
next release, MONK12B.

MONK calculates the neutron multiplication factor,
kefr, for the system modelled using a staged (or iterative)
approach, with each stage consisting of a fixed number
of neutron superhistories [3]. A neutron superhistory is
the set of tracks followed by a neutron and its fission
progeny from birth to absorption or leakage, through a
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fixed number of fission generations. Examples of applica-
tion cases for MONK include: fission transport container
design; spent fuel dry storage; fuel fabrication; uranium
enrichment; fuel dissolution; waste treatment and han-
dling; reactor core loading assessments; thermal reactor
analysis; and burn-up credit analysis.

MCBEND is well established in the UK radiation
shielding community and globally as a powerful Monte
Carlo code for general radiation transport analysis in
shielding and dosimetry applications. The current ver-
sion of MCBEND is MCBEND12A [4], released in 2021,
and the next anticipated release will be MCBEND12B.
MCBEND can be applied to a wide range of problems and
has previously been used for the following applications:
reactor plant design and shielding; fuel transport flask
design; design of reprocessing facilities; design of fusion
devices; analysis and interpretation of measurements in
operating plants and in experimental facilities; calculation
of personnel dose levels; and design of food irradiation and
medical equipment sterilization facilities.

These codes remove both share the same advanced
geometry modelling and detailed, continuous-energy col-
lision treatment, providing realistic and flexible 3D mod-
els for accurate simulations of particle behaviour. They
additionally utilize a powerful accompanying integrated
development environment, Visual Workshop [5], which
provides geometry visualisation, results display and a
powerful toolset for further analysis of constructed models
across codes in the ANSWERS suite.

The following sections briefly describe a number of
recent developments to MONK and MCBEND, with the
aim of informing the criticality safety, shielding and Monte
Carlo communities of the latest capabilities of these well-
established codes. Some developments apply individually
to each code while some are shared. Further details of
some of the recent developments specific to MONK are
given in [6-8].

2 Physics
2.1 Improved temperature representation

The continuous-energy collision processor employed in
MONK and MCBEND, referred to as BINGO, features
run-time Doppler broadening to give an accurate rep-
resentation of the effect of temperature on neutronic
behaviour, with a stochastic mixing algorithm [9] to
interpolate the secondary direction and energy in bound
thermal scattering. The Doppler broadening rejection cor-
rection [10] is applied to remove the asymptotic approxi-
mation in the scattering kernel used in many Monte Carlo
codes, improving the treatment of epithermal resonances
in heavy nuclides at elevated temperatures. This requires
the elastic scattering cross-section at zero Kelvin, which
needed to be supplied in a separate data file in previous
versions of MONK, but which MONKI11A is now able to
read directly from recent versions of the BINGO nuclear
data libraries. These libraries also have a base tempera-
ture of 200 K, and bound scattering data for hydrogen and
oxygen in ice below 273.15 K, and water above that tem-

perature, to facilitate criticality safety calculations below
room temperature. These developments allow MONK,
with its associated nuclear data libraries, to accurately
model materials at any practical temperature without
the need for any additional tools for generating Doppler
broadened nuclear data.

2.2 Fission neutron multiplicity

The standard approach in Monte Carlo codes is to use
bounding integer sampling for v, the number of secondary
neutrons from fission reactions. For most criticality and
reactor physics applications it is sufficient to reproduce the
correct average number of neutrons, 7(E). However, the
full multiplicity distribution becomes important for neu-
tron noise analysis of subcritical systems (see Sect. 6.1).
The Terrell algorithm [11] for the full multiplicity distri-
bution has therefore been implemented in MONK as a
user-selectable option.

2.3 Photo-neutron capability

MCBENDI12A introduces modelling of the production of
neutrons from photonuclear reactions (7, n). The probabil-
ity of photonuclear reactions occurring increases with pho-
ton energy and has a typical lower threshold of 5-6 MeV,
with precise thresholds depending on the nuclide. While
these reactions are uncommon, they may be important
in some shielding applications. Options are available to
increase the stochastic probability of neutron-producing
reactions and to select either forward or isotropic emission.
A library of photonuclear data for 43 nuclides, based mainly
on ENDF/B-VII.0 data, supports the capability.

3 Geometry

Geometry in MONK and MCBEND models is specified
according to a system known as Fractal Geometry (FG).
In the material geometry section of the model input, one
part' is specified at a time, where a part is a set of: sim-
ple bodies; zomes, which are volumes of space created by
the unions and intersections of bodies; and the contents
of those zones. The zone contents may be: homogeneous
materials; a subsidiary part, i.e. a part placed within a zone
of a parent part; or a heterogeneous region containing fur-
ther geometric complexity in the form of hole geometries
(HG) employing Woodcock tracking [12].

A part may contain subsidiary parts nested to an arbi-
trary number of levels, and holes can also contain sub-
sidiary holes, so a single part may in fact contain a com-
plex hierarchy of geometric detail freely mixing conven-
tional surface tracking and Woodcock tracking.

1 The use of italic text in this section indicates specific ter-
minology used in MONK and MCBEND.
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Fig. 1. Randomized geometries using Perlin noise with scale factors 2.0 (left) and 10.0 (right).

3.1 Stochastic geometries

Several novel stochastic hole geometry capabilities have
been developed [6,7] for use in MONK and MCBEND.
This expands MONK’s flexible and detailed modelling
capabilities while allowing realistic modelling of select sys-
tems which do not have a precisely known material dis-
tribution. The simulation of a large number of random
realizations of a particular system produces a distribution
of keg values, which may be used to estimate the mean
kegt for the system in addition to a maximum likely value.

3.1.1 Highly disordered mixtures

Highly disordered mixtures of two or more materials are
simulated in the HET hole using an algorithm based on
Perlin noise [13]. This is computationally efficient and pro-
duces randomized geometries which closely resemble the
systems of interest. An important characteristic of this
method is that it conserves the requested volume frac-
tions of constituent materials in each random realization
within the specified container. Containers currently avail-
able include cuboids, polygonal prisms, cylinders with
an optional annulus, spheres and spherical shells. This
approach represents the current state-of-the-art in mod-
elling randomized heterogeneous mixtures in Monte Carlo
radiation transport codes.

Properties of the distribution can be easily and intu-
itively altered while conserving requested material volume
fractions, which conveniently allows analyses to be per-
formed concerning criticality in highly disordered hetero-
geneous systems. Figure 1 demonstrates how a random
distribution may be varied by changing the Perlin scale
parameter, which alters the size of heterogeneous mate-
rial chunks in the distribution.

The HET hole was used to perform calculations in one
benchmark study which aimed to investigate the impact
on the neutron multiplication factor of randomizing an
intact fuel assembly model with a heterogeneous random

model [6]. Figure 2 demonstrates how keg varies as a func-
tion of the Perlin noise scale parameter when modelling
this randomized assembly. Changes in the scale parame-
ter can be related to the average material chord length A
of the system, as displayed on the abscissa axis. A new
diagnostic feature in MONK and MCBEND, to be doc-
umented in the next releases of the codes, allows distri-
bution tables and average chord length estimates to be
calculated for individual materials in the model, in addi-
tion to chord length distributions and averages over all
materials. Small steps are taken along the path between
randomly selected pairs of points in the model and changes
in sampled material are monitored. If a section of the path
is determined to lie completely within one material, the
length of this path is registered as a chord for that mate-
rial.

A particular feature of interest in Figure 2 is that
a randomized PWR fuel assembly containing MOX fuel
with an average material chord length of 1.5 cm achieved
a reactivity which was approximately 5000 pcm higher
than that of the intact fuel assembly, and approximately
21000 pcm higher than a distribution formed with a small
A, which approaches a homogeneous distribution. Increas-
ing the average chord length of the system additionally
increases the spread of the kg distribution, as displayed
by the error bars and shading. These results highlight the
value of modelling multiple stochastic geometry realiza-
tions to aid estimation of the highest potential value of
ke in random systems.

3.1.2 Random arrangements of debris

The RANDSHAPE hole models random distributions of
discrete shapes with random sizes and orientations, as
shown in Figure 3. It is intended for modelling fuel man-
ufacturing debris and swarf, post-irradiation fuel element
debris, and other miscellaneous waste streams. Any num-
ber of supported shapes may be defined by material
and probability distribution, in addition to their mean
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Fig. 2. Variation of k.g with Perlin noise scale factor S and chord length A in a randomized PWR, assembly containing UOX fuel
(left) and MOX fuel (right). Each point represents the mean of 15 random realizations. The error bars represent the standard
error on the mean of the ensemble, while the shading displays the standard deviation of the ensemble. The horizontal black line
represents keg for the corresponding intact benchmark fuel assembly, before randomization.

Fig. 3. An example of a RANDSHAPE hole containing a
distribution of randomly sized and oriented shapes inside a
cylindrical container which is partially filled with water.

dimensions and dimension uncertainties. Rather than stor-
ing the positions, dimensions and orientations of a poten-
tially large number of shapes, this novel algorithm repeat-
ably regenerates the shapes on-the-fly during particle
tracking.

These shapes are placed randomly into a container
to a specified packing fraction. Shapes may be permit-
ted to overlap to achieve higher packing fractions, or they
may be arranged in the container such that they do not
intersect. The latter process utilizes the Gilbert-Johnson-
Keerthi (GJK) distance algorithm [14], explained in more
detail in Section 5.1.1, which detects shape intersections.
Additionally, there are options to allow shapes overlapping
the container boundary to be either rejected or truncated.
Figure 3 displays an example of the RANDSHAPE hole
bounded by a cylindrical container.

3.1.3 Particulate fuel

The PEBBLE hole, which was an existing capability for
modelling the random distributions of TRISO fuel par-
ticles in a spherical fuel pebble in a pebble bed reactor,
has been further developed to allow a random distribu-
tion of intact, multicoated fuel grains in cylindrical or
annular containers to model fuel pellets in prismatic high
temperature reactors. The PEPPER hole is a further new
stochastic geometry for prismatic HTR fuel which models
a random distribution of multicoated fuel grains in a cube,
which can be tessellated to fill large volumes without the
need to store an excessive number of grain centres. Grains
which overlap the boundaries of the basic cube “wrap
around” to the opposite face, so that when the cubes are
tessellated a continuous distribution of intact fuel grains is
modelled. In an alternative implementation for the mod-
elling of randomly packed multi-coated fuel grains of equal
radius, which is in the late stages of development and
testing at the time of writing, high grain packing frac-
tions of up to 62% can be achieved in a cuboid container
while ensuring no sphere truncation at container bound-
aries. Random close packing can be applied in a variety
of container shapes in the development version of this fea-
ture, which were chosen to offer a wide range of options
for modelling of particulate fuel and all prevent unphys-
ical sphere truncation at the container boundary. These
container shapes include cuboids, polygonal prisms with
user-specified polygon vertices, cylinders with an optional
annulus, spheres and spherical shells. Figure 4 displays
examples of the PEBBLE and PEPPER hole geometry
features.

3.2 POLY body

Recent releases of MONK and MCBEND have introduced
the polygon surface, or POLY body, which is an FG body
defined by an arbitrary number of triangular polygons. It
is arbitrarily re-entrant and parts of the same body may
even be completely separate volumes of space. A single
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Fig. 4. Visual WorkShop images showing a 3D ray trace visualisation of the PEBBLE hole in an annular container (left), and
a 2D ray visualisation of the PEPPER hole demonstrating how spheres which overlap the cube boundary are handled (right).

Fig. 5. Visual Workshop images showing examples of POLY
body geometries: a small section of a larger piece of machin-
ery imported from an OBJ (Wavefront .obj) file (left); and a
section through the model of a building imported from an STL
(Stereo Lithography) file as a single POLY body (right).

POLY body may be an entire building with multiple
rooms, floors, doors and staircases (Fig. 5).

There is a range of options for inputting the polygon
mesh directly as MONK or MCBEND input, including
extrusion of a surface, rotation of a profile and options
to “grow” the points on a curved surface to conserve vol-
ume. While defining more complex POLY bodies man-
ually can be impractical, it is expected that the facility
will be used by importing files of POLY definitions from
external sources, such as tetrahedral mesh models or rel-
evant surfaces from CAD packages. Visual Workshop [5]
provides a translation tool to convert a tetrahedral mesh
or an OBJ file to a set of POLY bodies. Faceted geome-
tries are generally available from many sources. How-
ever, they will always involve an element of approxima-
tion when curved surfaces are represented. The IGES
(Initial Graphics Exchange Specification) import feature
described in Section 3.3 uses a dedicated set of particle
tracking routines that process the geometry within the
IGES file exactly, with no conversion or approximation,
at the cost of increased run time as a result of the addi-
tional computation required. Table 1 displays the increase

in runtime when using IGES tracking instead of FG for
different version of MCBEND. In a development version
of MCBENDI12B, which is yet to be released, IGES track-
ing is 4.8 times slower than FG tracking for a transport
flask model, which is a significant improvement from 84.8
times slower in MCBEND11A.

In common with the tetrahedral mesh geometry, each
POLY body uses an underlying voxel acceleration mesh
which means that a traced ray efficiently steps through
the voxel mesh and only needs to calculate intersections
with a small number of triangular polygons that overlap a
given voxel. Because only the surfaces are used, a POLY
body representation of a model is more storage and com-
putationally efficient than a tetrahedral mesh. Unless one
requires results in each tetrahedron, a POLY body repre-
sentation should be used.

3.3 CAD geometries

Computer-Aided Design (CAD) geometries which have
been converted into a tetrahedral mesh representation
or polygon surface can be imported into MONK and
MCBEND via the TETMESH hole geometry or POLY
body features. An additional CAD import feature has
been introduced which enables a user to import a CAD
geometry model in IGES format without having to convert
it manually to a MONK or MCBEND geometry input.
Tracking in the IGES model is provided by a dedicated
set of particle tracking routines which process the exact
CAD geometry, with no approximation required.

It should be noted that even though an IGES CAD
model is treated like an FG body in both codes, the body
contains the whole IGES model. In addition, there is no
requirement to explicitly model voids within the CAD
because these automatically become the defined intersti-
tial material for that imported CAD object.

An IGES model consists of subfigure definitions and
subfigure instances (these are realizations, and there could
be many, of a particular subfigure definition). A subfig-
ure definition is a shape that could be simple, comprising
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Table 1. Performance improvements in IGES tracking between MCBEND11A and MCBENDI12B, for a range of
different models. The performance metric compared is the average number of particle histories per second.

Model Performance ratio (FG/IGES) Speedup factor
MCBEND11A MCBENDI12A MCBENDI12B from 11A to 12B

Transport flask 84.8 7.7 4.8 17.8

Fuel flask 283.3 9.4 3.6 79.6

Barrel room 26.6 6.2 5.5 4.8

CSG complex 17.3 2.8 3.5 5.0

Detector 22.5 3.1 1.9 12.0

Laby 26.1 4.9 1.9 13.5

Pipeworks 101.2 27.1 22.7 4.5

Triso 57.1 4.7 2.3 24.8

Water flask 484 6.2 2.5 19.8

Fig. 6. Voxel acceleration grid overlaid on IGES geometry.

a few components, or complex, comprising many compo-
nents, depending on how the CAD modeller has created
it. MCBEND12A provides increased user control over allo-
cating materials to parts of an IGES model. The user may
define the compositions of each subfigure instance, and
may optionally specify each component within a subfig-
ure instance separately. Compositions may contain solid
materials or, if desired, hole geometries. Placing FG bodies
or parts in the IGES model will “blank out” parts of the
IGES model, effectively enabling the placement of parts
of the FG model inside the IGES model, allowing further
modelling flexibility. Recent developments have made it
possible to import multiple IGES files or a subset of an
IGES file so that parts of a larger IGES model or models
can be used as part of a MCBEND or MONK geometry.
In addition, note that an IGES file imported into an FG
part will be replicated, translated and rotated with that
part as the model is assembled.

While these enhancements have made the CAD import
capabilities a powerful addition to the geometry capabili-
ties of MONK and MCBEND, much development effort
has focused on improving the runtime performance of
the IGES import. MCBEND12A has introduced a num-
ber of enhancements to the IGES import, with fur-
ther enhancements to be introduced in MCBENDI12B.

Table 1 shows the relative performance improvements
since MCBENDI11A [15].

The descriptions of the models in Table 1 and
the performance of MCBEND11A have previously been
reported [16]. The largest performance improvement was
obtained by reducing the number of unnecessary ray inter-
section calculations. When an FG model is built, there
is a reasonable understanding of which entities are near
other entities, and what is contained in those entities.
This means that after, say, a collision event there is a
limited number of surface intersections that need to be
evaluated to determine the next volume of space entered.
In addition, FG learns which volume of space is likely to
be entered from another and prioritizes these in the search
for the next volume to be entered. For an IGES geome-
try, relying on testing the bounding boxes of the compo-
nents in the subfigure definitions was not efficient as can be
seen by the performance of MCBEND11A IGES compared
to FG. For MCBENDI12A, a voxel acceleration system,
not unlike the one used for the POLY body, was imple-
mented. A voxel grid is overlaid on the IGES geometry
and a pre-processing step identifies the IGES components
overlapping each voxel. It is this development that has
accounted for the majority of the improvements between
MCBEND11A and MCBENDI12A. As an illustration the
slice though the fuel flask model in Figure 6 shows fuel
pins in a cruciform. FG knows which parts in the array
that forms the fuel element are in its vicinity and calcu-
lates intersections to those first, whereas the IGES geom-
etry, with no knowledge of proximity of shapes, needed
to calculate intersections to all surfaces to the edge of the
geometry, as shown by the arrow in Figure 6, before decid-
ing which one was encountered.

4 Results tallies

4.1 Adjoint flux

A new Iterated Fission Probability (IFP) based method
has been added into MONK for tallying the adjoint flux.
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This method has been utilized as part of novel develop-
ments to calculate the effective kinetics parameters [17],
and in generalized sensitivities calculations [8]. Iterated
fission probability methods calculate the adjoint flux using
its equivalence to the importance of a neutron released at
a particular point in phase space spanning energy, posi-
tion, time and direction.

A neutron generation is defined as the sequence of
events which occur between the birth of a neutron during
fission and its capture in a subsequent fission event. Cal-
culation of the adjoint flux considers an original neutron
generation «, and an asymptotic neutron generation -.
The asymptotic generation represents the point at which
the user believes any given sequential neutron path should
form part of the representative set of important sequen-
tial neutron paths which contribute to the steady state
power output of the system. The adjoint flux may be esti-
mated for a specific spatial region r and energy bin F
by scoring two quantities: the total weight of neutrons
released in original generation o with energy E from posi-
tion 7; and the total of descendant weights directly caused
by those neutrons released in generation « occurring in
asymptotic generation . An estimate of the adjoint flux
per unit weight @' for a number of neutrons N(r, E) is
therefore given by

N(r,E N7
an(l ) Zd=d1 w’dy (1)
ZN(T,E) )

«
n=1 Wy,

o (r, E) ~

where wg is the weight of a neutron n released in the
original generation «; w, is the weight of a descendent
d neutron released in the asymptotic generation v from
an ancestral neutron n released in original generation «;
and N is the total number of neutrons in the asymptotic
generation ~y descended from the initial neutron.

Scoring of these quantities is made simple in MONK
due to its use of superhistory powering. Neutron super-
histories contain sets of tracks followed by a neutron and
its fission progeny from birth to absorption or leakage
though a specified number of fission generations. This
allows MONK to intrinsically know which fission neutron
the current tracked neutron is descended from, for any
generation of the superhistory, without needing to pass
a large number of additional tags along through different
calculation stages. For a given superhistory with 10 gener-
ations, the denominator of equation (1) is scored in gener-
ation 1 of the superhistory, designated original generation
«, by summing the neutron weights for a particular model
region and energy group. The numerator of equation (1)
is scored by summing the descendant neutron weights in
the final generation, designated asymptotic generation .
A number of generations, referred to as latent generations,
lie between the first and final generations. This allows IFP
estimators of the adjoint flux to converge to an accurate
result. Currently there is no automated way of selecting an
appropriate number of latent generations to ensure conver-
gence for any given calculation. However, the user is able
to increase the number of latent generations per superhis-
tory in MONK if desired.

4.1.1 Effective kinetics parameters

Once estimated, the adjoint flux may be used to calculate
effective kinetics parameters commonly used in reactor
physics calculations. MONK can currently calculate esti-
mates of the effective delayed neutron fraction Geg and the
effective neutron generation time A.g, in addition to their
associated statistical uncertainties. Calculation of stochas-
tic uncertainties for these quantities is non-trivial since
various quantities used in the calculation of these effective
kinetics parameters are strongly correlated, and therefore
have significant covariance terms which must be accounted
for in order to accurately estimate the uncertainty. Values
of these parameters obtained in MONK show good agree-
ment when compared with experimental data comprising
fourteen different delayed critical experiments [17].

4.1.2 Generalized sensitivities

In addition to effective kinetics parameters, the adjoint
flux may also be used to calculate sensitivities of vari-
ous parameters to perturbations in the underlying nuclear
data. Typically sought are sensitivities of k.g to nuclear
data, however more recent extensions to these perturba-
tion methods have been developed to calculate sensitiv-
ities of other parameters to nuclear data perturbations.
Such methods are referred to as generalized perturbation
methods. In theory, sensitivities may be calculated for any
response R that can be represented in the form

R @A) o)
(0*|B|®)

where A and B are arbitrary operators, ($*| represents

the adjoint flux and |®) represents the forward flux which

is typically scored in MONK by summing the lengths of

all particle tracks crossing a given volume and dividing by

that same volume [8].

Currently in MONK, sensitivities may be calculated
using this generalized perturbation method for the effec-
tive kinetics parameters mentioned in Section 4.1.1, vari-
ous reaction rates, and the power shape [18]. The stochas-
tic uncertainties of these quantities are also reported
alongside the quantities themselves.

4.2 Pulse height distribution detector resolution model

Detectors generally produce a Gaussian-like peak in the
output spectrum for incident gamma-rays of the same
energy. This distribution of the output signal occurs due
to fluctuations in the number of excitations and ioniza-
tions in the detector material and in response times of the
detector electronics. MCBEND now has a detector resolu-
tion model to simulate this effect. Calibration of a detector
may characterize the broadening effect via the full width
at half maximum (FWHM). For the majority of detectors
the FWHM will increase near-linearly with energy. The
implementation assumes a Gaussian distribution for the
resolution, where the standard deviation of the distribu-
tion is related to the energy-dependent FWHM.

The detector resolution model can be applied during
runtime or as a post-processing step or both. Runtime



8 J. Fildes et al.: EPJ Nuclear Sci. Technol. 10, 27 (2024)

evaluation is more accurate, but requires more compu-
tation. The post-processing option is a computationally
cheaper option and provides a more direct comparison
with alternative post-processed methods.

5 Burn-up and burn-up credit

A microscopic burn-up capability based on multigroup
data in 172 energy groups has been available in MONK for
several decades and is still available in MONK12B. More
recent versions, including MONK12B, have additionally
included a continuous-energy burn-up methodology based
on the concept of artificial materials®. A mesh is overlaid
on the geometry and a unique artificial material is gener-
ated for each real material in each cell of the mesh, and it
is the compositions of these artificial materials which are
modified as a result of burn-up. A Monte Carlo method
is used to estimate the volumes of the artificial materi-
als in the first time step in order to correctly normalize
the reaction rates before solving the depletion equations.
The updated artificial material compositions are written
to an archive file at the end of each time step. The use
of an overlaid mesh greatly simplifies the task of man-
aging the spatial discretization of materials required in
burn-up and coupled multiphysics calculations, and means
that the fidelity of the spatial discretization can easily be
changed without needing to change the underlying geom-
etry model.

A facility, known as COWL materials, is available for
importing irradiated material compositions from a reactor
model (the donor model) to a post-irradiation criticality
model (the receiver model), by specifying the user-defined
material name or number and the cell of the overlaid burn-
up mesh in which it appears. This also provides control
over which actinides and fission products are included in
each material to simplify the application of actinide only,
or actinide and specific fission product, burn-up credit.
The COWL materials feature has been available since
MONK10 and is still available in MONK12B.

For burn-up credit applications we typically wish to
model irradiated fuel assemblies in ex-core geometries such
as spent fuel transport flasks, spent fuel ponds and dry
storage facilities. This requires both the geometry model
of the fuel assemblies and the compositions of the irra-
diated materials to be transferred from the original reac-
tor model to a subsequent criticality model. While the
discretized material geometry could be modelled explic-
itly in the criticality model, and COWL materials used to
import the irradiated material compositions, this is some-
what laborious. The artificial material method means that
the spatial discretization of the materials does not need
to be represented in the model geometry, greatly simplify-
ing the model design. However, the transfer of irradiated
fuel assemblies to a burn-up credit model requires a novel
approach.

In the reactor model a particular type of fuel assem-
bly might be modelled once, and then replicated in many

2 The use of italic text in this section indicates specific ter-
minology used in MONK.

different locations in the core, potentially with differ-
ent reflections and rotations. Each of these will have a
unique set of artificial materials representing the spatial
discretization of materials, and the positions of the mate-
rial boundaries may be different in each case as a result
of their translations, reflections, and rotations relative to
the mesh.

5.1 Importing artificial materials

To import a specific part (see Sect. 3 for an explanation of
geometry in MONK and MCBEND models) from a reactor
donor model into a burn-up credit receiver model it is
first necessary to identify which specific instance of that
part is required, and then to identify the set of artificial
materials associated with that part. This means that the
set of mesh cells containing the required part must first be
identified.

In the general case a part could be at any position
within the mesh and at any orientation with respect to
the mesh. Depending on the mesh fidelity a part might lie
wholly within a mesh cell, or it may overlap many cells,
some of which lie wholly within the part and some of which
may be partially overlapped. The identification of cells
fully or partially overlapping the part in three dimensions
is therefore not a trivial problem.

The outer body of a part, or the part container can be
any of the simple bodies from which the MONK geome-
try is constructed, including: cuboids; circular and ellipti-
cal cylinders; spheres; hemispheres; triangular, trapezoidal
and hexagonal prisms; cylindrical sectors; tori; cones; and
rotated ellipses. We begin by considering a body-aligned
bounding box containing the part. The set of cells asso-
ciated with this bounding box is sufficient to contain all
of the cells associated with that part and its subsidiary
parts. We also consider an axis-aligned bounding box
which wholly contains all cells which could possibly be
associated with the required part. This leads to a subset
of cells which need to be tested for intersection with the
body-aligned bounding box.

5.1.1 The Gilbert-Johnson-Keerthi algorithm

Testing for the intersection of a bounding box of arbi-
trary orientation with a cell in a mesh is essentially a form
of collision detection. A number of different approaches
could be considered, but the approach adopted in this
work uses the Gilbert-Johnson-Keerthi (GJK) distance
algorithm [14] which is widely used for real time collision
detection in physics engines for video games. The charac-
teristics of efficiency and robustness which make the algo-
rithm suitable in that application similarly apply to the
current application.

Defining two convex objects A and B as a set of points
in three-dimensional space, the Minkowski sum A + B
of the two objects is found by adding every point in A
to every point in B. The Minkowski difference of A and
B is determined by computing the Minkowski sum of A
and —B, where —B denotes the reflection of B about the
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origin®. If and only if A and B intersect it follows that
there exists a point in common to A and B, from which it
follows that the Minkowski difference contains the origin if
and only if A and B intersect. The goal of the GJK algo-
rithm is therefore to determine whether the Minkowski
difference contains the origin.

In fact, the GJK algorithm does not actually need
to calculate the Minkowski difference directly. Instead, it
iteratively modifies simplices (a point, a line segment, a
triangle or a tetrahedron defined by 1, 2, 3, or 4 points
respectively) within the Minkowski difference until a sim-
plex is either found to contain the origin or it is found that
the origin cannot be enclosed. This is usually achieved
within a small number of iterations.

5.2 Tracking in donor parts

The process of tracking neutrons in a Monte Carlo code
fundamentally requires the answers for two questions:
“what is the material at the current particle position?”;
and “what is the distance to the next material boundary
in the direction of travel?” (the answer to the second ques-
tion not being needed within a hole material in the case of
Woodcock tracking). When this tracking is performed in a
burn-up calculation using artificial materials the material
at each point must be mapped to the corresponding arti-
ficial material for the mesh cell containing the point, and
distance to the next material boundary must take account
of the boundaries between artificial materials which are
imposed by the burn-up mesh.

In order to answer these two questions when tracking
in donor parts we must transform the particle position
to the coordinate system of the donor model in order to
determine in which cell of the burn-up mesh the point
would have been located in the burn-up calculation. The
basic algorithm is described by the pseudo-code shown
in Algorithm 1.

5.3 Editing archive files

The import of irradiated material compositions from a
reactor model to a criticality model includes, by default,
all properties of the materials, including the full composi-
tion of isotopes and their fission, capture and decay prod-
ucts, and their temperatures. For burn-up credit appli-
cations we may wish to change some of the material
properties, for example limiting the isotopic compositions
to certain actinides and fission products for actinide only,
or actinide plus specified fission product burn-up credit
studies, or changing the material temperature.

In previous versions of MONK, modification of indi-
vidual material properties in archive files had to be per-
formed by the user and required the text-based archive file
to be manually edited to remove unwanted nuclides and
alter material temperatures. MONKI12A therefore intro-
duces a new archive file editing capability which allows

3 Note that the Minkowski difference may alternatively be
defined as the inverse operation of the Minkowski sum, using
set complements, but that definition is not used here.

Algorithm 1 Algorithm for tracking in donor parts

while not at end of current track do
ryz < current position vector
uvw < current direction vector
nextp < next part to be entered by track
nextm < next material to be entered by track
di1 < distance from zyz to next material boundary in
direction uvw
if nextp is a donor part then
dxyz < xyz transformed to donor model coordinates
duvw «— uwvw transformed to donor model coordi-
nates
ijk < index of donor mesh cell containing dzyz
ds « distance from dzyz to next mesh boundary in
direction duvw
if d2 < d; then
d1 — d2
nextm <« donor material number for material
nextm in cell ijk
end if
end if
current position vector «— xyz + uvw * dq
(Continue with standard Monte Carlo tracking and col-
lision processing...)
end while

these material changes to be performed in a simple and
general way via the MONK input file. Given the file path
of an archive file, changes can be specified for real and arti-
ficial materials using MONK keywords. MONK produces
a new archive file with the specified changes immediately
after reading this section of the MONK input so that the
resulting archive file can be used immediately in a burn-up
calculation if desired. This streamlines the user experience
and reduces the capacity for user error.

5.4 Results

We restrict ourselves here to presenting results showing
the successful transfer of spatially discretized materials
from a reactor donor model to a burn-up credit receiver
model. This is the core functionality of the method.
Results from a full simulation of a burn-up credit appli-
cation are beyond the scope of this article, and will be
presented in a future publication.

The geometry visualization in Visual Workshop [5]
features 2D and 3D ray trace views which utilize the
same subroutines as the Monte Carlo tracking code, giving
assurance that the visualized geometry is the same as that
simulated by the Monte Carlo code. Here we use the 2D
ray trace to demonstrate the results of the part transfer
capability in a completely fictitious example.

Figure 7 shows a nominal reactor core containing 25
nominal fuel assemblies, each of which contains 264 fuel
rods in a 17 x 17 array with 24 guide tubes and a cen-
tral instrumentation tube. An asymmetric loading of 8
burnable absorbers is present in one corner of each assem-
bly. The nominal fuel assembly is modelled once in the
MONK input as a part with multiple subsidiary parts, and
this common assembly model is replicated 25 times with
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Fig. 7. A fictitious reactor geometry containing 25 copies of the same fuel assembly with various rotations, with an overlaid
burn-up mesh (top); and an expanded detail of the upper right corner of the core showing the asymmetric absorber positions

in rotated assemblies (bottom).

Fig. 8. The discretized materials resulting from applying the

assemblies from the core shown in Figure 7.

different rotations in multiples of 90 degrees, in order to
fill the core. A non-uniform mesh is then overlaid over this
model in order to define the spatial discretization of mate-
rials for the burn-up calculation. An example of a further
complication is provided by rotating the whole core rela-
tive to the mesh. The various geometry features present
in this example are not intended to be representative of a
real system, but rather to illustrate the flexibility of the
part transfer methodology.

Figure 8 shows the result of using the new part trans-
fer methodology to transfer two of the fuel assemblies (the
lower left and the upper right) from the reactor model to
a nominal spent fuel transport model. The fuel assem-
blies are modelled in the spent fuel model in exactly the
same way as in the reactor core; the input lines are lit-
erally copied and pasted wverbatim. It is not necessary to
represent the spatial discretization of the materials in the
model input, since this is all handled automatically by the
part transfer method. The figure shows how the original
materials are replaced by the irradiated artificial materials
which have been imported from the burn-up calculation.
The different spatial discretizations of the two assemblies
are clearly demonstrated, accounting for the different posi-
tions and rotations of the assemblies in the reactor model,
and the differing mesh fidelity in those positions.

®
@
®
® 8
(]
»
1)
)

part transfer capability to the bottom left and top right fuel

The rotations of the assemblies, rotations of the core
relative to the mesh, the non-uniform mesh, and the inde-
pendence of the mesh and underlying geometry all com-
bine in this example to produce a spatial discretization
of the materials which would be extremely challenging to
model explicitly. This therefore demonstrates the power of
the part transfer methodology in greatly simplifying the
modelling of such systems.

5.5 Future work

Currently the artificial material approach is applied over
a grid formed from a box with arbitrary subdivisions in
the x, y and z directions. For some systems an alternative
form of mesh could improve efficiency. Therefore, a future
development is planned to implement part-based meshes
which allow greater flexibility and efficiency.

6 Subcritical analysis
6.1 List mode output

A new list mode capability in MONK simulates detec-
tor signals for the analysis of subcritical systems using
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neutron noise techniquesin fixed-source calculations. Detec-
tors are defined as a geometric volume within which detec-
tions are recorded, together with a nuclide-reaction (MT
number) pair, such as U235 18 for a 23°U fission chamber.
Each neutron detected in a list mode detector produces an
entry in a file, recording: a unique sample number for the ini-
tial source particle; the source region; the detector number;
and the age of the neutron. Note that the detected neutron
may either be the initial source neutron or any of its progeny.
Theageisthetotal timebetween thebirth oftheinitial source
neutron and the detection of a neutron in the detector, with
the addition of a delay time for each delayed neutron within
the associated fission chain.

Initial validation of the list mode capability in MONK
is based on a benchmark evaluation [19,20] of subcrit-
ical experiments performed in the Inherently Safe Sub-
critical Assembly (ISSA) facility at LLNL between June
2017 and February 2018. The benchmark experimental
measurements include time-based count data registered in
3He-filled detectors analysed using the Feynman variance-
to-mean methodology [21]. A count distribution is con-
structed based on fixed width time bins, and these data
are used to form a frequency distribution. This would be a
Poisson distribution if the source was purely random. The
effect of correlated counts from fission chains is to cause a
deviation from the Poisson distribution. A measure of this
deviation is obtained by calculating the reduced factorial
moments of the count distribution and then from these
the first two Feynman moments Yop and Ysp (which for a
Poisson distribution are both zero).

The MONK results for this benchmark are compared
with the results achieved by the benchmark evaluators,
using the COG code, in Table 2. Cases 1 to 5 correspond
to experimental configurations containing: one; two; four;
six; and nine fuel assemblies respectively. From the MONK
calculations it is possible to estimate the total multiplica-
tion, T, of each configuration using the number of sam-
ples started and the total number of samples followed.
While the multiplication is not a benchmark parameter
it is worth noting that the calculated values are in good
agreement with the expected values of between 2 and 10
for these systems [20]. MONK also provides estimates of
kg from the fixed source calculation which are consistent
with these multiplication values, noting that the total mul-
tiplication is related to keg by

(3)

The MONK results show reasonably good agreement
with those of the experiment and the COG code used by
the benchmark evaluations in the benchmark report anal-
ysis, noting that the MONK calculations were performed
using JEFF-3.1.2 nuclear data while COG used ENDF/B-
VIIL.1. The level of agreement between MONK and the
experimental results is very similar to that obtained by
the benchmark evaluators using COG.

These cases, especially Case 5 (containing nine assem-
blies) are sensitive to the modelling detail and very use-
ful for validation of subcritical modelling methods. A cal-
culation performed with the standard bounding integer

sampling approach for the number of neutrons per fission
gives Yor and Y3p values of around 3.44 and 24.50 respec-
tively, compared with the results shown in Table 2 using
the Terrell model. Further assessment of the suitability
of the Terrell algorithm is planned to determine whether
more detailed, but computationally more expensive, treat-
ments of fission neutron multiplicity, such as the Fis-
sion Reaction Event Yield Algorithm (FREYA) [22], are
required.

Further work is planned to validate the list mode capa-
bility using other benchmarks and to investigate the appli-
cation of neutron noise techniques to the assessment of
subcritical margins in different core configurations.

7 Parallel processing

MONK and MCBEND, while being closely related codes
with a great deal of shared source code, have different
requirements for parallel processing and therefore take dif-
ferent approaches.

MONK is parallelized using MPI (Message Passing
Interface) which works well on both distributed memory
and shared memory architectures, albeit at the expense
of having multiple copies of the data on a single node. To
address this point recent work has focused on the potential
use of shared memory MPI to reduce the memory use on
each node. To improve the parallel scaling further, recent
developments have introduced a task-stealing algorithm
to optimize load balancing.

MCBEND on the other hand, being a pure fixed-source
code, is embarrassingly parallel so does not need MPI par-
allelism. Instead, it has a so-called “grid” capability which
allows results from multiple serial calculations to be com-
bined to produce the final results. This has optimal par-
allel scaling but also suffers from the problem of data
duplication if multiple parallel processes are run on
the same node. Therefore, MCBEND also employs
shared memory parallelism using OpenMP. Typically,
a MCBEND calculation with large memory require-
ments would use a combination of grid and OpenMP
capabilities.

8 Visual Workshop

Visual Workshop [5] is the integrated development envi-
ronment for MONK, MCBEND and other ANSWERS
codes, which allows users to edit input files, display the
model geometry as a wireframe and 2D/3D ray trace,
run the physics codes (including submitting jobs to HPC
scheduling systems), view the output files, display results
on the model geometry, and perform various analyses. An
important characteristic of the 2D /3D ray trace in Visual
Workshop is that it uses exactly the same subroutines as
MONK and MCBEND use to track particles through the
geometry, giving users confidence that the displayed geom-
etry is exactly the same as the geometry in which the
particles are tracked.

For criticality calculations it is necessary to ensure
that all sources of bias and uncertainty associated
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Table 2. MONK results for subcritical measurements of water-moderated, highly enriched UO?, and comparisons
between experimental and calculated results from MONK and COG [20].

Case MONK Results (C—-E)/E
MONK COG
T ke Yor Ysr Yor Yar Yor Yar

1 1.74 0.4255 £ 0.0002 0.04593 £ 0.00061  0.00442 4+ 0.00086 0.3% -33.2% 0.3% —21.5%
2 2.24  0.5536 £0.0002 0.10481 £0.00082 0.02344 £ 0.00162 —6.9% —344% —-4.3% —25.1%
3 3.61 0.72304+0.0002 0.3767540.00239 0.30242 £0.01392 —13.2% —-31.8% —9.1% —24.6%
4 4.97 0.7991 +£0.0001 0.83636 =0.00266 1.49415 £ 0.02125 —-15.9% —-32.5% —-9.2% —20.8%
5 10.23  0.9025 £ 0.0001 4.32338 4-0.01870 39.03251 £ 0.45234 —12.0% —23.4% —-11.6% —22.8%

with the criticality code used are incorporated in
the estimation of the maximum calculated keg. Visual
Workshop therefore includes a number of tools to
assist the criticality analyst. In addition, Visual Work-
shop hosts further uncertainty quantification tools for
broad use across multiple codes, including MONK and
MCBEND.

8.1 Similarity index tool

MONK has a first order sensitivity method which can
estimate the energy and nuclide dependent sensitiv-
ity of keg to nuclear data. Comparing the sensitivities
of two systems provides an objective measure of how
similar they are. Such a measure can provide strong
justification for the use of selected benchmark experi-
ments in providing validation evidence for a particular
application.

Visual Workshop contains a Similarity Tool for use in
MONK calculations which calculates a similarity index
based on the comparison of sensitivities in application
cases and selected validation cases. This was originally
developed to calculate two separate sensitivity measures,
referred to as Dgum and FEgum, based on the approach
described in [23].

A new CY similarity index method has been added to
the existing Dgum and Fgum, similarity indices. This repre-
sents the correlation between the nuclear data uncertain-
ties in one system with another based on the definition
given in [23]. The use of C seems to be preferred in some
organizations. However, it does introduce a dependence
on the covariance data, which means the Cy value has a
greater dependence on the choice of nuclear data evalu-
ation than the similarity measures based on sensitivities
alone.

A posterior uncertainty estimator using a new
Bayesian updating tool has also been added to the Sim-
ilarity Tool. This can be used to assess the best esti-
mate plus uncertainty values for an application case based
on comparison with available validation cases, with due
consideration to the similarity of those cases. This uses
the Bayesian updating scheme employed in AREVA’s
MOCABA code [24].

8.2 Validation database analysis tool

The MONK Validation Tool in Visual Workshop gives
users direct, searchable access to the results of the MONK
validation benchmarks. A new Analysis Tool has been
added which allows the estimation of application-specific
bias and uncertainty values.

In order to demonstrate criticality safety, it is neces-
sary to show that the maximum keg of the system does not
exceed some safely subcritical value. The maximum value
of keg incorporates not just the calculated value, but addi-
tional contributions from biases and uncertainties associ-
ated with the calculation and the system. The bias and
the uncertainty on the bias must be derived from the code
validation evidence. In the UK regulators do not impose
a methodology on licensees for calculating these, merely
stating that consideration of validation, and uncertainties
in calculated values, is necessary. Therefore, a number of
different methodologies have been employed in the UK in
the derivation of the criticality safety criterion (CSC) used
in criticality assessments.

The selection of the most appropriate method to use is
left to the criticality analyst. The Analysis Tool however
provides the necessary statistical analyses of user-selected
validation experiments in order to generate a report con-
taining: the result of a test of whether the supplied set
forms a normal distribution; and a series of measures that
can be used to identify the systematic bias and uncertainty
associated with the type of system analysed.

Three different methods of calculating a suitable CSC
are considered in the current Analysis Tool: the Epp, or
“error in program and data” method; the systematic bias
and uncertainty method; and the Lichtenwalter upper sub-
critical limit method [25]. As these are standard methods
used by criticality analysts they are not described further
here.

8.3 Uncertainty tool

The Uncertainty Tool allows the user to investigate the
impact on physical results caused by uncertainties in
model input parameters in MONK and MCBEND cal-
culations. Given a parameterized input file, the Uncer-
tainty Tool will produce multiple model inputs, varying
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the specified parameters according to specified probability
distribution functions. After running this series of model
inputs, Visual Workshop returns a set of files report-
ing the details of the run and any results of interest.
Visual Workshop is additionally able to plot on a graph
the results obtained from an Uncertainty Tool calcula-
tion. Recent improvements include allowing the tool to be
run in batch mode from the command line, more detailed
reporting and automatic results extraction for values such
as keg in MONK and certain tallied response results in
MCBEND.

9 Conclusions

Recent developments to the MONK and MCBEND Monte
Carlo codes have been introduced. Developments specific
to MONK include: an iterated fission probability method
for estimating the adjoint flux and adjoint weighted kinet-
ics parameters; a generalised perturbation method of cal-
culating the sensitivity of a range of quantities to nuclear
data; a novel algorithm for transferring irradiated geome-
try from a reactor model to support burn-up credit appli-
cations in MONK; and list mode outputs for use in the
analysis of subcritical systems using neutron noise tech-
niques. Developments specific to MCBEND include a new
pulse height distribution detector resolution model. Devel-
opments shared between codes include: enabling imports
of IGES CAD geometries; an FG POLY body capable
of modelling polygonal surfaces; improvements to the
physics modelling; and novel algorithms for modelling
stochastic geometries. Developments to the accompany-
ing Visual Workshop software have also been described,
including new and improved tools for assisting critical-
ity safety analysts in selecting suitable validation exper-
iments and estimating systematic biases in application
cases.

All developments to the ANSWERS codes are
customer-driven. Customer feedback is welcomed and
forms a key part of our mission to continuously advance
our software.
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