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a b s t r a c t

The Serpent 2 Monte Carlo code features a CAD-based geometry option for the modeling of complicated
and irregular systems. The methodology is based on the STL data format, which is commonly used for
computer graphics and 3D printing, and supported by a wide range of software tools. The methodology
has been available for several years, but not described in complete detail. This paper presents the geom-
etry routine with its advantages, limitations and known flaws. A brief overview on practical applications
and a workflow example involving neutron and photon transport calculations for a spent nuclear fuel
storage rack are provided for discussion. It is concluded that the CAD-based geometry type is a conve-
nient option for various neutron and radiation transport problems, and does not suffer from significant
deterioration in computational efficiency compared to conventional CSG models. It is also noted, how-
ever, that taking full advantage of the methodology requires some level of understanding on the software
tools, the STL data format and the Serpent geometry routine to avoid the most common pitfalls.

� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The use of advanced 3D modeling tools to support Monte Carlo
particle transport simulations is becoming an attractive alternative
to conventional methods used for generating the geometry input.
This is largely credited to the increasing use of CAD software in
reactor design, together with the evolution of computer capacity.
Advances in high-performance parallel computing enables running
transport simulations in increasingly complicated systems.

The idea of using CAD-based models with Monte Carlo is not
new. The McCAD geometry conversion tool (Große et al., 2013),
for example, has been widely used in the fusion community for
producing geometry input for Monte Carlo codes from complicated
CAD models. The DAGMC software package (Tautges et al., 2009)
applies a more direct approach, by integrating the CAD routines
into the particle transport simulation. DAGMC supports coupling
to various widely-used Monte Carlo codes, such as MCNP
(Pelowitz, 2013), OpenMC (Romano and Forget, 2013) and
Tripoli-4 (Brun et al., 2015).

CAD support is also available in the Serpent Monte Carlo code
(Leppänen et al., 2015), although its implementation differs from
the previous examples. Instead of relying on third-party software
routines or input conversion to a native Monte Carlo geometry for-
mat, Serpent provides built-in support for the STL geometry type.
The same standard data format is commonly used for computer
graphics and 3D printing, and therefore supported by a wide range
of modeling tools.

The capability to import STL solids as part of the geometry
model has been available in Serpent for several years. The feature
was briefly introduced soon after it was implemented (Leppänen,
2014; Leppänen, 2015), but at that time the practical examples
demonstrating its feasibility were somewhat limited. The methods
have also been revised and improved over the years. This paper
provides the first comprehensive description of the current
methodology, together with some insight on the advantages, limi-
tations and known flaws.

The structure of the paper is as follows. The methods used in the
Serpent geometry routine and the CAD-based geometry type are
described in Section 2, and some practical user applications briefly
introduced in Section 3. Section 4 provides a workflow example
covering the generation of the geometry model and evaluation of
computational performance. The final section is left for conclusions
and discussion on future work.
2. Methodology

This section describes the implementation of the CAD-based
geometry type, together with some background on how the geom-
etry model in Serpent is constructed. The input format and other
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1 The acronym is also referred to as ‘‘Standard Tessellation Language” or ‘‘Standard
Triangle Language.”
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information on the practical use is available in the Serpent Wiki
(Wiki, 2022).

2.1. Universe-based Geometry Model in Serpent

Serpent features a universe-based geometry model, similar to
what is used in virtually every Monte Carlo transport calculation
code. The geometry is constructed of independent units, or uni-
verses, which define the three-dimensional space where the track-
ing takes place. There are several options for constructing a
universe in Serpent:

1. Constructive solid geometry type (CSG)
2. HTGR pebble/particle fuel type
3. Unstructured mesh-based geometry type
4. CAD-based geometry type

The geometry forms a layered structure. Universes belonging to
different levels can be nested inside each other, and placed in reg-
ular structures, such as rectangular or hexagonal lattices (which, in
fact, are also treated as a special kind of universe).

The most common geometry type in Monte Carlo codes is the
CSG, in which each spatial zone, or cell, is constructed from Boo-
lean combinations of primary and derived surface types. Each cell
can be filled by a material or another universe. Serpent also pro-
vides short-hand notations for commonly used nested structures,
such as fuel pins, defined by co-axially located cylindrical shells.

The CSG-geometry type enables defining arbitrarily compli-
cated structures, and provides the user with full control over
how the modeled system is defined. Serpent CSG models can be
imported from other Monte Carlo codes with moderate user effort.
The downside of the CSG approach is its steep learning curve. Con-
struction of complicated geometries requires considerable experi-
ence. The visualization of the geometry model is often limited to
plotting two-dimensional intersections, and an input consisting
of hundreds of cells and surfaces becomes difficult to manage.

Serpent was originally developed as a reactor physics code,
which is why the geometry model includes options for defining
certain reactor-specific structures. The HTGR geometry type was
implemented to describe micro-particle fuels used in high-
temperature gas-cooled reactors (Rintala et al., 2015). The coordi-
nates of each fuel particle are read from a separate input file, and
placed in an automatically created search mesh that enables using
similar geometry functions as with regular lattices. The stochastic
distribution of fuel particles is described explicitly, with only a
minor penalty in computational performance. The same geometry
type can be used for modeling the distribution of fuel pebbles in
pebble-bed type HTGRs.

For the past ten years the scope of applications for Serpent has
been broadened from stand-alone particle transport calculations to
coupled multi-physics simulations. This has been accomplished by
implementing a super-imposed multi-physics interface on top of
the geometry model (Leppänen et al., 2012). The methodology fea-
tures several options for passing temperature, density and heat
deposition data between the coupled codes, including an unstruc-
tured polyhedral mesh for coupling with OpenFOAM based solvers
(Leppänen et al., 2014). The same volumetric mesh format can also
be used for defining the geometry by assigning material informa-
tion to each mesh cell (Leppänen and Aufiero, 2014).

The fourth universe option, and the actual topic of this paper, is
the CAD-based geometry type. This option also relies on an
unstructured mesh, but instead of defining the entire volumes of
solid bodies, the description is limited to their outer boundaries.
This approach leads to smaller memory footprint, as the surface
of a 3D object can be described using fewer data points compared
to filling the volume with tetra-, hexa-, or polyhedral cells. Even so,
2

the polyhedral volume mesh may still become the preferable
choice for burnup or activation calculations, since the internal
structure provides a natural sub-zone division for improved spatial
resolution.
2.2. STL Geometry Format

The CAD-based geometry type in Serpent relies on the stere-
olithogrhaphy, or STL data format (3D Systems, 1988).1 This format
was developed in the 1980’s, and it was one of the first standards
used for 3D modeling. Even though more advanced methods have
been developed over the years, STL is still widely used, for example,
in computer graphics and 3D printing. This was also the main reason
for selecting this standard for the Serpent geometry type. All major
CAD programs support exporting the native models into STL files.

When a native CAD model is exported into STL, the outer
boundary of each solid body is converted into a triangulated sur-
face mesh. The STL files can be written either in ASCII or binary for-
mat. Each binary file describes a single solid, but the ASCII format
allows also multiple solids in a single file. The format consists of a
list of triangular facets that make up the outer boundary of the
solid body. Each triangle is defined by three points with given coor-
dinates, and a three-component direction vector that defines
which side of the facet is on the outside of the solid. The advantage
of the format is its simplicity. The data can be easily read and
manipulated without any third-party libraries.

Triangulation also brings up the question of discretization error.
Curved surfaces cannot be accurately represented by a triangular
mesh, which means that STL models are only approximations of
the underlying geometry. Since mesh resolution is typically an
input parameter in the CAD software, the user does have some con-
trol over how accurately the geometry is represented. In principle,
there is no upper limit for the resolution, but in practice the num-
ber of triangles is limited by memory footprint. In most practical
cases the resolution can be increased enough to preserve the shape
and volume of the objects to within sufficient accuracy. CAD mod-
els can also be combined with the CSG geometry type in calcula-
tions where very high resolution is needed. A typical example is
a nuclear fuel assembly, with structural parts modeled as STL
solids and fuel and control rods in CSG.

The main drawback is instead that the STL data format is not
very error tolerant. Each triangular facet is defined independently,
without any guarantee that the corner points of two adjacent
facets actually meet. The direction vector is redundant in the sense
that the same information could have been obtained by taking the
cross product of two vectors defined, for example, by the first and
second and the second and third point. It has been discovered in
practice that there is some ambiguity in the way some CAD pro-
grams calculate the direction vector, which can lead to STL models
where the outside direction varies from facet to facet.

Another limitation of the STL data format is its complete lack of
meta-data. Material information, volumes and other useful data
that may be available in the CAD model cannot be exported into
the STL file. The material information is instead passed into Serpent
via a separate input parameter that also defines the file name from
where the geometry data is read.
2.3. Cell Search Routine

In order to move particles through the geometry, the tracking
routine requires information on which material is located at an
arbitrary position of the universe. This function is referred to here
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as the cell search routine. Even though the term cell is usually asso-
ciated with the CSG geometry type, it is used here as a general ref-
erence to any defined volume of the geometry. In fact, each STL
solid is also assigned with a cell structure, to enable their use with
standard detectors.

The cell search routine in CSG universes works by looping over
all candidates, until the cell occupying the universe at the given
point is found. Each cell is defined by a list of surfaces combined
by Boolean operations: intersection, union and complement. Test-
ing whether the point is inside or outside the cell requires testing
the coordinates against the conditions by which the cell is defined.

When the point is located in a CAD universe, the cell search rou-
tine loops over the STL solids instead. The procedure used for test-
ing whether the point is inside or outside the solid is based on one
of two alternative ray tests, derived from two different ways of
determining whether a ray started from the point being tested is
entering or exiting the solid.

The primary option is to locate the first intersection between
the ray and the solid boundary. If the scalar product between the
ray and the normal vector of the triangular facet at the intersection
point gives a positive result, the ray is traveling in the outward
direction, i.e. exiting the solid. The point where the ray was started
is therefore inside the solid. In the opposite case, the scalar product
results in a negative value, the ray is entering the solid, and the
point is outside.

In the secondary method the ray is extended all the way to the
wall of a bounding box that fully encloses the solid body. If the ray
crosses the triangulated boundary odd number of times, the origi-
nal point is inside the solid. If the result is an even number or zero,
the point is outside.2 This option requires more operations and may
lead to higher computational cost, especially for solids with compli-
cated re-entrant shapes. The advantage of the method is that it is
more error-tolerant, as the direction vector cannot be fully trusted
in determining the correct orientation of the facets.

Both methods require determining the intersection points
between the ray and the facets of the solid boundary. In both cases
the ray is defined by the starting position:

r0 ¼ x0 îþ y0 ĵ þ z0k̂; ð1Þ
and the direction vector:

X̂ ¼ ûiþ v ĵ þwk̂; ð2Þ

where î; ĵ and k̂ are the unit vectors defining the three-dimensional
Cartesian coordinate system. Determining which facets are located
on the line-of-sight could be accomplished by looping over all can-
didates, and testing each of them separately. This is not a practical
solution, as will be noted in Section 2.4, but the procedure never-
theless requires calculating the optical distances to individual
facets.

The distance to a single triangular facet is obtained by calculat-
ing the distance d to the plane defined by the three points, and
accepting the value if the intersection point:

r ¼ r0 þ dX̂ ð3Þ
is inside the triangle. The calculation of d is common practice in any
Monte Carlo code (Lux and Koblinger, 1991), and the details of the
procedure are therefore not included here. The second task, how-
ever, requires some elaboration.

Determining whether or not point r in Eq. (3) is located inside
the triangular facet is accomplished by making a coordinate trans-
2 The final point at the bounding box wall is known to be located outside the solid
body. The ray crosses from outside-in or vice versa each time the boundary is crossed.
By traveling the ray backwards, it is easy to see that an odd number of boundaries
have to be crossed in order for the point to be located inside.

3

formation from the Cartesian to a barycentric system. This is a
coordinate system in which the location of a point is specified by
reference to a triangle. The three corner points of the facet are:

P1 ¼ x1 îþ y1 ĵ þ z1k̂

P2 ¼ x2 îþ y2 ĵ þ z2k̂

P3 ¼ x3 îþ y3 ĵ þ z3k̂
ð4Þ

The notation is simplified by defining five auxiliary variables:

Q1 ¼ ðP3 � P1Þ � ðP3 � P1Þ
Q2 ¼ ðP3 � P1Þ � ðP2 � P1Þ
Q3 ¼ ðP3 � P1Þ � ðr � P1Þ
Q4 ¼ ðP2 � P1Þ � ðP2 � P1Þ
Q5 ¼ ðP2 � P1Þ � ðr � P1Þ

ð5Þ

using which the barycentric coordinates of the intersection point
can be written as:

x0 ¼ Q4Q3 � Q2Q5

Q1Q4 � Q2Q2

y0 ¼ Q1Q5 � Q2Q3

Q1Q4 � Q2Q2

z0 ¼ 1� x0 � y0

ð6Þ

Each coordinate represents the distance from a single triangle
edge. If all values are positive, the point is inside the facet. If any
coordinate is negative, the point is outside. In the world of raytrac-
ing this is known as the Badouel’s algorithm (Badouel, 1990). The
barycentric coordinates obtained from Eq. (6) are also used to pro-
vide some error tolerance in case the triangulated mesh is not com-
pletely water tight (see Sec. 2.5).

It should be noted that the ray used for testing the point can be
oriented in any direction. In the ideal case, all rays started from the
same point should produce the same result. This is not the case in
reality, but the fact that the direction can be chosen arbitrarily can
be utilized to avoid numerical issues, as discussed in Section 2.5. It
is also possible to test STL solids for errors by starting a large num-
ber of rays from the same point, and checking the consistency of
the results.

2.4. Adaptive Search Mesh

The total number of facets in STL solids is typically so large, that
the cell search procedure described in the previous section is not
practically feasible as such. In order to reduce the number of facets
handled at a single instance, Serpent divides the universe into sub-
zones using a super-imposed search mesh. Each search mesh cell is
assigned with a list of facets that intersect with its volume. When
the cell search is limited to the local sub-zone, the number of
required facet tests can be reduced by several orders of magnitude.

Use of the search mesh also divides the ray test into multiple
parts. If there are no triangular facets assigned to the local sub-
zone, the ray is continued over the boundary to the next mesh cell.
Coordinate r0 in Eq. (3) is updated accordingly. Tracing the ray
through a rectangular mesh is computational cheap. The more
expensive facet test operations need to be carried out only when
the pre-assigned list is not empty, and even in that case the num-
ber of candidates is relatively small.

Another major advantage provided by the search mesh is that
the empty cells can be used for storing information on whether
the position is inside or outside the solid. A preprocessing routine
tests a single point inside each empty mesh cell. Since the solid
boundary does not intersect with the cell volume, all points inside
the cell must be either inside or outside the solid. During the
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transport simulation the cell search routine simply reads this pre-
assigned information, without having to perform the computation-
ally expensive ray test at all. The geometry can be optimized by
defining the search mesh in such way, that the fraction of universe
volume occupied by pre-assigned cells is as large as practically
feasible.

When setting up the search mesh, there is always a trade-off
between spatial resolution and memory footprint. Instead of using
a simple Cartesian mesh, the structure used in Serpent is divided
into multiple levels. The resolution is automatically refined near
the triangular facets by recursively splitting the mesh cells, while
the use of larger cells further away from the boundary reduces
the overall memory demand. The user specifies the maximum
number of triangular facets that are allowed to intersect the mesh
cell without the cell being split. The procedure is repeated until the
maximum number of splits has been reached. An example of the
self-adaptive structure is presented in Fig. 1.

2.5. Practical Considerations

When the methodology was implemented, it was discovered
that the ray test algorithms are subject to several issues with lim-
ited floating point precision and inaccuracies in the STL models. An
Fig. 1. Example of a search mesh adapted around a tubular STL solid. The mesh has si
material data.

4

example of a case where the ray test may return an incorrect result
is when the ray intersects a facet at a very small angle. To avoid
such condition, the algorithm automatically discards results where
the scalar product between the direction vector and the facet nor-
mal is close to zero. The test is then repeated by sampling a new
ray in another random direction.

The most common issue with the STL data format is related to
the fact that there is no guarantee that the edges of two adjacent
facets actually coincide. Round-off errors in the point coordinates
leave small gaps between the facets. If the ray happens to pass
through such gap, the boundary crossing is missed, and the algo-
rithm produces an incorrect result. To avoid such condition, also
rays that intersect the facet too close to its boundaries are dis-
carded. The uncertainty margin, i.e. the distance from the facet
edge measured in the barycentric coordinates, is one of the input
parameters. This procedure provides some error tolerance, even
though larger gaps in the triangulated surface may still result in
unrecoverable geometry errors. The region where the validity of
the calculated intersection point is considered questionable is
illustrated in Fig. 2.

Another format error is a degenerate facet, in which all three
points are located on the same line. This results in a division by
zero in Eq. (6). Since the triangle is reduced into a
x levels, and 87.9% of the universe volume is occupied by cells with pre-assigned



Fig. 2. An illustration of intersection points between the ray and the plane defined by the three points of a triangular facet. The barycentric coordinates in Eq. (5) determine
the distance of the point from the three edges, and consequently whether the point is inside or outside the triangle. If any of the coordinates is close to zero, the result is
deemed uncertain, and the r.ay is discarded.
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one-dimensional object without any surface area, it can be simply
removed from the solid surface. This is carried out by a
pre-processing routine after the data is read from the STL file. A
warning message is printed, since a degenerate facet may be an
indication of an error in the STL conversion process.

For the geometry model, CAD-universes are treated similar to
any other universe. They can be combined with CSG universes,
placed in lattices and manipulated by translations and rotations.
Each STL solid in the universe is treated as a separate object, filled
with a material or another universe. Materials filling the solid bod-
ies can be included in burnup or activation calculation, or used to
define sources and detectors.

The input also requires defining a background universe, which
fills the space between the solids. This enables dividing the geom-
etry into multiple levels. Since all undefined space is assigned to
the background universe, there is no need to explicitly define the
region outside the solids. Unintentional gaps between two solids
may produce unintended results, but the tracking routine is
capable of handling them without geometry errors. Overlapping
5

bodies are not a problem either. The solid listed first in the input
simply takes precedence.

2.6. Known Issues

Experience has shown that STL models are often flawed, which
may lead to geometry errors that are difficult to debug. Small gaps
between facets may not necessarily prevent using the model, but
errors resulting from larger holes can only be fixed by fixing the
model. Serpent provides an auxiliary test routine, which can be
used for identifying such errors before running the transport
simulation.

Geometry errors do not always prevent using the model. For
most collision points the cell search routine uses pre-assigned
material information stored in the search mesh, which significantly
reduces the frequency of false results during the transport simula-
tion. It is important to note, however, that the ray tests can pro-
duce incorrect results also during the mesh generation. This
produces fragmented patterns in geometry plots, and may lead to
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biased results as incorrect materials are assigned to empty search
mesh cells.

Some imperfections can be overcome by switching to the alter-
native ray test routine. As described in Section 2.3, the primary
method uses the facet normals to determine whether the ray is
entering or exiting the solid. The secondary ray test method works
even if the normals are not properly set. Another case where the
secondary method can be used even though the primary method
fails is when the solid surface intersects itself. Surface normals
pointing in the outward direction are facing inwards in the inter-
secting part, which causes the primary ray test to place the point
outside the solid. With the secondary algorithm a similar situation
causes a gap to appear in the intersecting part, but no fatal geom-
etry error.

One relatively common issue is that the cell search routine is
unable to complete the ray test, because all attempts are discarded
based on numerical concerns discussed above. This problem typi-
cally occurs when source points are placed in narrow spaces where
multiple facets meet at a small angle. A common example is the tip
of a narrow cone. When the cell search routine fails, the point is
placed in the background universe. As long as the frequency of
failed ray tests is low, the impact on the results is practically neg-
ligible. The problem may be avoided altogether by reducing the
uncertainty margin associated with the facet edges, but the
trade-off is that the ray test becomes less error tolerant against
small gaps between the facets.

Geometry errors with STL solids are relatively easy to avoid
when the workflow involves constructing the CAD model from
scratch. Each component can be individually verified by running
the built-in STL test routine in Serpent, and any errors fixed before
moving on to the next component. The procedure becomes more
complicated when using existing models, created without consid-
ering the Serpent-specific limitations. Fixing or even finding the
root cause of errors may require considerable effort, and knowl-
edge on how the model was originally built.

Another difficulty with third-party CAD models is the conver-
sion process itself. Exporting individual components from a com-
plicated model may not be a straightforward task, and since the
STL data format does not support any meta-data, all original
material information is lost in the format conversion. Recovering
this information requires creating the Serpent input that con-
tains the material names associated with the STL solids. This
procedure is prone to human error, and may require consider-
able manual effort.
3. Overview of Typical Applications

The CAD-based geometry type was introduced in Serpent ver-
sion 2.1.19, distributed to users in March 2014. The following sub-
sections present some example applications where the feature has
been used for constructing the geometry model, or at least some
parts of it.
3.1. Fusion Neutroncis

One of the first practical applications for the CAD-based geom-
etry model involved neutronics calculations for the ITER fusion
reactor. The calculation sequence was comprised of plasma sce-
nario simulations for the production of neutron source (Siren and
Leppänen, 2016), followed by neutron activation and shut-down
dose rate calculations (Leppänen and Kaltiaisenaho, 2016). The
geometry was based on the STEP-format C-Lite model of the ITER
reactor, which was exported to STL using the FreeCAD software
(FreeCAD, 2021). The model was comprised of more than 1500
solid bodies.
6

Serpent and the CAD-based geometry type have also been used for
the neutronic analyses of the ARC compact fusion reactor proposed
by MIT (Aimetta, 2020), and for the calibration of neutron detectors
at ASDEX Upgrade (Koleva et al., 2021). So far the most complex
fusion reactor geometry modeled using Serpent, however, has been
the Wendelstein 7-X stellarator (äkäslompolo et al., 2021). The neu-
tronics analyses were carried out as part of tritium burn-up studies in
preparation for future deuterium campaigns. The STL conversion was
performed using the CATIA software (CATIA, 2021), and the final
model was comprised of more than 70,000 unique parts.

The common denominator for all fusion geometries is the vast
complexity of the designs. The models are typically comprised of
hundreds or even thousands of irregularly-shaped parts. Capability
to use CAD software for constructing the geometry model may lead
to considerable time savings in the input preparation. Compared to
CSG, the CAD-based models are also easier to manage and modify
later on.

3.2. Fission Reactor Applications

Most fission reactor geometries involve regular structures,
essentially comprised of cylindrical fuel pins in rectangular or
hexagonal lattices. These geometries do not generally benefit from
the CAD-based geometry type, since an accurate CSG model con-
taining the major components is easily constructed from quadratic
primary surfaces, such as cylinders and planes. Treating such
geometry objects as triangulated STL solids will only lead to unnec-
essary computational overhead, or at least significantly increased
memory demand.

Hybrid CSG/CAD geometry models, however, may become an
attractive option in applications requiring a more detailed descrip-
tion of individual components or ex-core structures. Modeling of
core support structures, instrumentation and other less regularly-
shaped parts as CAD components may significantly reduce the
overall amount of manual work. It is also not uncommon that a
CAD model of the reactor was already prepared as part of the
design process. If the model can be exported into proper STL, the
same components can be used in neutron and radiation transport
simulations as-is.

For several years, Talamo et al. have been using Serpent for the
modeling of experimental facilities, such as the GIACINT critical
assembly and the YALINA subcritical experimental facility. The
workflow has involved the CUBIT software (CUBIT, 2021) for the
generation of the CAD model, and dedicated scripts for mapping
the material zones into the corresponding STL solids. Calculations
have been carried out using both CAD-based and hybrid CSG/CAD
geometry types. The studies have also involved search mesh opti-
mization and verification by comparison to MCNP. A summary of
the work is provided in Talamo et al. (2018). The same authors
have applied the same calculation sequence in the modelling of
the fast sodium-cooled IBR-2 M facility, with an even more compli-
cated geometry structure. (Talamo et al., 2018).

There are also complicated structures in fuel assemblies, which
may be difficult to model using conventional cells and surfaces.
Bennett et al. (2019) applied the CAD-based geometry type to
BWR spacer grids in coupled multi-physics simulations. The study
combined CFD simulations for coolant flow to Monte Carlo neu-
tronics, in order to evaluate the local impact of the spacer grid
on axial power distribution. When the workflow also involves
mesh generation for a CFD code, the geometry model or parts of
it can be exported into STL solids with only minor additional effort.

3.3. Radiation Transport

Radiation transport applications share certain similarities with
fusion neutronics, in that the geometries are often large, compli-



Table 1
STL Solids in the spent fuel storage rack geometry. The fuel assembly model includes
the components for a single assembly, which was placed in a repeated structure in the
Serpent geometry. The same applies to the steel sleeves in the storage rack.

STL solid Material Points Facets

FA/ Nozzles Steel 1,024,188 341,396
FA/ Spacers Zircaloy 5,630,544 1,876,848
Rack/ Sleeve Steel 80,640 26,880
Rack/ Structures Steel 1,598,988 532,996
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cated and irregular. Serpent features an automated radioactive
decay source routine that forms the source term automatically,
based on material compositions and radiation emission spectra
obtained from ENDF decay data. Typical applications involve spent
nuclear fuel or other irradiated material, for which the radionu-
clide composition has been obtained from a previous activation
or burnup calculation.

At VTT, the CAD-based geometry type has been used for radia-
tion shielding calculations performed for a spent nuclear fuel stor-
age container (Häkkinen, 2018). The container body and internal
support structures involving complicated shapes were modeled
as STL solids, and the fuel assemblies inside the container as con-
ventional CSG universes. The same fuel assembly models were also
used in burnup calculations, which were run to obtain the radioac-
tive material compositions for the source term. Photon and neu-
tron dose rates on the surface of the canister were evaluated for
different fuel types, burnups and cooling times.

Similar hybrid model and workflow was applied in a study,
where Serpent was used for producing synthetic data for an image
reconstruction algorithm used for passive gamma emission tomog-
raphy (Kähkönen, 2021). The device was designed for spent
nuclear fuel verification for safeguards purposes, and a CAD model
of the geometry was available from a third party. A fuel assembly
modeled as a CSG universe was placed between two sets of sensor
arrays located behind collimators. Photon transport calculations
performed by rotating the assembly in different angles produced
data, from which a 3D image showing the individual fuel pins
could be reconstructed.

Radiation shielding calculations have also been performed for a
hot-cell unit (Leppänen and Jokipii, 2019) and a radioactive sample
storage vault (Leppänen and Jokipii, 2021) located at VTT Centre
for Nuclear Safety. Both geometries were completely modeled with
CAD. The studies were related to the development of a built-in
weight-window based variance reduction scheme in Serpent
(Leppänen, 2019).

4. Workflow Example

The example presented in this section involves neutron and
photon transport calculations performed for a fictitious SMR spent
nuclear fuel storage rack. The test case represents a typical applica-
tion for a hybrid CSG/CAD model. The simulations were run for the
purpose of evaluating the performance of the hybrid model in com-
parison to a conventional CSG-based geometry type. Details con-
sidered irrelevant for the comparison are omitted from the
description for the sake of simplicity.

4.1. Geometry Model

The main parts of the geometry model are the fuel assembly
and the storage rack. The fuel assembly is a standard 17�17
PWR assembly, truncated into 100 cm active length.3 Fuel enrich-
ment was set to 2.4% 235U. The regular parts, i.e. the fuel pins, control
rod guide tubes and the central instrumentation tube were modeled
as a CSG universe. The lower and upper nozzle and three spacer grids
were created as CAD models layered on top of the rectangular fuel
pin lattice. The CAD parts were not based on any real-life assembly
design, but the level of detail is much higher than what could be
easily accomplished using a CSG-based model.

The storage rack is fictitious design that can hold 96 fuel assem-
blies in a 16�8 configuration. The entire model was created using
3 This fuel type is used in VTT’s district heating reactor concept LDR-50 (Leppänen
et al., 2021). The CAD model was created mainly for visualization purposes, but it has
also been used for preliminary neutron activation and radiation shielding
calculations.
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CAD. The model is comprised of steel sleeves, inside which the fuel
assemblies are inserted. The sleeves are resting on a bottom plate
and held in place by two structural support grids. The storage rack
was drafted considering criticality safety and coolability, but the
parts were not modeled in high detail. The bottom plate and sup-
port grids were exported into a single STL solid, but the array of
steel sleeves was created by placing a CAD model of an individual
sleeve into a regular lattice. This required dividing the model into
two separate layers. The fuel assemblies were placed in the same
lattice in selected positions.

The CAD parts were created and converted into STL using the
FreeCAD software (FreeCAD, 2021). The number of corner points
and triangular facets per each solid are listed in Table 1. Before
running the transport simulations, the models were checked by
sampling 10,000 random rays from 10,000 random positions using
the built-in STL test routine in Serpent. There were no inconsisten-
cies found in any of the models. The geometry is illustrated Fig. 3.
The 3D-rendered images were created using the Blender software
(Blender, 2021).

To obtain a baseline for performance comparison, the same
spent fuel storage configuration was modeled as a simplified CSG
geometry. The fuel assembly was modeled without spacers and
the upper and lower nozzle. The storage rack included only the
steel sleeves surrounding the fuel assemblies.
4.2. Simulations

Transport simulations were run for both neutrons and photons.
The neutron transport case was run as a criticality source simula-
tion for a full storage rack. All fuel assemblies were assumed to
contain fresh fuel. This configuration would be a practical conser-
vative simplification for criticality safety analyses. For a perfor-
mance comparison the use of irradiated fuel with hundreds of
additional isotopes would only lead to increased computational
overhead from the physics routines, evening out the differences
resulting from the geometry treatment. A Serpent mesh plot illus-
trating the fission rate and thermal flux distribution is presented in
Fig. 4.

The photon transport simulation was run for a partially filled
storage rack, with a single fuel assembly being lowered into its
position. A similar calculation could be performed for radiation
shielding purposes.4 The photon source was comprised of 662keV
gamma photons from the radioactive decay of 137Cs. The source
was distributed evenly in the fuel material. This simplified source
definition was considered representative enough for the comparison
of running times using different geometry models. A more accurate
spent fuel emission spectrum and source distribution would add to
the physical complexity, but the impact on the performance of the
4 Evaluation of radiation doses on the surface of the pool would have required
variance reduction to get particles through the thick water layer on top of the fuel
assemblies. Since this part of the geometry contains no STL solids, the use of variance
reduction techniques would most likely not have made any difference to the outcome
of the performance comparison.



Fig. 4. Serpent mesh plot from the neutron criticality source simulation, showing the top view of the full storage rack. The hot shades indicate fission rate and cold shades
thermal flux.

Fig. 3. Blender visualization of CAD components used in the Serpent simulations: a) Fuel assembly with a chair to provide sense of scale; b) Spent fuel rack with components
separated; c) Geometry configuration used in the photon transport case (water not included); d) Detail view of the lower part of the fuel assembly. All images were rendered
using the same STL components as in the transport simulations. Fuel rods, control rod guide tubes and the central instrumentation tube were replaced with identical CSG
components in the Serpent fuel assembly model.
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Fig. 5. Serpent mesh plot from the photon radioactive decay source simulation showing the side view of the partially filled storage rack with one assembly lifted up. The color
scheme shows the logarithmic photon collision rate distribution.

Table 2
Results of the performance comparison. The second and third column show the
memory footprint of the STL models, including the adaptive search mesh, and the
time required for processing this data. The last two columns show the transport
simulation times for the two calculation cases, respectively.

Model Mem. [MB] Proc. time [min] Run. time [min]

N P

STL/ 5 167.5 0.3 88.0 233.0
STL/ 6 227.5 0.3 35.4 60.7
STL/ 7 385.4 0.3 30.9 43.0
STL/ 8 848.9 0.5 29.8 40.1
STL/ 9 1770.2 1.4 29.4 40.9
CSG 0.0 0.2 28.6 32.3
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particle tracking routine would remain insignificant. The simulated
photon collision rate distribution is illustrated in Fig. 5.

All calculations were repeated with different options for the
generation of the adaptive search mesh discussed in Section 2.4.
Even though Serpent provides some flexibility on how the splitting
of mesh cells is carried out at different levels, only an octree-type
mesh was considered for simplicity. The only free parameter in
such case is the mesh depth, determining howmany times the cells
can be split into eight equal parts. Depth levels 5–9 were consid-
ered in the comparison.

Refining the mesh reduces the transport simulation time, as a
larger fraction of the universe volume is covered by mesh cells
with pre-assigned material information. For the fuel assembly
model the fill fraction increased from 62.1% to 81.7% when the
mesh depth was increased from 5 to 9. On the downside, higher
mesh resolution also leads to larger memory footprint and
increased processing time.

All calculations were run on a 2.5 GHz Intel Xeon cluster
node with 40 CPU cores. The neutron criticality source simula-
tions were run using 500 active and 200 inactive generations
of 200,000 source neutrons. In the photon transport simulations
the number source particles was set to 500,000,000. The results
are summarized in Table 2. As expected, memory demand and
transport simulation time are strongly dependent on the search
mesh resolution. Processing time also increases as the mesh is
refined, but the contribution on overall running time remains
small.

With the lowest search mesh resolution the neutron transport
simulation runs three times slower compared to the baseline CSG
case. When the mesh is refined, the difference is reduced to only
3%. The most significant change is seen when moving from level
5 search mesh to level 7. The efficiency gain from the last two
refinements is minimal, even though memory demand is simulta-
neously increased by almost 1.4 gigabytes. The reason is that mesh
refinement at this point is limited to the region located very close
to the triangulated surface, and splitting small mesh cells into even
9

smaller parts leads to no significant increase in the total volume
occupied by pre-assigned cells.

Similar results are observed for the photon transport simula-
tions, but the computational overhead from using the CAD-based
geometry model is higher. The optimal configuration runs 24%
slower than the corresponding calculation with the CSG model.
The difference between neutrons and photons most likely results
from the interaction physics. Neutron mean-free-paths are longer,
and particles passing through the CAD parts undergo fewer colli-
sions. This is directly reflected in the number of calls to the compu-
tationally expensive ray test routines.
5. Summary, Conclusions and Discussion

The CAD-based geometry type has been available in Serpent
since 2014, and it has been successfully used for various neutron
and radiation transport applications. The methodology relies on
the STL data format, in which the outer boundaries of solid bodies
are represented by a triangulated mesh. The advantage of the
approach is that the data format is widely supported, and not tied
to any particular CAD software. The disadvantages and limitations
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include complete lack of meta-data, and poor tolerance to geome-
try errors resulting from conversion of native CAD models into STL.

Serpent imports STL solids into a special universe structure,
which can be used similar to any other universe in the geometry.
The solids can be layered, placed in lattices and manipulated by
geometry transformations. CAD-based components can also be
used with sources and detectors, and for determining material
regions for burnup and activation calculations.

The geometry routine utilizes a self-adaptive search mesh to
speed up the cell search functions and store pre-defined material
information in mesh cells that lie completely inside or outside
the solids. This approach can lead to computational efficiency
almost comparable to a corresponding CSG-based geometry type.
In the test cases presented in this study the increase in running
time was 3% for neutron and 24% for photon transport simulations.
It should be noted, however, that the performance depends on sev-
eral factors, and the previous numbers should not be cited as gen-
eral indicators.

The CAD-based geometry type is most practical in calculations
involving complicated and irregular geometries, for which the cre-
ation of a detailed CAD model is in any case a major part of the
design process. Such applications are found especially in radiation
shielding and fusion neutronics. Fission reactor geometries, on the
other hand, are typically more regular, and for the most part com-
prised of simple cylindrical fuel rods. Even so, CAD-parts can be
used for more accurate description of structural parts, instrumen-
tation and other components not easily modeled in CSG.

CAD models may also become a convenient choice in coupled
multi-physics simulations, in which the thermal hydraulics solu-
tion is provided by a CFD code. In such case the workflow most
likely involves a 3D model of the geometry, which can be exported
into STL with minor additional effort. Since the STL data format is
also used for 3D printing, Serpent can be easily integrated into a
design process relying on additive manufacturing techniques.
CAD models are also convenient for visualization. State-of-the-art
3D software, such as Blender, enables creating photo-realistic visu-
alizations of the geometry models used in the transport simulation.

Even though most issues with the CAD-based geometry type
originate from errors in the STL solid bodies, there is still room
for improvement in the calculation routines. Subjects for future
work include better error tolerance and improved diagnostics. Ser-
pent already provides a built-in test routine for checking the con-
sistency of STL solids, but the current methods cannot capture all
error types. If the solid body contains major geometry errors, the
only way of fixing them is to fix the underlying CAD model. Debug-
ging the model may become a time-consuming process if the root
cause of the error remains unknown.
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