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A B S T R A C T   

A versatile calculation chain has been under development at VTT and Aalto University, featuring the ASCOT 
Monte Carlo orbit-following suite of codes, the Serpent Monte Carlo particle transport code and the Apros® 
thermal-hydraulic system code. This project aims to establish a comprehensive analytical environment that can 
aid researchers at multiple stages during the maturation of DEMO. Plasma product source term profiles have 
been generated using the ASCOT code, providing input for subsequent neutron transport calculations with 
Serpent. These studies utilized the CAD-based geometry of the equatorial breeding unit of the Water-Cooled 
Lithium-Lead (WCLL) breeding blanket. Efforts towards optimization have been made, investigating leakages 
and scalability of these external source simulations. Preliminary particle transport results were reported along 
with the methodology of converting the tallied data into Apros-relevant input.   

1. Introduction 

The exploration of new, sustainable energy sources advances as 
countries set out more and more stringent greenhouse gas emission 
targets, ultimately leading to reduced fossil fuel dependency. In order to 
satisfy the resulting and increasing energy demand, research efforts has 
been boosted on a global scale, focusing on renewable, fissile- and 
fusion-based nuclear energy. At the initiative of the European Comission 
the EUROfusion Consortium has been leading the development of the 
Demonstration Fusion Power Plant (DEMO) since 2014 [1] facilitating 
research and innovation (R&I) activities among research institutes, 
universities and representatives of the energy industry. Since municipal 
and industrial energy consumers represent a diverse clientele, the 
practical fusion-based energy production has to be realized in a way that 
offers the broadest possible solution. Motivated by this idea, one of the 
most important elements, the breeding blanket’s development has 
begun within EUROfusion. Two concepts have been investigated by the 
Consortium thus far, namely the Helium-Cooled Pebble Bed (HCPB) and 
the Water-Cooled Lithium-Lead (WCLL) breeding blanket (BB) config-
urations [2,3]. The working medium of the secondary system is steam in 
both configurations, however former operates with high-pressure and 
-temperature fresh steam at 123.5 bar and 400–450 ◦C while latter 

utilizes the medium at lower enthalpy by 67–70 bar and 300–330 ◦C. 
From the point of the primary system it is paramount to obtain 
high-fidelity data on heating loads of the blanket, inter alia, in order to 
provide adequate boundary conditions for thermal-hydraulic and me-
chanical analyses. Such tasks have been tackled by Monte Carlo codes, 
capable of processing these complex structures and transport problems 
of the tokamak.1 

Lu et al. [4] compare the performance of 3D heterogeneous Monte 
Carlo N-Particle (MCNP) and Serpent 2 (Serpent hereafter) models, 
adopting a 11.25◦ toroidal slice of the HCPB 2017 BB. Considering the 
MCNP model, a 40 × 40 2D (R, z) discrete volume source is defined with 
a Gaussian energy-distribution peaking at 14.02 MeV [5], as for Serpent, 
the same grid is utilized with 14 energy bins, describing the neutron 
spectrum. Results show satisfying agreement between the codes with 
respect to flux distribution, tritium breeding ratio (TBR), helium pro-
duction, etc. nonetheless, the computation time of Serpent is larger by a 
factor of ∼2 compared to MCNP on the same hardware, moreover Ser-
pent statistical errors are 2–5 times those of MCNP. These findings are 
affected by an array of variables, for instance by profound differences in 
memory utilization or particle tracking. Besides, the outlined method-
ologies describing the plasma source term might become arduous e.g. in 
cases of transient scenarios. 

* Corresponding author. 
E-mail address: marton.szogradi@vtt.fi (M. Szogradi).   

1 Acronym for toroidal magnetic chamber, Rus.: ”ТОроидальная КАМера МАГнитная”, where the last ’g’ consonant was replaced by a ’k’ for better sounding. 
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As the plant design matures the need for the improvement of 
analytical capabilities also emerges with respect to plasma physics, 
neutron transport and thermal-hydraulic simulations. Lian et al. [6] 
report their progress regarding neutronics and thermal-hydraulic code 
coupling with respect to the Chinese Fusion Engineering Test Reactor 
(CFETR). The authors develop a two-way coupling scheme between the 
neutronics model (MCNP4C) and the CFD component (Fluent) of the 
model describing the three-dimensional heterogeneous layout of the 
helium-cooled solid breeder unit. Adopting a cell-to-cell data transfer 
scheme the heat deposition profile is transferred to the 
thermal-hydraulic cells, meanwhile material temperatures are fed back 
to the neutronics module. The main motivation behind the deployment 
of a 3D particle transport code arises from the shortcomings of 
low-fidelity neutronic solutions where no sufficiently accurate power 
distribution and tritium breeding ratio can be obtained. Nevertheless, 
this study does not address the question of source-term quality nor the 
possibility to use lumped-parameter codes on the side of 
thermal-hydraulics. 

Present paper introduces a one-way calculation chain that aims to 
improve modelling capabilities in the context of plasma physics and 
thermal-hydraulic codes, coupled by a particle transport code. The 
Accelerated Simulation of Charged particle Orbits in Tori (ASCOT) code 
package [7] has been used to generate the target-target source term for 
subsequent neutron transport calculations, performed with Serpent [8]. 
The heat deposition schemes are utilized by the Apros® system-code [9] 
providing a plant-level thermal-hydraulic solution, in our case with 
respect to the integral model of the WCLL small Energy Storage System 
(ESS) configuration of DEMO [10]. VTT has been contributing to the 
Balance of Plant (BoP) work package of the EUROfusion Consortium 
with transient analyses using various integral Apros® models of both 
WCLL and HCPB plant configurations [10–12]. The last goal of the work, 
presented hereby, is to explore possible ways to avoid the utilization of 
large heterogeneous models, consequently alleviating the shortcomings 
of such practices. 

The structure of the paper is as follows: in Section 2 a brief intro-
duction is given for each code of the calculation chain. Following Sec-
tion 3 will introduce ASCOT input for the plasma source calculation, the 
CAD model of the equatorial WCLL breeding unit (BU) with respect to 
geometry and composition, along with the characteristics of the Serpent 

input. Briefly the BU model of the Apros® blanket will be described as 
well, highlighting the key aspects of the model. Results of the transport 
calculations are discussed in Section 4 for the three modules in Sections 
4.1 and 4.2, respectively. Concluding remarks and future prospects will 
be laid out in Section 5. 

2. Codes 

2.1. The ASCOT package 

The calculation chain begins with the derivation of the distribution 
functions of reactant particles (fast ions or minority particles in general) 
using the ASCOT code which is a particle orbit-following Monte Carlo 
(MC) code developed at Aalto University since the 90’s [13–16]. 

The code provides for instance 4D (R, z, ξ, E) distribution functions 
where the dimensions can be reduced by taking into account symme-
tries, this data is later on utilized by the Fusion Source Integrator (AFSI) 
module of ASCOT [17]. AFSI can calculate different fusion product 
distributions e.g. charged particles or neutrons with respect to various 
groups of neutron-producing reactions, classified by kinetic energy. The 
ASCOT code tracks sample particles in an unrestricted 3D space domain 
between the core plasma and the first wall [13]. The source integrator 
offers an analytical solution where fusion reaction rates are numerically 
integrated from the (R, z, v‖, v⊥) distribution, the resultant 2D (R, z) 
source profile will resemble a Gaussian spectrum for the products 
peaking at nominal reactant energy. Fig. 1 depicts the four notable 
fusion reactions’ cross section spectra, the D-T curve has been utilized 
considering the hereby outlined calculation chain. 

2.2. Serpent 

The Serpent code is a continuous-energy Monte Carlo neutron and 
photon transport code, developed at VTT Technical Research Centre of 
Finland Ltd. since 2004 [18]. The code uses the Woodcock 
delta-tracking with surface-to-surface ray-tracing in the neutron 
tracking routine [19]. ACE-formatted cross section libraries can be 
utilized with unionized energy grids for all point-wise cross sections. 
Relevant photon transport routines were implemented with respect to 
primary interactions (photoelectric effect, Rayleigh scattering, Compton 

Fig. 1. Cross sections in various thermonuclear reactions.  
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scattering, (e− , e+) pair production) and secondary production mecha-
nisms (e.g. electron-positron annihilation, bremsstrahlung) [20]. CAD 
model processing capabilities have been improved under the umbrella of 
Wendelstein 7-X related research activities [21]. The 2.1.33 version 
incorporates the recently implemented source import routine that can 
convert AFSI output *.json files into a Serpent-compatible plasma 
source, discretized in terms of (R, φ, z, E) for an axisymmetric cylindrical 
coordinate system. 

2.3. Apros® 

The Advanced PROcess Simulation software (Apros®) is a lumped- 
parameter thermal-hydraulics system code, developed by VTT and 
Fortum since 1986. The code provides three-and six-equation solutions 
for one-dimensional thermal-hydraulic problems utilising a staggered 
space discretization scheme. Besides built-in neutronic models the 
software enables the user to implement new materials by adding ther-
mophysical functions to the basic library. In a similar fashion user-made 
process components can be built and programmed in order to tackle 
novel engineering problems. Modelling capabilities cover a wide range 
of applications; furthermore, full-scale nuclear power plant analysis [22, 
23] and containment-relevant modules have been also validated [24, 
25]. Moreover, helical coil heat transfer models were also implemented 
[26]. 

3. Modelling procedure 

3.1. ASCOT input 

The source term calculation has multiple dependencies, the input 
deck is composed of the following libraries:  

1. Magnetic field input tabulating, e.g. poloidal flux surfaces, space 
coordinates of the separatrix and the magnetic axis (input. 
magn_bkg, input.magn_header)  

2. General settings, boundary conditions (input.options)  
3. Input data describing the plasma temperature and density fields 

(input.plasma_1d)  
4. Wall boundary condition in a (R, z) coordinate system assuming 

toroidal axisymmetry (input.wall_2d) 

The pulse phase (flat-top) poloidal flux map is depicted in Fig. 2a, 
corresponding plasma temperatures (T) and densities (n) are shown in 
Fig. 2b. Note that ions were considered to be in thermal equilibrium i.e. 
α-particles are taken into account at the same temperature as other ion 
species. 

3.2. Serpent input 

The CAD model of the equatorial breeding unit of the Central 
OutBoard (COB) segment has been used to create test cases with 
ANSYS® SpaceClaim [27] describing several unit arrangements which 
represent clusters of breeding units in the outboard segments of a 22.5◦

sector of the blanket. The CAD layout of the single unit is shown in Fig. 3, 
where the 2 mm tungsten armour can be seen, corresponding W density 
was taken at 500 ◦C [28]. The first wall (FW) contains 10 cooling 
channels of square cross section. The breeding zone (BZ) accommodates 
22 heat exchanger tubes, made of Eurofer [29] with a wall thickness of 
2.75 mm and 13.75 mm outer diameter. 

Besides these tubes the metallic structures of the BU e.g. support 
plates, side walls, back support structure (BSS) are also composed of 
Eurofer, whereas material properties were used at 300 ◦C. The FW and 
BZ cooling channels were all filled with water with atomic densities 
calculated at 311.5 ◦C and 159 bar. The breeding zone and PbLi mani-
folds were filled in with a eutectic PbLi17 alloy (90 at.% 6Li) with 
thermophysical properties taken at 400 ◦C [30]. The vacuum vessel (VV) 

section, separated by a 22 mm gap from the back support structure, is a 
470 mm thick slab which composition was obtained by lumping the 
metallic structure and the coolant channels based on a volumetric ratio 
of 60 vol.% SS316L [31] and 40 vol.% water (195 ◦C, 35 bar). The 
volumetric distribution of the listed materials can be found in Table 1. 

The breeding unit’s geometry file was imported and processed with 
ANSYS® SpaceClaim, thereafter the raw mesh was exported in stereo-
lithography (STL2) files using ASCII format and fine resolution. The STL 
directory describes the solid and liquid volumes by the unit normal and 
vertices in a 3D Cartesian universe. Serpent can read these triangulated 
facets, constructing cells that can be filled with various materials defined 
in the attached isotope inventory (see Fig. 8a). Note that boundary 
conditions of the handling of the triangulated geometry e.g. splitting 
criterion for adaptive mesh search have a profound impact on memory 
usage and performance. 

3.3. Apros® breeding unit model 

As part of VTT’s contribution to the BoP workpackage of the 
EUROfusion consortium, a new blanket model has been developed for 
the WCLL tokamak replacing the previous lumped-segment model [10]. 
The new sector component represents a 2.5◦ slice of the tokamak, 
describing separately two inboard (IB) and three outboard (OB) seg-
ments. Each segment model features 7 poloidal regions, each of them 
modelling a region-average breeding unit with respect to material in-
ventories and power deposition. Considering latter, the region-wise 
averaged heating profiles can be tailored in poloidal (y or φ) and 
radial direction (x or r) as well. The various two-dimensional heat 
structures of these BU models can be complimented by the 
volume-weighted Serpent-generated power deposition schemes. The 
poloidal regions can be seen in Fig. 4a whereas the breeding unit seg-
ments’ arrangement in the 1/16 toroidal sector3 is depicted in Fig. 4b. 
Note that region #4 of the central outboard (COB) segment has greater 
importance in the context of this paper since this region is represented 
by the equatorial BU, moreover this COB breeding unit has the largest 
power load in the segment at 0.365 MW combined radiative and volu-
metric heating. 

The nodalization of thermal-hydraulic and solid heat structure cells 
(HSn − HSN) can be seen in Fig. 5 highlighting the various material 
compartments. 

Heat conductivity branches connect solid material heat structures 
albeit the BSS-VV thermal coupling is realized via radiative heat trans-
fer. The first wall and breeding zone coolant nodes incorporate the 
corresponding pipes’ walls (made of Eurofer) hence the conductive 
connection between these cells and solid heat structures. Whereas the 
first wall loop does not have separate pipes but simple channels with 
square-shaped flow area, penetrating the sidewalls and the front shield. 
These coolant channels are in convective contact with their metallic 
environment. 

The dimensions of the solid material heat structures (W, Eurofer, 
Eurofer+PbLi, PbLi, BSS, VV) mark the parameters of lattice detectors in 
Serpent thus the same analytical methodology can be applied to any 
given BU since their nodalization schemes follow the same design. 

4. Solution of the multi-principle problem 

The workflow of the plasma physics package is illustrated in Fig. 6 
below with corresponding (inter)dependencies of the given modules. 
Most of the inputs and outputs are handled with the Hierarchical Data 

2 Also known as Standard Triangle Language.  
3 Legend references: LIB - left inboard, RIB - right inboard, LOB - left 

outboard, COB - central outboard, ROB - right outboard 
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Format (HDF5) within ASCOT, this binary structure was designed to 
store and organize large amounts of data4 Such HDF5 files can be also 
generated from equilibrium files (*.eqdsk) using ASCOT utilities, the 
(G-)EQDSK format5 is widely used in the physics community thus 
translating data from one to another format is well documented in this 
instance. Solving the Fokker-Planck equation, the obtained f(z, t) dis-
tribution function is passed to the AFSI module to generate the desired 
output. The module then gives another HDF5 file that contains the 
spatial distribution, spectra, etc. specifics of the generated source. Note 
that the target-target reaction utilizes primarily the plasma_1D input, 

other reactions e.g. beam-target or beam-beam source terms have 
greater dependence on magnetic data. 

A Python interface converts the *.h5 source term into *.json 
format that can be handled by the Serpent src card, loading 

Fig. 2. Poloidal fluxes in DEMO during flat-top (a) and property profiles of the pulse plasma (b).  

Fig. 3. Layout of the equatorial BU of the center OB segment in the WCLL BB (a) and its xy-plane cross section (b).  

Table 1 
Inventories of a single BU.  

Param Material W Eurofer PbLi Water (FW, BZ) VV 

Volume [cm3] 436.67 0.56⋅105 1.19⋅105 2.46⋅104 0.95⋅105 

Mass [kg] 8.43 425.38 1156.56 17.27 485.17  

Fig. 4. Spatial discretization of the thermal-hydraulic blanket model in Apros® 
(a) and segment arrangement in a 22.5◦ toroidal sector (b). 

4 The file can be easily read in Matlab® with the h5read command and in 
Python with the h5py utility.  

5 A cheat sheet for variables and their units in this format can be found on this 
link, other hints how to process the *.eqdsk format can be found here. 
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Fig. 5. Calculation-level structure of the Apros® breeding unit model.  

Fig. 6. Simplified data flow diagram of the calculation chain.  
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coordinates, directions and energies. The fusion products then merged 
with the 3D heterogeneous CAD model of the unit. Using mesh detectors 
in the control volume the P(x, y) power deposition scheme can be ob-
tained in the radial-toroidal (xy) 2D space utilizing one poloidal (z) bin 
per BU (due to the topology of the Apros® BU component). The heating 
distribution is loaded into a Simantics Constraint Language (SCL) script6 

that loops over each heat structure of each BU component of every 
blanket segment of the Apros® model, updating the nominal heating 
power attribute of the heat structures from HSn to HSN. 

4.1. Plasma source term calculation 

As a zeroth step before the calculation itself, the dependencies had to 
be obtained with the help of a dedicated Matlab® directory that pro-
cessed binary *.eqdsk files. Given these files were available, the source 
term generator program could be executed for fusion products of the D-T 
reaction. For the purpose of particle transport calculations, neutrons 
were considered as reaction products for the target-target (thermonu-
clear) reaction with a marker population of 1.0× 107. 

The default, uniform distribution of markers in the plasma volume 
was adjusted in order to enhance statistics. If markers are sampled 
randomly in 3D space, using this manipulation, more particles will 
occupy the volume closed by the plasma edge where neutrons are more 
likely to escape and contribute to the signal of interest. The plasma 
domain itself was discretized by 50 × 100 = 5000 (R, z) bins, with this 
resolution the height (z dimension) of the bins was 140.9 mm which is 
proportionate to a single breeding unit’s height of 135 mm. The derived 
neutron production rate distribution is shown in Fig. 7 highlighting the 
wall boundaries and the contours of BU of interest (Vdet later). 

4.2. Neutron transport 

4.2.1. Preliminary studies on geometry optimization considering leakages 
As a first step the base case (#1) was defined using the twin breeding 

unit, depicted in Fig. 3. In order to obtain the radial distribution of 
various parameters such as slow (En < 100 keV) and fast (En > 100 keV) 
fluxes and heating, synthetic detectors were added. Expanding the 
modelled segment volume along the toroidal (y) and poloidal (z) axes, 
three additional cases were defined: (#2) with two adjacent units in 
poloidal direction (#3) with two adjacent units in poloidal direction and 
two neighbour units in the toroidal direction and (#4) with two adjacent 
units in poloidal direction and two stacks of 3-3 units on the two sides of 
the initial BU giving 9 adjacent units. The yz-plane cross sections of the 
Serpent models are shown in Fig. 8b below where purple refers to PbLi, 
light grey to Eurofer, dark grey to the water-metal mixture of the vac-
uum vessel, light blue to water and orange to tungsten cells. 

In order to assess the impact of neighbouring cells on the subject 
breeding unit, line and mesh detectors were defined on the sidewalls, 
bottom and upper faces of the base BU. The line detectors had one bin in 
the y and z directions i.e. they provided fine-resolution tallies along the 
x-axis. Mesh detectors had 300 × 300 measurement points in the xy- 
plane and one bin in the z-direction. The combined study of these de-
tectors will highlight 3D and 1D differences in neutronic behaviour of 
the various unit clusters. For a better understanding the neutron currents 
of the subject unit can be studied starting with case #1 as Fig. 3 depicts. 
These reaction rate readings were integrated over Vdet whereas albedo 
generation enveloped the whole base unit (Vdet⊂Valb). Regarding con-
ventions, the positive sign denotes currents exiting the control volume 
while negative sign refers to entering currents (see Fig. 9). For instance 
Ju,+

xy is the exiting current of the upper face in the xy-plane, corre-
spondingly Ju,−

xy refers to the returning current. Indices f, s and b indicate 
front, side and bottom faces, respectively. Note that in case #1 Ju,−

xy 

yields zero due to the black boundary condition around the unit. 
Considering the bottom face Jb,−

xy is composed of the out-scattering cur-
rent of the lower BU and the back-scattering current (that left the unit/ 
volume of interest). Due to the asymmetry in leakage between upper and 
bottom surfaces the difference in neutron counts can be accounted for 
the back-scattering term assuming that the out-scattering term is iden-
tical in both breeding units as a result of planar symmetry. 

A more general picture can be given on the impact of surrounding 
breeding units, based on total albedoes (αtot) in present two-group 
problem (g = fast, g′

= slow), for surface s using the previous direction 
convection by: 
(

Js,−
g

Js,−
g′

)

= αtot

(
Js,+

g

Js,+
g′

)

=

(
αtot

g→g αtot
g′ →g

αtot
g→g′ αtot

g′ →g′

)(
Js,+

g

Js,+
g′

)

, (1)  

where s denotes the surface enclosing the base breeding unit universe. 
Spatial homogenization also can be applied to this universe besides the 
albedo calculation routine of Serpent (set alb card). Group constants 
such as the diffusion coefficient (D) and the macroscopic absorption 
cross section (Σa) can help to highlight the penetration of neutrons in the 
breeding blanket obtaining slow and fast diffusion lengths (Lg, Lg′ ) by: 

Li =

̅̅̅̅̅̅̅
Di

Σi,a

√

where i = g, g′ (2) 

Following external source simulations considered a simplified 
neutron source, defined by the src card as a monoenergetic source7 

simulating a 14.1 MeV D-T neutron beam perpendicular to the first 

Fig. 7. Neutron production rates in ASCOT for the pulse phase of DEMO2020.  

6 Simantics Constraint Language is a functional programming language used 
for scripting purposes in Simantics related products (https://www.simantics. 
org/) 

7 [u,v,w]=[cos(0◦),cos(90◦),cos(90◦)]. 
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wall.8 The particle population was 27.0 × 109 and the final tally results 
have been normalized to the corresponding neutron yield from the 
plasma where the given case-specific yield has been derived by scaling 
up the source in a linear fashion according to the number of breeding 
units (Pplasma,tot = 1998 MW). The red boundary in Fig. 8b marks the 
single unit where the detector tallies were recorded in every simulation 
considering 2D line and 3D mesh detectors. The source particles were 
sampled in a thin volume (in front of the first wall) having a thickness of 
2 mm and the same toroidal width and poloidal sizes as the first wall. 
The neutronic simulations utilized the ENDF/B-VII.1 nuclear library. 

Unsurprisingly, the up-scattering term did not have noticeable 
impact on the calculations as αtot

g′ →g terms in Table 2 indicate. On the 
other hand, the addition of poloidal breeding units in case #2, led to a 
considerable decrease of the albedo for the fast-scattering current (by 
-15%) while increasing the down-scattering albedo between the two 
energy groups (by +11%). Inner scattering of the slow group also 
entailed a decrease of ≈9%, highlighting that neutron leakage has been 
significantly reduced on the faces of the base unit. Both in cases #3 and 
#4, the addition of two toroidal neighbour cells amplified the previous 
trends, observed between cases #1-2. In other words, the shielding of 
the sidewalls, i.e. toroidal neighbours contributed to the neutron bal-
ance of the breeding unit only to a more moderate extent (due to the 
shielded area), compared to the poloidal units. The effect of diagonal 
units can be considered as negligible, based on the differences in albedo 

factors and diffusion lengths between cases #2-3 and #3-4 transition. 
Since the four diagonal cells had an infinitesimally small contact area 
with Vdet compared to the side faces of the base unit, their shielding 
capability was strongly limited from the point of scattering, nonetheless 
they still contributed to the neutron balance of their direct neighbours, 
indirectly to the base BU. 

Looking at diffusion lengths of Table 2 the fast group saturated at 
31.06 cm in case #4 meaning that a neutron, travelling in a perpen-
dicular direction to the xy-plane, could reach only the 3rd BU9 assuming 
that the particle’s velocity vector does not change noticeably during 
thermalization. Considering another neutron, moving perpendicular to 
the xz-plane, only the direct neighbour could be considered visible, since 
the width of a breeding unit (150 cm) is far larger than the diffusion 
length of slow neutrons. A similar conclusion can be drawn with respect 
to the poloidal direction as the slow diffusion length with the best sta-
tistics is < 13.5 cm. 

Based on these results it can be said that the improvement in per-
formance was noticeable but quickly diminishing as the BU cluster was 
expanded. Since slow and fast diffusion lengths highlighted the low 
neutron visibility by < 1 unit in toroidal and maximum 2.3 units in the 
poloidal direction, using larger 3D heterogeneous models might be un-
necessary unless the purpose of the simulation requires so. The impor-
tance of adjacent cells can be underlined when considering heat 
deposition tallies, as shown in Fig. 10. Besides the variation in first wall 
and breeding zone heating, the most visible departure occurs in the vi-
cinity of the toroidal side walls. Note that first wall coolant ducts are 
running at a distance of 2 mm from the outer surface of the unit thus 
local heat loads have great importance concerning thermal-hydraulic 
characteristics. 

4.2.2. Nuclear analysis of the equatorial breeding unit 
The source translator routine had to be tested using a large 3D model 

that contained a segment of the plasma chamber and the blanket. The 
plasma chamber was filled with a 50-50 D-T mixture, the equatorial cell 
was imported using the CAD-reader subroutine while the rest of the 
blanket was filled in using 5 radial zones10: (1–orange) W-shield, 
(2–grass green) BZ: PbLi+Eurofer+water mixture, (3–light blue) Water 
manis: Eurofer+water mixture, (4–black) vacuum gap and (5–dark grey) 
vacuum vessel body. Implementing the radial topology of the BU ensures 
that general nuclear characteristics will be represented. Has to be noted 
that local peculiarities e.g., stronger slow flux around the edges might 

Fig. 8. Root universe xy-plane cross section with cell boundaries in the Serpent model (a) and case layouts with 1, 3, 5 and 9 adjacent BUs (b).  

Fig. 9. Neutron currents on root universe faces in case #1.  

8 At the time of these preliminary calculations the AFSI source term was not 
yet available, hence the simpler source term. 

9 31.06 cm / 13.50 cm ≈ 2.3.  
10 Color codes refer to Fig. 11. 
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not be captured as well as with explicit CAD neighbours, therefore, the 
lumped-volume model has to be assessed accordingly. The xz- and xy- 
plane cross sections of the large-geometry system can be seen in Fig. 11 
depicting also the material cells within the equatorial unit. Based on the 
findings of the albedo analyses, the initial large geometry has been 
reduced where the equatorial breeding unit’s neighbour volumes have a 
toroidal and poloidal dimension of 34.17 cm from the edge of the 
equatorial unit. This compact geometry corresponds to the case #4 Lg 
with a ≈+10% bearing. Improving the speed of the geometry reading 
routine the binary geometry file reading/writing was enabled (set 
stlfile) that allowed Serpent to generate a binary *.smh geometry file 
that could be accessed faster than the original STL input files. 

The tallied poloidal source rate distribution of the large geometry 
model is depicted in Fig. 12a whereas the heat deposition scheme of the 
equatorial unit from the reduced model is given in 12 b, respectively. 
Former graph shows the condensed data of a lattice detector with one 
toroidal bin and 300 × 300 = 90000 xz -bins framing the entire geom-
etry of the root universe. The source rate has been normalized according 
to the 1998 MW fusion power that corresponds to 7.095×1020 s− 1 

neutron yield [32] or 5.5× 1014 s− 1 cm− 2 total neutron flux on the 
plasma-facing surface of the equatorial BU’s first wall [32]. The 

simulation, mapping the source term, used 18 × 109 neutron histories in 
600 batches with a total running time of 66.5 hrs on 192 cores. 

Fig. 12 b shows the integrated volumetric heat loads of the equatorial 
breeding unit. The 2D distribution implies a nearly 3–4 magnitude 
decrease in power densities over the back support structure and the 
frontal section of the VV body. Note that the simulation’s boundary 
conditions were adjusted compared to the large geometry test, these 
parameters will be discussed later in Section 4.2.3. 

The radial distribution of surface fluxes can be seen in Fig. 13 with 
respect to slow and fast energy-groups. A small portion of slow flux 
appears right behind the thermal shield due to the scattering on tungsten 
and other metallic parts in the front of the breeding zone. Within the 
PbLi volume a nearly exponential decay can be seen up to the water 
manifolds. As the fast flux reached the moderator volume, the slow flux 
increased by ≈1.07 between the back of the breeding zone and the front 
of the water manifolds while the fast flux decreased rapidly over the 
water volume. In the vacuum vessel once again a practically exponential 
decrease can be seen in case of each spectrum, note that as the neutron 

Table 2 
Two-group αtot and Li values in the base breeding unit (Valb).  

Fig. 10. Heat production meshes with various cluster arrangements (shared colour scale, using the same source rate).  
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flow reaches the back surface of the vacuum vessel the incoming flux is 
reduced by ∼6 magnitudes. Flux spectra are depicted in 14 with respect 
to the plasma edge11, in the center of the breeding zone12, in the edge of 
the back support structure13 and in the back of the vacuum vessel 
body.14 The integration considered a custom 1000-group energy struc-
ture with equal lethargy-width bins between 1 × 10− 11 and 20.0 MeV. 
The plasma edge trend peaked at 14.02 MeV accordingly to the Gaussian 
peak, the slow component of the detector readings could be neglected, as 
expected. The breeding zone relevant detector showed an increase in 
slow flux due to the moderation in the breeding zone medium, moreover 
as a result of the 7Li(n,n′

+ α)3H breeding reaction which produces slow 
neutrons if the bombarding particle has a higher kinetic energy than 
2.466 MeV. Behind the water manifolds a predominantly slow flux can 
be seen with moderate drops along lithium cross section peaks between 
0.1-1.0 MeV and in the resonance region of lead (4.8 × 10− 4-1.0 MeV). 

The spectrum, leaving the vacuum vessel, gave an even more damped 
distribution in the mentioned resonance regions. Note that the neutron 
and photon attenuation over the vacuum vessel was the joint outcome of 
moderation in water and in the components of the SS316L alloy. Since 
the layout of the heating detectors can replicate the topology of heat 
structures in the Apros® breeding unit model (see Fig. 5), the tallied 
nuclear heating values can be introduced directly to the heat structure 
components of the thermal-hydraulic model. The total nuclear heating 
power of the breeding unit (Pnuc,BU) can be expressed as the sum of all the 
detector bins: 

Pnuc,BU =
∑N

n=1

∫

Vbin

∫

E
Pi,j dVdE, (3)  

where n = 1,2, 3, ...,N refers to the number of the heat structure, Vbin 
denotes the detector bin’s volume in a given lattice detector and Pi,j is 
the bin-wise combined neutron-gamma power (ENDF response function 
MT = − 80). Fig. 15 depicts the heating profile of the equatorial breeding 
unit in Serpent with respect to the total15 and separate particle heat 

Fig. 11. Internals of the CAD-based Serpent model. (materials: light blue - D-T mixture, orange - tungsten, grass green - lumped BZ, purple - lumped water manis), 
dark grey - lumped VV, light grey - Eurofer, pale blue - water, magenta - PbLi, black - vacuum). 

11 x = -1.0 cm-0.0 cm.  
12 x = 37.5 cm - 38.5 cm.  
13 x = 97.5 cm - 98.5 cm.  
14 x = 146.5 cm - 147.5 cm. 15 Considering every material in the BU. 
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loads. The coupled neutron-photon energy deposition scheme was 
enabled using KERMA (Kinetic Energy Release in MAterials) factors16 

[33]. The mentioned response function’s combined tally incorporates 
the local fission energy deposition (zero in our case), the direct energy 
deposition by neutrons due to reactions other than fission (‘n −

heating’) and the direct energy deposition by photons (‘γ − heating’). 
Such power deposition profiles were derived by Pietro et al. [32] using 

similar boundary conditions with MCNP5v1.6 [34]. The hereby referred 
coupled neutron-gamma transport calculations focused on the tritium 
economy and the shielding performance of the water-cooled blanket 
whilst also providing a volumetric heating profile. Note that Apros® 
transient analyses [10,12] utilized the profile, disseminated in ref. [32] 
as the Serpent-based data was not available at the time of the writing of 
the cited articles. Worth to recall that the lumped-parameter code does 
not allow the user to introduce volumetric heating within the water 
volume of the thermal-hydraulic nodes, hence, the deposited power in 
the water volume of tubes and manifolds has to be spread over the 
adjacent metallic heat structures. 

Fig. 12. Processed source rate density distribution in the plasma chamber in the xz-plane at y = 0 cm (a) and combined heat load distribution in the xy-plane (b).  

Fig. 13. Radial trends of fast, slow and total fluxes in the equatorial BU.  

16 Note that these KERMA coefficients were not Doppler-broadened by the 
built-in processor of Serpent during the analytical work and the preparation of 
this article. 
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4.2.3. Parallel scalability, optimization 
In a further effort scaling tests were carried out on the Triton high- 

performance computing cluster (HPC) of Aalto University [35]. The 
first series of tests considered simulations which utilized 8 computing 
nodes with varying number of cores per node, whereas the second series 
included calculations with differing number of deployed nodes, each 
node using 24 cores17, Table 3 tabulates the parameters. The above 
introduced reduced geometry model was the base case with 1.0 × 109 

neutron histories and 200 batches, moreover, the OpenMP load 
balancing was turned on to improve parallel scalability. The results of 
the two series are shown in Fig. 16 with respect to speedup factors (S) 
and runtimes (t). The first cases of series #1 indicated that a higher 
degree of nodal parallelization had an overwhelming negative impact on 
computational speed, compared to stronger coral parallelization in C21 
and C22. Regarding C14 and C24, it became clear that the speedup gain 
became practically negligible above ∼200 cores. Taking into account 
these observations an ideal area can be identified between 150–200 

Fig. 14. Flux spectra in various sections of the equatorial BU.  

Fig. 15. Total heat load profiles of the equatorial BU in the Serpent model.  

Table 3 
Boundary conditions of the sensitivity calculations.  

17 Core types: Xeon E5 2680 v3 2.50GHz and Xeon Gold 6248 2.50GHz. 
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cores, favoring coral parallelization. 
Serpent also offers a deterministic importance solver for weight- 

window generation, used in variance reduction schemes [36]. In the 
first step a coarse Cartesian weight-window mesh is laid over the 
CAD-based geometry, afterwards the mesh cells are split in subsequent 
iterations until user-given boundary conditions are met i.e. a fairly 
sufficient importance map is generated. As a complementary optimiza-
tion activity such global variance reduction has been applied to the 
reduced geometry model for the purpose of decreasing the number of 
neutron histories whilst preserving good statistics in the vacuum vessel 
region. The calculation has resolved 9.0 × 108 histories using 64 cores 
with the batch run settings of C12, the final wall clock running time was 
7.27 hrs. Detector statistics were quite comparable to the ones achieved 
with a slightly larger number of neutron histories earlier (9.0 ×108 vs. 
1.0 × 109 in C12) while cutting down significantly the reserved hard-
ware’s size (64 vs. 96 cores). Fig. 12b shows the result of this calculation, 
further emphasizing the handiness of such techniques. As blanket de-
signs develop, variance reduction methods can enhance computational 
resource management concerning small- (α and triton production, 
damage) and large-scale (radiation field) applications alike [37]. 

5. Synopsis & outlook 

Thus far only X-type plasmas have been considered in the context of 
plasma transport calculations, as the pre-conceptual design phase of 
DEMO has ended, analytical efforts will also include transient scenarios 
with limiter plasmas. The capabilities of the plasma physics package will 
be tested with respect to these limiter plasmas in order to obtain 
appropriate snapshots of the source during power ramps. Expanding the 
CAD database of the breeding units and segments would enable the 
developers to investigate the nuclear behaviour of the blanket on a 
larger scale in various poloidal regions. Concerning optimization, 
further studies on global variance reduction could be applied with 
adjusted boundary conditions in order to achieve better statistics in the 
sparsely populated regions e.g. in the vacuum vessel body with even 
smaller number of particle histories. Focusing on local characteristics, it 
was shown that applying adequate boundary conditions one can avoid 
the usage of large heterogeneous models. Moreover, a more detailed 
picture could be derived regarding e.g. TBR and helium production that 
could support the design work of other workpackages within the 
EUROfusion Consortium. Additional leakage analyses is also warranted 
using the new AFSI-generated source term since earlier albedo studies 

made use of a simplified monoenergetic fusion source, mostly dis-
regarding the angular and energy dependence and spectra of bom-
barding particles. 

In parallel with the previously mentioned systems’ evolution the 
thermal-hydraulic BoP model also matures. Accident scenario analyses 
would greatly profit from more sophisticated power deposition schemes 
as the decay heat and thermal inertia of the blanket are crucial aspects of 
control logic development. 
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[21] S. Äkäslompolo, J.P. Koschinsky, J. Kontula, et al., Serpent neutronics model of 
Wendelstein 7-X for 14.1 MeV neutrons, Fusion Eng. Des. 167 (2021) 112347, 
https://doi.org/10.1016/j.fusengdes.2021.112347. 

[22] V. Kouhia, V. Riikonen, et al., Benchmark exercise on SBLOCA experiment of PWR 
PACTEL facility, Ann. Nucl. Energy 59 (2013) 149–156, https://doi.org/10.1016/j. 
anucene.2013.04.004. 

[23] Q. Wu, G. Li, J. Yan, Y. Deguchi, Analysis of critical pipe break size leading to 
reactor pressure vessel liquid level collapse and core uncovery with APROS, Prog. 
Nucl. Energy 142 (2021) 104016, https://doi.org/10.1016/j. 
pnucene.2021.104016. 

[24] A. Silde, J. Ylijoki, E. Ahtinen, Containment model library of the Apros process 
simulation software: an overview of development and validation work, Prog. Nucl. 
Energy 116 (2019) 28–45, https://doi.org/10.1016/j.pnucene.2019.03.031. 

[25] T. Sevón, S. Hillberg, Modelling of PANDA isolation condenser experiments with 
MELCOR and Apros, Ann. Nucl. Energy 136 (2020) 107014, https://doi.org/ 
10.1016/j.anucene.2019.107014. 

[26] J. Leskinen, J. Ylätalo, R. Pettini, Extending thermal-hydraulic modelling 
capabilities of Apros into coiled geometries, Nucl. Eng. Des. 357 (2020) 110429, 
https://doi.org/10.1016/j.nucengdes.2019.110429. 

[27] Official ANSYS SpaceClaim website, https://www.ansys.com/products/3d-design/ 
ansys-spaceclaim. 

[28] P. Tolias, Analytical expressions for thermophysical properties of solid and liquid 
tungsten relevant for fusion applications, Nucl. Mater. Energy 13 (2017) 42–57, 
https://doi.org/10.1016/j.nme.2017.08.002. 

[29] M. Gorley, G. Aiello, J. Henry, et al., DEMO structural materials qualification and 
development, Fusion Eng. Des. 170 (2021) 112513, https://doi.org/10.1016/j. 
fusengdes.2021.112513. 

[30] D. Martelli, A. Venturini, M. Utili, Literature review of lead-lithium thermophysical 
properties, Fusion Eng. Des. 138 (2019) 183–195, https://doi.org/10.1016/j. 
fusengdes.2018.11.028. 

[31] H. Sohrabpoor, V. Salarvand, R. Lupoi, et al., Microstructural and mechanical 
evaluation of post-processed SS 316L manufactured by laser-based powder bed 
fusion, J. Mater. Res. Technol. 12 (2021) 210–220, https://doi.org/10.1016/j. 
jmrt.2021.02.090. 

[32] P. Arena, A. Del Nevo, F. Moro, et al., The DEMO water-cooled lead lithium 
breeding blanket: design status at the end of the pre-conceptual design phase, Appl. 
Sci. 11 (2021) 11592, https://doi.org/10.3390/app112411592. 

[33] R. Tuominen, V. Valtavirta, J. Leppänen, New energy deposition treatment in the 
Serpent 2 Monte Carlo transport code, Ann. Nucl. Energy 129 (2019) 224–232, 
https://doi.org/10.1016/j.anucene.2019.02.003. 

[34] Official MCNP Code website, https://mcnp.lanl.gov/. 
[35] Aalto Scientific Computing, Official Triton website, https://scicomp.aalto.fi/trito 

n/. 
[36] J. Leppänen, Response matrix method-based importance solver and variance 

reduction scheme in the Serpent 2 Monte Carlo code, Nucl. Technol. 205 (2019) 
1416–1432, https://doi.org/10.1080/00295450.2019.1603710. 

[37] A. Valentine, R. Worrall, J. Leppänen, Investigation of novel weight window 
methods in Serpent 2 for fusion neutronics applications, Fusion Eng. Des. 178 
(2022) 113090, https://doi.org/10.1016/j.fusengdes.2022.113090. 

M. Szogradi and A. Snicker                                                                                                                                                                                                                  

https://doi.org/10.1016/j.fusengdes.2019.03.040
https://doi.org/10.1016/j.fusengdes.2019.03.040
https://doi.org/10.1016/j.fusengdes.2020.111583
https://doi.org/10.1088/0029-5515/38/11/310
https://doi.org/10.1088/0029-5515/38/11/310
https://doi.org/10.1016/j.jandt.2021.09.002
https://www.aalto.fi/en/department-of-applied-physics/particle-orbit-simulations-ascot
https://www.aalto.fi/en/department-of-applied-physics/particle-orbit-simulations-ascot
http://montecarlo.vtt.fi/
https://www.apros.fi/
https://doi.org/10.3390/en14185593
https://doi.org/10.1016/j.fusengdes.2020.111970
https://doi.org/10.3390/en14217214
https://doi.org/10.1016/j.cpc.2014.01.014
https://doi.org/10.1016/j.fusengdes.2019.03.001
https://doi.org/10.1016/j.nme.2019.02.033
https://doi.org/10.1088/0029-5515/56/11/112024
https://doi.org/10.1016/j.fusengdes.2019.02.134
https://doi.org/10.1016/j.anucene.2014.08.024
https://doi.org/10.1016/j.anucene.2010.01.011
https://doi.org/10.1016/j.anucene.2010.01.011
https://doi.org/10.1016/j.cpc.2020.107143
https://doi.org/10.1016/j.fusengdes.2021.112347
https://doi.org/10.1016/j.anucene.2013.04.004
https://doi.org/10.1016/j.anucene.2013.04.004
https://doi.org/10.1016/j.pnucene.2021.104016
https://doi.org/10.1016/j.pnucene.2021.104016
https://doi.org/10.1016/j.pnucene.2019.03.031
https://doi.org/10.1016/j.anucene.2019.107014
https://doi.org/10.1016/j.anucene.2019.107014
https://doi.org/10.1016/j.nucengdes.2019.110429
https://www.ansys.com/products/3d-design/ansys-spaceclaim
https://www.ansys.com/products/3d-design/ansys-spaceclaim
https://doi.org/10.1016/j.nme.2017.08.002
https://doi.org/10.1016/j.fusengdes.2021.112513
https://doi.org/10.1016/j.fusengdes.2021.112513
https://doi.org/10.1016/j.fusengdes.2018.11.028
https://doi.org/10.1016/j.fusengdes.2018.11.028
https://doi.org/10.1016/j.jmrt.2021.02.090
https://doi.org/10.1016/j.jmrt.2021.02.090
https://doi.org/10.3390/app112411592
https://doi.org/10.1016/j.anucene.2019.02.003
https://mcnp.lanl.gov/
https://scicomp.aalto.fi/triton/
https://scicomp.aalto.fi/triton/
https://doi.org/10.1080/00295450.2019.1603710
https://doi.org/10.1016/j.fusengdes.2022.113090

	The development of a novel particle transport and thermal-hydraulic calculation chain for the European DEMO
	1 Introduction
	2 Codes
	2.1 The ASCOT package
	2.2 Serpent
	2.3 Apros®

	3 Modelling procedure
	3.1 ASCOT input
	3.2 Serpent input
	3.3 Apros® breeding unit model

	4 Solution of the multi-principle problem
	4.1 Plasma source term calculation
	4.2 Neutron transport
	4.2.1 Preliminary studies on geometry optimization considering leakages
	4.2.2 Nuclear analysis of the equatorial breeding unit
	4.2.3 Parallel scalability, optimization


	5 Synopsis & outlook
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


