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ABSTRACT 

 The objective of this thesis is contributing to the development of the ITER 

project. ITER is the largest Tokamak ever conceived and the fifth largest 

scientific project in the human history. It is funded by 35 countries, among 

which the European Union provides with half of the budget. ITER, which is 

currently in construction in southern France, is meant to demonstrate the 

scientific and technological feasibility of fusion energy for peaceful purposes. 

 ITER will be the first Tokamak with an extensive nuclear phase. In the 

deuterium-tritium phase, it will operate the plasma at 500 MW of power, leading 

to an intense radiation field resulting from the spreading of the plasma 

neutrons, and their interactions. The neutron field represents itself a challenge 

to the design. But it produces additional radiation fields, which are, at the same 

time, additional challenges.  

 The design of the ITER project presents a problematic that relates a set of 

radiation sources with a set of design requirements and regulation. A genuine 

need for nuclear analysis of high quality exists. When the project started, the 

field was mostly developed for the fission industry decades ago. It was not ready 

to face the diversity and the complexity of the problems identified. For the last 

years, the methods and tools have evolved in parallel to the nuclear analysis 

and the understanding of the diverse phenomena. The work presented here is 

part of it. 

 The work is structured in three major blocks. The first one deals with the 

tool ACAB. It is a computational code to determine the evolution of the 

radioactive inventory over time in the presence of a radiation field. It was 

conceived in the 1990’s and first applied to the design of the National Ignition 

Facility. The last version of ACAB code was released in 2008, and it has been 

used in different works to ITER designs since. As part of this work, the 

numerical method of the code has been re-assessed in view of the ITER specifics. 

Enhancement of the results robustness is sought. 

 The second block of work has to do the production of geometry models for 

radiation transport with MCNP, and the production of one of the ITER reference 

models: the Tokamak Complex. Since the early 2000’s some tools appeared 
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enabling, for the first time, to translate complex 3D geometries into MCNP. They 

have represented a revolution in terms of precision and detailing in the geometry 

production. But they have also meant a revolution in terms of time dedication 

for the setting up of the models. New procedures have been produced as part of 

this work in response. And they have been applied to the production of the ITER 

Tokamak Complex MCNP model. This important model incorporates the latest 

approved baseline of the three main 7-stories buildings of the project. It 

represents a complex of 120 m x 80 m x 80 m, with thousands of penetrations, 

dozens of rooms, doors, shielding, ventilation conducts, etc … The Tokamak 

Complex MCNP model, produced as part of this work, plays two fundamental 

roles in the ITER project. On the one hand, it has been used to assess the 

compatibility of the complex design with the electronics allocation in the 

different parts of the building. On the other hand, it is being used in the 

implementation of the ALARA strategy to determine the workers radiation 

exposure in maintenance tasks outside the bio-shield. It is one of the most 

complex MCNP models ever built, and its conception and implementation was 

consequently adapted. 

 The third block of work is related to the ITER Test Blanket Modules (TBMs). 

Themselves, the TBMs encapsulate one of the three technical goals of the 

project: “The device should test tritium breeding module concepts that would 

lead in a future reactor to tritium self-sufficiency, the extraction of high grade 

heat and electricity production.”. The TBMs are experiments with relevant 

deployments of technologies aimed at breeding the tritium, while recovering the 

kinetic energy of the neutrons and enabling the heat evacuation. The European 

Union is responsible for the design of 2 out of the 6 TBMs that will be hosted in 

ITER. One of them considers the Helium Cooled Pebbles Bed concept, and the 

other the Helium Cooled Lithium Lead concept. In this work, both TBMs have 

been evaluated in terms of nuclear heat, tritium production and shutdown dose 

rates with an unprecedent level of detail and robustness. This package of 

information will be the basis for the preparation of the TBMs Preliminary Design 

Review, the next and second in a sequence of three independent reviews before 

manufacturing. 
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CHAPTER 1 

INTRODUCTION 

1.1. GENERAL REVIEW OF ITER 

 The nuclear fusion is a strong alternative for power production in the coming 

decades & centuries over the fossil fuels and fission power. Since 1950’s strong 

and increasing research has been conducted in all the developed countries 

world-wide. Among all of the different confinement schemes, two have imposed 

over time: magnetic and inertial. One makes use of magnetic fields to confine 

the plasma at low density for long periods of time, while the other compresses 

the fuel to extreme densities in short periods of time. Both have today a parallel 

development pathway. Magnetic confinement has been always associated with 

purely civil research programs, what has made it widely present in the research 

programs of the developed nations.  

 The magnetic confinement scheme today relies in two concepts: Tokamaks 

and Stellerators. The basic difference starts in the magnetic field shape to 

confine the plasma. Further differences and their consequence exceed this work.  

 Important facilities of the nuclear fusion research today are, for inertial 

fusion, the National Ignition Facility, in the USA, and Laser MegaJoule in 

France. For magnetic fusion considering Stellerator concept, the most relevant 

is the Weldenstein 7-X in Germany. And the paramount project to the date, 

among all of them, is ITER, the largest Tokamak ever conceived and the fifth 

largest scientific project in the human history. 

 In construction in southern France, ITER is funded by 35 countries, among 

which the European Union provides with half of the budget. It is recognized as 

one of key research projects currently in execution, so relevant that the 

European Union has created a dedicated agency to manage it, Fusion for 

Energy. Established in 1985, ITER construction is now well advanced. 

Preparation activities to the first plasma, scheduled for 2025, are being set up.  

 The Project Specification [1] defines the overall programmatic objective of the 

ITER project as, ‘to demonstrate the scientific and technological feasibility of 

fusion energy for peaceful purposes’. It also sets out a series of scientific and 
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technical goals which should be satisfied to achieve this objective. The scientific 

goals, defined in terms of plasma fusion performance, are: 

• The device should achieve extended burn in inductively driven plasmas 

with the ratio of fusion power to auxiliary heating power, Q, of at least 10 

(Q ≥ 10) for a range of operating scenarios and with a duration sufficient 

to achieve stationary conditions on the timescales characteristic of 

plasma processes. 

• The device should aim at demonstrating steady-state operation using 

non-inductive current drive with the ratio of fusion power to input power 

for current drive of at least 5. 

• In addition, the possibility of controlled ignition should not be precluded. 

 The technical goals, aiming to provide much of the technological basis for 

the design of future fusion power plants capable of generating electricity, are: 

• The device should demonstrate the availability and integration of 

technologies essential for a fusion reactor (such as superconducting 

magnets and remote maintenance). 

• The device should test components for a future reactor (such as systems 

to exhaust power and particles from the plasma). 

• The device should test tritium breeding module concepts that would lead 

in a future reactor to tritium self-sufficiency, the extraction of high grade 

heat and electricity production. 

 ITER is today the cutting edge of the nuclear fusion world-wide. ITER will be 

a test bank in many aspects. The outcome of ITER must provide with technical 

capability and justification to move forward in the development of nuclear 

fusion. In the current scheme, and for magnetic confinement, the next facility 

would be DEMO.  

 The work contained here refers entirely to ITER. 
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1.2. RELEVANCE OF THE NUCLEAR ANALYSIS IN 

THE ITER DESIGN 

 ITER will be the first Tokamak with an extensive nuclear phase. In the DT 

phase, it will operate the plasma at 500 MW of power, leading to an intense 

radiation field resulting from the spreading of the plasma neutrons, and their 

interactions. The neutron field represents itself a challenge to the design. But it 

produces additional radiation fields, which are, at the same time, additional 

challenges. 

 The neutron field produces an associated prompt photon field. After 

interaction with the neutrons, the cooling water of the in-vessel components get 

highly activated, leading to the radioisotopes N17 and N16. As the cooling water 

moves fast, this source produces radiation fields in region remote from the 

plasma. And the interaction of the neutrons with the rest of materials produces 

their activation, and a subsequent decay radiation field. In the absence of the 

plasma (during machine shutdown), the decay radiation field may be noticeable 

and still a challenge to the ITER design. In definitive, a set of radiation sources 

must be considered in the design of ITER as they manifest as relevant radiation 

fields. The main implications of their presence is explained in the following. 

 During the machine operation, the radiation from the plasma, particularly 

intense inside the vacuum vessel, represents a heat source, the so-called 

nuclear heat. The components must be designed to evacuate it to be maintained 

in a thermal operation region compatible with their structural integrity. But the 

radiation can also damage those components modifying the structure of the 

materials. The gas production and the displacements per atoms are used as 

indicators during the design. Finally, the radiation can produce tritium by 

transmutation of the materials, what is a challenge for safety reasons. Excepting 

the Test Blanket Modules, which have tritium production among their main 

goals. Thus, nuclear heat, gas production, displacements per atoms and tritium 

production have to be characterized for in-vessel components. 

 Outside the vacuum vessel, the superconducting coils are exposed to 

radiation from the plasma, and also from the radioactive decay of the cooling 
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water passing nearby. Both sources are known to manifest as a nuclear heat 

source that can break the superconducting state of the coils. 

 The vacuum vessel access ports present an accessible region. Inside the bio-

shield, it receives the name of port interspace, and outside the bio-shield, it is 

called the port cell. And beyond the port cell, one finds the gallery and the 

adjacent buildings. Hundreds of tons of engines, lenses, actuators, optical 

fibers, cabling, as well as safety and non-safety electronics are deployed in those 

rooms. This equipment is sensible to radiation, which can lead to 

misfunctioning, false responses, failure, coloring or simply deterioration of the 

components. The determination of the doses is critical to select the equipments 

and where to deploy them. 

 The regions remote from the plasma may present an intense radiation field, 

what can be of particular relevance with regard to the biological doses. The 

related field must be characterized to ensure the safe operation of the machine. 

 During the machine shutdown, the challenges are all related to maintenance 

activities. Once the plasma is shutdown, the radioactive decay of the activated 

materials produces a radiation field. On the one hand, it affects severely the 

survivability of the electronics and robots for in-vessel inspection, this is driven 

by the absorbed dose in the materials. On the other hand, exposure of workers 

to radiation in maintenance tasks is subject to stringent limits imposed by the 

project and under surveillance of the French Nuclear Regulator. The quantity of 

interest is, in that case, the biological dose. 

 Finally, all the materials exposed to intense neutron fields will be 

decommissioned as a radioactive waste according to the French regulation. The 

consideration of the waste management (time evolution of the activation) during 

the design phase is, first of all, mandatory as indication by regulation. But 

secondly, it can provide with relevant information to minimize it. 

 In summary, the design of the ITER project presents a problematic that 

relates a set of radiation sources with a set of design requirements and 

regulation. A genuine need for nuclear analysis of high quality exists. Note that 

when the project started, the field was mostly developed for the fission industry 

decades ago. It was not ready to face the diversity and the complexity of the 
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problems identified. For the last years, the methods and tools have evolved in 

parallel to the nuclear analysis and the understanding of the diverse 

phenomena. The work presented here is part of it. 

1.3. SUMMARY OF THE WORK DONE HERE 

 The work is structured in three major blocks. The first one deals with the 

tool ACAB. It is a computational code to determine the evolution of the 

radioactive inventory over time in the presence of a radiation field. It was 

conceived in the 1990’s and first applied to the design of the National Ignition 

Facility. The last version of ACAB code was released in 2008, and it has been 

used in different works to ITER designs since. As part of this work, the 

numerical method of the code has been re-assessed in view of the ITER specifics. 

Enhancement of the results robustness is sought. 

 The second block of work has to do the production of geometry models for 

radiation transport with MCNP, and the production of one of the ITER reference 

models: the Tokamak Complex. Since the early 2000’s some tools appeared 

enabling, for the first time, to translate complex 3D geometries into MCNP. They 

have represented a revolution in terms of precision and detailing in the geometry 

production. But they have also meant a revolution in terms of time dedication 

for the setting up of the models. New procedures have been produced as part of 

this work in response. And they have been applied to the production of the ITER 

Tokamak Complex MCNP model. This important model incorporates the latest 

approved baseline of the three main 7-stories buildings of the project. It 

represents a complex of 120 m x 80 m x 80 m, with thousands of penetrations, 

dozens of rooms, doors, shielding, ventilation conducts, etc … The Tokamak 

Complex MCNP model, produced as part of this work, plays two fundamental 

roles in the ITER project. On the one hand, it has been used to assess the 

compatibility of the complex design with the electronics allocation in the 

different parts of the building. On the other hand, it is being used in the 

implementation of the ALARA strategy to determine the workers radiation 

exposure in maintenance tasks outside the bio-shield. It is one of the most 

complex MCNP models ever built, and its conception and implementation was 

consequently adapted. 
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 The third block of work is related to the ITER Test Blanket Modules (TBMs). 

Themselves, the TBMs encapsulate one of the three technical goals of the 

project: “The device should test tritium breeding module concepts that would 

lead in a future reactor to tritium self-sufficiency, the extraction of high grade 

heat and electricity production.”. The TBMs are experiments with relevant 

deployments of technologies aimed at breeding the tritium, while recovering the 

kinetic energy of the neutrons and enabling the heat evacuation. The European 

Union is responsible for the design of 2 out of the 6 TBMs that will be hosted in 

ITER. One of them considers the Helium Cooled Pebbles Bed concept, and the 

other the Helium Cooled Lithium Lead concept. In this work, both TBMs have 

been evaluated in terms of nuclear heat, tritium production and shutdown dose 

rates with an unprecedent level of detail and robustness. This package of 

information will be the basis for the preparation of the TBMs Preliminary Design 

Review, the next and second in a sequence of three independent reviews before 

manufacturing. 
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CHAPTER 2 

ACAB ACTIVATION CODE 

 One of the most important radioactivity hazards, associated to the fusion 

nuclear facilities, is the radioactivity induced by the fusion neutrons in the 

materials of the facility components. In the case of ITER, 500 MW of fusion 

power, based on deuterium-tritium (DT) fusion reactions, will be produced. 

Around 1.8x1020 neutrons per second will be generated in such DT fusion 

reactions inside the ITER tokamak. Some neutrons will escape from the 

tokamak, spreading into the Tokamak building first, and to adjacent buildings 

afterwards. Such neutrons, which by themselves are a direct radiation source, 

will activate the materials in their path, producing a secondary radiation source 

coming from the decay of the activated materials. 

 The assessment of the activation produced by the plasma neutrons is key to 

design the planned in-situ maintenance operations, that will take place in the 

ITER port interspaces, and for radioactive waste management purposes, among 

others. Many computational codes have been developed in the last 35 years to 

determine the isotopic inventories in nuclear fusion facilities. Note that the 

fission inventory codes, available more than 30 years ago, could not be applied 

for nuclear fusion activities. Some of the most relevant fusion inventory codes 

are: ACAB [2]-[6], which uses the solver algorithms of ORIGEN [7]-[10]; SCALE 

[11], which includes ORIGEN activation code; FISPACT [12]-[14], which uses the 

method of Sidell [15]; FISPACT II [16]-[18], which uses the numerical LSODES 

[19][20]; ALARA [21]-[23], in which the physical system is modelled using 

advance linear chains; SERPENT [24][25], which is based on the Chebyshev 

Rational Approximation Method [26]-[29]. 

 ACAB inventory code was created to enable the performance of inventory 

calculations for nuclear applications, including nuclear fusion ones. It was 

created following the simulation methodology developed by the Lawrence 

Livermore National Laboratory. The computational algorithm is based on the 

one employed in ORIGEN code, while the structuration of the code is based on 

the ACFA code [30]. ACAB has been widely used in the last years to perform 

activation and transmutation calculations for very relevant international 
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nuclear fusion projects, such as ITER [31]-[33], DEMO [34]-[36], IFMIF [37]-[39], 

NIF [40]-[42], JET [43], HiPER [44]-[46], etc. 

 In this chapter, a review of the ACAB inventory code is done. In Section 2.1, 

the study presented in this chapter is motivated. In Section 2.2, the 

mathematical method employed by ACAB, which is the one implemented in 

ORIGEN, is described. In Section 2.3, the assumptions and approximations 

considered by ACAB to perform inventory calculations are assessed and the 

risky situations are identified. In Section 2.4, the reliability of the application of 

ACAB code to a specific ITER calculation is evaluated. Finally, in Section 2.5, a 

summary of the main conclusions obtained is given. 

2.1 INTRODUCTION 

 ACAB [2]-[6] is one of the reference codes recommended by ITER for the 

performance of inventory calculations in the frame of nuclear fusion facilities. 

The National Ignition Facility, the most important project devoted to the 

development of the inertial confinement fusion, adopted ACAB as its reference 

inventory code. The use of ACAB has also been recommended by the European 

Fusion Development Agreement (EFDA) first, and then by EUROfusion.  

 ACAB uses the solver algorithms of ORIGEN [7]-[10], which, in turn, is one 

of the most prestigious and employed inventory codes in USA for fission 

applications. In this sense, ORIGEN is recommended by the United States 

Nuclear Regulatory Commission (U.S.NRC). ORIGEN has been incorporated to 

SCALE [11], a computational code suite for nuclear safety analysis and design, 

developed by Oak Ridge National Laboratory (ORNL) under contract with the 

U.S.NRC. 

 The mathematical method used by ORIGEN/ACAB to solve the nuclide 

burn-up equations is based on the matrix exponential method. It is assumed to 

be valid for any activation-disintegration problem. Users must define the 

temporal scheme for which the calculations will be performed. In addition to the 

different times for which the activation calculations are required, intermediate 

temporal intervals can be also considered. The code manuals do not warn about 

any problem related to a deficient selection of the time intervals used in the 

calculations. In the user’s manual of ORIGEN [8], no recommendations are given 
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about the temporal scheme to be considered. Time intervals are understood as 

the moments in which the nuclide concentrations are required, instead of the 

discretization scheme needed to achieve a good resolution of the problem. In the 

user’s manual of ORIGEN-S [47], it is written that the computed values 

asymptotically approach the correct value with time as successive time intervals 

are executed, recommending at least five to ten time intervals. In the case of 

ACAB, the user’s manuals [2]-[6] recommend, due to the nature of the 

computational solution (the matrix exponential method), that the irradiation 

times ramp up by factors of two and the cooling times ramp up by factors of 

three. Nevertheless, no further motivations are given in relation to the selection 

of time steps.  

 On the one hand, from the information given in the ORIGEN/ACAB user’s 

manuals and the published documentation about such codes, a high accuracy 

could be assumed for the solutions provided by them, independently of the 

temporal scheme employed. Nevertheless, no important verification activities 

exist supporting their qualification. On the other hand, errors associated to the 

computation of the nuclide concentrations are not given. Neither are provided 

indications about possible scenarios in which weaker approximations are 

assumed. Internal actions are not taken by ORIGEN/ACAB to ensure the 

accuracy of the calculations in case the temporal scheme considered is not the 

most appropriate.  

 For years, ACAB code has been employed to conduct very many activation 

analyses at UNED. Some deficiencies have been identified, thanks to such 

accumulated experience. The most important among such deficiencies, affecting 

the accuracy of the computed results, is related to the dependence of the 

calculations with respect to the temporal scheme employed, provided in the 

input file. In this sense, the temporal scheme recommended by the ACAB user’s 

manual was the one employed in the second international activation calculation 

benchmark comparison study [48]. The calculations conducted for the 

irradiation of 1025 atoms of Cr50 for 1 year were satisfactory, with a maximum 

discrepancy of the 0.2% with respect to the analytic solution. Nevertheless, 

when the calculations were conducted using only 1 time step of 1 year, 

discrepancies of 10% and 21% were found for the concentrations of Cr53 and 

Cr54, respectively. In this case, it can be argued that ACAB user’s manual 
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recommendation was not followed. The experience has demonstrated that the 

strict application of such temporal scheme does not ensure the accuracy of the 

results. As an example, when the irradiation of 1025 atoms of Cr50 is produced 

for 2 years, under the same circumstances of [48], discrepancies of 3% with 

respect to the analytic solution are found for the concentrations of Cr53 and Cr54. 

Although the discrepancies are not very high, other temporal schemes employed 

provided results completely in accordance with the analytic solution.  

 On the basis of these results, the performance of a study was mandatory for 

several reasons. First, to understand the nature of the sensibility of the 

activation results with respect to the temporal scheme employed. Second, to 

determine the range of applicability of ACAB, specially focused on nuclear fusion 

applications. Third, to improve the code to avoid as much as possible the risky 

scenarios. And finally, to provide the users with guidelines aimed at ensuring 

the accuracy of the activation calculations.  

 Part of the work done in the frame of this thesis is devoted to the first steps 

of such study. A revision of the mathematical method used by ORIGEN/ACAB, 

and its implementation in the code was performed. The different assumptions 

and approximations considered were assessed and their relationship with 

respect to the temporal scheme was determined. Specifically, the effect of the 

time interval size was studied. Some scenarios in which a loss of accuracy could 

be produced were identified. Some minor modifications of the solver were 

proposed to avoid the loss of accuracy under identified circumstances. Finally, 

the applicability of ACAB to one specific ITER application, the determination of 

those isotopes contributing most to the shutdown dose rate, was assessed.  

2.2 DESCRIPTION OF THE MATHEMATICAL 

METHOD 

This Section is devoted to the overview of the mathematical method used by 

ACAB to perform activation and transmutation calculations. Such 

mathematical method was developed at the Oak Ridge National Laboratory and 

it was first implemented in the Oak Ridge Isotope Generation and Depletion 

Code (ORIGEN). The main part of this Section is extracted from [7]-[10]. 
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The time evolution of the nuclide concentrations of a nuclear system is given 

by the solution of the following coupled set of differential equations: 

 𝑑𝑁𝑖
𝑑𝑡

=  ∑𝛾𝑖𝑗 𝜎𝑓,𝑗  𝜙 𝑁𝑗  + 𝜎𝑐,𝑖−1 𝜙 𝑁𝑖−1 + 𝜆𝑖
′

𝑗

𝑁𝑖
′ − (𝜆𝑖 + 𝜎𝑓,𝑖  𝜙 + 𝜎𝑐,𝑖  𝜙) 𝑁𝑖  ,  (1) 

where (i = 1, …, total number of nuclides); ∑ 𝛾𝑖𝑗 𝜎𝑓,𝑗  𝜙 𝑁𝑗  𝑗 is the yield rate of 𝑁𝑖 

due to the fission of all nuclides 𝑁𝑗; 𝜎𝑐,𝑖−1 𝜙 𝑁𝑖−1 is the rate of transmutation into 

𝑁𝑖 due to radiative neutron capture by nuclide 𝑁𝑖−1; 𝜆𝑖
′  𝑁𝑖

′ is the rate of formation 

of 𝑁𝑖 due to the radioactive decay of nuclides 𝑁𝑖
′; 𝜆𝑖𝑁𝑖 is the radioactive decay 

rate of 𝑁𝑖; 𝜎𝑓,𝑖𝜙𝑁𝑖 is the destruction rate of 𝑁𝑖 due to fission and 𝜎𝑐,𝑖𝜙𝑁𝑖 is the 

destruction rate of 𝑁𝑖 due to all forms of neutron capture. 

The set of equations given by Eq. (1) represents a system of first-order, 

nonlinear, ordinary differential equations, which cannot be solved analytically. 

The nonlinear nature of these equations is due to space-energy-averaged 

neutron flux, 𝜙, and the flux-weighted average cross sections, 𝜎𝑓 and 𝜎𝑐, which 

are dependent upon the nuclide concentrations. However, their variation is 

slow, so that it may be considered as constant over the time intervals involved 

in the calculations. In such scenario, Eq. (1) represents a set of first-order 

ordinary differential equations with constant coefficients, which can be written 

in matrix notation as 

 𝑑�⃗⃗� (𝑡)

𝑑𝑡
=  �̿� · �⃗⃗� (𝑡) ,  (2) 

where �⃗⃗�  is the vector containing the nuclide concentrations and �̿� is the 

transition matrix containing the rate coefficients for radioactive decay and 

neutron absorption.  

The solution of Eq. (2) is 

  �⃗⃗� (𝑡) =  𝑒 �̿�·(𝑡−𝑡0) ·  �⃗⃗� (𝑡0) , (3) 
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where �⃗⃗� (𝑡0) is the vector containing the nuclide concentrations at the 

beginning-of-time-interval time 𝑡0 and 𝑒 �̿�·(𝑡−𝑡0) is the so-called matrix 

exponential function. 

The matrix exponential function is defined as 

 
 𝑒 �̿�·(𝑡−𝑡0) = ∑

(�̿� · (𝑡 − 𝑡0))
𝑛

𝑛!

∞

𝑛=0

 , (4) 

being (�̿� · (𝑡 − 𝑡0))
0
= 𝐼 ̿ the unit matrix. For simplicity reasons, 𝑡0 will be 

considered as 0 from now on. 

An accurate estimation of the matrix exponential function would yield a 

complete solution to the equations given by Eq. (1). Nevertheless, computational 

problems may be found when the matrix exponential method is applied to 

systems of equations with widely separated eigenvalues, as it is usually the case 

of nuclear fusion systems. 

The non-diagonal elements of the transition matrix account for the 

first-order rate constants for the formation of one nuclide from another. Such 

non-diagonal elements are always positive.  

The absolute value of the diagonal elements of the transition matrix 

account for the sum of the decay constant plus the product of total absorption 

cross section and neutron flux. Such diagonal elements are always negative and 

will be referred to from now on as effective decay rates.  

The existence of negative elements in the transition matrix may result in 

a loss of precision when computing the matrix exponential function, given by 

Eq. (4), due to the addition and subtraction of nearly equal large numbers.  

This problem can be easily seen by computing the exponential of a 

negative number. The real value of 𝑒−20 is 2.06 · 10−9, while the largest term in 

its expansion is 
(−20)20

20!
= 4.31 · 107. To compute 𝑒−20 with five significant-figures, 

the computer operating system should retain 21 significant decimal figures. 

Note that, in the case of the 32-bit word size computer operating systems, 16 
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significant decimal figures are retained when performing double-precision 

arithmetic. The number of significant-figures required to estimate the 

exponential of a negative exponent increased as the absolute value of such 

exponent increases. 

In the case of the matrix exponential function, Lapidus and Luus [49] 

have shown that the maximum term in the summation for any of its element 

cannot exceed ([�̿�] · 𝑡)
𝑚
/𝑚!, where 𝑚 is the largest integer not larger than [�̿�] · 𝑡, 

and [�̿�] is the norm of the transition matrix �̿�. Such norm was defined by 

Lapidus and Luus as being the smaller of the maximum-row absolute sum and 

the maximum-column absolute sum, i.e.,  

 

[�̿�] = 𝑚𝑖𝑛 {𝑚𝑎𝑥∑|𝑎𝑖𝑗|

𝑖

, 𝑚𝑎𝑥∑|𝑎𝑖𝑗|

𝑗

} ,  (5) 

where 𝑎𝑖𝑗 is the element of the transition matrix located in the i-row and 

j-column.  

ACAB uses the norm of the transition matrix to balance the user-specified 

time step with the precision associated with the word length of the computer 

operating system. In ACAB, [�̿�] · 𝑡 is restricted by 

 [�̿�] · 𝑡 ≤  −2 · ln(0.001) . (6) 

This restriction ensures that a value as small as 10−6 can be computed 

while retaining five significant-figures. 

Theoretically, the solution of Eq. (1) for any time 𝑡 could be computed by 

performing a finite number of time steps, ∆𝑡, for which the restriction given by 

Eq. (6) would be accomplished. For each ∆𝑡, Eq. (1) should be solved and the 

updated nuclide concentrations should be used as beginning-of-time-interval 

concentrations for the next time step. 

In real applications, the nuclear systems considered contain a large 

number of nuclides and the norm of the transition matrix is usually very large. 
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The ∆𝑡 needed to accomplish Eq. (6) in such cases is very small. Thus, the 

computation of the nuclide concentrations at a given time involves a huge 

amount of time steps, which makes this procedure impracticable.  

On the one hand, the norm of the transition matrix is restricted by Eq. (6) 

to ensure a desirable accuracy in the nuclide concentrations computed. But, on 

the other hand, the estimation of the nuclide concentrations by means of the 

division of the final time in time steps, for which Eq. (6) is accomplished, is 

impracticable for real applications. 

To solve this dilemma, ACAB uses the matrix exponential method to 

compute the concentrations of only those nuclides whose diagonal matrix 

element absolute values are less than a predetermined value. This procedure 

ensures that the condition given by Eq. (6) is accomplished for those nuclides. 

The concentrations of the rest of nuclides, with large diagonal matrix element 

absolute values, are treated separately using alternative procedures, as the 

Bateman equations and the secular equilibrium.  

The mathematical method is implemented in ACAB through three 

subroutines: DECAY, TERM and EQUIL. Such subroutines are run once for 

each time step considered in the computation of the nuclide final 

concentrations. The roles played by each of them in the calculations performed 

by ACAB are carefully explained in the remaining part of the section. 

2.2.1. DECAY subroutine 

DECAY is the first of these three subroutines run by ACAB. Two goals are 

assigned to DECAY: 

• Classification of the nuclides among long-lived and short-lived nuclides 

depending on their diagonal matrix elements. 

• Evolution of the beginning-of-time-interval concentration of the 

short-lived nuclides. 

For a given time 𝑡, a nuclide is classified as short-lived by DECAY when 

𝑒−𝑑·𝑡 <  0.001, where “−𝑑” is the effective decay rate of the nuclide. Note that the 

condition 𝑒−𝑑·𝑡 = 𝑒
−ln (2)·

𝑡

𝑡1/2 <  0.001, where 𝑡1/2 is the effective half-life of the 
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nuclide, is accomplished when 𝑡1/2 is less than about the 10% of the time 

interval. The rest of the nuclides, for which 𝑒−𝑑·𝑡 ≥  0.001 (i.e. their half-lives are 

higher than about the 10% of the time interval) are classified as long-lived 

nuclides. 

Once the nuclides are classified as short-lived or long-lived, DECAY builds 

up, for each nuclide of the system, all the queues formed by its short-lived 

precursors. Such queues extend back up to the last preceding long-lived 

precursor. The Bateman equation solution [50] is then applied to these queues 

to obtain the nuclide concentrations at the end-of-time-interval due to the 

beginning-of-time-interval concentration of the short-lived precursors.  

In solving the nuclide chain equations, DECAY uses the Bell’s variation [7] 

of the Vondy’s [51] form of the Bateman solution, given by 

 

 𝑁𝑖(𝑡) = 𝑁𝑖(0) 𝑒
−𝑑𝑖𝑡 +∑𝑁𝑘(0)

𝑖−1

𝑘=1

 ∏
𝑎𝑛+1,𝑛
𝑑𝑛

𝑖−1

𝑛=𝑘

 

[
 
 
 
 

∑𝑑𝑗  
𝑒−𝑑𝑗𝑡 − 𝑒−𝑑𝑖𝑡

𝑑𝑖 − 𝑑𝑗

𝑖−1

𝑗=𝑘

 ∏
𝑑𝑛

𝑑𝑛 − 𝑑𝑗

𝑖−1

𝑛=𝑘
𝑛≠𝑗 ]

 
 
 
 

 , (7) 

where 𝑁𝑖(𝑡𝑗) is the concentration of the nuclide nuclides 𝑖 at a time 𝑡𝑗, 𝑑𝑖 is the 

effective decay rate of the nuclide 𝑖 and 𝑎𝑖𝑗 is the rate constant for the formation 

of nuclides 𝑖 from nuclides 𝑗. 

The existence of two nuclides in the queue with the same effective decay 

rate (𝑑𝑖 = 𝑑𝑗 or 𝑑𝑛 = 𝑑𝑗) produces mathematical indeterminations in Eq. (7) 

which are evaluated using L’Hopital’s rule. 

The product ∏
𝑎𝑛+1,𝑛

𝑑𝑛

𝑖−1
𝑛=𝑘  in Eq. (7) accounts for the fraction of nuclide 𝑘 

concentration that follows a particular sequence of decays and captures to 

become a nuclide 𝑖. When ∏
𝑎𝑛+1,𝑛

𝑑𝑛

𝑖−1
𝑛=𝑘 < 10−6, contributions from nuclide 𝑘 and 

its precursors to the concentration of nuclide 𝑖 are neglected by DECAY. 

The solution given by Eq. (7) is applied to compute all the contributions 

to the concentration of each short-lived nuclide at the end-of-time-interval from 

the beginning-of-time-interval concentrations of all the other short-lived 

nuclides in the queues. In the case of long-lived daughter products, the 
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beginning-of-time-interval concentration is augmented by the appropriate 

contribution from all the short-lived nuclides of the queues divided by 𝑒−𝑑·𝑡, 

being 𝑑 the effective decay rate of the long-lived daughter. Dividing by 𝑒−𝑑·𝑡 

produces a correct estimation of the final concentration of the long-lived nuclide, 

but the final concentrations of its daughters are overvalued.  

Finally, note that the difficulties described by Vondy [51] in applying the 

Bateman equations for small values of 𝑑𝑖 · 𝑡 do not occur in the present 

application since only the final nuclide of the chains may be long-lived. Thus, 

the matrix exponential method and the Bateman equations complement each 

other, i.e. the first method is quite accurate for small values of 𝑑𝑖 · 𝑡, while the 

second one is quite accurate for large values of 𝑑𝑖 · 𝑡. 

2.2.2. TERM subroutine 

TERM subroutine takes over when DECAY finishes and it is the responsible 

of two important tasks: 

• Generation of a reduced transition matrix, �̿�𝑅, containing only the 

long-lived nuclides of the system. 

• Application of the matrix exponential method to the reduced transition 

matrix. 

The first objective of TERM consists of the reduction of the transition matrix, 

by removing all the short-lived nuclides, to avoid the computational 

shortcomings arising when large effective decay rates exist in the transition 

matrix. This technique, originally employed by Ball and Adams [52], implies the 

insertion of new transition matrix elements between those long-lived nuclides 

that are connected through short-lived nuclides queues. For example, if 𝐵 is a 

short-lived nuclide in the chain 𝐴 → 𝐵 → 𝐶, a new element is inserted in the 

matrix for the new transition 𝐴 → 𝐶. 

To illustrate the procedure used by TERM to generate the reduced transition 

matrix, let’s consider the queue 𝐴 → 𝐵 → 𝐶, in which 𝐴 and 𝐶 are long-lived 

nuclides and 𝐵 is a short-lived nuclide. At the end of the time interval, the 

concentration of nuclide 𝐶 due to disintegration of nuclide 𝐴 is given by: 
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  𝑁𝐶(𝑡) =  𝑁𝐴(𝑡0) 

𝑎𝐵𝐴 𝑎𝐶𝐵
𝑑𝐴 𝑑𝐵

 (
𝑒−𝑑𝐵𝑡 − 𝑒−𝑑𝐶𝑡

𝑑𝐶 − 𝑑𝐵
 
𝑑𝐴 𝑑𝐵
𝑑𝐴 − 𝑑𝐵

+ 
𝑒−𝑑𝐴𝑡 − 𝑒−𝑑𝐶𝑡

𝑑𝐶 − 𝑑𝐴
 
𝑑𝐴 𝑑𝐵
𝑑𝐵 − 𝑑𝐴

), (8) 

where  𝑁𝐴(𝑡0) is the concentration of nuclide A at the beginning-of-time-interval, 

𝑑𝑖 is the effective decay rate of the nuclide 𝑖 and 𝑎𝑖𝑗 is the rate constant for the 

formation of nuclides 𝑖 from nuclides 𝑗. 

In the case of the hypothetical queue 𝐴 → 𝐶, the final concentration of 

nuclide 𝐶 due to disintegration of nuclide 𝐴 is given by: 

 
  𝑁𝐶(𝑡) = 𝑁𝐴(𝑡0) ·

𝑎𝐶𝐴
∗

𝑑𝐴
· 𝑑𝐴 ·

𝑒−𝑑𝐴𝑡 − 𝑒−𝑑𝐶𝑡

𝑑𝐶 − 𝑑𝐴
 , (9) 

where 𝑎𝐶𝐴
∗  is the (fictitious) rate constant for the formation of nuclides 𝐶 from 

nuclides 𝐴. 

The values given by Eq. (8) and (9) must be the same to obtain the same 

nuclide 𝐶 concentration by using the two different queues. Then, the element of 

the reduced transition matrix, 𝑎𝐶𝐴
∗ , that accounts for the formation of nuclides 

𝐶 from nuclides 𝐴 is given by: 

 

𝑎𝐶𝐴
∗ = 

𝑎𝐵𝐴 𝑎𝐶𝐵
𝑑𝐴 𝑑𝐵

·
(
𝑒−𝑑𝐵𝑡 − 𝑒−𝑑𝐶𝑡

𝑑𝐶 − 𝑑𝐵
 
𝑑𝐴 𝑑𝐵
𝑑𝐴 − 𝑑𝐵

+ 
𝑒−𝑑𝐴𝑡 − 𝑒−𝑑𝐶𝑡

𝑑𝐶 − 𝑑𝐴
 
𝑑𝐴 𝑑𝐵
𝑑𝐵 − 𝑑𝐴

)

(
𝑒−𝑑𝐴𝑡 − 𝑒−𝑑𝐶𝑡

𝑑𝐶 − 𝑑𝐴
)

 .   (10) 

Unfortunately, this procedure implies the application of the Bateman 

solution to a queue containing two long-lived nuclides, which may result in 

computational problems in obtaining accurate values of the element of the 

reduced transition matrix. This situation is avoided by assuming that the 

long-lived daughter is stable. In the case of the chain 𝐴 → 𝐵 → 𝐶, 𝑒−𝑑𝐶𝑡 = 1 is 

assumed and the element of the reduced transition matrix, 𝑎𝐶𝐴
∗ , can be written 

as 
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 𝑎𝐶𝐴
∗ = 𝑑𝐴 ·

𝑎𝐵𝐴 𝑎𝐶𝐵
𝑑𝐴 𝑑𝐵

·
(1 − 𝑒−𝑑𝐴𝑡 − 𝑑𝐴

𝑒−𝑑𝐴𝑡 − 𝑒−𝑑𝐵𝑡

𝑑𝐵 − 𝑑𝐴
 )

(1 − 𝑒−𝑑𝐴𝑡)
 . 

(11) 

The factor  
𝑎𝐵𝐴 𝑎𝐶𝐵

𝑑𝐴 𝑑𝐵
  is the branching factor, which accounts for the fraction 

of nuclides 𝐴 that follow the sequence 𝐴 → 𝐵 → 𝐶. The factor (1 − 𝑒−𝑑𝐴𝑡 −

𝑑𝐴
𝑒−𝑑𝐴𝑡−𝑒−𝑑𝐵𝑡

𝑑𝐵−𝑑𝐴
 ) is the disintegration rate of nuclides 𝐴 that, at the end of the time 

interval, form nuclides 𝐶. The factor (1 − 𝑒−𝑑𝐴𝑡) is the ratio of nuclides 𝐴 

disintegrated at the end of the time interval.  

In the general case of a queue 1 → 2 → 3 → ⋯ → (𝑀 − 1) → 𝑀, where 1 and 

𝑀 are long-lived nuclides and 2, 3, …, (𝑀 − 1) are short-lived nuclides, the 

element of the reduced transition matrix, 𝑎𝑀1
∗ , is given by  

 
𝑎𝑀1
∗ = 𝑑1 ·

𝑎21 𝑎32 ··· 𝑎𝑀(𝑀−1)

𝑑1 𝑑2 ···  𝑑(𝑀−1)
·
(1 − 𝑒−𝑑1𝑡 − 𝑋2 −⋯− 𝑋(𝑀−1))

(1 − 𝑒−𝑑1𝑡)
 , (12) 

where 𝑋𝑖 is the rate of nuclides 1 that, at the end of the time interval, form 

nuclides 𝑀. 

Note that the new elements of the reduced transition matrix are 

computed for the new transition, between long-lived precursor and long-lived 

daughter, by assuming zero concentrations for precursors to the long-lived 

precursor. 

Since the diagonal element, 𝑑𝑖, in the reduced transition matrix is the 

sum of the decay constant plus the product of total absorption cross section 

and flux, the sum of the absolute values in the column containing 𝑑𝑖 cannot 

exceed 2𝑑𝑖. Even though the sum of the absolute values in the row containing 

𝑑𝑖 may exceed 2𝑑𝑖, the norm [�̿�𝑅] defined in Eq. (5) never exceeds twice the 

maximum value of 𝑑𝑖 in the reduced transition matrix. As all the short-lived 

nuclides, for which 𝑒−𝑑·𝑡 <  0.001, are removed from the transition matrix, the 

condition given by Eq. (6) is fulfilled by �̿�𝑅. 
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Once the reduced transition matrix is generated, TERM applies the 

matrix exponential method to such matrix.  

The direct application of Eq. (3) and (4) would imply the storage of the 

entire reduced transition matrix and the matrix exponential function given by 

Eq. (4). This procedure can result in a huge amount of memory.  

A recursion relation, obtained by substituting Eq. (4) in Eq. (3), is 

employed to avoid such storage requirement. Such recursion relation, written 

for a nuclide, is given by 

 

𝑁𝑖 = 𝑁𝑖(0) + 𝑡 ·∑𝑎𝑖𝑗
𝑅 · 𝑁𝑗(0) + 

𝑡

2
𝑗

·∑[𝑎𝑖𝑘
𝑅 · 𝑡 ·∑𝑎𝑘𝑗

𝑅 · 𝑁𝑗(0)

𝑗

]

𝑘

 

+ 
𝑡

3
·∑[𝑎𝑖𝑚

𝑅 ·
𝑡

2
·∑[𝑎𝑚𝑘

𝑅 · 𝑡 ·∑𝑎𝑘𝑗
𝑅 · 𝑁𝑗(0)

𝑗

]

𝑘

]

𝑚

+⋯, 

(13) 

where 𝑎𝑖𝑗
𝑅  is an element of the reduced transition matrix, which represents the 

first-order rate constant for the formation of nuclides 𝑖 from nuclides 𝑗. The 

range of indices 𝑖, 𝑗, 𝑘 and 𝑚 is 1 to 𝑀 for a size 𝑀 ×𝑀 of the reduced transition 

matrix, �̿�𝑅. 

The implementation of Eq. (13) in TERM is done by using the following 

recursion relation: 

 

 𝑁𝑖(𝑡) = ∑𝐶𝑖
𝑛     where 

{
 
 

 
 𝐶𝑖

0 = 𝑁𝑖(0) 
 

     𝐶𝑖
𝑛+1 = 

𝑡

𝑛 + 1
 ∑𝑎𝑖𝑗  𝐶𝑗

𝑛

𝑗

∞

𝑛=0

 (14) 

The use of Eq. (14), instead of the direct calculation via Eq. (3) and (4), 

permits TERM to lower the storage requirements, as it needs only to storage two 

vectors, 𝐶 𝑛 and 𝐶 𝑛+1, and the current value of the solution. 

The norm of the reduced transition matrix is also used to estimate the 

number of terms required to ensure that the series has converged. The number 
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of terms is set equal to the largest integer in (3.5 · [�̿�𝑅] · 𝑡 + 6), which has been 

determined as a “rule of thumb” to limit the error to <0.1%. In case this error is 

exceeded, TERM warns the user. 

2.2.3. EQUIL subroutine 

The last subroutine involved in the determination of the isotopic 

inventory is EQUIL, which computes the formation of short-lived nuclides due 

to the beginning-of-time-interval concentration of long-lived precursors. 

The amount of short-lived nuclide 𝑆 due to the decay of the 

beginning-of-time-interval concentration of a long-lived parent 𝐿 is calculated 

as 

 
 𝑁𝐿→𝑆(𝑡) =  𝑁𝐿(𝑡0) · 𝑎𝑆𝐿 ·

𝑒−𝑑𝐿·𝑡

𝑑𝑆 − 𝑑𝐿
 , (15) 

which is obtained from Eq. (7) by assuming 𝑒−𝑑𝐿·𝑡 ≫ 𝑒−𝑑𝑆·𝑡. However, the total 

amount of nuclide 𝑆 depends also on the contribution from the long-lived 

precursors of precursor 𝐿. 

Eq. (15) accounts for the final concentration of the short-lived nuclide 

due to the beginning-of-time-interval amount of its long-lived parent. 

Nevertheless, more long-lived parent nuclides may be formed from their 

precursors during the time interval considered in the calculation. This number 

of long-lived parents is given by: 

  ∆𝑁𝐿(𝑡) =  𝑁𝐿(𝑡) − 𝑁𝐿(𝑡0) 𝑒
−𝑑𝐿𝑡 ,   (16) 

where 𝑁𝐿(𝑡) is the amount at the end-of-time-interval of the long-lived nuclide 

computed by TERM and (𝑁𝐿(𝑡0) 𝑒
−𝑑𝐿𝑡) is the final concentration of the long-lived 

parent due to its beginning-of-time-interval concentration. 

To compute the end-of-time-interval concentration of the short-lived 

daughter and subsequent short-lived progeny, due to Eq. (16), EQUIL assumes 

that they are in secular equilibrium with their long-lived parent at the end of 
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any time interval. From a mathematical point of view, the secular equilibrium 

between long-lived parent and short-lived progeny implies that the time 

derivative of the short-lived progeny in Eq. (2) is equal to zero: 

 
 
𝑑𝑁𝑖
𝑑𝑡

= 0 =∑𝑎𝑖𝑗  𝑁𝑗
𝑗

. (17) 

Eq. (17) constitute a set of linear algebraic equations which is solved by 

the Gauss-Seidel iterative technique.  

The total concentration at the end-of-time-interval of the short-lived nuclides 

is computed by EQUIL by the addition of the concentration computed for these 

nuclides by DECAY (Eq. (7)) and the concentrations given by the solutions of 

Eq. (15) and (17). 

2.3 RELIABILITY STUDY OF THE SOLVER OF ACAB  

Three subroutines are employed by ACAB to perform the computation of the 

concentrations at the end-of-time-interval. In this way, different methods are 

applied to the nuclides depending on whether they are long- or short-lived 

nuclides. This procedure permits to avoid the loss of precision due to the 

application of the matrix exponential method to a large number of nuclides with 

very different effective decay rate. 

The classification of nuclides into two separate groups (long-lived and 

short-lived), and the different methods applied to them, may result in some 

scenarios for which the accuracy of the results obtained could be compromised.  

This section is devoted to a study conducted to identify such possible 

scenarios and to assess the reliability of the results computed by ACAB. Four 

different situations have been identified as potentially risky: 

• Modification of the beginning-of-time-interval concentration of long-lived 

nuclides due to the existence of short-lived nuclides. 

• Generation of the reduced transition matrix. 

• Approximations assumed by EQUIL. 

• Existence of cyclic chains. 
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Each one of these scenarios is explained in the following subsections. 

Note that, given a time interval 𝑡, it always exists an effective decay rate dCrit, 

for which  dCrit · 𝑡 = −𝑙𝑛(0.001). Such effective decay rate, dCrit, establishes the 

limit between short-lived and long-lived nuclides and it will be called from now 

on as critical effective decay rate. Even though the time interval considered for 

the different calculations in the following subsections was 1 year, the results 

shown are normalized to the critical effective decay rate, so that they are valid 

for any time interval. 

2.3.1. Initial concentrations of long-lived nuclides 

The first task of DECAY subroutine is the separation of nuclides among 

short-lived and long-lived, depending on their effective decay rate. The criteria 

followed to carry out such classification was explained in Section 2.2.  

Once this classification is accomplished, DECAY builds up, for each nuclide 

of the system, all the queues formed by its short-lived precursors. Then, DECAY 

applies the Bateman equations, given by Eq. (7), to these queues to compute the 

end-of-time-interval concentration of the nuclides due to the 

beginning-of-time-interval concentration of their short-lived precursors. 

In the case of a long-lived daughter, its beginning-of-time-interval 

concentration is augmented by a factor which accounts for its formation due to 

the existence of short-lived precursors at the beginning-of-time-interval. To 

calculate this correction factor, DECAY computes the end-of-time-interval 

concentration of the long-lived daughter generated due to the 

beginning-of-time-interval concentration of its short-lived precursors. This 

quantity is then divided by 𝑒−𝑑·𝑡, being 𝑑 the effective decay rate of the long-lived 

daughter. Dividing by 𝑒−𝑑·𝑡 produces a correct estimation of the concentration 

of the long-lived nuclide, due to the contribution of short-lived precursors. 

Nevertheless, it overpredicts the concentration of the long-lived nuclide progeny. 

A study was performed, by considering a nuclide chain 𝐴 → 𝐵 → 𝐶, to 

evaluate the effect of such overprediction. Only initial concentration of nuclide 

𝐴 was assumed and the nuclide inventory was computed after 1 year. Different 

values of the effective decay rate were considered for the nuclides, being 

nuclides 𝐴 and 𝐵 short-lived and long-lived, respectively. The study of the 
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nuclide chain 𝐴 → 𝐵 → 𝐶 was split into two separate works depending on whether 

nuclide 𝐶 was long-lived or short-lived.  

In the case of nuclide 𝐶 being long-lived, the worst scenario was found for a 

stable nuclide 𝐶 and for effective decay rates of nuclides 𝐴 and 𝐵 (d𝐴 and dB, 

respectively) as closed as possible to the critical effective decay rate, being 𝐴 

short-lived and 𝐵 long-lived. The analytic solution, the solution computed by 

ACAB and the relative error, ∆𝑟= |
𝐴𝑛𝑎𝑙𝑦𝑡𝑖𝑐−𝐴𝐶𝐴𝐵

𝐴𝑛𝑎𝑙𝑦𝑡𝑖𝑐
|, for this case are shown in Table 

1. 

Table 1. Analytic solution, ACAB solution and relative error, ∆𝑟, obtained for the concentrations of the 
nuclides of the chain 𝐴 → 𝐵 → 𝐶 at 1 year. Initial concentrations: 𝑁𝐴 = 10

25, 𝑁𝐵 = 𝑁𝐶 = 0. Effective 

decay rates: 
𝑑𝐴

𝑑𝐶𝑟𝑖𝑡
= 1.0005, 

𝑑𝐵

𝑑𝐶𝑟𝑖𝑡
= 0.996, 

𝑑𝐶

𝑑𝐶𝑟𝑖𝑡
= 0. Critical effective decay rate: 𝑑𝐶𝑟𝑖𝑡 = 2.189 ×

10−7 𝑠−1. 

 
Concentration of 

nuclide A after 1 year 

Concentration of 

nuclide B after 1 year 

Concentration of 

nuclide C after 1 year 

Analytic 9.965E+21 6.997E+22 9.920E+24 

ACAB 9.965E+21 6.997E+22 6.796E+25 

∆r 0.000 0.000 5.851 

 

The relative error, ∆r, made by ACAB in the estimation of the concentration 

of nuclide 𝐶 was also computed for several values of the effective decay rate of 

nuclide 𝐶, dC, being nuclide 𝐶 always long-lived and assuming 
dA

dCrit
= 1.0005 and 

dB

dCrit
= 0.996. The results obtained show that the relative error increases as dC 

decreases, as it can be seen in Figure 1. Nevertheless, the relative error is 98% 

for the case dC = dCrit and it is higher than 300% when dC <
𝑑𝐶𝑟𝑖𝑡

2
. 

In the case of nuclide 𝐶 being short-lived, the worst scenario was found for 

dA, dB and dC as closed as possible to dCrit, being 𝐴 and 𝐶 short-lived and 𝐵 

long-lived. The analytic solution, the solution computed by ACAB and the 

relative error, ∆𝑟= |
𝐴𝑛𝑎𝑙𝑦𝑡𝑖𝑐−𝐴𝐶𝐴𝐵

𝐴𝑛𝑎𝑙𝑦𝑡𝑖𝑐
|, for this case are shown in Table 2. 
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Figure 1. Relative error, Δr, made by ACAB in the computation of the concentration of nuclide 𝐶 in a chain 

𝐴 → 𝐵 → 𝐶 at 1 year, with respect to 𝑑𝐶. Effective decay rates: 
𝑑𝐴

𝑑𝐶𝑟𝑖𝑡
= 1.0005, 

𝑑𝐵

𝑑𝐶𝑟𝑖𝑡
= 0.996. Critical 

effective decay rate: 𝑑𝐶𝑟𝑖𝑡 = 2.189 × 10
−7 𝑠−1. 

 

Table 2. Analytic solution, ACAB solution and relative error, ∆𝑟, obtained for the concentrations of the 
nuclides of the chain 𝐴 → 𝐵 → 𝐶 at 1 year. Initial concentrations: 𝑁𝐴 = 10

25, 𝑁𝐵 = 𝑁𝐶 = 0. Effective 

decay rates: 
𝑑𝐴

𝑑𝐶𝑟𝑖𝑡
= 1.0005, 

𝑑𝐵

𝑑𝐶𝑟𝑖𝑡
= 0.996, 

𝑑𝐶

𝑑𝐶𝑟𝑖𝑡
= 1.0005. Critical effective decay rate: 𝑑𝐶𝑟𝑖𝑡 =

2.189 × 10−7 𝑠−1. 

 
Concentration of 

nuclide A after 1 year 

Concentration of 

nuclide B after 1 year 

Concentration of 

nuclide C after 1 year 

Analytic 9.965E+21 6.997E+22 2.394E+23 

ACAB 9.965E+21 6.997E+22 1.525E+25 

∆r 0.000 0.000 62.696 

 

The relative error, ∆r, made by ACAB in the estimation of the concentration 

of nuclide 𝐶 was also computed for several values of dC, being nuclide 𝐶 always 

short-lived and assuming 
dA

dCrit
= 1.0005 and 

dB

dCrit
= 0.996. The results obtained 

show that the relative error increases as dC decreases, as it can be seen in Figure 

2. Two important aspects can be observed: 

• The relative error is below 1.7% for dC > 10 × dCrit. 

• The relative error increases enormously as dC approaches dCrit. 
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Figure 2. Relative error, Δr, made by ACAB in the computation of the concentration of nuclide 𝐶 in a chain 

𝐴 → 𝐵 → 𝐶 at 1 year, with respect to 𝑑𝐶. Effective decay rates: 
𝑑𝐴

𝑑𝐶𝑟𝑖𝑡
= 1.0005, 

𝑑𝐵

𝑑𝐶𝑟𝑖𝑡
= 0.996. Critical 

effective decay rate: 𝑑𝐶𝑟𝑖𝑡 = 2.189 × 10
−7 𝑠−1. 

 

 Three important things must be remarked from the results shown in Table 

1 and Table 2: 

• The concentrations of nuclides 𝐴 and 𝐵 are perfectly computed by ACAB. 

This fact has been observed regardless the values of dA and dB. 

• The relative error made by ACAB in the estimation of the concentration 

of nuclide 𝐶 can be around 6270%, which is completely unacceptable. 

• The concentration of nuclide 𝐶 computed by ACAB after 1 year can be 

around 6.8 times the initial concentration of nuclide 𝐴, which has no 

physical sense. 

 The results shown in Figure 1, Figure 2, Table 1 and Table 2 were computed 

for the worst possible scenario of a chain 𝐴 → 𝐵 → 𝐶, being nuclides 𝐴 and 𝐵 

short-lived and long-lived, respectively. This scenario was produced when dA 

and dB were very closed to dCrit. Even though this is a very unlikely situation, 

measures should be taken to avoid this possibility. 

 As 𝑑A and 𝑑B move away from 𝑑𝐶𝑟𝑖𝑡, the relative error made by ACAB 

decreases rapidly. This behavior is more pronounced when the change is 

produced in 𝑑B. The results obtained when 
dB

dCrit
~ 0.1 are shown in Table 3. Note 
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that, by decreasing 𝑑B one order of magnitude, the relative error was decreased 

by a factor ≈ 5000. 

Table 3. Analytic solution, ACAB solution and relative error, ∆𝑟, obtained for the concentrations of the 
nuclides of the chain 𝐴 → 𝐵 → 𝐶 at 1 year. Initial concentrations: 𝑁𝐴 = 10

25, 𝑁𝐵 = 𝑁𝐶 = 0. Effective 

decay rates: 
𝑑𝐴

𝑑𝐶𝑟𝑖𝑡
= 1.0005, 

𝑑𝐵

𝑑𝐶𝑟𝑖𝑡
= 0.0996, 

𝑑𝐶

𝑑𝐶𝑟𝑖𝑡
= 1.0005. Critical effective decay rate: 𝑑𝐶𝑟𝑖𝑡 =

2.189 × 10−7 𝑠−1. 

 
Concentration of 

nuclide A after 1 year 

Concentration of 

nuclide B after 1 year 

Concentration of 

nuclide C after 1 year 

Analytic 9.965E+21 5.571E+24 6.082E+23 

ACAB 9.965E+21 5.571E+24 6.158E+23 

∆r 0.000 0.000 0.0125 

 

 A modification was introduced in the solver ORIGEN-S [47], included in 

SCALE [11], to improve the results obtained in the concentration of the 

descendance of the long-lived nuclides, due to initial concentration of 

short-lived precursors. 

 In the ORIGEN version included in ACAB, the beginning-of-time-interval 

concentration of a long-lived nuclide is augmented by a factor which accounts 

for its formation due to the existence of short-lived precursors at the 

beginning-of-time-interval. Such factor is computed by DECAY as the 

end-of-time-interval concentration of the long-lived daughter, generated due to 

the beginning-of-time-interval concentration of its short-lived precursors, 

divided by 𝑒−𝑑·𝑡, being 𝑑 the effective decay rate of the long-lived daughter. This 

factor produces a correct estimation of the concentration of the long-lived 

nuclide, but it overpredicts the concentration of the long-lived nuclide progeny, 

as it was shown before in this subsection. 

 In the ORIGEN version included in SCALE, the old factor is maintained to 

estimate the concentration of the long-lived nuclide. Nevertheless, a new factor 

is computed to be used in the estimation of the concentrations of the long-lived 

nuclide descendance. 

 Such new factor, computed by the new version of DECAY, is equal to the 

end-of-time-interval concentration of the long-lived daughter progeny, 

generated due to the beginning-of-time-interval concentration of the short-lived 
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precursors, divided by (1 − 𝑒−𝑑·𝑡), being 𝑑 the effective decay rate of the 

long-lived daughter.  

 The study performed to the nuclide chain 𝐴 → 𝐵 → 𝐶 was repeated with a 

version of ACAB, called from now on as ModACAB1, which included this 

modification. 

 In the case of nuclide 𝐶 being long-lived, the worst estimation given by ACAB 

was produced when 𝐶 was a stable nuclide. The relative error made by ACAB,  

∆𝑟
𝐴𝐶𝐴𝐵, in the estimation of the concentration of nuclide 𝐶 was 585% and the 

concentration of nuclide 𝐶 was 6.8 times higher than the initial concentration 

of nuclide 𝐴. The results obtained with the use of ModACAB1, shown in Table 

4, coincide with the analytic solution.  

Table 4. Analytic, ACAB and ModACAB1 solutions and relative errors, ∆𝑟
𝐴𝐶𝐴𝐵 and ∆𝑟

𝑀𝑜𝑑𝐴𝐶𝐴𝐵1, obtained for 

the concentrations of the nuclides of the chain 𝐴 → 𝐵 → 𝐶 at 1 year. Initial concentrations: 𝑁𝐴 = 10
25, 

𝑁𝐵 = 𝑁𝐶 = 0. Effective decay rates:
𝑑𝐴

𝑑𝐶𝑟𝑖𝑡
= 1.0005, 

𝑑𝐵

𝑑𝐶𝑟𝑖𝑡
= 0.0996, 

𝑑𝐶

𝑑𝐶𝑟𝑖𝑡
= 0. Critical effective decay rate: 

𝑑𝐶𝑟𝑖𝑡 = 2.189 × 10
−7 𝑠−1. 

 
Concentration of 

nuclide A after 1 year 

Concentration of 

nuclide B after 1 year 

Concentration of 

nuclide C after 1 year 

Analytic 9.965E+21 6.997E+22 9.920E+24 

ACAB 9.965E+21 6.997E+22 6.796E+25 

∆𝑟
𝐴𝐶𝐴𝐵 0.000 0.000 5.851 

ModACAB1 9.965E+21 6.997E+22 9.920E+24 

∆𝑟
𝑀𝑜𝑑𝐴𝐶𝐴𝐵1 0.000 0.000 0.000 

 

 The relative error made by ModACAB1, ∆𝑟
𝑀𝑜𝑑𝐴𝐶𝐴𝐵1= |

𝐴𝑛𝑎𝑙𝑦𝑡𝑖𝑐−𝑀𝑜𝑑𝐴𝐶𝐴𝐵1

𝐴𝑛𝑎𝑙𝑦𝑡𝑖𝑐
|, in the 

estimation of the concentration of nuclide 𝐶 was computed for several values of 

dC, being nuclide 𝐶 always long-lived. The results obtained show that the 

estimation given by ModACAB1 is always better than the one computed by 

ACAB, as it can be seen in Figure 3. ∆𝑟
𝑀𝑜𝑑𝐴𝐶𝐴𝐵1 increases as dC increases and it 

is almost equal to ∆𝑟
𝐴𝐶𝐴𝐵 when dC ≈ dCrit.  

 One important remark must be done. For all the cases studied with 

ModACAB1 being nuclide 𝐶 long-lived, its concentration was underestimated 

with respect to the analytic solution. Then, even though ∆𝑟
𝑀𝑜𝑑𝐴𝐶𝐴𝐵1 was lower 

than ∆𝑟
𝐴𝐶𝐴𝐵, the estimation produced by ModACAB1 was not conservative.  
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Figure 3. Relative error made by ACAB and ModACAB1 in the computation of the concentration of 

long-lived nuclide 𝐶 in a chain 𝐴 → 𝐵 → 𝐶 at 1 year. Effective decay rates: 
𝑑𝐴

𝑑𝐶𝑟𝑖𝑡
= 1.0005 and 

𝑑𝐵

𝑑𝐶𝑟𝑖𝑡
=

0.0996. Critical effective decay rate: 𝑑𝐶𝑟𝑖𝑡 = 2.189 × 10
−7 𝑠−1. 

 

 In the case of nuclide 𝐶 being short-lived, the worst estimation given by 

ACAB was produced being dC as closed as possible to dCrit. The relative error 

made by ACAB, ∆𝑟
𝐴𝐶𝐴𝐵, in the estimation of the concentration of nuclide 𝐶 was 

6270% and the concentration of nuclide 𝐶 was 1.5 times higher than the initial 

concentration of nuclide 𝐴. The results obtained with the use of ModACAB1, 

shown in Table 5, improve those obtained by ACAB. The relative error made by 

ModACAB1, ∆𝑟
𝑀𝑜𝑑𝐴𝐶𝐴𝐵1, is around 7 times lower than the one produced by ACAB. 

Table 5. Analytic, ACAB and ModACAB1 solutions and relative errors obtained for the concentrations of 
the nuclides of the chain 𝐴 → 𝐵 → 𝐶 at 1 year, with initial concentrations: 𝑁𝐴 = 10

25, 𝑁𝐵 = 𝑁𝐶 = 0; and 
effective decay rates: 𝑑𝐴 = 2.19 × 10

−7 𝑠−1, 𝑑𝐵 = 2.18 × 10
−7 𝑠−1, 𝑑𝐶 = 2.19 × 10

−7 𝑠−1. The critical 
effective decay rate for this case is 𝑑𝐶𝑟𝑖𝑡 = 2.189 × 10

−7 𝑠−1. 

 
Concentration of 

nuclide A after 1 year 

Concentration of 

nuclide B after 1 year 

Concentration of 

nuclide C after 1 year 

Analytic 9.965E+21 6.997E+22 2.394E+23 

ACAB 9.965E+21 6.997E+22 1.525E+25 

∆𝑟
𝐴𝐶𝐴𝐵 0.000 0.000 62.696 

ModACAB1 9.965E+21 6.997E+22 2.286E+24 

∆𝑟
𝑀𝑜𝑑𝐴𝐶𝐴𝐵1 0.000 0.000 8.548 
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 The relative error made by ModACAB1, ∆𝑟
𝑀𝑜𝑑𝐴𝐶𝐴𝐵1= |

𝐴𝑛𝑎𝑙𝑦𝑡𝑖𝑐−𝑀𝑜𝑑𝐴𝐶𝐴𝐵1

𝐴𝑛𝑎𝑙𝑦𝑡𝑖𝑐
|, in the 

estimation of the concentration of nuclide 𝐶 was computed for several values of 

dC, being nuclide 𝐶 always short-lived. The results obtained show that the 

estimation given by ModACAB1 is better than the one computed by ACAB when 

dC < 1.5 dCrit, but it is worse otherwise, as it can be seen in Figure 4. ∆𝑟
𝑀𝑜𝑑𝐴𝐶𝐴𝐵1 

decreases as dC increases and it is almost equal to ∆𝑟
𝐴𝐶𝐴𝐵 when dC ≈ 1.5 dCrit. 

 

 

Figure 4. Relative error made by ACAB and ModACAB1 in the computation of the concentration of 

short-lived nuclide 𝐶 in a chain 𝐴 → 𝐵 → 𝐶 at 1 year. Effective decay rates: 
𝑑𝐴

𝑑𝐶𝑟𝑖𝑡
= 1.0005 and 

𝑑𝐵

𝑑𝐶𝑟𝑖𝑡
=

0.0996. Critical effective decay rate: 𝑑𝐶𝑟𝑖𝑡 = 2.189 × 10
−7 𝑠−1. 

 

 The following conclusions can be derived from the results shown in Table 

1 - Table 5 and Figure 1 - Figure 4: 

• The relative error made by ACAB increases as the effective decay rate of 

nuclide 𝐶 decreases, despite nuclide 𝐶 being long-lived or short-lived. 

• Such relative error is important only in the instance of effective decay 

rates of nuclides 𝐴 and 𝐵 almost equals to the critical effective decay rate. 

• The new version of ORIGEN included in SCALE produces better results 

when the effective decay rate of nuclide 𝐶 is less than 1.5 times the critical 

effective decay rate. 
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• When the effective decay rate of nuclide 𝐶 is higher than 1.5 times the 

critical effective decay rate, the results obtained by ACAB are better. 

 The results obtained with ModACAB1 were preliminary results to evaluate 

the changes introduced in the new version of ORIGEN included in SCALE. A 

deeper study should be conducted to determine the possibilities of such 

modification and to evaluate the viability of its implementation, totally or 

partially, in ACAB. 

2.3.2. Generation of the reduced transition matrix 

 The existence of nuclides with large effective decay rates in the transition 

matrix may give rise to computational shortcomings when the matrix 

exponential method is applied. To avoid this, TERM subroutine removes all the 

short-lived nuclides from the transition matrix and generates another one, the 

reduced transition matrix, to which the matrix exponential method is applied.  

 To reduce the transition matrix, new elements are computed for the new 

transitions, between long-lived precursors and long-lived daughters, by 

assuming zero concentrations for precursors to the long-lived precursors. These 

new elements are adjusted so that the end-of-time-interval concentrations of 

the long-lived daughters calculated from the single link between the two 

long-lived nuclides are the same as what would be computed from the chains 

including all short-lived nuclides. The computed values coincide with the correct 

ones when the long-lived daughters are stable nuclides. 

 In the case of non-stable long-lived daughters, an error is committed in the 

estimation computed by ACAB. To determine such error, let us consider the 

nuclide chain 𝐴 → 𝐵 → 𝐶, where 𝐴 and 𝐶 are long-lived, 𝐵 is short-lived and it is 

assumed initial concentration only in nuclide 𝐴. For this scenario, the 

end-of-time-interval concentration of nuclide 𝐶 is given by  

 
  𝑁𝐶(𝑡) =  𝑁𝐴(𝑡0) 

𝑎𝐵𝐴 𝑎𝐶𝐵
𝑑𝐴 𝑑𝐵

 (
𝑒−𝑑𝐵𝑡 − 𝑒−𝑑𝐶𝑡

𝑑𝐶 − 𝑑𝐵
 
𝑑𝐴 𝑑𝐵
𝑑𝐴 − 𝑑𝐵

+ 
𝑒−𝑑𝐴𝑡 − 𝑒−𝑑𝐶𝑡

𝑑𝐶 − 𝑑𝐴
 
𝑑𝐴 𝑑𝐵
𝑑𝐵 − 𝑑𝐴

), (18) 
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where  𝑁𝐴(𝑡0) is the concentration of nuclide A at the beginning-of-time-interval, 

𝑑𝑖 is the effective decay rate of the nuclide 𝑖 and 𝑎𝑖𝑗 is the rate constant for the 

formation of nuclides 𝑖 from nuclides 𝑗. 

 Let us consider now the nuclide chain 𝐴 → 𝐶, in which the nuclide 𝐵 has 

been removed and a new element 𝑎𝐶𝐴
∗ , given by Eq. (11), is adjusted for the new 

transition between long-lived nuclides. The end-of-time-interval concentration 

of the nuclide 𝐶, obtained by substituting the expression of 𝑎𝐶𝐴
∗  given by Eq. (11) 

in Eq. (9), is 

 
 𝑁𝐶
𝐴→𝐶(𝑡) = 𝑁𝐴(𝑡0) 

𝑎𝐵𝐴 𝑎𝐶𝐵
𝑑𝐴 𝑑𝐵

 𝑑𝐴  
(1 − 𝑒−𝑑𝐴𝑡 − 𝑑𝐴

𝑒−𝑑𝐴𝑡 − 𝑒−𝑑𝐵𝑡

𝑑𝐵 − 𝑑𝐴
 )

(1 − 𝑒−𝑑𝐴𝑡)
 
𝑒−𝑑𝐴𝑡 − 𝑒−𝑑𝐶𝑡

𝑑𝐶 − 𝑑𝐴
 

(19) 

 The difference, ∆, between the analytical result, given by Eq. (18), and the 

estimation, given by Eq. (19), is 

 
 ∆= 𝑁𝐴(𝑡0) 

𝑎𝐵𝐴 𝑎𝐶𝐵
𝑑𝐴 𝑑𝐵

 𝑑𝐴   
𝑒−𝑑𝐴𝑡 − 𝑒−𝑑𝐶𝑡

𝑑𝐶 − 𝑑𝐴
 (

𝑑𝐴
𝑑𝐵 − 𝑑𝐴

)

× (
𝑑𝐴
𝑑𝐵
·
1 − 𝑒−𝑑𝐵·𝑡

1 − 𝑒−𝑑𝐴·𝑡
−
𝑑𝐶 − 𝑑𝐴
𝑑𝐶 − 𝑑𝐵

·
𝑒−𝑑𝐶·𝑡 − 𝑒−𝑑𝐵·𝑡

𝑒−𝑑𝐶·𝑡 − 𝑒−𝑑𝐴·𝑡
). 

(20) 

 Being 𝐴 and 𝐶 long-lived and 𝐵 short-lived, ∆ it is always positive, which 

means that the analytic result is always higher than the estimation provided by 

ACAB. 

 The relative error, ∆𝑟=
|∆|

 𝑁𝐶(𝑡)
, produced in the estimation given by ACAB is 

 

∆𝑟= |

𝑑𝐴
𝑑𝐵
·
1 − 𝑒−𝑑𝐵·𝑡

1 − 𝑒−𝑑𝐴·𝑡
−
𝑑𝐶 − 𝑑𝐴
𝑑𝐶 − 𝑑𝐵

·
𝑒−𝑑𝐶·𝑡 − 𝑒−𝑑𝐵·𝑡

𝑒−𝑑𝐶·𝑡 − 𝑒−𝑑𝐴·𝑡

1 −
𝑑𝐶 − 𝑑𝐴
𝑑𝐶 − 𝑑𝐵

·
𝑒−𝑑𝐶·𝑡 − 𝑒−𝑑𝐵·𝑡

𝑒−𝑑𝐶·𝑡 − 𝑒−𝑑𝐴·𝑡

| . (21) 

 The nuclide chain 𝐴 → 𝐵 → 𝐶, where 𝐴 and 𝐶 are long-lived and 𝐵 is 

short-lived, was considered for different values of 𝑑𝐴, 𝑑𝐵 and 𝑑𝐶. Initial 

concentration was only assumed for nuclide 𝐴. The analytic result, the ACAB 

estimation and the relative error was computed for the different cases.  
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 The relative error, ∆𝑟= |
𝐴𝑛𝑎𝑙𝑦𝑡𝑖𝑐−𝐴𝐶𝐴𝐵

𝐴𝑛𝑎𝑙𝑦𝑡𝑖𝑐
|, produced for a wide range of values of 

𝑑𝐶 is shown in Figure 5 for three different cases: Case 1) 
dA

dCrit
= 0.9995 and 

dB

dCrit
=

1.0005; Case 2) 
dA

dCrit
= 0.0010 and 

dB

dCrit
= 1.0005; and Case 3) 

dA

dCrit
= 0.9995 and 

dB

dCrit
= 10.005. 

 

Figure 5. Relative error, Δr, made by ACAB in the computation of the concentration of nuclide 𝐶 in a chain 

𝐴 → 𝐵 → 𝐶 at 1 year, for different values of 𝑑𝐶. In blue: 
𝑑𝐴

𝑑𝐶𝑟𝑖𝑡
= 0.9995 and 

𝑑𝐵

𝑑𝐶𝑟𝑖𝑡
= 1.0005. In red: 

𝑑𝐴

𝑑𝐶𝑟𝑖𝑡
=

0.0010 and 
𝑑𝐵

𝑑𝐶𝑟𝑖𝑡
= 1.0005. In green: 

𝑑𝐴

𝑑𝐶𝑟𝑖𝑡
= 0.9995 and 

𝑑𝐵

𝑑𝐶𝑟𝑖𝑡
= 10.005.Critical effective decay rate: 

𝑑𝐶𝑟𝑖𝑡 = 2.189 × 10
−7 𝑠−1. 

 

 The worst scenario is encountered as the values of 𝑑𝐴 and 𝑑𝐵 approaches 

𝑑𝐶𝑟𝑖𝑡. In this frame (Case #1), the relative error produced in the estimation of the 

concentration of nuclide 𝐶 is lower than 10% for 𝑑𝐶 < 0.1 𝑑𝐶𝑟𝑖𝑡, while it is lower 

than 1% for 𝑑𝐶 < 0.01 𝑑𝐶𝑟𝑖𝑡. In the extreme case of 𝑑𝐶 ≈ 𝑑𝐶𝑟𝑖𝑡, the relative error 

reaches the 71%. 

 Better estimations of the concentration of nuclide 𝐶 are computed as the 

values of 𝑑𝐴 and 𝑑𝐵 move away from 𝑑𝐶𝑟𝑖𝑡. To assess this improvement, two 

different scenarios were considered. In Case #2, 𝑑𝐴 was set three orders of 

magnitude lower than 𝑑𝐶𝑟𝑖𝑡, while maintaining 𝑑𝐵 ≈ 𝑑𝐶𝑟𝑖𝑡. In Case #3, 𝑑𝐵 was set 

one order of magnitude higher than 𝑑𝐶𝑟𝑖𝑡, while maintaining 𝑑𝐴 ≈ 𝑑𝐶𝑟𝑖𝑡. 
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 The following conclusions are extracted from the results obtained for 

Case #1, Case #2 and Case #3: 

• Independently of the values of dA and dB, being A long-lived and B 

short-lived, the relative error produced in the determination of a 

long-lived nuclide C is lower than 1% for dC < 0.01 dCrit. 

• The relative error obtained for Case #2 and Case #3 when dC < 0.0003 dCrit 

is zero. This is the reason why these points are missing in Figure 5. 

• The estimations obtained for both, Case #2 and Case #3, improves those 

of Case #1. Nevertheless, a much quicker improvement of the results is 

got when the effective decay rate of the short-lived nuclide, 𝑑𝐵, moves 

away from 𝑑𝐶𝑟𝑖𝑡. 

• In the frame of Case #1, the relative error produced in the estimation of 

the concentration of nuclide 𝐶 is lower than 10% for 𝑑𝐶 < 0.1 𝑑𝐶𝑟𝑖𝑡, while 

it is lower than 1% for 𝑑𝐶 < 0.01 𝑑𝐶𝑟𝑖𝑡. In the extreme case of 𝑑𝐶 ≈ 𝑑𝐶𝑟𝑖𝑡, the 

relative error reaches the 71%. 

• In the frame of Case #2, the relative error produced in the estimation of 

the concentration of nuclide 𝐶 is lower than 10% for 𝑑𝐶 < 0.3 𝑑𝐶𝑟𝑖𝑡, while 

it is lower than 1% for 𝑑𝐶 < 0.025 𝑑𝐶𝑟𝑖𝑡. In the extreme case of 𝑑𝐶 ≈ 𝑑𝐶𝑟𝑖𝑡, 

the relative error reaches the 14%. 

• In the frame of Case #3, the relative error produced in the estimation of 

the concentration of nuclide 𝐶 is always lower than 10%, while it is lower 

than 1% for 𝑑𝐶 < 0.1 𝑑𝐶𝑟𝑖𝑡. In the extreme case of 𝑑𝐶 ≈ 𝑑𝐶𝑟𝑖𝑡, the relative 

error reaches the 8.5%. 

 There exist other sources of errors related to the reduction of the transition 

matrix. One of them is due to an approximation of the new elements of the 

reduced transition matrix used by TERM subroutine. 

 The element of the reduced transition matrix accounting for a new transition 

between long-lived parent and long-lived daughter, for the general case of a 

queue 1 → 2 → 3 → ⋯ → (𝑀 − 1) → 𝑀, is given by Eq. (12). In the instance of a 

long-lived parent with an extremely low effective decay rate, Eq. (12) can be 

approximated by 
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𝑎𝑀1
∗ ≈ 𝑑1 ·

𝑎21 𝑎32 ··· 𝑎𝑀(𝑀−1)

𝑑1 𝑑2 ···  𝑑(𝑀−1)
· (1 −

1

𝑑2 · 𝑡
−

1

𝑑3 · 𝑡
− ⋯−

1

𝑑(𝑀−1) · 𝑡
). (22) 

 When (1 − 𝑒−𝑑1·𝑡 < 10−6), the new element of the reduced transition matrix is 

computed by TERM subroutine with the help of the following approximation  

 
𝑎𝑀1
∗ ≈ 𝑑1 ·

𝑎21 𝑎32 ··· 𝑎𝑀(𝑀−1)

𝑑1 𝑑2 ···  𝑑(𝑀−1)
· (1 −

1

𝑑3 · 𝑡
−

1

𝑑4 · 𝑡
− ⋯−

1

𝑑(𝑀−1) · 𝑡
).  (23) 

Note that Eq. (23) is the same as Eq. (22), but for the disappearance of the term 

(
1

𝑑2·𝑡
). This disagreement may produce an error in the estimation of the 

concentration of the long-lived daughter.  

 To estimate the error produced by ACAB due to the approximation used by 

TERM subroutine, a study was performed to the nuclide chain 𝐴 → 𝐵 → 𝐶, where 

𝐴 and 𝐶 were long-lived, 𝐵 was short-lived, it was assumed initial concentration 

only in nuclide 𝐴 and the condition (1 − 𝑒−𝑑𝐴·𝑡 < 10−6) was accomplished.  

 A version of ACAB, called from now on as ModACAB2, which included 

Eq. (22) instead of Eq. (23) in TERM subroutine, was used to perform the same 

study to the nuclide chain 𝐴 → 𝐵 → 𝐶. 

The relative errors, ∆𝑟
𝐴𝐶𝐴𝐵= |

𝐴𝑛𝑎𝑙𝑦𝑡𝑖𝑐−𝐴𝐶𝐴𝐵

𝐴𝑛𝑎𝑙𝑦𝑡𝑖𝑐
| and ∆𝑟

𝑀𝑜𝑑𝐴𝐶𝐴𝐵2= |
𝐴𝑛𝑎𝑙𝑦𝑡𝑖𝑐−𝑀𝑜𝑑𝐴𝐶𝐴𝐵2

𝐴𝑛𝑎𝑙𝑦𝑡𝑖𝑐
|, 

produced by ACAB and ModACAB2 in the estimation of the concentration of 

nuclide 𝐶, shown in Figure 6, were computed for the following values of effective 

decay rates: 
dA

dCrit
= 1.446 × 10−7 and 

dB

dCrit
= 1.0005.   

 The results obtained in this study lead to the following conclusions: 

• The relative error produced in the estimation of the concentration of 

nuclide 𝐶 given by ACAB is higher than 10% for a very wide range of 

values of the effective decay rate of 𝐶. In particular,  ∆𝑟
𝐴𝐶𝐴𝐵  > 6% for dC <

0.3 dCrit. 
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• The concentration of nuclide 𝐶 computed by ACAB is always higher than 

the analytic solution. This means that ACAB provides conservative 

estimations of the concentration of nuclide 𝐶. 

• The results provided by ModACAB2 improve those of ACAB in a very wide 

range of values of the effective decay rate of nuclide 𝐶. In particular, 

∆𝑟
𝑀𝑜𝑑𝐴𝐶𝐴𝐵2 < 1.3% for dC < 0.03 dCrit. 

• The relative error produced by ModACAB2 increases as the effective 

decay rate of nuclide 𝐶 increases. In the limit case of dC = dCrit, 

∆𝑟
𝑀𝑜𝑑𝐴𝐶𝐴𝐵2 = 13.9%. This behavior, contrary to that of the results computed 

by ACAB, is similar to the trends shown in Figure 5. The reason for this 

is that the new elements of the reduced transition matrix are adjusted so 

that the computed values coincide with the correct ones when the 

long-lived daughters are stable nuclides. 

• The concentration of nuclide 𝐶 computed by ModACAB2 is always lower 

than the analytic solution. This means that ModACAB2 provides 

non-conservative estimations of the concentration of nuclide 𝐶. 

 

Figure 6. Relative error made by ACAB and ModACAB2 in the computation of the concentration of 

long-lived nuclide 𝐶 in a chain 𝐴 → 𝐵 → 𝐶 at 1 year. Effective decay rates: 
𝑑𝐴

𝑑𝐶𝑟𝑖𝑡
= 1.446 × 10−7 and 

𝑑𝐵

𝑑𝐶𝑟𝑖𝑡
= 1.0005. Critical effective decay rate: 𝑑𝐶𝑟𝑖𝑡 = 2.189 × 10

−7 𝑠−1. 

 

 The results obtained with ModACAB2 were preliminary results to evaluate 

the possible improvement of the estimations computed by ACAB. A deeper study 
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should be conducted to determine the viability of the implementation of this 

modification, totally or partially, in ACAB. 

 Finally, motivated by the second international activation calculation 

benchmark comparison study [48], the accuracy of the concentration obtained 

for nuclides 𝐷 and 𝐸 was assessed, in a chain 𝐴 → 𝐵 → 𝐶 → 𝐷 → 𝐸 for which 𝐵 is 

a short-lived nuclide and the remaining nuclides are long-lived. Note that the 

error produced in the assessment of the concentration of nuclide 𝐶 was 

described before (see Figure 5). It was found negligible when 𝑑𝐶 < 0.001 𝑑𝐶𝑟𝑖𝑡, 

independently of the values of 𝑑𝐴 and 𝑑𝐵.  

 The concentrations of nuclides 𝐷 and 𝐸 depend on many variables, as the 

effective decay rates of the nuclides in the chain and their initial concentration. 

For this study, initial concentration was considered only for nuclide 𝐴 and 

effective decay rates of the long-lived nuclides (𝐴, 𝐶, 𝐷, 𝐸) were established around 

0.0001 𝑑𝐶𝑟𝑖𝑡. The dependence of the relative error, ∆𝑟
 = |

𝐴𝑛𝑎𝑙𝑦𝑡𝑖𝑐−𝐴𝐶𝐴𝐵

𝐴𝑛𝑎𝑙𝑦𝑡𝑖𝑐
|, of the 

concentration of nuclides 𝐷 and 𝐸, with respect to the value of 𝑑𝐵, was 

determined. The results are shown in Figure 7.  

 The main conclusions derived from this study are: 

• The relative error produced in the assessment of the concentrations of 

nuclides 𝐷 and 𝐸 rise as the effective decay rate of nuclide 𝐵 approaches 

the critical effective decay rate. Being 14% and 27% the maximum 

relative errors for the concentrations of nuclides 𝐷 and 𝐸, respectively. 

• The higher relative error is always produced in the determination of the 

concentration of nuclide 𝐸, with respect to nuclide 𝐷. 

• In case of nuclide 𝐷, the relative error is above 10% when dB < 1.5 dCrit 

and above 1% when dC < 3.5 dCrit, approximately. 

• In case of nuclide 𝐸, the relative error is above 10% when dB < 2.5 dCrit 

and above 1% when dC < 10 dCrit, approximately. 
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Figure 7. Relative error made by ACAB in the computation of the concentration of long-lived nuclides 𝐷 

and 𝐸 in a chain 𝐴 → 𝐵 → 𝐶 → 𝐷 → 𝐸 at 1 year. Effective decay rates: 
𝑑𝐴

𝑑𝐶𝑟𝑖𝑡
= 2.3 × 10−4, 

𝑑𝐶

𝑑𝐶𝑟𝑖𝑡
=

9 × 10−5, 
𝑑𝐷

𝑑𝐶𝑟𝑖𝑡
= 2.5 × 10−4and  

𝑑𝐸

𝑑𝐶𝑟𝑖𝑡
= 0. Critical effective decay rate: 𝑑𝐶𝑟𝑖𝑡 = 2.189 × 10

−7 𝑠−1. 

 

 Two additional cases were also considered. For both, the values of 𝑑𝐴, 𝑑D and 

𝑑E were the same specified in Figure 7, while nuclide 𝐶 was considered in the 

limit between long- and short-lived, with 
𝑑C

𝑑𝐶𝑟𝑖𝑡
= 0.996. In the first case, 

𝑑B

𝑑𝐶𝑟𝑖𝑡
=

1.0005 was considered and the relative errors produced in the estimation of the 

concentrations of nuclides 𝐷 and 𝐸 were 2.8% and 18%, respectively. These 

results represent a reduction of 11% and 9% with respect to the case studied 

before. In the second case, 
𝑑B

𝑑𝐶𝑟𝑖𝑡
= 10 was considered and the relative errors 

produced in the estimation of the concentrations of nuclides 𝐷 and 𝐸 were 0.8% 

and 0.4%, respectively.  

2.3.3. Approximations assumed by EQUIL 

 EQUIL computes the formation of short-lived nuclides due to the 

beginning-of-time-interval concentration of long-lived precursors. In the case of 

existence of long-lived parent 𝐿 at the beginning-of-time-interval, the amount of 

short-lived daughter 𝑆 at the end-of-time-interval due to the decay of the parent 

𝐿 is calculated with the help of Eq. (15). Such equation was obtained by 

assuming 𝑒−𝑑𝐿·𝑡 − 𝑒−𝑑𝑆·𝑡  ≈ 𝑒−𝑑𝐿·𝑡 in the Bateman equations given by Eq. (7). 
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Under certain circumstances, such approximation may lead to a dramatic error 

in the estimation of the end-of-time-interval concentration of the short-lived 

nuclide. Such error can be easily computed. On the one hand, the 

end-of-time-interval concentration of the nuclide 𝑆 in the chain 𝐿 → 𝑆, due to the 

beginning-of-time-interval concentration of nuclide 𝐿, is given by  

 
𝑁𝑆(𝑡) =  𝑁𝐿(𝑡0) · 𝑎𝑆𝐿 ·

𝑒−𝑑𝐿·𝑡 − 𝑒−𝑑𝑆·𝑡

𝑑𝑆 − 𝑑𝐿
  (24) 

On the other hand, the estimation given by EQUIL subroutine is 

 
 𝑁𝑆
𝐸𝑄𝑈𝐼𝐿(𝑡) =  𝑁𝐿(𝑡0) · 𝑎𝑆𝐿 ·

𝑒−𝑑𝐿·𝑡

𝑑𝑆 − 𝑑𝐿
 (25) 

The relative error made by EQUIL, ∆𝑟=
|𝑁𝑆−𝑁𝑆

𝐸𝑄𝑈𝐼𝐿
|

𝑁𝑆
, which can be computed with 

the help of Eq. (24) and (25), is given by 

 
∆𝑟=

𝑒−𝑑𝑆·𝑡

𝑒−𝑑𝐿·𝑡 − 𝑒−𝑑𝑆·𝑡
 . (26) 

 Such error grows asymptotically as the values of 𝑑𝐿 and 𝑑𝑆 get closer, which 

can be only produced when 𝑑𝐿 ≈ 𝑑𝑆 ≈ 𝑑𝐶𝑟𝑖𝑡. 

 Two situations have been considered to evaluate the relative error, ∆𝑟. First, 

being 𝑑𝐿 = 𝑑𝐶𝑟𝑖𝑡, the dependence of ∆𝑟 with respect to 𝑑𝑆 has been determined. 

Two main conclusions can be derived from the results obtained, shown in Figure 

7. On the one hand, ∆𝑟 grows asymptotically as 𝑑𝑆 approaches 𝑑𝐿, as it was 

expected from Eq. (26). On the other hand, ∆𝑟< 1% when 𝑑𝑆 ≥ 1.67 × 𝑑𝐶𝑟𝑖𝑡. 

Second, being 𝑑𝑆 = 𝑑𝐶𝑟𝑖𝑡, the dependence of ∆𝑟 with respect to 𝑑𝐿 has been 

computed. As in the previous case, ∆𝑟 grows asymptotically as 𝑑𝐿 approaches 

𝑑𝑆, as it can be seen in Figure 8. In this case, ∆𝑟< 1% when 𝑑𝐿 ≤ 0.33 × 𝑑𝐶𝑟𝑖𝑡. 

 One important conclusion can be derived from the results shown in Figure 

7 and Figure 8: as the values of both 𝑑𝐿 and 𝑑𝑆 move towards 𝑑𝐶𝑟𝑖𝑡, the error 

produced in the estimation of the concentration of the short-lived daughter 
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tends to infinity. Nevertheless, the interval of effective decay rate values for 

which the error is important is narrow. The relative error will be lower than 1% 

whenever 𝑑𝐿 ≤ 0.33 × 𝑑𝐶𝑟𝑖𝑡 and/or 𝑑𝑆 ≥ 1.67 × 𝑑𝐶𝑟𝑖𝑡. 

 The implementation of Eq. (24), instead of Eq. (25), in a new version of ACAB 

would avoid this risky situation. 

 

Figure 8. Relative error, ∆𝑟, made by ACAB in the computation of the concentration of short-lived nuclide 

𝑆 in a chain 𝐿 → 𝑆 at 1 year. Effective decay rates: 
𝑑𝐿

𝑑𝐶𝑟𝑖𝑡
= 1 and 𝑑𝐶𝑟𝑖𝑡 = 2.189 × 10

−7 𝑠−1. 

 

 

Figure 9. Relative error, ∆𝑟, made by ACAB in the computation of the concentration of short-lived nuclide 

𝑆 in a chain 𝐿 → 𝑆 at 1 year. Effective decay rates: 
𝑑𝑆

𝑑𝐶𝑟𝑖𝑡
= 1 and 𝑑𝐶𝑟𝑖𝑡 = 2.189 × 10

−7 𝑠−1. 
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2.3.4. Loops 

 A loop occurs when a nuclide appears more than once in a chain. The loops 

can be classified depending on the number of nuclides involved in them. In this 

sense, a loop is classified as a Nth-order loop if there exist (N+1) nuclides 

involved, i.e.  

  𝐴 → 𝐵1 → 𝐵2 → ⋯ → 𝐵𝑁 → 𝐴 (27) 

 First-order loops arise from (𝑛, 𝑝) reactions followed by 𝛽− decays or from 

(𝑛, 2𝑛) reactions followed by (𝑛, 𝛾) reactions: 

 
𝐴
(𝑛,𝑝)
→   𝐵 

𝛽−

→ 𝐴 

𝐴
(𝑛,2𝑛)
→    𝐵 

(𝑛,𝛾)
→  𝐴 

(28) 

 The treatment of loops in ACAB depends on the subroutine employed in the 

calculations. The mathematical methods used by ACAB to compute isotopic 

inventory may be classified among two distinct groups, depending on whether 

they need, or they do not need the explicit construction of the nuclide chains. 

 On the one hand, the application of the matrix exponential method to the 

reduced transition matrix and the secular equilibrium used by EQUIL do not 

require the construction of the nuclide chains to perform their calculations. In 

these cases, loops are accounted for the final concentrations given by the 

subroutines TERM and EQUIL. 

 In the case of TERM subroutine, if a long-lived nuclide is precursor of itself, 

through a queue formed by short-lived nuclides, a new element is included in 

the reduced transition matrix to account for the formation of the long-lived 

nuclide from itself. 

 In the case of EQUIL subroutine, the concentrations of short-lived nuclides 

are computed by assuming the secular equilibrium between the long-lived 

parent and the short-lived daughter and subsequent short-lived progeny. This 
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assumption results in a set of linear algebraic equations which connects every 

short-lived nuclide with its immediate precursors. Such set of linear algebraic 

equations is solved by the Gauss-Seidel iterative technique. The existence of 

loops leads to a higher number of iterations needed for the results to converge. 

 On the other hand, the application of the Bateman equations to the nuclide 

chains, performed by DECAY subroutine, and the computation of the reduced 

transition matrix elements for the new transitions between long-lived nuclides, 

produced by TERM subroutine, involved the explicit construction of the nuclide 

chains. The chains are built by ACAB so that no nuclide is repeated. This means 

that loops are not considered neither by DECAY when applying the Bateman 

equations, nor by TERM when computing the new elements of the reduced 

transition matrix. All the nuclides in the chains formed by ACAB are short-lived 

nuclides, but for the last one, which can be either long-lived or short-lived. Then, 

the loops disregarded by ACAB consist exclusively of short-lived nuclides.  

 The non-consideration of short-lived nuclide loops by ACAB avoids the 

possible formation of a short-lived nuclide due to its initial concentration. Such 

situation produces the loss of a fraction of the initial concentration of the 

short-lived nuclides involved in the loops. Such loss of initial concentration has 

been assessed for the first-order and second-order loops. 

 In the case of the study of the first-order loops, given by Eq. (28), initial 

concentration is only assumed for nuclide 𝐴. The fraction of the initial 

concentration of 𝐴 that is remaining on 𝐴 at the end-of-time-interval is given by 

𝑒−𝑑𝐴·𝑡. The fraction of the initial concentration of 𝐴 that forms nuclides 𝐵 at the 

end-of-time-interval is given by 𝑑𝐴 ·
𝑒−𝑑𝐴·𝑡−𝑒−𝑑𝐵·𝑡

𝑑𝐵−𝑑𝐴
. Thus, the fraction of the initial 

concentration of 𝐴 that is lost due to the neglection of loops by ACAB is given 

by 

 
𝛿 = 1 − 𝑒−𝑑𝐴·𝑡 − 𝑑𝐴 ·

𝑒−𝑑𝐴·𝑡 − 𝑒−𝑑𝐵·𝑡

𝑑𝐵 − 𝑑𝐴
 . (29) 

 Considering that nuclides 𝐴 and 𝐵 are short-lived, the minimum loss of 

initial concentration of nuclide 𝐴 is produced when 𝑒−𝑑𝐴·𝑡 = 𝑒−𝑑𝐵·𝑡 = 0.001, i.e. 
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when nuclides 𝐴 and 𝐵 are in the limit between long-lived and short-lived. In 

this case, the fraction of initial concentration of nuclide 𝐴 lost is  

  𝛿𝑚𝑖𝑛 = 0.992 (30) 

 Thus, at least the 99.2% of the initial concentration of nuclide 𝐴 neither 

remain in 𝐴 nor produces nuclides 𝐵 in a chain 𝐴 → 𝐵 → 𝐴, when nuclides 𝐴 and 

𝐵 are short-lived. As ACAB does not considered this kind of loops, more than 

99% of the initial concentration of nuclide 𝐴 is lost. 

 Such astonishing result is produced when nuclides 𝐴 can only decay or 

transmute to form nuclides 𝐵 and vice versa. In the general case, in which other 

disintegration or transmutation ways exist, the minimum fraction of initial 

concentration of nuclide 𝐴 lost is 

 𝛿𝑚𝑖𝑛 =
𝑎𝐵𝐴
𝑑𝐴
 
𝑎𝐴𝐵
𝑑𝐵
 0.992,  (31) 

where the factor (
𝑎𝐵𝐴

𝑑𝐴
 
𝑎𝐴𝐵

𝑑𝐵
) accounts for the fraction of nuclide 𝐴 that follow the 

sequence 𝐴 → 𝐵 → 𝐴. 

 This result has been checked by means of the computation of the 

concentrations of nuclides 𝐴 and 𝐵 for the chain 𝐴 → 𝐵 → 𝐴, at the final time of 

1 year. Initial concentration, set equal to 1025, has just been considered for 

nuclide 𝐴. The effective decay rates assumed for nuclides 𝐴 and 𝐵 have been: 

dA = dB = 2.19 × 10
−7 𝑠−1. The computations have been performed in two 

separate ways.  

 On the one hand, calculations have been conducted considering only one 

time-interval of 1 year. For this scenario, both nuclides 𝐴 and 𝐵 were short-

lived, with 
dA

dCrit
=

dB

dCrit
= 1.0005. This means that ACAB computed the 

concentrations of nuclides 𝐴 and 𝐵 by using uniquely DECAY subroutine, which 

avoids the existence of loops.  

 On the other hand, the final time of 1 year has been divided in three 

time-intervals: two time-intervals of 107𝑠 and a last one of 1.16 × 107𝑠. For this 
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scenario, both nuclides 𝐴 and 𝐵 were long-lived, so that TERM subroutine 

applied the matrix exponential method directly to the transition matrix. In this 

case, loops are accounted for the final concentrations of nuclides 𝐴 and 𝐵.  

 The estimations calculated by ACAB for both cases, shown in Table 6, 

support the result given by Eq. (30). 

Table 6. Concentrations computed by ACAB for nuclides 𝐴 and 𝐵 in the chain 𝐴 → 𝐵 → 𝐴 after 1 year. In 

the first case, DECAY subroutine is used to perform the calculations with 
𝑑𝐴

𝑑𝐶𝑟𝑖𝑡
=

𝑑𝐵

𝑑𝐶𝑟𝑖𝑡
= 1.0005. In the 

second case, the final time is divided in three time-intervals of 107𝑠, 107𝑠 and 1.16 × 107𝑠, so that 
nuclides 𝐴 and 𝐵 are long-lived and the matrix exponential method is applied. 

 
Concentration of 

nuclide A after 1 year 

Concentration of 

nuclide B after 1 year 

Concentration of 

nuclide A lost (in %) 

DECAY 9.997E+21 6.906E+22 99.21 

TERM 5.000E+24 5.000E+24 0.00 

 

 The minimum fraction of initial concentration lost, when DECAY performs 

the calculations of a chain containing a loop, decreases as the order of the loop 

increases.  

 In the case of second-order loops, given by 𝐴 → 𝐵 → 𝐶 → 𝐴, the fraction of 

initial concentration of nuclide 𝐴 lost is given by 

 
 𝛿 = 1 − 𝑒−𝑑𝐴·𝑡  −  𝑑𝐴 ·

𝑒−𝑑𝐴·𝑡 − 𝑒−𝑑𝐵·𝑡

𝑑𝐵 − 𝑑𝐴
 −  

𝑑𝐴 𝑑𝐵
𝑑𝐵 − 𝑑𝐴

·
𝑒−𝑑𝐴·𝑡 − 𝑒−𝑑𝐶·𝑡

𝑑𝐶 − 𝑑𝐴
       

−  
𝑑𝐴 𝑑𝐵
𝑑𝐴 − 𝑑𝐵

·
𝑒−𝑑𝐵·𝑡 − 𝑒−𝑑𝐶·𝑡

𝑑𝐶 − 𝑑𝐵
 

(32) 

 Considering that nuclides 𝐴, 𝐵 and 𝐶 are short-lived, the minimum loss of 

initial concentration of nuclide 𝐴 is produced when 𝑒−𝑑𝐴·𝑡 = 𝑒−𝑑𝐵·𝑡 = 𝑒−𝑑𝐵·𝑡 =

0.001, i.e. when nuclides 𝐴, 𝐵 and 𝐶 are in the limit between long-lived and short-

lived. In this case, the fraction of initial concentration of nuclide 𝐴 lost is 

  𝛿𝑚𝑖𝑛 = 0.944 (33) 

 In the general case, in which other disintegration or transmutation ways 

than 𝐴 → 𝐵 → 𝐶 → 𝐴 exist, the minimum fraction of initial concentration of 

nuclide 𝐴 lost is 
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  𝛿𝑚𝑖𝑛 =
𝑎𝐵𝐴
𝑑𝐴
 
𝑎𝐶𝐵
𝑑𝐵
 
𝑎𝐴𝐶
𝑑𝐶
 0.944, (34) 

where the factor (
𝑎𝐵𝐴

𝑑𝐴
 
𝑎𝐶𝐵

𝑑𝐵
 
𝑎𝐴𝐶

𝑑𝐶
) accounts for the fraction of nuclide 𝐴 that follow 

the sequence 𝐴 → 𝐵 → 𝐶 → 𝐴. 

 The result given by Eq. (33) has been checked by means of the computation 

of the concentrations of nuclides 𝐴, 𝐵 and 𝐶 for the chain 𝐴 → 𝐵 → 𝐶 → 𝐴, at the 

final time of 1 year. Initial concentration, set equal to 1025, has just been 

considered for nuclide 𝐴. The effective decay rates assumed for nuclides 𝐴, 𝐵 

and 𝐶 have been: 𝑑A = 𝑑B = 𝑑C = 2.19 × 10
−7 𝑠−1. The computations have been 

performed, again, in two separate ways.  

 On the one hand, calculations have been conducted considering only one 

time-interval of 1 year. For this scenario, nuclides 𝐴, 𝐵 and 𝐶 were short-lived, 

with 
𝑑A

𝑑𝐶𝑟𝑖𝑡
=

𝑑B

𝑑𝐶𝑟𝑖𝑡
=

𝑑C

𝑑𝐶𝑟𝑖𝑡
= 1.0005. This means that ACAB computed the 

concentrations of nuclides 𝐴, 𝐵 and 𝐶 by using uniquely DECAY subroutine, 

which avoids the existence of loops.  

 On the other hand, the final time of 1 year has been divided in three 

time-intervals: two time-intervals of 107𝑠 and a last one of 1.16 × 107𝑠. For this 

scenario, nuclides 𝐴, 𝐵 and 𝐶 were long-lived, so that TERM subroutine applied 

the matrix exponential method directly to the transition matrix. In this case, 

loops are accounted for the final concentrations of nuclides 𝐴, 𝐵 and 𝐶.  

 The estimations calculated by ACAB for both cases, shown in Table 7, 

support the result given by Eq. (33). 

 Note that, the results shown in Table 6 and Table 7 are due to the 

non-consideration of loops by DECAY subroutine when computing the 

end-of-time-interval concentration of the short-lived nuclides involved in the 

chain. Nevertheless, the error produced by the non-consideration of loops by 

DECAY spreads to the final concentration of all the nuclides connected to those 

involved in the loop. 
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Table 7. Concentrations computed by ACAB for nuclides 𝐴, 𝐵 and 𝐶 in the chain 𝐴 → 𝐵 → 𝐶 → 𝐴 after 1 

year. In the first case, DECAY subroutine is used to perform the calculations with 
𝑑𝐴

𝑑𝐶𝑟𝑖𝑡
=

𝑑𝐵

𝑑𝐶𝑟𝑖𝑡
=

𝑑𝐶

𝑑𝐶𝑟𝑖𝑡
=

1.0005. In the second case, the final time is divided in three time-intervals of 107𝑠, 107𝑠 and 1.16 × 107𝑠, 
so that nuclides 𝐴, 𝐵 and 𝐶 are long-lived and the matrix exponential method is applied. 

 
Concentration 

of nuclide A  

Concentration 

of nuclide B  

Concentration 

of nuclide C 

Concentration of 

nuclide A lost  

(in %) 

DECAY 9.965E+21 6.887E+22 4.760E+23 94.45 

TERM 3.334E+24 3.333E+24 3.333E+24 0.00 

 

 Finally, it is important to remark that, even though the matrix exponential 

method applied to the reduced transition matrix considers the loops between 

long-lived nuclides, the computation of the reduced transition matrix elements 

may be affected by the existence of loops formed by short-lived nuclides. Thus, 

the estimation of the concentration of the long-lived nuclides may also be 

affected by the non-consideration of loops formed by short-lived nuclides. 

2.4 ACAB FOR ITER MAINTENANCE TASKS 

 ITER is designed to produce 500 MW of fusion power based on D-T 

(deuterium-tritium) fusion reactions, which will generate around 1.8 × 1020 

neutrons per second. These neutrons will activate structural and shielding 

materials in their path. Estimates of this activation are needed for the 

assessment of quantities such as decay heat or dose rates during shutdown and 

maintenance periods. 

 52 radioisotopes, coming from 68 isotopes through 148 different pathways, 

were identified in an activation study [31], performed by UNED, as the 

radioisotopes relevant for maintenance tasks in ITER at cooling times of 24 

hours and 106 seconds, following the ITER irradiation scenario SA-2 [53]. 100 

pathways, out of the 148, consists of chains with only two nuclides. The first 

nuclide in such chains is always a stable or quasi-stable isotope, which effective 

decay rate is dominated by the product of total absorption cross section and 

neutron flux. The second nuclide in those chains, instead, is a radioisotope, 

which effective decay rates is dominated by the decay constant. 

 Depending on the time steps used for the activation calculations, the 

nuclides involved in such chains will be treated as long-lived or short-lived 
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nuclides. There exist the following four possibilities: i) 𝐿 → 𝐿, ii) 𝑆 → 𝑆, iii) 𝑆 → 𝐿 

and iv) 𝐿 → 𝑆, where 𝐿 and 𝑆 denote long-lived and short-lived nuclide, 

respectively. 

 The nuclide concentrations for 2-nuclide chains are well computed by ACAB 

in the case of the three first scenarios. Nevertheless, a loss of accuracy in the 

estimation of the daughter concentration may be produced in the case of the 

fourth scenario, given by the chain 𝐿 → 𝑆. Note that, being the parent a stable 

or quasi-stable nuclide and the daughter a radioisotope, the fourth scenario is 

one of the most likely to occur. 

 The loss of accuracy in the determination of the daughter concentration in a 

chain 𝐿 → 𝑆 was produced when the effective decay rates of both the parent and 

the daughter were very closed to the critical effective decay rate. To determine 

whether a loss of accuracy can be produced or not in the computation of the 

concentration of the daughter nuclide, let us focus in the effective decay rate of 

the parent. Such effective decay rate is dominated by the term given by the flux 

times the neutron cross section. Once the flux and the time-interval are 

specified, there exists a neutron cross section for which the effective decay rate 

of the parent equals the critical effective decay rate. Such neutron cross section 

will be call from now on as critical neutron cross section.  

 The irradiation scenario recommended by ITER IO to be used for all 

activation calculations is the so-called SA-2 irradiation scenario, shown in Table 

8.  

 The shutdown dose rate is usually computed in the corridors located in the 

interspace area of the port plugs. It is in these regions where planned in-situ 

maintenance activities will take place. The neutron flux there during the 500 𝑀𝑊 

pulses is usually comprised between 108 𝑛/(𝑐𝑚2 · 𝑠) and 1010 𝑛/(𝑐𝑚2 · 𝑠). In the 

following, a neutron flux of 1010 𝑛/(𝑐𝑚2 · 𝑠) will be considered. This means that 

5.36 × 107 𝑛/(𝑐𝑚2 · 𝑠), 4.12 × 108 𝑛/(𝑐𝑚2 · 𝑠), 8.3 × 108 𝑛/(𝑐𝑚2 · 𝑠) and 1.4 × 1010 𝑛/

(𝑐𝑚2 · 𝑠) are considered, respectively, for 2.68 𝑀𝑊, 20.6 𝑀𝑊, 41.5 𝑀𝑊 and 700 𝑀𝑊 

of fusion power. 
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Table 8. ITER SA-2 irradiation scenario. 

Duration Fusion power (MW) Repetition 

2 yr 2.68 

Once 
10 yr 20.6 

0.667 yr 0 

1.325 yr 41.5 

3920 s 0 
17 times 

400 s 500 

3920 s 0 
3 times 

400 s 700 

  

 The critical neutron cross section for the different fusion power values, 

included in the ITER SA-2 irradiation scenario, as a function of the time interval 

considered in the calculations is shown in Figure 9. The lengths of the lines 

depend on the duration of the irradiation period considered. For example, in the 

case of 700 𝑀𝑊 periods, the line extends to 400 𝑠, which is the irradiation time 

for this fusion power value. The lowest value of the critical neutron cross 

section, corresponding to a fusion power of 20.6 𝑀𝑊 and a time-interval of 10 

years, is around 4 × 107 𝑏𝑎𝑟𝑛𝑠.  

 An inspection of the EAF-2007 [54] neutron cross section data library, in 175 

energy groups, was performed to find the maximum neutron cross section. Such 

value, given by 3.06234 × 106 𝑏𝑎𝑟𝑛𝑠, was found in one of the 175 energy groups 

of the reaction 𝑋𝑒135(𝑛, 𝛾)𝑋𝑒136. Even though all the neutrons had an energy 

value contained in that energy group, which it will not ever be the case, the 

maximum total neutron cross section for any of the nuclides included in 

EAF-2007 would not exceed 4 × 106 𝑏𝑎𝑟𝑛𝑠. Such maximum total cross section is 

10 times lower than the minimum critical neutron cross section given in Figure 

9. Thus, it can be assured, as can be derived from Figure 8, that the relative 

error produced in the estimation given by ACAB for any nuclide concentration 

will not be higher than 0.2% for any period considered in the SA-2 irradiation 

scenario. 
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Figure 10. Temporal dependence of the critical cross section for different values of the total neutron flux 
accounting for the different fusion power periods included in the ITER SA-2 irradiation scenario. 

   

 Note that such maximum relative error has been estimated in the case of a 

long-lived parent and short-lived daughter, and under the following very 

conservative assumptions: 

• A maximum total neutron cross section for any of the parents equals to 

4 × 106 𝑏𝑎𝑟𝑛𝑠. Note that all the nuclides included in EAF-2007 have been 

considered, even though most of them may not appear in the composition 

of the materials used in the different components of ITER. 

• Effective decay rate coincident with the critical effective decay rate for the 

daughter whose parent presents the maximum total cross section. Note 

that a daughter effective decay rate 3 times higher than the critical 

effective decay rate would ensure a relative error lower than 0.0001%, 

regardless the parent effective decay rate. 

• The error of 0.2% is only produced in the estimation of the final 

concentration of the daughter in the irradiation period of 10 years with 

20.6 𝑀𝑊 of fusion power. For the remaining irradiation periods of the 

ITER SA-2 scenario the relative error is even lower. 
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• The computations are performed considering a unique time interval for 

each of the irradiation periods. If several time intervals are considered, 

the error committed by ACAB is even lower. 

2.5 SUMMARY 

 A revision of the solver algorithm used by ORIGEN and ACAB to perform 

isotopic inventory calculations has been done. The different methods applied, 

which depend on the effective decay rate of the nuclides considered, have been 

explained and, for the first time, the form of the elements of the reduced 

transition matrix has been described. 

 The different assumptions and approximations employed in the implemented 

mathematical method have been studied. Four potentially risky scenarios have 

been identified. Three of such scenarios are deeply related to the temporal 

scheme chosen for the performance of the activation study. The last one is 

related to the existence of cyclic nuclide chains in the problem addressed. 

 One of the identified problematic scenarios is related to the reduction of the 

transition matrix. Depending on the time interval considered for the 

calculations, the nuclides are divided into two groups: short-lived and long-lived 

nuclides. The existence of short-lived nuclides in the transition matrix can lead 

to computational shortcomings. To avoid them, the short-lived nuclides are 

removed from the transition matrix and new elements are computed for the 

transitions between long-lived nuclides, which appeared due to the removal of 

short-lived nuclides. The effect of the reduction of the transition matrix has been 

studied for a chain of three nuclides, 𝐴 → 𝐵 → 𝐶, being A and C long-lived and B 

short-lived. Initial concentration was only assumed for nuclide A. The 

computation of the concentration of nuclide C is performed by removing nuclide 

B from the transition matrix, which in this case is formed by one element. It has 

been confirmed that the error produced in the estimation of the concentration 

of nuclide C is negligible if its effective decay rate, dC, is, at least, three orders 

of magnitude lower than the critical effective decay rate, dCrit. Note that dCrit is 

completely determined by the time step, t, considered in the calculation, 

through the following equation: dCrit · 𝑡 = −𝑙𝑛(0.001). In the extreme case, in 

which dA, dB and dC are very closed to dCrit, a relative error of 100% is produced 

in the estimation of the concentration of nuclide C. In the case of two, out of the 
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three, effective decay rates being very closed to dCrit, relative errors of 10% can 

still be produced in the estimated concentration of nuclide C. Note that the time 

step considered for the calculation is key to avoid these shortcomings. 

 Related also to the reduction of the transition matrix, a chain of five nuclides, 

𝐴 → 𝐵 → 𝐶 → 𝐷 → 𝐸  in which nuclide B is the only short-lived nuclide, has been 

studied. Initial concentration was only assumed for nuclide A. The effective 

decay rates of the long-lived nuclides were considered, at least, four orders of 

magnitude lower than dCrit. The relative errors, produced in the estimation of 

the concentrations of nuclides D and E, was computed for different values of dB. 

It was found that such relative errors rose as dB approached dCrit. The maximum 

relative errors were found to be 14% and 27% for the concentrations of nuclides 

D and E, respectively. Note that in this case, only one of the effective decay rates, 

dB, had to be closed to dCrit. This kind of situations can also be avoided with the 

use of an adequate time interval. 

 A last study was performed in relation to the reduction of the transition 

matrix. In this case, the approximation used by ORIGEN/ACAB in the instance 

of a long-lived parent with an extremely low effective decay rate was assessed. 

Again, a nuclide chain formed by three nuclides, 𝐴 → 𝐵 → 𝐶, in which nuclides 

A and C are long-lived and nuclide B is short-lived, was studied. Initial 

concentration was only assumed for nuclide A. It was found that one of the 

terms in this approximation was not implemented in the code. As a 

consequence, relative errors in the estimation of the concentration of nuclide C 

of almost 20% could be produced in case dB was very closed to dCrit. Such high 

relative error was produced for each value of dC in the range from 0 to 0.1 · dCrit. 

A modification of the code, which included the missing term in the 

approximation, was used to study the same chain. Relative errors lower than 

1% were found for value of dC in the range from 0 to 0.03 · dCrit. The maximum 

relative error, of around 12%, was found when dC ≈ dCrit. 

 The computation of the initial concentration of the long-lived nuclides was 

found to be a second potentially risky scenario. The initial concentrations of the 

long-lived nuclides are augmented by a factor which accounts for their 

formation due to the existence of short-lived. The factor applied by DECAY 

subroutine produces a correct estimation of the concentration of the long-lived 

nuclides, due to the contribution of short-lived precursors. Nevertheless, it 
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overpredicts the concentration of the long-lived nuclide progeny. A nuclide chain 

formed by three nuclides, 𝐴 → 𝐵 → 𝐶, in which nuclide A is short-lived and 

nuclide B is long-lived, was studied for the cases of nuclide C being long- and 

short-lived. Initial concentration was only assumed for nuclide A. The worst 

scenarios were found when dA ≈ dCrit and dB ≈ dCrit. For both cases, being 

nuclide C long- and short-lived, the relative error produced in the estimation of 

its final concentration augmented as dC decreased. In the case of long-lived 

nuclide C, the maximum relative error could be of almost 600%. In the case of 

short-lived nuclide C, the maximum relative error could be of 6300% and the 

computed concentration of nuclide C could be higher than the initial 

concentration of nuclide A. All these situations could be avoided by choosing a 

more appropriate temporal scheme. 

 A modification of the code, already implemented in the ORIGEN version 

included in SCALE, was also implemented in ACAB. Better results are produced 

by the modified ACAB when dC < 1.5 · dCrit. Otherwise, the results obtained by 

ACAB are better. Nevertheless, the most critical range was, precisely, that of 

dC < 1.5 · dCrit, so that the final implementation of the modification in ACAB 

should be considered. 

 The third risky situation studied was related to the formation of a short-lived 

nuclide from a long-lived parent. An approximation is used by EQUIL 

subroutine to compute the final concentration of the short-lived nuclide. Such 

approximation consists of considering 𝑒−𝑑𝐿·𝑡 − 𝑒−𝑑𝑆·𝑡  ≈ 𝑒−𝑑𝐿·𝑡, where L stands for 

the long-lived parent and S for the short-lived daughter. A study of a nuclide 

chain 𝐿 → 𝑆 was performed and it was found that, under certain circumstances, 

such approximation may lead to a dramatic error in the estimation of the final 

concentration of the short-lived nuclide. Specifically, as 𝑑𝐿 and 𝑑𝑆 approaches 

𝑑𝐶𝑟𝑖𝑡, the relative error tends to infinity. Note that, again, the time interval 

considered for the computation of the final concentrations is crucial. A 

modification of the code was performed to include the missing term in the 

approximation taken by ACAB. Such modification solved the problems 

originated by the approximation. 

 The treatment of cyclic nuclide chains by ACAB was also studied in the frame 

of this thesis. From a direct inspection of the code, it was concluded that 

ORIGEN/ACAB does not consider the cyclic chains formed exclusively by 
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short-lived nuclides. Such neglection of short-lived nuclide loops may affect the 

results obtained by DECAY subroutine, which apply the Bateman equations to 

the short-lived nuclide chains. A fraction of the initial concentration of the 

short-lived nuclides involved in the cyclic chains is lost due to the non-

consideration of short-lived loops. Such loss was assessed for first-order loops, 

given by 𝐴 → 𝐵 → 𝐴, and second-order loops, given by 𝐴 → 𝐵 → 𝐶 → 𝐴. In the case 

of first-order loops, at least the 99.2% of the initial concentrations of the 

nuclides involved in the loop are lost. In the case of second-order loops, the loss 

of initial concentrations of the nuclides involved in the loop is, at least, of the 

94.4%. Note that these losses take place only when there exist only one channel 

of disintegration/transmutation for each of the nuclides, which coincides with 

that of the cyclic chain. In the general case, in which other disintegration or 

transmutation ways exist, the computed losses of 99.2% and 94.4%, for 

first- and second-order loops, respectively, must be multiplied by the fraction of 

nuclide that follow the cyclic chain. As an example, if only the 1% of the 

disintegrations/transmutations of nuclide A follow a first-order loop, the total 

fraction of initial concentration of nuclide A lost will be in the range from 0.992% 

to 1%. 

 Finally, the application of ACAB to the ITER maintenance tasks was studied. 

The radioisotopes relevant for maintenance tasks in ITER at cooling times of 24 

hours and 106 seconds, following the ITER irradiation scenario SA-2, were 

identified in an activation study performed by UNED. The 67% of the relevant 

pathways, for the ITER maintenance tasks, consists of chains formed by two 

nuclides. These 2-nuclide chains were studied to determine if any of the risky 

scenarios identified previously could affect them. The approximation taken by 

EQUIL subroutine, to compute the formation of a short-lived nuclide from a 

long-lived parent, was identified as the only risky scenario that could affect the 

2-nuclide chains. From inspection of EAF-2007, and consideration of the ITER 

irradiation scenario SA-2, it was found that the maximum relative error in the 

estimation given by ACAB for any nuclide concentration is 0.2%. In addition, 

such maximum error can be only produced in the irradiation period of 10 years, 

with 20.6 𝑀𝑊 of fusion power. The relative error is even lower for the remaining 

periods of the ITER SA-2 scenario. Then, it was concluded that no errors could 

be produced in the calculations performed by ACAB for the 2-nuclide chains 

relevant for the ITER maintenance tasks. 
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CHAPTER 3 

MCNP MODELLING OF ITER COMPONENTS 

The nuclear analysis of the different components of the ITER facility is 

required for several reasons. The doses to humans and to electronics are part 

of the safety case demonstration required to get the operation authorization 

from the French nuclear regulator. The nuclear heating represents a load to be 

considered during the design of the components. The production of tritium, as 

part of the tritium breading technologies, is one of the subjects of study of ITER 

as well as part of the safety case demonstration. The minimization of the 

radioactive waste must be considered at the design level of the components. For 

these reasons, and others not mentioned, nuclear analyses must be performed 

for the different elements of ITER. 

Many computational codes exist to perform radiation transport simulations, 

with special attention to neutron radiation. Some transport codes, as Denovo 

[55] or Attila [56], use deterministic methods to solve the Boltzmann transport 

equation. Other codes, as MCNP5 [57] or Serpent [24], use Monte Carlo methods 

instead. Among them, MCNP is one of the best-established transport codes. This 

computational code has been used extensively for diverse applications, among 

others for nuclear fusion. MCNP is the computational code recommended by 

ITER Organization to perform radiation transport calculations. 

ITER is the most complex facility conceived up to now to study in detail the 

nuclear fusion for civil applications. It is a machine of extreme technical 

complexity, which design involves many interfaces. Components as complex as 

the TBMs, the heating antennas, the neutral beam injector or the plasma 

diagnostics exhibit a level of maturity design unprecedented nowadays. This 

complexity is considered in many of the required analyses, like 

thermo-mechanics, and is also desired to be captured for nuclear analyses for 

the first time. This fact has driven an evolution in the MCNP modelling. As a 

consequence, new phenomena have appeared with associated challenges 

unforeseen to the date. The best example of them is the radiation streaming 

through the port plug gaps. 
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This chapter is devoted to the work performed in relation to the MCNP 

modelling of ITER components. In Section 1, the state-of-the-art of the 

production of detailed and complex MCNP geometries is described. In Section 

3.2, the work done in relation to the enhancement of the methodology used for 

the MCNP modelling of ITER components is explained. In Section 3.3, the 

production of the ITER Tokamak Complex MCNP reference model, by means of 

the enhanced MCNP modelling procedure, is deeply explicated. In Section 3.4, 

all the details related to the generation of the European TBMs port model, and 

its integration into the ITER reference model C-model, are given. In Section 3.5, 

the new procedure, developed to enable the control of the mass deviations 

produced during the MCNP modelling, is fully described. Finally, the summary 

of the work performed in relation to the MCNP modelling of ITER components 

are given in Section 3.6. 

3.1 INTRODUCTION 

In order to perform radiation transport simulations by means of MCNP [57], 

an input is required containing all the information needed to properly describe 

the problem domain. The geometrical description of the system, subject of the 

nuclear analysis, needs to be included in the MCNP input. 

 In MCNP, the geometry specifications are given through cell and surface 

cards. Surface cards are used to define first- and second-degree surfaces and 

fourth-degree elliptical tori. These surfaces are used to define different regions 

of the space. Such regions can be combined by Boolean operators (union, 

intersection and complement) to define cells. Finally, the set of cells produced 

conforms the geometrical description of the system in MCNP format. 

 An MCNP geometry is well defined when each point of the space belongs to 

one, and only one, cell. Bad geometry definitions occur when regions of the 

space are not occupied by any cell or they are occupied by more than one. The 

importance of these geometrical short comings lies in the fact that the MCNP 

models containing them can be run normally. No fatal errors nor bad troubles 

due to geometry errors are encountered while processing the MCNP input data. 

Nevertheless, each time a particle reaches one of these badly defined regions, 

the particle gets lost, its simulation finishes and its contribution to the different 
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tallies is not considered. Hence, the results obtained can be extremely affected 

by the existence of badly defined regions in the MCNP input. 

Simple geometries can be manually defined in MCNP format. As the 

complexity of the geometry increases, the definition by hand gets more tedious 

and the time consumed to generate the MCNP geometry increases rapidly. In 

the case of geometries containing thousands of cells and many second-degree 

surfaces, the hand-made definition is almost always impossible. Even so, some 

important MCNP geometries have been produced in the past for important 

international projects, as IFMIF, DEMO or JET.  

In the case of ITER components, the models usually contain many detailed 

elements. Some of such elements are essential to capture the radiation 

transport performance of the system, as it is the case of complex and tiny gaps 

parallel to the radiation direction. Consequently, they need to be included in the 

MCNP geometry. Nevertheless, the usual time given by ITER Organization to 

produce a complete nuclear analysis of an ITER component is three or four 

months. Hence, the hand-made definition of MCNP geometries of ITER 

components is almost always impossible. 

In the last two decades, different computational tools were developed to 

enable the generation of complex and detailed MCNP geometries. These 

computational tools meant a revolution for the performance of radiation 

transport analyses. Some of them, as MCAM – SuperMC [58][59] or McCAD [60], 

were created to enable the automatic conversion of CAD models into MCNP 

geometries. Others, as DAG-MC [61], were conceived to allow users to perform 

Monte Carlo radiation transport directly on CAD models. Recently, a new 

version of MCNP, MCNP6 [62], was released, incorporating the possibility of 

defining unstructured meshes. Among all these options, the conversion tools 

offered the main advantage of preserving the approach of producing an MCNP 

input. In this sense, nuclear analyses could be performed as they always had 

been, and MCNP was already validated for its use in ITER applications. This was 

not the case of DAG-MC, which, in addition, required the use of Cubit [63], a 

software for geometry preparation, which was not easily accessible. Among the 

conversion tools, MCAM – SuperMC presented some advantages with respect to 

McCAD. On the one hand, a faster and much easier conversion of complex CAD 

models could be produced. On the other hand, the graphic interface was much 
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better. The main disadvantage was that MCAM – SuperMC was not open source, 

as it was McCAD. Nevertheless, FDS team kindly provided MCAM – SuperMC 

freely for ITER applications. For all these reasons, MCAM – SuperMC was elected 

as reference conversion code by ITER Organization after its application to the 

3D ITER benchmark model. From now on, MCAM – SuperMC will be called as 

SuperMC. 

The use of SuperMC conversion tool (and other similar tools) has meant a 

step change in the production of MCNP geometries. MCNP geometries with tens 

(and hundreds) of thousand cells, exhibiting a level of detail never reached 

before, have been produced with the help of these tools during the last years. 

The modelling of complex elements (as tiny gaps, cooling channels or hundreds 

of small pieces such as screws or washers) has favored the reduction of the 

uncertainty associated to the MCNP geometry production. It has also favored 

the encompassing of nuclear analyses with other kind of analyses, as 

thermo-mechanics.  

Nevertheless, some important issues have arisen with the generation of 

complex MCNP geometries by means of SuperMC. The computational resources 

(from RAM memory) required to run the MCNP inputs have exhibit an important 

increment for such complex MCNP geometries. Therefore, the time needed to 

load the MCNP geometry of some complex models has reached several hours. In 

addition, the use of lines in the MCNP plotter for some complex MCNP 

geometries is impossible, which extremely complicates the fixing of badly 

defined regions. Finally, and most important, due to the RAM memory 

consumption, some models were extremely difficult to be run. 

To avoid these computational memory issues, preparation of detailed CAD 

models is usually performed prior to the conversion into MCNP geometries. This 

process usually implies the simplification, or removal, of elements that are not 

considered relevant by the nuclear analyst for the nuclear analysis. 

Computational tools, specially devoted to the geometry preparation of CAD 

models, as SpaceClaim [64] or Cubit are used to perform the simplification of 

the models.  

The simplification of some parts of the CAD models, prior to their conversion 

into MCNP format, introduced another uncertainty for the radiation transport 
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simulations. Such uncertainty is related to the deviation of masses between the 

original CAD model elements and the converted MCNP geometry cells. A 

body-to-body correspondence between original CAD bodies and MCNP cells is 

required to control the mass deviations produced due to the simplifications 

performed to the original CAD models. Unfortunately, the traceability of 

body-to-body correspondence for complex MCNP geometries produced by means 

of automatic conversion tools, such as SuperMC [58][59], is very complex. The 

development of some procedures was required to control the mass deviations 

produced during the production of complex MCNP geometries. 

Another important issue related to the use of automatic conversion tools, 

such as SuperMC, is the high amount of badly defined regions created during 

the conversion into MCNP geometries. In the case of SuperMC, these geometrical 

problems are usually originated by the approximation of very close surfaces, the 

existence of tiny undefined space regions and, residually, translation errors in 

complex cells. These problematic regions in the MCNP geometries must be fixed 

to avoid the appearance of lost particles during the simulation of the radiation 

transport. 

The total time spent to generate complex MCNP geometries is another issue. 

The hand-made production of such MCNP geometries would take years, which 

is usually in direct confrontation with the time schedule of any project. The 

appearance of computational tools, such as SuperMC, made possible the 

creation of very complex MCNP geometries in much less time. Nevertheless, due 

to the preparation of the CAD models and the cleaning of badly defined regions 

in the converted MCNP geometries, the production of complex MCNP geometries 

still takes a long time.  

TECF3IR group at UNED has been using SuperMC to convert complex and 

detailed CAD models into MCNP geometries since 2010. Very complex MCNP 

geometries of ITER components, such as ICH port cell [65], HCLL and HCPB 

TBMs [66] or Diagnostics equatorial port #11 [67], were generated during the 

first years of implementation of SuperMC in TECF3IR group. Nevertheless, some 

deficiencies were produced due to the absence of clear procedures in these early 

stages. Around 75% of the total time of the nuclear analyses was devoted to the 

production of the MCNP geometries, mostly due to the cleaning of the huge 

amounts of lost particles in the converted geometries. Mass deviations between 
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original CAD model elements and MCNP cells were not controlled, which 

introduced an important uncertainty to the nuclear analyses performed to those 

ITER components. The MCNP geometries produced did not exhibit any special 

order and comments were not generally included in the different MCNP cells. 

The allocation of material and densities in the MCNP cells was done manually, 

which incremented the time consumed to produce the MCNP geometry. This 

also included a new uncertainty related to potential human errors. In addition, 

no revision procedure existed, so that the content and the extension of the 

revision depended exclusively on the analyst on charge of it. 

Trying to avoid these deficiencies, a standard procedure related to the 

production of complex MCNP geometries of ITER components was established 

in TECF3IR group. The enhancement of this procedure was an important part 

of the work of this thesis. A standardized and by-default new step, devoted to 

the updating of the initial CAD model, was included in the procedure to ensure 

the correctness of the original model. A totally new step, so-called 

“Refurbishment of the model”, was incorporated to the standard procedure. This 

new step was key in the production of strongly organized MCNP geometries, with 

comments in every cell. It also favored the automatic allocation, by means of a 

computational script, of material and density in the different MCNP cells. Also, 

as part of the work of this thesis, procedures were developed to control the mass 

deviations between the original CAD model elements and the MCNP geometry 

cells. In addition, a procedure was established to standardize the revision of the 

production of MCNP geometries. 

As a consequence of the enhanced procedures established in TECF3IR group 

to produce complex MCNP geometries of ITER components, most of the 

deficiencies identified in the first MCNP geometries produced were fixed. In this 

sense, the time consumed to produce a complex MCNP geometry was reduced 

from the 75% of the total time of the nuclear analysis to the 35-40%. A strict 

mass deviation control is carried out. Strongly organized MCNP geometries, fully 

commented and user-friendly are produced. Scripts are now available to 

automatize some task, such as the material and density allocation in cells. A 

clear procedure exists to revise the production of MCNP geometries. 

Computational developments have also been produced by TECF3IR group 

during the last years, which facilitate the MCNP modeling of nuclear fusion 
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facility components. Special mention must to be done to the development of the 

D1SUNED code [68]-[74], which extremely reduced the RAM memory 

consumption of the MCNP geometries. In terms of MCNP modelling, the use of 

D1SUNED have reduced the loading time of very complex MCNP geometries 

from several hours to few minutes. It has also enabled the use of lines for very 

complex MCNP geometries in the MCNP plotter.  

The enhanced procedures developed at TECF3IR group have represent a step 

change in the MCNP modelling and have favored the production of MCNP 

geometries of the highest quality, recognized internationally. This has allowed 

UNED to become one of the reference teams in ITER for MCNP modelling. In this 

sense, UNED is involved in two of the most complex MCNP models in the world: 

C-model [75] and Tokamak Complex reference model [76], two of the three ITER 

reference models.  

The ITER reference models are produced to provide with the adequate 

physical environment required to properly analyze the different ITER 

components. Since radiation transport is inherently a highly transversal 

problem, the problem space in many nuclear analyses is extending well beyond 

the region of the ITER component considered. The ITER reference models are 

extremely relevant for the ITER project. They are created to be used by many 

users to assess the nuclear performance of the different ITER systems. The 

nuclear analyses produced with the help of the ITER reference models are used 

by the ITER responsible officers to enhance the design and to validate their 

systems. The ITER reference models will be part of every safety related nuclear 

analysis to be revised by the French nuclear regulator. 

The ITER MCNP reference models are probably the most complex MCNP 

models ever produced. Tens of thousands of cells and surfaces are employed to 

model the different ITER components with the maximum degree of detail 

possible. In the case of C-Model R180430, 114.000 cells and 146.000 surfaces 

are included in the model. In some cases, the space in the ITER reference models 

is broken down in different containers, by means of the use of MCNP universes. 

Complex nestings of universes, in which containers are broken down into 

sub-containers, are also employed. The MCNP definition of hundreds of 

materials are needed to characterize the material content of the very many ITER 

components considered. Because of this, a huge amount of cross-section data 
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libraries must be considered. For all these reasons, an extraordinary high 

amount of RAM computational memory is usually required to run the ITER 

MCNP reference models. 

C-model [75] is the ITER MCNP reference model of the ITER tokamak. It is 

based on a modular concept of model envelopes which fill all space of a 40º 

regular torus sector of the tokamak. Due to the enhanced MCNP modelling 

procedures developed, UNED is involved in the current development of C-model 

and has participated in its elaboration. On the one hand, UNED have produced 

the generic equatorial and upper ports, and the model of the torus cryopump 

placed in the lower port. On the other hand, UNED has revised the production 

and the integration of the heterogeneous MCNP representation of the Poloidal 

Field Coils and the integration of the TCWS manifolds into C-Model. The revision 

of the chemical composition and material distribution of the 80% of the blanket 

shield modules has also been done by UNED. 

The Tokamak Complex MCNP reference model is the ITER MCNP reference 

model of the Tokamak, Diagnostics and Tritium buildings, excluding the neutral 

beam injector sector of the Tokamak building. This ITER reference model was 

produced by UNED from scratch under my leadership. The Tokamak Complex 

MCNP reference model is extremely relevant for the ITER project, being the basis 

for the ITER radiation maps and an essential piece for the 

As-Low-As-Reasonably-Achievable (ALARA) strategy. The production of the 

Tokamak Complex MCNP reference model, deeply explained in Subsection 3.3, 

constitutes an example of the power of the enhanced procedures for MCNP 

modelling developed at UNED. 

Besides the ITER MCNP reference models, C-model and Tokamak Complex, 

UNED has also been involved in the MCNP modelling of other ITER components, 

such as ITER port plugs. The generation of ITER port plug MCNP geometries is 

a less entity task than the production of ITER reference models, but it is still of 

major relevance for the project. The approach to produce an ITER port plug 

MCNP model is different due to their special characteristics. They are meant to 

be nested in C-model universes, so that a size limitation is required. Local 

quantities, such as nuclear heating or tritium production, are to be computed 

in the port plugs. Such quantities are especially sensitive to mass variations. 

For this reason, mass deviations between the original CAD model elements and 
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the MCNP geometry cells must be avoided. UNED has produced important ITER 

port plug MCNP geometries during the last years, like the equatorial ports #11 

and #12 (used for the Preliminary Design Review), the torus cryopump (used for 

the Final Design Review) and the European Test Blanket Modules (EU-TBMs) 

(used for preparation for the Preliminary Design Review). The production of the 

EU-TBMs MCNP geometry, explained in Section 3.4, represents another 

important example of the power of the enhanced procedures developed at UNED. 

3.2 ADVANCES IN METHODOLOGY FOR MCNP 

MODELLING OF ITER COMPONENTS 

The generation of detailed and high quality MCNP models is key to enable 

the performance of accurate nuclear analyses of ITER components. The 

appearance of conversion computational tools, such as SuperMC [58][59], 

meant a revolution for the MCNP modelling field, allowing the production of 

complex MCNP models in acceptable time intervals. A drastic change occurred 

in the procedure followed to create MCNP geometries. CAD processing 

computational tools, such as SpaceClaim [64] or Cubit [63], were introduced in 

the MCNP modelling process to facilitate the preparation of the CAD models for 

conversion into MCNP. 

Important issues also arose due to the change of paradigm in the MCNP 

modelling. An important increase was experienced in the computational 

memory resources required to run the complex MCNP models produced. Very 

many badly defined regions were generated during the conversion of the CAD 

models into MCNP geometries. Such geometry errors originated an important 

increased in the number of particles lost during the radiation transport 

simulations. Important mass deviations were produced due to the preparation 

of the CAD models and the conversion into MCNP format. Such mass deviations 

constituted an important uncertainty, which was not control at all.  

These issues were worsened by the little knowledge of the new computational 

tools involved in the MCNP modelling and by the absence of clear procedures. 

In addition, the time spent in the production of the complex MCNP geometries 

accounted for the 75% of the total time devoted to the whole nuclear analysis. 

The generation of an MCNP modelling procedure, and the optimization of its 
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different steps, was mandatory to reduce the issues associated to the converted 

MCNP geometries.  

This Section is devoted to the work done to improve the MCNP modelling of 

the ITER components. In Subsection 3.2.1, the early approach used to generate 

complex MCNP geometries is described. The different issues associated to the 

use of the early approach are identified. In Subsection 3.2.2, the enhanced 

procedure, conceived to reduce the identified issues, is explained. Finally, in 

Subsection 3.2.3, a summary of the improvements is given. 

3.2.1. Early procedure 

At the initial years of the thesis, the use of SuperMC [58][59] by UNED to 

convert CAD models into MCNP geometries was in its early stages. Some MCNP 

geometries were produced for some ITER components, such as ICH port cell 

[65], HCLL and HCPB TBMs [66] or Diagnostics equatorial port #11 [67]. Clear 

procedures devoted to the creation of MCNP geometries were not yet established 

at UNED. Even so, the MCNP modelling of ITER components usually consisted 

of four steps: i) Preparation of the CAD model, ii) Conversion into MCNP 

geometry via SuperMC, iii) Debugging of the converted MCNP geometry, and iv) 

Allocation of material and density in the MCNP cells. These steps, together with 

some final remarks, are explained in the following subsections. 

 Preparation of the CAD model 

The ITER components are usually provided by ITER Organization (or one of 

the Domestic Agencies) in CAD format. A preparation process of the initial CAD 

model is required for several reasons. Such process, in the early approach, 

consisted of the following steps. First, surfaces not supported by MCNP [57], 

such as spline surfaces, had to be removed from the CAD model bodies. The 

existence of this kind of surfaces made impossible to initiate the process of 

conversion into MCNP format via SuperMC. To avoid their presence, they were 

approximated by conical surfaces or planes. Second, interferences between CAD 

bodies had to be removed. The ‘Interferences’ tool of SpaceClaim was used to 

locate the troublesome regions. Third, the regions of the space not filled by the 

model, the so-called complementary regions, usually made of air or void, had to 

be defined with CAD bodies. Finally, many details included in the initial CAD 
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model had to be simplified to allow the conversion into MCNP format. Even if 

the CAD model was fully created with the use of MCNP supported surfaces, the 

conversion into MCNP geometry got usually stuck due to the complexity of the 

bodies included in the initial CAD models. Note that such models are created 

by ITER CAD officers for other purposes than the performance of nuclear 

analyses. They usually contain all the details needed for the construction of the 

components, which extremely increases the complexity of the model.  

In the early stages at UNED, the complex CAD bodies were simplified by 

means of splitting them into several simpler bodies and/or removing details 

from them. The final decision on which details were to be removed lied in the 

nuclear analyst, who usually simplified those details which were not considered 

relevant enough for radiation transport purposes.  

The computational memory consumption was a very important concern 

when producing an MCNP geometry. Up to 2017, the feeling existed that, to 

reduce the RAM consumption, the MCNP geometries had to have the lowest 

number of cells while keeping as low as possible the number of surfaces needed 

for the definition of the cells. In this way, CAD bodies were split and simplified 

so that no more than 100 surfaces were needed to define any of the MCNP cell. 

This procedure resulted in MCNP geometries with a high number of cells, such 

as the ICH port cell (around 4500 cells) or the EU-TBM (around 5400 and 23300 

cells for the models produced in 2014 and 2016, respectively).  

In the case of the EU-TBM MCNP model produced in 2016, the final MCNP 

input, resulted from its integration into C-model [75], was not able to be run in 

Marconi supercomputer, due to the excessive RAM memory consumption. This 

MCNP model motivated an important study [77] at UNED, aimed at identifying 

the factors involved in the increasing of the computational memory 

consumption of the MCNP geometries. 

A weak, and potentially leading to human errors, control of the mass 

deviations, produced during the MCNP modelling process, was exerted. The 

control consisted of the comparison of the volumes of the initial and prepared 

CAD bodies. Density correction factors were computed for those bodies with a 

volume change greater than 2%. Such correction factors were applied to the 

density allocated in the final MCNP cells. Note that the mass control was not 
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exerted between the initial CAD model and the final MCNP geometry, so that 

possible mass deviations produced due to the conversion into MCNP were not 

accounted for. The process was not automatized. The comparison between the 

initial and prepared CAD bodies was performed one-by-one, manually. A big 

fraction of the preparation time was devoted to this task and human errors were 

easily committed. This method meant an important uncertainty for the radiation 

transport results obtained for these MCNP geometries. 

 Conversion into MCNP geometry 

Once the CAD model was prepared for conversion into MCNP format, it was 

imported to SuperMC [58][59]. In some cases, such as ICH port cell [65] or 

EU-TBM [66], the CAD model was broken down into few files, which included 

only CAD bodies made of the same material. The CAD files were imported into 

SuperMC in different folders, which facilitated the insertion of basic comments 

in the different bodies. Such comments were aimed at facilitating the 

subsequent allocation of material and density in the different MCNP cells. 

Information about density correction factors was also included. In other cases, 

no comments at all were included. 

The order of the CAD bodies imported to SuperMC was not a concern. The 

MCNP geometries produced in this way exhibited a high degree of disordered 

and were very difficult to update. The very limited information given in the 

comments included in the different cells worsened this situation. In the case of 

the ICH port cell MCNP model, the geometry was divided three sub-models. Most 

of the ICH components had parts included in the different sub-models. The 

MCNP cells in each sub-model were grouped by components, and very poor 

comments, giving only the name of the component, were included. As a 

consequence of this organization, the MCNP cells employed to model most of the 

ICH components were arranged in three groups, which were situated in different 

parts of the MCNP model. Isolation and/or modification of the ICH components 

became really difficult and the poor information provided in the MCNP geometry 

did not help. Similar problems occurred for the MCNP model of the EU-TBMs 

produced by 2013 [66]. 
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The use of this kind of MCNP geometries are specially discouraged for 

optimization analyses, in which some aspects of the geometry needs to be 

changed many times.  

 Debugging of the converted MCNP geometry 

In general, the MCNP geometries obtained after the conversion of CAD 

models are not ready, from a geometrical point of view, to be used to perform 

radiation transport simulations. An MCNP geometry is well defined when each 

point of the space belongs to one, and only one, cell. This is never the case of a 

converted MCNP geometry. A debugging process is needed to fix regions badly 

defined. Most of the times, these geometrical problems are originated by the 

approximation of very close surfaces, the existence of tiny undefined space 

regions and, residually, SuperMC [58][59] translation errors in complex cells. 

The importance of these geometrical short comings lies in the fact that the 

MCNP models containing them can be run normally. No fatal errors nor bad 

troubles due to geometry errors are encountered while processing the MCNP 

input data. Nevertheless, each time a particle reaches one of these badly defined 

regions, its simulation finishes (the particle gets lost) and its contribution to the 

different tallies is not considered. Hence, the results obtained can be extremely 

affected by the existence of badly defined regions in the MCNP input. For this 

reason, a debugging process of the translated MCNP model is mandatory prior 

to the performance of the nuclear analyses. 

 In order to locate the geometry errors, the MCNP inputs are run. When a 

particle goes to an incorrectly specified region of the geometry, it gets lost, and 

its history, written in the MCNP output file, can help to locate the region to be 

fixed. A first run with low number of particles is usually done to locate big 

geometry errors. Subsequent runs, with increasing number of particles, help to 

locate smaller badly defined regions. The geometry-plotting feature of MCNP is 

commonly used to understand the cause of the different geometry short 

comings.  

In the case of simple MCNP geometries with low number of cells and 

surfaces, the problematic regions are identified by running the MCNP input with 

materials included. This is usually the case of the MCNP geometries produced 

for international projects such as DEMO or IFMIF. On the one hand, the 
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interaction of the particles with the materials favors a quick sampling of the 

MCNP geometry, which result in a lower number of runs and particles needed 

to locate the problematic regions. On the other hand, the time needed to run 

the MCNP input is usually low.  

Nevertheless, this procedure is not recommended for complex MCNP 

geometries, such as the ones produced for ITER components. This kind of MCNP 

models usually contains tens of thousands of cells and surfaces. 

Supercomputers, such as Marconi [78], are needed to enable the run this kind 

of MCNP models in reasonable time intervals. Even so, the radiation transport 

simulations with materials for this kind of MCNP geometries usually take many 

hours (even days). The application of the procedure used to fix badly defined 

regions for simple MCNP geometries would be impractical, in terms of time and 

computational resources, for ITER MCNP geometries. 

In the case of ITER MCNP geometries, the badly defined regions are located 

following the procedure recommended by the MCNP user’s manual [57]. It 

consists of flooding the geometry with many particles using the VOID card. Such 

card removes all materials and cross sections and sets all nonzero importance 

cards to unity. This procedure permits to run many particles in a short time. As 

the number of particles run increases, it also augments the chance of particles 

going to a problematic region. Around six-seven runs in void mode are needed 

to obtain an MCNP geometry with a particle lost rate lower than 10-9.  

To fix the geometry errors, the history of the lost particles is used to locate 

the badly defined regions. The geometry-plotting feature of MCNP is then used 

to visualize the region and to understand the nature of the error. The badly 

defined regions are identified by means of the use of red lines in the MCNP 

plotter. The loading of an MCNP geometry of an isolated ITER component in the 

MCNP plotter can be of many minutes. In the case of an ITER component 

integrated in an ITER MCNP reference model, such as C-model [75], several 

hours are needed to load the MCNP model. Besides this, the MCNP plotter is a 

very simple tool. Only 2D MCNP model sections can be visualized and the 

complete visualization of an isolated ITER component section, with the use of 

lines in the MCNP cell boundaries, usually takes several minutes. In the case of 

C-model, the visualization with lines is impossible, due to the huge time interval 

required (more than many days). For these reasons, huge time consumptions 
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are required to identify the different geometry errors included in an MCNP 

model. 

Sometimes, the geometry errors are produced because a region is not 

contained in any of the MCNP cells. The solution to this kind of geometry errors 

strongly depends on the cell configuration existing in the vicinity of the 

problematic region. In many occasions, the solution usually consists of the 

creation of an additional cell containing such region. Other times, the geometry 

errors are due to the co-existence of more than one cell in the same place. The 

solution to this kind of geometry short comings is the removal of the problematic 

region from all the cells, excepting for one. This can be done in several ways and 

it depends deeply on the nature of the problem. A technique usually used to fix 

this kind of short comings was the employment of the MCNP complement 

operator. Nevertheless, the use of this operator was identified [77] as the main 

causes of the increase in the RAM consumption of the MCNP models. Because 

of this, since 2017 its use is avoided in the MCNP geometries produced for ITER 

components by UNED. 

The existence of regions badly defined in MCNP geometries was always an 

important concern at UNED. In the initial stages, this problem was worsened by 

the absence of clear procedures. In this sense, the default option was always 

selected for the number of the decimal figures used in the definition of the 

surfaces, during the conversion into MCNP geometry. This meant that 15 

decimal figures were usually used in the definition of the MCNP surfaces. 

Because of this, many surfaces that should have been the same, were instead 

different due to changes starting from the forth decimal. Many regions occupied 

by several cells, or by none of them, were created because of very closed 

surfaces, which should be the same one, produced during the conversion into 

MCNP format. This problem, which is always present when a conversion is 

performed, extremely affected to the MCNP geometry of the ICH port cell [65] 

and the European TBMs [66]. Trying to avoid these short comings, conversions 

into MCNP of ITER components were done by selecting four decimal figures for 

the definition of the MCNP surfaces. The MCNP geometry produced in this way 

for the European TBMs contained very many less geometry errors than the one 

obtained with 15 decimal figures in the surface definitions. Unfortunately, this 

was not the case of the ICH port cell MCNP model. Such model had many 
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cylindrical pipes, which were converted as another conical surfaces, different 

from cylinders. The MCNP geometry produced in this way was completely 

distorted and useless. The reduction of the decimal figures, used in the 

definition of the surfaces, was not then a solution for this model.  

The time required to fix the geometry errors from the MCNP models has 

always been an important concern. At the early stages of the production of 

converted MCNP geometries with SuperMC, this step could account for the 50% 

or even more, as it was the case of the ICH port cell model, of the total time 

consumed to produce an MCNP model.  

 Allocation of material and density in the MCNP cells 

Once the geometry errors were fixed, the last step in the production of MCNP 

geometries consisted of the allocation of material and density in every cell of the 

MCNP model. The comments included in the different cells, in case they existed, 

were used to determine the material and density to be applied. An established 

structure for the comments did not exist and limited information was given. No 

computational script existed to automatize the process, and the allocation was 

done manually. Density correction factors were applied in the case of elements 

with a volume change greater than 2% due to the simplifications performed. The 

MCNP geometries of ITER components produced usually had several thousands 

of cells and the manually allocation of material and density meant an important 

time consumption. In addition, it introduced a new uncertainty to the radiation 

transport simulations, related to the potential human errors produced during 

the allocation. 

 Final remarks 

The MCNP models produced with this early approach exhibited a high level 

of uncertainty. An independent revision of the MCNP geometry by another 

nuclear analyst was mandatory to detect errors committed during the 

production phase. Unfortunately, revision procedures did not exist at UNED. 

Revisions were usually weak, and long time was spent. The content and 

extension of the revision was decided by the reviewer analyst. 

The approach used to produce MCNP geometries, at the early stages of the 

use of SuperMC [58][59] by UNED, meant a huge time consumption. For the 
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first complex MCNP geometries produced for ITER components, around the 75% 

of the total time of the nuclear analysis was devoted to the geometry production. 

The approach used by UNED was in line with the procedure of other relevant 

institutions. This is confirmed by the inspection of some of their works, such as 

the EC-UL model [79] done by KIT, ICH port [80] and Tokamak Complex [81] 

models done by CCFE, TCP model [32] done by ENEA or the ITER reference 

models B-lite [82] and C-lite [83].  

The time to produce all the MCNP models of the ITER components, based on 

the early approach used by UNED, would be extremely huge. In addition, the 

MCNP models produced would exhibit a limited quality, with high level of 

uncertainty. An enhancement of the procedure was desired to optimize the 

production time and to reduce the uncertainty related to the MCNP modelling. 

3.2.2. Enhanced procedure 

Some important MCNP geometries of ITER components were produced with 

the early approach used by UNED, and similar to other important international 

institutions. Nevertheless, long time was consumed to produce MCNP 

geometries with a great level of uncertainty. Important efforts have been done 

at UNED during the last years to reduce both, the time consumption and the 

level of uncertainty. New computational tools and new procedures have been 

developed. Besides this, the early approach used to produce MCNP geometries 

has been improved and it has been adapted to the new computational tools 

developed. The enhancement of the MCNP modelling procedure has been an 

important part of this thesis work. 

The early approach used to produce MCNP geometries consisted of four 

steps: i) Preparation of the CAD model, ii) Conversion into MCNP geometry, iii) 

Debugging of the converted MCNP geometry, and iv) Allocation of the material 

and density in the MCNP cells. The time spent in the production of the models 

was high due to several reasons. First, the preparation step was not optimized, 

which increased highly the time consumed to prepare the CAD model for 

conversion into MCNP format. Second, due to the complexity of the ITER project, 

the performance of additional changes in the converted MCNP geometries was 

usually needed. Long time was required to implement these modifications, due 

to the very disordered and poorly commented MCNP geometries produced. 
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Third, the converted MCNP geometries contained many badly defined regions, 

which had to be fixed. The procedure to fix these geometry errors was not 

optimized. In addition, the visualization of the MCNP geometry with lines, by 

means of the MCNP geometry-plotting feature, was an extremely slow process. 

For some models, integrated into the ITER reference model C-model [75], was 

directly impossible. For these reasons, the time spent to fix the geometry errors 

of the converted MCNP models was extremely high. Fourth, the allocation of 

material and density in the MCNP cells was performed manually. Given the high 

number of cells and the high degree of disorder of the MCNP geometries, the 

time consumed in the allocation was not optimized. As a result of this approach, 

the production of MCNP geometries of ITER components, such as the ICH port 

cell [65], could account for the 75% of the total time of a nuclear analysis. In 

addition, low quality MCNP geometries were produced. 

An enhanced procedure was developed at UNED since the beginning of 2016 

to optimize the time spent in the generation of complex MCNP geometries, while 

increasing the quality of the models produced. The new procedure inherited the 

four steps already included in the early approach. Each of these steps were 

optimized to reduce the time consumption. In addition, two new steps were 

incorporated. The resulting MCNP modelling procedure consisted of: i) Updating 

of the initial CAD model, ii) Preparation of the updated CAD model, iii) 

Refurbishment of the prepared CAD model, iv) Conversion into MCNP format, v) 

Debugging of the converted MCNP geometry, and vi) Allocation of material and 

density in the MCNP cells. The different steps of this procedure, together with 

some final remarks, are deeply explained in the following. 

 Updating of the initial CAD model 

ITER project is one of the most complex projects ever started by the human 

being. Besides ITER Organization, it involves the participation of 7 domestic 

agencies: Fusion For Energy (Europe) [84], US ITER (United States of America) 

[85], Project Center ITER (Russia) [86], ITER China Office (China) [87], ITER 

Korea (Korea) [88], ITER-India (India) [89] and ITER Japan (Japan) [90]. ITER is 

a machine of extreme technical complexity, formed by many components as 

complex as the TBMs, the neutral beam injector and many others. The design 

of each component involves many interfaces between different ITER 

Organization divisions and/or domestic agencies. Very many factors need to be 



Chapter 3 
MCNP Modelling of ITER Components 

 

 

71 

 

considered during the design phase of a component, and modifications are 

usually produced. A database, called ENOVIA, was created to store the most 

updated CAD models of all the ITER components. The CAD models store in 

ENOVIA are meant to reflect the current baseline of the ITER components. 

Nevertheless, due to extreme complexity of the project, this is not always the 

case. Hence, a revision of the initial CAD model provided by ITER Organization, 

or the domestic agencies, is usually recommended. 

Up to the beginning of 2016, UNED has accumulated some experience in the 

production of complex MCNP models of some ITER components. One of the 

short comings that appeared, for almost all the ITER components treated, was 

the necessity of updating, and/or addition, of some elements in the initial CAD 

models. In many cases, the required modifications were known after the 

conversion of the CAD model into MCNP format. Hence, they had to be 

performed to the MCNP geometry already produced. Long time was needed to 

perform such modifications due to the low quality of the MCNP geometries, very 

disordered and with few and poor information provided throughout the input. 

In the extreme case of the ICH port cell, after four weeks working on the initial 

CAD model, the work had to be re-done because the ICH CAD model was 

completely updated.  

In the beginning of 2016, UNED started the production of the Tokamak 

Complex MCNP model [76], aimed at becoming one of the ITER MCNP reference 

models. Due to the high relevance of the Tokamak Complex MCNP geometry, 

and after the experience accumulated with the previous ITER components, an 

initial phase was carried out devoted to update the CAD model. Very many 

minor modifications and some major ones were required to correspond the CAD 

model with the current ITER baseline configuration. At this moment, UNED 

became completely aware of the importance of introducing an initial step, in the 

MCNP modelling procedure, devoted to check the initial CAD model, provided 

by ITER Organization or the domestic agencies. 

This first step, so-called ‘Updating of the initial CAD model’, consists of the 

inspection of the initial CAD model. All the doubts concerning the different 

aspects of the CAD model are transmitted, usually via e-mail or video meetings, 

to the corresponding ITER responsible officers. The decisions concerning any 

modification in the initial CAD model are recorded for traceability reasons. In 
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addition, a presentation is prepared containing images of the different elements 

of the CAD model to obtain information about the materials to be used. The goal 

of this first step is to prepare a new CAD model, so-called ‘Updated CAD model’, 

which reflects the current baseline configuration. In this way, modifications in 

the converted MCNP geometries are avoided and long-time periods are saved. 

 Preparation of the updated CAD model 

Once the Updated CAD model is produced, a process is needed to prepare 

the CAD model for conversion into MCNP. Some modifications are introduced 

with respect to the preparation process included in the early procedure. First, 

besides the interferences, other problematic features of the CAD model, such as 

the existence of small faces or inexact edges, are checked. Second, the modelling 

of the complementary regions of the space is not always required. The automatic 

void generator of SuperMC [58][59] can be used to generate such regions during 

the conversion into MCNP format. Finally, even if the simplifications are 

performed in the same way they were done for the models produced before 2017, 

the number of them required now to prepare the CAD model is very much lower. 

On the one hand, a better knowledge of the elements affecting the increasing of 

the computational memory consumption [77] of an MCNP model exists. 

Nowadays, it is known that the main cause of the high computational memory 

consumption is the use of the MCNP complement operator. Oversplitting and/or 

oversimplifying of the CAD bodies is not needed anymore. In this sense, the 100 

surfaces limit established for the definition of the MCNP cells in the former 

procedure is removed. On the other hand, UNED has been working, since the 

beginning of 2017, on an improved version of D1SUNED [68]-[74] aimed at 

reducing the computational memory consumption of the MCNP models. 

Reductions of around the 85% of the RAM consumption are achieved thanks to 

this new version.  

For these reasons, the time required to prepare the CAD model for conversion 

into MCNP format is much lower than before. In addition, more detailed MCNP 

geometries can be produced.  
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 Refurbishment of the prepared CAD model 

 The MCNP models of ITER components produced at UNED before 2016 were 

characterized by a very poor organization of the MCNP cells and a very limited 

information given throughout the MCNP input. As a consequence of this, the 

use of this kind of MCNP geometries was very difficult, even more by other 

analysts not involved in the creation of the model. Long time was required to 

modify any aspect in such MCNP geometries. Hence, the performance of 

optimization works, in which components need to be study for many different 

configurations, were extremely difficult.  

 In 2016, ITER Organization entrusted the production of the MCNP geometry 

of the ITER Tokamak complex, formed by the Tokamak, Diagnostics and Tritium 

buildings, to UNED. The ITER Tokamak Complex MCNP model [76] was aimed 

at becoming, for the first time, one of the ITER MCNP reference models. Hence, 

this MCNP model was expected to be used by many (maybe hundreds of) users 

in the following years. Besides this, it will be part of many safety related nuclear 

analysis to be revised by the French nuclear regulator. Hence, quality and 

usability features were major concerns during the conception of the ITER 

Tokamak Complex MCNP model. A new approach was needed to create a high 

quality, user-friendly and easy-to-maintain-and-update MCNP model. 

 The so-called ‘Refurbishment of the simplified CAD model’, a totally new step 

included in the MCNP modelling procedure, was conceived to be the key to 

enable the production of high quality, user-friendly and 

easy-to-maintain-and-update MCNP geometries. Such new step is incorporated 

to the MCNP modelling procedure prior to the conversion into MCNP geometry. 

It consists of the breaking down of the prepared CAD model of the ITER 

component into much smaller subcomponents. Such smaller subcomponents 

are then separated into groups of CAD elements made of the same material. 

Each of these final groups of CAD elements is saved in a new CAD file. In this 

way, the simplified CAD model is broken down into many smaller CAD files. 

Each of these CAD files contains CAD bodies made of the same material and 

belonging to the same subcomponent of the system. The total number of CAD 

files generated is directly related to the quality achievable in the MCNP geometry 

produced.  
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 Conversion into MCNP geometry 

 The CAD files generated after the refurbishment process are ready to be 

imported to SuperMC [58][59]. All the CAD files must be imported to the same 

SuperMC window. A folder in the SuperMC tree structure is created for each of 

the CAD files imported. Each of these SuperMC folders contains the elements 

stored in the corresponding CAD file, i.e., CAD bodies made of the same material 

and belonging to the same subcomponent of the system. 

 The arrangement of the CAD model in SuperMC folders facilitates the 

selection of the CAD bodies included in each folder. Information can be easily 

and quickly allocated for all of them. When the conversion into MCNP format is 

performed, each element of the SuperMC folder is converted into an MCNP cell, 

and a comment is included with the information previously allocated. As many 

different comments as the CAD files imported into SuperMC are created. The 

information given in such comments must exhibit always the same structure, 

consisting of: NAME OF THE COMPONENT – NAME OF THE SUBCOMPONENT 

– NAME OF THE SUBSUBCOMPONENT – … – MATERIAL. The MCNP geometries 

produced following this procedure are characterized by the high amount of 

information provided to the user. Such information extremely facilitates the 

definition of the different tallies required for the nuclear analyses. 

 The SuperMC folders, created after the importation of CAD files, are arranged 

alphabetically in the SuperMC tree structure. Nevertheless, the order of 

conversion into MCNP format is performed following the order of importation of 

the CAD files. Hence, CAD files must be imported in the desired order of 

appearance in the converted MCNP geometry. In this way, the organization of 

the different parts of the ITER component in the MCNP geometry is controlled 

by the analyst. The higher the number of CAD files generated, the stronger the 

organization achievable in the converted MCNP geometry. 

 Debugging of the converted MCNP geometry 

The badly defined regions of the MCNP geometry are located following the 

same procedure used in the early approach. The geometry is flooded with many 

particles using the VOID card, and the histories of the lost particles are used to 

identify the geometry errors. The geometry-plotting feature of MCNP is used to 
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visualize the region and to understand the nature of the error. The geometry 

errors are fixed to generate MCNP geometries with a particle lost rate lower than 

10-9. 

 Around the 50% of the total time of production of the MCNP model was spent 

in the cleaning of the geometry errors. Important work has been done during 

the last years to establish clear procedures aimed at optimizing the process and 

reducing the time spent.  

 First, the use of SpaceClaim to prepare the CAD model for conversion has 

been improved. Additional checks, such as the existence of small faces or 

inexact edges, has favored an important decrease in the number of badly defined 

regions in the MCNP geometries.  

 Second, the complementary regions of the CAD models can be generated 

during the conversion into MCNP by means of the automatic void generator of 

SuperMC. The use of such tool was avoided in the first years due to the 

extremely high number of void cells that it generated. Nowadays, the number of 

cells and the number of surfaces needed to define them are not a concern 

anymore, since the cause of the high RAM consumption is known to be the use 

of the MCNP complement operator. Hence, the SuperMC automatic void 

generator is usually used, saving many days of work previously spent in 

modelling the complementary regions. In addition, MCNP geometries produced 

with the help of the automatic void generator of SuperMC contain many less 

badly defined regions.  

 Third, the number of material cells in the MCNP geometries has decreased 

due to the avoidance of oversplitting. This has also resulted in a decrease of the 

geometry errors.  

 Fourth, computational scripts have been produced at UNED to eliminate the 

existence of very closed surfaces in the MCNP geometries. Such very closed 

surfaces were the cause of an important fraction of the particles lost during the 

simulation of the radiation transport.  

 Finally, the simulations in void can be run in much less time with the new 

D1SUNED version, developed to improve the computational memory 

consumption of the MCNP models and to speed up the radiation transport 
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simulations. In addition, the geometry-plotting feature of D1SUNED is very 

much faster than the MCNP one, which has meant an important time saving. 

The loading time of the European TBMs port MCNP geometry has been reduced 

from 12 minutes and 18 seconds with MCNP5 to 23 seconds with D1SUNED, 

which is a time reduction of the 96%. The visualization of a complete section of 

the European TBMs port MCNP geometry has been reduced from 7 minutes and 

50 seconds with MCNP5 to 3 minutes and 22 seconds with D1SUNED, which is 

a time reduction of the 57%. Very many hours, even days, has been saved in 

terms of visualization of MCNP model thanks to the new version of D1SUNED. 

 For all these reasons, the time spent to fix the geometry errors contained in 

the converted MCNP geometries has been drastically reduced, from some weeks 

to few days. 

 Allocation of material and density in the MCNP cells 

 In the MCNP geometries produced following the former MCNP modelling 

approach, the allocation of material and density in the MCNP cells was 

performed manually. On the one hand, long time was spent to do this task. On 

the other hand, it was potentially leading to human errors, which increased the 

uncertainty of the radiation transport simulations produced with this kind of 

MNCP models. 

 The ‘Refurbishment of the simplified CAD model’ step, included in the new 

MCNP modelling procedure, facilitated the production of MCNP geometries 

profusely commented. Each MCNP cell of the MCNP geometries has a comment 

in which full information about the element is given. The structure of the cell 

comments is always the same, and the material information is always given in 

the last position. A computational script was created at UNED to automatize the 

allocation of material and density in the MCNP cells. The use of such script 

reduced the uncertainty related to potential human errors and extremely 

reduced the time spent in this task. In the case of the ITER Tokamak Complex 

MCNP model, the manually allocation of material and density would have taken 

several days. Thanks to the new procedure and the new computational script, 

it took only few minutes. 
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 Final remarks  

 The control of the mass deviations produced during the MCNP modelling has 

not been improved in the enhanced MCNP modelling procedure. As in the case 

of the early procedure, the control consists of the comparison of the initial and 

final volumes of the CAD bodies. Mass deviations due to the conversion into 

MCNP are not controlled and the whole process is not automatized, which can 

lead to potential human errors. This method means an important uncertainty 

for the radiation transport results obtained for these MCNP geometries. New 

procedures are required to make possible the control of the mass deviations. 

 The enhanced MCNP modelling procedure has favored the production of 

strongly organized and profusely commented MCNP geometries. Consequently, 

the independent revision of the MCNP models by other analysts has been 

extremely facilitated. In addition, a revision procedure has been developed at 

UNED, similar to the one required by Fusion For Energy. The content and 

extension of the revisions have been established in the procedure to ensure the 

performance of strong revisions, aimed at reducing the uncertainty related to 

the MCNP modelling.  

3.2.3. Summary 

  An enhancement of the early MCNP modelling approach has been 

produced during the last four years. The implementation of a new procedure 

has favored a faster production of MCNP geometries, while upgrading their 

complexity and quality. More complex MCNP models are produced in 

approximately half of the time required with the use of the early approach. In 

this sense, the production time of the European TBMs MCNP geometry, 

generated by 2013 following the early approach, accounted for the 75% of the 

total time of the nuclear analysis. The enhanced procedure was used by 2016 

to generate a new MCNP geometry of the European TBMs port. The MCNP 

modelling time in this case accounted for the 30% of the total nuclear analysis 

time, which represents a reduction of the 45%. 

 The adequacy of the MCNP models with the ITER baseline configuration is 

ensured in the enhanced procedure by the inclusion of a new step. Decisions 
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concerning any modification in the initial CAD model must be recorded for 

traceability reasons. 

 A step change in the quality of the generated MCNP geometries is produced 

by means of the application of the enhanced procedure. MCNP models are now 

characterized by their internal strong organization and by the high amount of 

information given throughout the inputs. User-friendly and 

easy-to-update-and-maintain MCNP geometries are now produced. 

Optimization studies, in which many configurations of the same component 

must be analyzed, are easily performed. The easy and quick identification of the 

different parts contained in the MCNP geometries is key in several aspects. On 

the one hand, it facilitates the tally definitions, which favors the performance of 

more exhaustive nuclear analyses. On the other hand, it facilitates the 

independent revision activities, which extremely reduces the uncertainty 

associated to the MCNP modelling tasks.  

3.3 MODELLING OF THE ITER TOKAMAK 

COMPLEX 

This Subsection is devoted to the description of the new ITER Tokamak 

Complex MCNP reference model, released on September 2016, which was 

produced by employing the enhanced procedure explained in Subsection 3.2.2. 

In Subsection 3.3.1, a description of the ITER Tokamak Complex, the relevance 

of the MCNP model of the Tokamak Complex and the challenges of its modelling 

are provided. In Subsection 3.3.2, the explanation of how the different 

challenges, related to the MCNP model of the Tokamak Complex, were faced is 

given. In Subsection 3.3.3, the application of the enhanced MCNP modelling 

procedure to generate the Tokamak Complex MCNP model is deeply described. 

Finally, Subsection 3.3.4 is devoted to the summary of the work done and the 

important results obtained with the Tokamak Complex MCNP model. 

3.3.1. Introduction 

The Tokamak building (B11), Tritium building (B14) and Diagnostics 

building (B74) compose the ITER Tokamak Complex, a 400,000-tonne at the 

heart of the ITER scientific installation. It will be a huge edifice of seven-stories 

with 120 meters length, 80 meters wide and 80 meters high. The ITER Tokamak 
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will be accommodate in the center of the ITER Tokamak Complex, inside the 

Tokamak building. The ITER Tokamak Complex will also host all the systems to 

operate the machine: cryopumps, diagnostics, test blanket modules, antennas 

and neutral beam injector, as well as a large set of auxiliary systems. This 

represents a vast diversity of systems and components, like optic fibers, cabling, 

wave guides, CCD and sensors, circuits of water and other liquids, cryogenics 

or assembly tools. Such systems will be deployed in 54 port cells, the Tokamak 

building gallery and two adjacent buildings (Diagnostics and Tritium buildings). 

In total, it will represent a mass of over 50.000 Tn of equipment in building and 

over 330.000 Tn of concrete, hosting over 5500 penetrations through walls. For 

all these reasons, the MCNP modelling of the ITER Tokamak Complex represents 

one of the most complex geometries ever made with MCNP.  

The ITER Tokamak Complex MCNP model is aimed, for the first time, at 

becoming one of the ITER MCNP reference models. Only three of these kind of 

MCNP models exist (C-model, Tokamak Complex and the NB cell, still in 

production). These models are not only produced to study the general 

performance of the facility. They are also created to provide an adequate 

environment for the study of specific systems and components. In practical 

terms, this means that they are used by hundreds of users worldwide, and they 

are part of every safety case issued by ITER to the French Nuclear Regulator. As 

a consequence, they are conceived as special models, with enhanced quality 

control and many other features related to usability. 

 ITER is designed to produce 500 MW of fusion power based on DT fusion 

reactions. Due to such reactions, around 1.8x1020 neutrons per second will be 

produced. Some neutrons will escape from the tokamak, spreading into the 

Tokamak Complex. In addition to this direct radiation source, the neutrons will 

activate the materials in their path, producing a secondary radiation source 

coming from the decay photons of the activated materials. 

 Radiation maps in the Tokamak Complex, during operation and shutdown 

of the machine, provide a description of the radiation environment, indicating 

areas where actions are required to permit the safe and successful operation of 

plant, and allowing responsible officers to design their systems. ITER, as other 

facilities like NIF [91], has been producing radiation maps to characterize the 

radiation conditions in the facility [81]. Previous works dealt with radiation 
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sources like the plasma, the water radioactive decay, the materials activation 

and the transportation of activated components. They were based in MCNP 

models with an increasing degree of detail. All of them missed, however, an 

approach of reference models and a systematic representation of the complex 

baseline configuration. 

In 2015, the just appointed Director General, Bernard Bigot, issued a letter 

requesting an update of the radiation conditions in the Tokamak Complex, with 

special concerns of the electronics allocation and the magnets feeders. At the 

same time, new limits for safety and non-safety related electronics were set in 

the project [92][93]. Note that, by then, the suspicion that the radiation levels 

were incompatible with the operation of electronics in the complex had been 

assimilated by the project. This represented a critical aspect for the ITER 

project, provided that it would not receive approval from the French Nuclear 

Regulator otherwise. Also, the complex was already in construction and 

opportunities to add more shielding were decreasing. 

Also, in 2015, the ITER Safety Division and some domestic agencies were 

expressing increasing concerns in relation to the correspondence between the 

ITER Tokamak Complex baseline and its representation in the production of the 

radiation maps. This is an issue that challenged the credibility of the maps. The 

ITER Analysis Section, on the other hand, was worried about the mounting 

resources invested in the production of subsequent MCNP models for each 

update of the radiation maps. 

For all these reasons, the production of new radiation maps was requested, 

with the very tight specification that, once revised by ITER Safety Division, they 

would become part of the ITER baseline through a Project Change Request 

(PCR). The MCNP model of the ITER Tokamak Complex needed to fulfill some 

very important requirements. 

First, the ITER Tokamak Complex MCNP model had to reflect the current 

building baseline configuration, which represented an important challenge. In 

this sense, it is worth mentioning that ITER project is one of the most complex 

projects ever faced by the human being. Many divisions, of the ITER 

Organization and the seven domestic agencies, are involved in the development 

of all the ITER systems. The design of every ITER component has usually many 
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interfaces. To centralize all the CAD models, a database, ENOVIA, was created 

by ITER Organization. The CAD models stored in ENOVIA should reflect the 

current baseline configuration of the project. Nevertheless, due to the extreme 

complexity of the project and the high number of agents involved in every ITER 

system design, the updating of the CAD models in ENOVIA usually takes very 

long time. This means that, unfortunately, the current baseline configuration of 

an ITER component is not always reflected in the CAD model available in 

ENOVIA, which are the ones provided by ITER Organization. For this reason, an 

initial revision of the CAD models is always mandatory. This task implies the 

communication with the agents involved in the development of the ITER 

component considered. In this sense, the ITER Tokamak Complex, which will 

host all the components needed to operate the machine, represented an 

unprecedent challenge.  

Second, the Tokamak Complex MCNP model was to be revised by the safety 

division. To enable such revision, an easy and quick identification of each 

component of the ITER Tokamak Complex MCNP model was required. A strongly 

organized and fully commented MCNP geometry had to be produced. The 

Tokamak Complex MCNP model had to be arranged by levels and by buildings. 

The MCNP cells, of each building and each level, had to be grouped by systems, 

and labels had to be included in the MCNP model to facilitate a quick 

identification of the different components. The level, the building, the 

component and the material had to be specified in comments included for every 

cell in the MCNP model. Chemical composition of each material had to be 

included in its MCNP definition. This represented levels of organization and 

information never achieved for an MCNP model with tens of thousands of cells. 

In addition, traceability of every communication with a responsible officer, 

leading to a modification of any aspect of the initial CAD models, had to be 

ensured.  

Third, the ITER Tokamak Complex MCNP model had to become one of the 

ITER MCNP reference models. Among other things, this implies that it will be 

used by hundreds of users, who will analyze the nuclear performance of their 

systems in the adequate environment provided by the Tokamak Complex MCNP 

model. On the one hand, a room-oriented modular construction of the Tokamak 

Complex MCNP model was required to facilitate integration and/or isolation 
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activities. To achieve this objective, the complementary cells representing the 

air content in the Tokamak building had to be manually defined. The model had 

to be hierarchically organized by levels, buildings, rooms, systems and 

materials. Labels had to be included at the beginning and at the end of every 

system and every room. An index describing the cell content had to be provided 

at the beginning of the MCNP model to facilitate a quick identification of the 

different parts of the Tokamak Complex. On the other hand, the computational 

memory consumption of the Tokamak Complex MCNP model had to be kept as 

low as possible. The use of universes and macrobodies had to be avoided. Cells 

were to be defined, in general, with use of less than 300 surfaces. Only 128 cells 

out of 36862 employed more than 300 surfaces in their definitions. The use of 

the MCNP complement operator had to be restricted as much as possible. 

Finally, to ensure its usability in future updates of the radiation maps, the 

Tokamak Complex MCNP model had to be easy-to-update-and-maintain. An 

easy identification and isolation of the different components of the Tokamak 

Complex had to be possible. Again, a strongly organized and fully commented 

MCNP model had to be produced.   

3.3.2. Conception of the model 

 For the first time, the MCNP model of the ITER Tokamak Complex was going 

to be an ITER MCNP reference model. The production of such kind of models 

represented an unprecedent challenge for UNED. Special attention had to be 

paid to the usability of the model and to its adequacy with the ITER baseline 

configuration. To ensure the achievement of all the objectives, important 

modifications had to be performed to the MCNP modelling procedure. 

The ITER Tokamak Complex MCNP model produced had to be approved by 

the ITER safety division. It also will be part of many safety cases issued by ITER 

to the French Nuclear Regulator. Consequently, the adequacy of the ITER 

Tokamak Complex MCNP model with the current ITER baseline configuration 

was mandatory. Traceability of the decisions, related to design modification of 

the CAD models provided by ITER Organization, had to be ensured. The MCNP 

modelling procedure had to be modified to include a new step devoted to the 

updating of the initial CAD models. 
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More than two months of work were needed to update the initial CAD models 

and to adequate them to the ITER baseline configuration. Over 200 

communications were held with responsible officers of three different ITER 

departments: Central Integration Office, Construction Department and 

Tokamak Engineering Department. Thousands of modifications were performed 

to the initial CAD models. Every modification was reviewed, recorded and 

version controlled. The adequacy of the ITER Tokamak Complex MCNP model 

to the ITER baseline configuration meant a huge effort never faced before. 

All the systems and shielding components, whose CAD models were 

available, were considered in the production of the ITER Tokamak Complex 

MCNP model. The main components included are explained in the following: 

• Concrete walls and slabs: 

Three types of concrete were used in the MCNP model: normal 

concrete, heavy concrete and borated heavy concrete. Heavy concrete is 

used for the lower pipe chase walls and mezzanine at B2 level of B11. 

Borated heavy concrete is used for the upper pipe chase walls and slab 

at L3 level and in part of the crane hall floor at L4 level, both located at 

B11. Finally, normal concrete is used for the rest of the walls and slabs 

of the Tokamak Complex. The concrete content in the different levels of 

the Tokamak Complex is shown in Table 13.  

This massive content of concrete will be reinforced with 16,000 tons 

of steel rebar. The explicit representation of the steel rebar in MCNP is 

currently unaffordable with the available computational resources. To 

avoid undesired effect of optimistic shielding properties of homogenized 

materials, the representation of the concrete with no steel was adopted 

for the Tokamak Complex MCNP reference model. 

• System penetrations in walls and slabs: 

All the systems crossing the walls and slabs were modelled, and the 

backfill with normal concrete was performed, respecting the penetrations 

inside. In the case of opening in walls presenting no system crossing 

them, most of them were totally backfilled, with few exceptions indicated 

by ITER IO. 
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It is worth mentioning that around 5,500 system penetrations are 

included in the Tokamak Complex MCNP reference model [76]. 

• Shielded corners of Tokamak building: 

Vertical shafts and Safety Importance Class (SIC) rooms are located 

in the corners at the different levels of B11. To shield them from the 

radiation coming from the tokamak, walls made of normal concrete were 

included. Gaps between the top of the shielding walls and the ceiling were 

considered in every level. 

• Shielding doors: 

All the doors conceived with a shielding purpose in the Tokamak 

Complex are included in the Tokamak Complex MCNP reference model. 

Doors located between the buildings, port cell doors and some of the SIC 

room doors are examples of these shielding doors. Carbon steel was used 

to model this kind of doors. 

In addition to the shielding doors, others are considered in the MCNP 

model. The doors for the cargo lift, made of carbon steel, are also included 

at every level of B11. Some SIC room doors, modelled with normal 

concrete, were also considered. Finally, the doors in the upper pipe chase, 

at L3 level of B11, were modelled with borated heavy concrete. 

Around 125 doors were included in the Tokamak Complex MCNP 

reference model. 

• Lintels above port cell doors: 

40 cm thick lintels made of normal concrete were included above the 

port cell doors. The systems crossing them were also modelled. 

• Magnet feeders and thermal shield feeder: 

Simplified versions of the available CAD models for the magnet feeders 

and thermal shield feeder were included, at L3 level of the B11, in the 

Tokamak Complex MCNP reference model.  

Shielding elements of the magnet feeders, made of borated heavy 

concrete, were also included in the MCNP input. 

These elements are shown in Figure 11. 
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• Heating Neutral Beam (HNB) and Diagnostics Neutral Beam (DNB) High 

Voltage (HV) lines: 

 Simplified versions of the available CAD models for the HNB and DNB 

HV lines, shown in Figure 12, were included at the north side of L3 level 

of B11 in the Tokamak Complex MCNP reference model. 

 

Figure 11. Magnet feeders, thermal shield feeder and shielding elements included at L3 level of B11. 

 

• Bio-shield plugs and port cell rails: 

The most updated bio-shield plugs CAD models, at the time of 

production of the MCNP input, were included in the Tokamak Complex 

MCNP reference model. These bio-shield plugs, shown in Table 13, are 

mainly made of borated heavy concrete, with some bodies made of 

stainless steel (type 304), water, normal concrete and air. The 

implementation of system penetrations, biological screws and rails 

penetrations (in the case of L1 and L2 levels) are some of the features of 

the included bio-shield plugs. 

 

Figure 12. Simplified CAD model of the HNB and DNB HV lines included at L3 level of B11. 
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The bio-shield plug model considered in all the diagnostics ports at 

L1 level was the one corresponding to the equatorial port (EP) #11. This 

bio-shield plug includes an opening of 400 cm2 with direct view to the 

plasma, which represents an exceptional situation. The EP#11 will be 

shielded by a heavy beam dump, which was not modelled in the MCNP 

input. To consider the effect of the heavy beam dump, the bio-shield plug 

penetration of EP#11 was filled with half density normal concrete. In the 

other diagnostics EPs, the bio-shield plug penetration is filled with 

normal concrete. These assumptions are conservative. 

Port cell rails, made of stainless steel (type 304), were included in the 

port cells located at L1 and L2 levels. 

• Tokamak building roof: 

A simplified version of the roof in B11, made of stainless steel (type 

304), was included in the Tokamak Complex MCNP reference model. This 

roof is shown in Table 13. 

• Integrated loop of Blanket, ELM-VS, and Divertor PHTS (IBED) water circuit: 

The different components of the Integrated loop of Blanket, ELM-VS, 

and Divertor PHTS (IBED) water circuit, shown in Figure 13, were also 

included in the Tokamak Complex MCNP reference model. The IBED 

water circuit, separated in the different B11 levels, is also shown in 

Table 13. 

 

Figure 13. IBED water circuit included in the Tokamak Complex MCNP reference model. 
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 Hundreds of tons of equipment will be hosted in the port cells and galleries 

in the Tokamak building, and the Diagnostic and Tritium buildings. These 

elements were not modelled in the Tokamak Complex MCNP model for two 

reasons. Firstly, the computational resources required to face a fully detailed 

model are probably unavailable in a practical scale. Secondly, the design of 

these elements was yet immature in most of the cases. The absence of these 

hundreds of tons, mainly of steel, represents a clearly conservative assumption 

during operation of the machine. Nevertheless, it means less activation source, 

which will not be conservative for calculations during shutdown of the machine. 

In terms of usability, the model was conceived to be used by very many 

nuclear analysts world-wide. An MCNP model strongly organized and profusely 

commented had to be produced. To do so, a totally new step was included in the 

MCNP modelling procedure, before the conversion of the CAD models into MCNP 

format. Such step consisted of the breaking down of the initial CAD models into 

2081 CAD files. Each of them contained the CAD bodies that belonged to the 

same system, that were placed in the same region of the Tokamak Complex and 

that were made of the same material. Such refurbishment of the initial CAD 

model served for two main purposes.  

First, the internal order of the ITER Tokamak Complex MCNP model was 

controlled by the sequence of importation into SuperMC [58][59] of the 2081 

CAD files. This was used to generate an MCNP geometry organized by the 

Tokamak Complex levels. Each Tokamak Complex level was, in turn, organized 

by buildings. Each building was, then, arranged by components. Finally, each 

component was organized by materials. Special attention was paid to the 

Tokamak building. Integration of many components in the different rooms of 

this building are expected to be performed by many nuclear analysts. To 

facilitate such integration activities and an easy isolation of every room, the 

Tokamak building was arranged by rooms. The manual generation, by means 

of SpaceClaim [64], of the complementary regions of the model was required to 

produce such room-oriented approach. 

Second, the refurbishment of the initial CAD models was the key to produce 

a profusely commented MCNP model. A comment was included in each MCNP 

cell, giving the following information: BUILDING – LEVEL – COMPONENT – 
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MATERIAL. 2081 different cell comments were created and allocated in the 

36862 cells of the ITER Tokamak Complex MCNP model. Labels, indicating the 

initial and final cells, were included at the beginning and at the end of the MCNP 

cells of every level, building and component. Labels, indicating the initial and 

final surfaces, were included at the beginning and at the end of the MCNP 

surfaces of every level and building. In total, 980 labels were included in the 

ITER Tokamak Complex MCNP model. An index is included at the beginning of 

the model indicating the cells used in the definition of every level, building and 

component. Another index is included at the beginning of the surface cards 

indicating the surfaces used in the definition of every level and building. Such 

amount of information, given throughout the ITER Tokamak Complex MCNP 

model, makes it one of the most commented MCNP geometries ever produced. 

The computational memory consumption of the model was another 

important concern. The use of universes and macrobodies was avoided. Only 

128 cells out of 36862 employed more than 300 surfaces in their definition. 

Nevertheless, the model was produced prior to the study performed at UNED 

with respect to the RAM consumption of the MCNP models [77] and the MCNP 

complement operator was used.  

An extremely great effort was made to create a high quality, user-friendly, 

room-oriented and easy-to-update-and-maintain MCNP model of the ITER 

Tokamak Complex, which, in addition, reflected the current ITER baseline 

configuration. All the details of the production of the ITER Tokamak Complex 

MCNP model are given in the following subsection. 

3.3.3. Production of the model 

In terms of methodology, the ITER Tokamak Complex was produced using 

the enhanced procedure described in Subsection 3.2.2. For each level of the 

Tokamak Complex, the following steps were performed: i) Original CAD model 

updating, ii) Updated CAD model preparation, iii) Prepared CAD model 

refurbishment, iv) Translation into MCNP geometry, v) Debugging of the MCNP 

geometry, and vi) allocation of material and density in cells. These six steps in 

the creation of the Tokamak Complex MCNP reference model are carefully 

explained in the following. 
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 Original CAD model updating 

 The available CAD models provided by ITER IO, at the time of production of 

the Tokamak Complex MCNP reference model, required a process of updating 

to correspond to the ITER baseline configuration.  

 More than 200 communications were held with different ITER departments 

to collect the information needed to produce a conservative baseline MCNP input 

of the Tokamak Complex. Every modification of the CAD models was reviewed, 

recorded and version controlled. This information was used to produce, by 

means of SpaceClaim 2016, updated CAD models of each of the Tokamak 

Complex levels.  

 The most important modifications, performed to the initial CAD models 

provided by ITER IO, were: 

• Back-filling of the penetrations and relief panels: A memorandum, 

prepared by ITER IO, was used to decide which of the penetrations in the 

input models were to be back-filled. This memorandum summarized the 

input data to be used for the nuclear analysis of the Tokamak Complex 

buildings configuration, as described in the ITER Configuration 

Management Model (CMM), and established the criteria to be considered 

for the back-filling of openings and penetrations in each building. These 

criteria are shown in Table 9. 

• Door features adjustment: The decision, made by ITER IO-CT Analysis 

Division, was to consider only the shielding doors for the Tokamak 

Complex MCNP model, with some exceptions, as the cargo lift doors. An 

excel file, prepared by ITER IO-CT Analysis Division, with the 

specifications for doors in B2, B1, L1, L2 and L3 levels was used to check 

the doors in the input models. Due to the information obtained from this 

excel file, some doors were removed from the input models, other doors 

were implemented in them and the thickness of some doors in the input 

models were changed. In the case of the doors in L4 and L5 levels, there 

was no available information at the time the Tokamak Complex MCNP 

reference model was being produced, so that the doors appearing in the 

input models were not modified. 
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• Addition of lintels above port cell doors: The initial CAD models of B1, L1 

and L2 levels of B11 did not contain the lintels above the port cell doors. 

A CAD model of a lintel, sent by ITER IO-CT Analysis Division, was 

implemented above each port cell door. The systems crossing the lintels 

were restricted to the lintel thickness. The implementation of the lintel 

above the door of port cell #14 in B1 level is shown in Figure 14. 

Table 9. Criteria established by ITER IO for the back-filling of openings and penetrations in the different 
buildings of the Tokamak Complex. 

B74 

All penetrations between building 11 and building 74 to be considered 

backfilled to provide nuclear shielding 

The inner walls do not to be considered backfilled for nuclear shielding 

The penetrations in the outer walls of building 74 must be considered 

backfilled for nuclear shielding and confinement 

The systems passing through the penetrations must be considered for the 

nuclear analysis, with the real dimension of the pipes while the remaining parts 

must be considered backfilled. Average of the material density to be applied 

globally to each opening can lead to wrong or over conservative results 

The local shielding as shown in the referenced CMM to be considered 

B11 

All penetration to be considered backfilled to provide nuclear shielding 

The penetrations in the bio-shield in Level L3 for the magnet feeders to be 

considered backfilled to provide nuclear shielding. The penetrations for the 

magnet feeders through the bio-shield in Level B2 are not backfilled in baseline. 

They will be backfilled only if there is a strong benefit 

The systems passing through the penetrations have to be considered for the 

nuclear analysis, with the real dimension of the pipes while the remaining parts 

have to be considered backfilled. Average of the material density to be applied 

globally to each opening can lead to wrong or over conservative results 

The local shielding as shown in the referenced CMM to be considered 

The relief panels located in the vertical shafts of the Port Cells as well as in the 

vertical shafts in the corner of the galleries do not have radiological shielding 

The relief panels connected from the upper pipe chase to the Neutral Beam (NB) 

Cell and between the south- & east gallery in 11-L3 do not have radiological 

shielding function either 

B14 

All penetrations in the outer wall to be considered backfilled to provide nuclear 

shielding 

All the penetrations in the confinement boundary walls and slabs to be 

considered backfilled to provide nuclear shielding 
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The systems passing through the penetrations have to be considered for the 

nuclear analysis, with the real dimension of the pipes, while the remaining 

parts have to be considered backfilled. Average of the material density to be 

applied globally to each opening can lead to wrong or over conservative results 

The local shielding as shown in the referenced CMM to be considered 

 

  

Figure 14. Lintel above door of port cell #14 in B1 level. 

 

• Addition of magnet feeders and thermal shield feeder: The initial CAD 

model of L3 level did not contain the magnet feeders and thermal shield 

feeder. Simplified models of them, sent by ITER IO-CT Analysis Division, 

were implemented into the input model. The implementation of these 

models in the initial CAD model is shown in Figure 15. 

 

Figure 15. Implementation of magnet feeders and thermal shield feeder at L3 level of B11. 

 

Initial CAD model Updated CAD model 

Initial CAD model 
 

Updated CAD model 
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• Addition of HNB and DNB HV lines: The initial CAD model of L3 level did 

not contain the HNB and DNB HV lines. A CAD model containing them, 

shown in Figure 16, was sent by ITER IO-CT Analysis Division.  

 

Figure 16. HNB and DNB HV lines CAD model provided by ITER IO-CT Analysis Division. 

 

• Separation between normal concrete and borated heavy concrete: The 

concrete bodies in the initial CAD model of L3 level of B11, provided by 

ITER IO, were made of normal concrete. Nevertheless, it was confirmed 

by ITER IO-CT Analysis Division that some of these solids were made of 

borated heavy concrete. Borated heavy concrete and normal concrete 

solids in B11 of the updated CAD model are shown in Figure 17. 

 

  Figure 17. Borated heavy concrete solids (in green) and normal concrete solids (in grey) at L3 
level of B11 of the updated CAD model. 

 

 Many other modifications, suggested by ITER IO, were performed to the 

initial CAD models provided. The updated CAD models, obtained after the 

implementation of all the modifications, were then sent back to ITER IO for 

review and approval. 
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 Updated CAD model preparation 

 Once the updated CAD models were approved by ITER IO, a preparation 

process was required for two main reasons: i) to allow the translation of the 

models to MCNP, and ii) to produce a high quality MCNP model (e.g. contained 

memory use). These modifications of the updated CAD models were carried out 

with the help of SpaceClaim 2016. 

 The preparation process performed to the updated CAD models consisted of: 

• Deletion of splines, small faces and interferences existing in the input 

models:  

Few splines existing in the updated CAD models were removed to allow 

the translation into MCNP by means of SuperMC [58][59]. 

The small faces existing in the updated CAD models were removed to 

avoid the possible generation of problems related to lost particles in the 

translated MCNP input. These small faces consisted of surfaces with, at 

least, one very small dimension. The information about the existing small 

faces in the updated CAD models is shown in Table 11. 

The interferences between bodies existing in the updated CAD models 

were removed to avoid the generation of lost particles in the translated 

MCNP input. Such interferences are produced when a region of the space 

is occupied by more than one body. The information about the existing 

interferences in the updated CAD models is shown in Table 10. 

Table 10. Number of small faces and interferences in the updated CAD models. 

 Number of small faces Number of interferences 

B2 level 10 51 

B1 level 18 283 

L1 level 16 70 

L2 level 6 342 

L3 level 86 164 

L4 and L5 levels 0 184 

Simplified roof 

model 
0 0 

IBED water circuit 0 0 
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The information about the number of small faces and interferences 

existing in the bio-shield plug, magnet feeder and HNB and DNB input 

models are included in the corresponding levels in Table 10. 

• Splitting of complex bodies: 

Some of the bodies included in the updated CAD models were very 

complex, in terms of the great number of surfaces needed to define them. 

The translation into MCNP of such bodies may be problematic in two 

different ways: i) some of them may not be translated to MCNP or ii) the 

definition of the cells in MCNP for these bodies requires a huge number 

of surfaces, which finally may produce a MCNP input that takes very long 

time to run particles.  

Two examples of the complex bodies in the input models are shown in 

Figure 18.  

 

Figure 18. Examples of complex bodies included in the updated CAD models. 

 

To avoid the problems related to the translation of complex bodies, such 

bodies in the updated CAD models were split into simpler ones. The 

number of bodies in the CAD models, both before and after the splitting 

of cells was performed, is shown in Table 11.  

 Table 11. Number of bodies in the CAD models both before and after the splitting of cells was 
performed. 

 

Number of bodies in 

the CAD models 

before splitting 

Number of bodies in 

the CAD models 

after splitting 

B2 level 1174 1548 

B1 level 

(without bio-shield 

plugs) 

1872 2783 

L1 level 1605 2302 
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(without bio-shield 

plugs) 

L2 level 

(without bio-shield 

plugs) 

1561 2109 

L3 level 

(without magnet 

feeders and HNB and 

DNB HV lines) 

1084 1610 

L4 and L5 levels 571 1767 

  

• Geometry modification of complex bodies: 

Some detailed components of the updated CAD models were simplified, 

by means of geometry modification, before their translation into MCNP. 

The translation of such components, as they were initially, would had 

result in a large number of cells and surfaces in the MCNP input. The 

modifications performed were done trying to decrease such number of 

cells and surfaces, while preserving the neutron response of the 

components. 

The elements of the updated CAD models affected by this kind of 

simplification were the biological screws in the bio-shield plugs and the 

HNB and DNB HV lines. 

Two kinds of biological screws were included in the updated CAD models. 

The only difference between them was in their length, one was 410 mm 

long and the other was 610 mm long. 

The simplification performed to the biological screws consisted of the 

substitution of the helical element by cylindrical layers. The purpose of 

this modification was to reduce the number of surfaces needed to define 

the cells of such biological screws in MCNP. A comparison between the 

number of surfaces in the MCNP models generated from both, the initial 

and simplified biological screw models, is shown in Table 12. Considering 

all the bio-shield plugs, there exist 104 biological screws. This means 

that the decrease in the number of surfaces in the MNCP model, due to 

consider the simplified model of the biological screws instead of the initial 

one, is at least of 20000 surfaces. 
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Table 12. Number of cells and surfaces in the MCNP models of the biological screws. 

 
Number of cells in 

the MCNP model 

Number of 

surfaces in the 

MCNP model 

Biological screw 

of 410 mm long 

Initial model 15 193 

Simplified model 6 11 

Biological screw 

of 610 mm long 

Initial model 19 302 

Simplified model 7 17 

 

To preserve the neutron response of the biological screws, the number of 

cylindrical layers implemented in the simplified models was set equal to 

the number of turns of the helix. Moreover, the cylindrical layers were 

modelled with the same thickness as that of the helix. Finally, in the case 

in which the number of turns of the helix was not an integer, a cylindrical 

layer was added to the simplified model, the thickness of this last layer 

was set in order to compensate the mass of steel contained in the fraction 

of turn of the helix. 

In all cases, the volume of steel of the simplified biological screws, shown 

in Figure 19, was checked to be less than the corresponding volume of 

the biological screws in the input models. No density factor was applied 

to the cells of steel in the simplified models, as the change in the volume 

was always less than 2% of the total. 

The original and simplified CAD models of the biological screws are 

shown in Figure 19. 

   

Figure 19. Original and simplified CAD models of the biological screws. 

 

In the case of the HNB and DNB HV lines CAD models, shown in Figure 

20, they had lot of irrelevant details from the neutron analysis point of 
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view. A simplification of these models was performed before translating 

them to MCNP. This simplification consisted of the replacement of 

spherical and conical surfaces by planes and cylindrical ones, the closure 

of cylindrical penetrations, most of them designed to accommodate 

screws, and the deletion of protruding pieces of the main structure. 

These modifications were done trying to avoid a significant change in the 

mass of the system. The difference between the content of mass of the 

initial and simplified models was less than 2%. Due to this tiny variation, 

no density factor was applied to the MCNP cells corresponding to the HNB 

and DNB HV lines models. 

The simplified model of HNB and DNB HV lines is shown in Figure 21. 

   

Figure 20. HNB and DNB HV lines initial CAD model.  

 

   

Figure 21. HNB and DNB HV lines simplified CAD model. 
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 In addition to all the simplifications explained before, the regions of air not 

explicitly modelled in the CAD inputs, also known as complementary cells, were 

defined by hand for the case of B11 to keep low the total number of surfaces 

used in the definition of the cells, and to facilitate the future integration 

activities that will be carried out by the nuclear analysts. In the case of B14 and 

B74, the complementary cells were generated by using the ‘Automatic void 

generation’ option of SuperMC [58][59]. 

 

Figure 22. Section of the Tokamak Complex CAD model. 

 

 A section of the Tokamak Complex prepared CAD model is shown in Figure 

22. The different levels of the Tokamak Complex prepared CAD model and the 

prepared bio-shield plugs of B1, L1 and L2 levels are shown in Table 13. 
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Table 13. Different levels and bio-shield plugs included in the prepared CAD model. 
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 Prepared CAD model refurbishment 

 Prior to their translation to MCNP, the prepared CAD models were 

refurbished to facilitate the materials allocation in the MCNP model, and to 

produce a robust, easy-to-update and user-friendly MCNP model of the 

Tokamak Complex. 

 The refurbishment process, carried out with SpaceClaim 2016, consisted of 

the breaking down of the simplified CAD models into 2081 STEP files. Each of 

these STEP files contained the group of cells made of the same material, 

belonging to the same system, room, level and building, following the hierarchy: 

i) Level, ii) Building, iii) Room (or region), iv) Material. This new arrangement of 

the CAD models in different STEP files is considered key to produce a 

user-friendly and long-lasting model. 

 The total number of STEP files saved for each building at each level is shown 

in Table 14. Following this procedure, a STEP file was produced for each 

material used in each system at each location. 

 The refurbishment performed to the simplified updated CAD models of the 

Tokamak Complex was the key in the production of this MCNP model. The new 

arrangement of the CAD models into 2081 STEP files served for two main 

purposes. On the one hand, it permitted the easy implementation of comments, 

and the allocation of material number and density, in every cell of the MCNP 

input. An example of the comments included in each cell of the Tokamak 

Complex MCNP reference model is shown in Figure 23. On the other hand, it 

made possible to control the order of translation of the cells to MCNP. 
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Table 14. Number of STEP files saved for each building at each level. 

 Tokamak building Diagnostic 

Building 

Tritium Building 

B2 level 137 18 17 

B1 level 551 17 17 

L1 level 460 19 18 

L2 level 496 17 13 

L3 level 155 13 11 

L4 and L5 levels 92 4 26 

Total for all the 

levels 
1891 88 102 

 

 

 

Figure 23. Example of the comments included in each cell of the Tokamak Complex MCNP reference 
model. 

 

 Translation to MCNP geometry 

 To translate the refurbished CAD models to MCNP, the 2081 STEP files were 

imported to SuperMC [58][59] in the desired order of appearance in the MCNP 

input. The comments corresponding to each of the groups were then inserted, 

so that each cell of the Tokamak Complex MCNP reference model has a comment 

line with information about the building, level, room and material. An example 

of such comments is shown in Figure 23. 

 Once a complete level was loaded into SuperMC, and the comments for all 

the groups were duly allocated, the translation to MCNP was performed. As it 

was previously pointed out, ‘Automatic void generation’ option of SuperMC was 

used to create the complementary cells, made of air, of B14 and B74.  

 Debugging of the MCNP geometry 

A debugging process was performed to the generated MCNP inputs to fix 

regions defined in CAD model in a manner that generates a wrong MCNP model. 

Most of the times, this is due to approximations of very close surfaces, tiny 

undefined space regions and, residually, SuperMC translation errors in complex 
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cells. In order to locate these geometry problems, the MCNP models were run in 

void mode up to 109 histories making use of isotropic disperse sources. These 

runs identified, in the way of ‘lost particles’ messages, the regions that need to 

be redefined to obtain correct MCNP model.   

 Level by level, these geometry errors were manually fixed directly in the 

MCNP inputs. 109 histories were run successively until lost particle rate was 

less than 10-9. Once all the levels were in MCNP format, presenting zero lost 

particle when running 109 histories, they were assembled all together in the 

same MCNP input. The debugging process was repeated once again to the final 

input to avoid geometry errors due to the assembly of the different levels.  

 Some horizontal and vertical cross-sections of the Tokamak Complex MCNP 

reference model are shown in Table 15. 

Table 15. Plots of the Tokamak Complex MCNP reference model with description of contents. 

Color legend 

Fuchsia -> Normal concrete 

Dark blue -> Heavy concrete 

Yellow -> Borated heavy concrete 

Green -> Air 

 

Light blue -> Carbon steel 

Grey -> SS304 

Orange -> Polyethylene 

Purple -> Water 

Plane 

(cm) 

Description of 

interesting 

features 

MCNP plot 

Z=-1180 Plane at B2 level 

crossing the 

magnet feeders’ 

openings, the 

doors, the 

vertical shafts 

and the SIC 

rooms in B11. 
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Z=-935 Plane at B2 level 

crossing the 

mezzanine, the 

local shielding 

in mezzanine 

and the 

penetrations in 

Bio-shield. 

 

Z=-450 Plane at B1 level 

crossing the 

doors, the local 

shielding in 

south corners of 

B11 and the SIC 

rooms in B11. 

 

Z=60 Plane at L1 level 

crossing the 

doors, the NPA 

opening of the 

diagnostic port 

cell #10 and SIC 

rooms in B11. 
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Z=515 Plane at L2 level 

crossing the 

doors and the 

SIC rooms in 

the south side 

of B11. 

 

Z=1000 Plane at L3 level 

crossing the 

doors, the 

magnet feeders 

and the SIC 

rooms in B11. 

 

Z=1900 Plane at L4 level 

crossing the 

crane hall, the 

doors in the 

TCWS room and 

the two 

penetrations 

between L3 and 

TCWS room. 
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Y=-3360 Vertical plane 

crossing the 

vertical shafts 

and SIC rooms 

in the south 

corners of B11, 

diagnostic 

building and 

tritium building. 

 

Y= 0 Vertical plane 

crossing the 

tokamak 

complex. 

 

Y= 4130 Vertical plane 

crossing the 

vertical shafts 

and SIC rooms 

in the north 

corners of B11, 

diagnostic 

building and 

tritium building. 

 



Chapter 3 
MCNP Modelling of ITER Components 

 

 

108 

 

X=-3670 Vertical plane 

crossing the 

diagnostic 

building near 

the wall 

between B11 

and B74. 

 

X= 2780 Vertical plane 

crossing the SIC 

rooms of B11. 

 

X= 3685 Vertical plane 

crossing the 

tritium building 

near the wall 

between B11 

and B14. 

 

 

 Allocation of material and density in cells 

 The final step in the generation of the Tokamak Complex MCNP reference 

model was the definition of the different materials used in the model and the 

allocation of the material number and density to each cell of the input.  
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 Twenty-one materials were used in the Tokamak Complex MCNP model. 

Their chemical compositions were inserted according to the communications 

held with ITER IO. The composition of some of these materials is shown in 

Appendix I. The transport cross-section libraries FENDL-2.1 [94] were 

considered in the definition of the materials. 

 The material information given in the comments included in each cell made 

possible an easy allocation, by means of a computer script, of the material 

numbers and densities to the different cells of the Tokamak Complex MCNP 

model. The materials used for the different systems, local shielding, doors and 

building structures are shown in Table 16 and Table 17. 

Table 16. Materials used for the different systems included in the Tokamak Complex MCNP reference 
model. 

Component Modelled material and density 

Air and gas Air ( = 1.2 · 10-3 g/cm3) 

Bus bars 
(Two different types) 

Aluminum ( = 2.43 g/cm3), lesser density to 
accommodate the cooling water 

Copper mixture ( = 3.95 g/cm3) 

Cable trays 
Normal concrete ( = 2.2 g/cm3) to be 
conservative 

Cable trays insulation Air ( = 1.2 · 10-3 g/cm3) 

Cooling water system Water ( = 1 g/cm3) 

Cooling water system insulation 
(Three different types) 

Air ( = 1.2 · 10-3 g/cm3) 

Normal concrete ( = 2.2 g/cm3) 

Borated heavy concrete ( = 3.6 g/cm3) 

Cooling water system sleeves 
(Two different types) 

Normal concrete ( = 2.2 g/cm3) 

Lead ( = 11.3 g/cm3) 

Cryo-lines 
Helium gas ( = 0.01 g/cm3) to be 
conservative 

Demineralized water distribution Water ( = 1 g/cm3) 

Diagnostic penetrations Void 

DNB HV lines 
(Made of three different materials) 

SS304 ( = 7.93 g/cm3) 

Borated polyethylene ( = 1.15 g/cm3) 

R-Epoxy ( = 1.15 g/cm3) 

ECH and CD system Air ( = 1.2 · 10-3 g/cm3) 

ECH and CD system insulation Aluminum ( = 2.7 g/cm3) 

Fire protection Air ( = 1.2 · 10-3 g/cm3) 

Fueling Air ( = 1.2 · 10-3 g/cm3) 

Fueling insulation Air ( = 1.2 · 10-3 g/cm3) 

Gas Air ( = 1.2 · 10-3 g/cm3) 

Gas air Air ( = 1.2 · 10-3 g/cm3) 

Gas insulation Air ( = 1.2 · 10-3 g/cm3) 
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HNB HV lines 
(Made of three different materials) 

SS304 ( = 7.93 g/cm3) 

Borated polyethylene ( = 1.15 g/cm3) 

R-Epoxy ( = 1.15 g/cm3) 

HVAC Air ( = 1.2 · 10-3 g/cm3) 

Ion Cyclotron Heating (ICH) and CD 
system 

Air ( = 1.2 · 10-3 g/cm3) 

Liquid and gas Air ( = 1.2 · 10-3 g/cm3) 

Magnet feeders SS316L ( = 7.93 g/cm3) 

NBH and CD system  
(Two different types) 

Air ( = 1.2 · 10-3 g/cm3) 

Water ( = 1 g/cm3) 

Pulsed power supply Copper mixture ( = 3.95 g/cm3) 

Pump shaft cylinders SS304 ( = 7.93 g/cm3) 

Radiolg. and env. monitoring Air ( = 1.2 · 10-3 g/cm3) 

Test blanket module Helium gas ( = 0.01 g/cm3) 

Test blanket module insulation Air ( = 1.2 · 10-3 g/cm3) 

Thermal shield feeder SS304 ( = 7.93 g/cm3) 

Tritium HVAC detector Air ( = 1.2 · 10-3 g/cm3) 

Tritium plant Air ( = 1.2 · 10-3 g/cm3) 

Vacuum Void 

Vacuum-Vessel Pressure Suppression 
System (VVPSS) drainage 

Air ( = 1.2 · 10-3 g/cm3) 

Water Water ( = 1 g/cm3) 

Water drainage Air ( = 1.2 · 10-3 g/cm3) 

 

Table 17. Material used for the building materials, local shielding and doors included in the Tokamak 
Complex MCNP reference model. 

Component Modelled material and density 

Bio-shield plug walls Borated heavy concrete ( = 3.6 g/cm3) 

Building walls 

Normal concrete ( = 2.2 g/cm3), except for 

those bodies shown in Table 9, which are 

made of borated heavy concrete ( = 3.6 

g/cm3) 

Cargo lift door Carbon steel ( = 7.8 g/cm3) 

Doors in B14 Carbon steel ( = 7.8 g/cm3) 

Door in machinery room (B11-R1) Carbon steel ( = 7.8 g/cm3) 

Door in NBI in the north wall of B11 
Carbon steel ( = 7.8 g/cm3) and 

polyethylene ( = 0.95 g/cm3) 

Doors between B11 and adjacent 

buildings (B14 and B74) 
Carbon steel ( = 7.8 g/cm3) 

Doors between NBI cell and gallery Carbon steel ( = 7.8 g/cm3) 

Drain tank room door Carbon steel ( = 7.8 g/cm3) 
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Local shielding – Drain tank room Carbon steel ( = 7.8 g/cm3) 

Local shielding – Lower Pipe Chase 

(LPC) 
Carbon steel ( = 7.8 g/cm3) 

Local shielding in the gallery of B11 Carbon steel ( = 7.8 g/cm3) 

Local shielding in the south side of 

B11 
Carbon steel ( = 7.8 g/cm3) 

Local shielding of FDU units 
Carbon steel ( = 7.8 g/cm3) and 

polyethylene ( = 0.95 g/cm3) 

Local shielding of the magnet 

feeders 
Borated heavy concrete ( = 3.6 g/cm3) 

Local shielding of the penetrations 

in east wall of B11 
Carbon steel ( = 7.8 g/cm3) 

Local shielding of the penetrations 

in south wall of B11 
Carbon steel ( = 7.8 g/cm3) 

Local shielding of the penetrations 

in west wall of B11 
Carbon steel ( = 7.8 g/cm3) 

LPC walls and mezzanine Heavy concrete ( = 3.6 g/cm3) 

LPC doors Carbon steel ( = 7.8 g/cm3) 

Northeast and northwest Safety 

Importance Class (SIC) room doors 
Carbon steel ( = 7.8 g/cm3) 

Southeast and southwest SIC room 

doors 

Normal concrete ( = 1.0 g/cm3), except for 

the southwest SIC room door in L3 level, 

which is made of carbon steel ( = 7.8 g/cm3) 

Port cell doors 
Carbon steel ( = 7.8 g/cm3) and heavy 

concrete ( = 3.6 g/cm3) 

Port cell rails SS304 ( = 7.93 g/cm3) 

Shielded corner walls Normal concrete ( = 2.2 g/cm3) 

Sliding door in the northeast corner 

of B11 at L3 level 
Carbon steel ( = 7.8 g/cm3) 

Upper Pipe Chase (UPC) doors  Borated heavy concrete ( = 3.6 g/cm3) 

UPC walls and slab Borated heavy concrete ( = 3.6 g/cm3) 

Vertical shaft doors  

Normal concrete ( = 2.2 g/cm3), except for 

those located at L3 level, which are made of 

carbon steel ( = 7.8 g/cm3) 
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 Final remarks 

 A strongly organized and profusely commented MCNP input of the Tokamak 

Complex was produced. The 36862 cells of the model are grouped by levels, from 

B2 level of the Tokamak Complex to the roof of the Tokamak building. The IBED 

activated water pipes are included after the roof. The last cells appearing in the 

model are those of the bio-shield plugs and port cell rails.  

For each level, cells are arranged by buildings, following the sequence: 

Tokamak building, Diagnostic building and Tritium building. Finally, each 

building is split into several groups of cells that represent the different regions 

of the building, e. g. the north wall of Diagnostic building, cargo lift in the 

Tokamak building, etc.  

Labels, indicating the initial and final cells, are included at the beginning 

and at the end of the MCNP cells of every level, building and component. A total 

of 830 labels are included in the cell section of the MCNP model. An example of 

this kind of labels is shown in Figure 24. 

 In the special case of the Tokamak building, the cells are arranged in the 

model according to the following sequence: regions from the center of the 

building to the exterior and from northeast to southeast counterclockwise. This 

room-oriented organization of the Tokamak building facilitates the isolation of 

its different parts and the modification of the model due to future changes in 

the design of the elements. Labels are included at the beginning and at the end 

of each of the groups, giving information about the range of cells used. 

 As an example of this arrangement, let us consider the case of B1 level of 

tokamak building: 

The first group of cells in the input are the cells filled with air in the inner 

area of the bio-shield. The second groups of cells appearing in B1 level are those 

corresponding to the port cells. In the Tokamak Complex MCNP model, port 

cells are implemented from port cell #1 to port cell #18. The regions between 

port cells, formed by the walls and the vertical shaft between them (and the 

systems crossing the penetrations in the walls), have been identified and 

separated from the port cells themselves. 
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After the port cells, the next groups of cells in the input are the rooms near the 

external walls of the building. In this case the rooms are arranged in the 

following way: Northeast corner, Cargo lift, Drain tank room, Northwest corner, 

Southwest corner, ending with Southeast corner. 

The following groups of cells are the external walls of the building, including 

the systems crossing their penetrations. Then it comes the gallery and, finally, 

the cells outside the building, which are named as cover. 

 

Figure 24. Example of labels included in the Tokamak Complex MCNP reference model. 

 

In the case of Diagnostics and Tritium buildings, the cells are arranged 

following the next sequence: floor (and the systems crossing its penetrations), 

columns, stairs, inner walls, local shielding, doors, external walls, cover 

(external cells of the building), and air in the building. 
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 Importance cards for neutrons and photons were set to zero in three regions 

of the model: i) air cells in the inner part of the bio-shield plug to reflect that 

this region will be occupied by the tokamak; ii) NBI cell due to the absence of 

an available model at the time of production of the input; and iii) exterior of the 

Tokamak Complex to finish the simulation of particles leaving the Complex. 

 The 57085 surfaces in the MCNP input are grouped first by levels and, then, 

by buildings. Labels, indicating the initial and final surfaces, were included at 

the beginning and at the end of the MCNP surfaces of every level and building. 

A total of 150 labels are included in the surface section of the MCNP model. 

 To facilitate the use of the input and to provide a general picture of its 

organization, indexes of cells and surfaces are included at the beginning of the 

cells and surfaces sections, respectively. The beginning of the index of cells is 

shown in Figure 25.  

 

Figure 25. Beginning of the index of cells included in the Tokamak Complex MCNP reference model. 

 

 The Tokamak Complex MCNP model was produced paying special attention 

to the computational memory consumption and making use of the most stable 
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MCNP geometry implementations. For these reasons, universes and 

macrobodies were not used in the model and the number of surfaces used in 

the definition of the cells was keep as low as possible. 

3.3.4. Summary of the model and usage 

 An MCNP model of the ITER Tokamak Complex, which became an ITER 

reference model, was produced to provide with the adequate environment to the 

nuclear analyses performed to ITER components allocated outside the 

bio-shield. The ITER Tokamak Complex MCNP model reflects a conservative 

representation of the ITER baseline configuration. The MCNP geometry consists 

of 36.862 cells, 57.085 surfaces, 22 materials and 5 geometry transformation. 

20 minutes are required to load the geometry in the MCNP plotter. Plotting 

sections with lines takes only few minutes, depending on the extension of the 

section. 16.000 minutes of computer time are required to run 109 particles when 

using the VOID card of MCNP. The model exhibits an extremely low particle loss 

rate, which is less than 10-9. The comparison of these values with other ITER 

reference model, C-model R161214, is shown in Table 18. 

Table 18. Comparison between some figures of the Tokamak Complex MCNP model and C-model 
R161214. 

 
Tokamak Complex 

MCNP model 
C-model R161214 

Number of cells 36.862 70.374 

Number of surfaces 57.085 108.449 

Number of materials 22 345 

Number of geometry 

transformations 
5 22 

Time to load in MCNP 

plotter 
20 minutes 75 minutes 

Time to plot with lines Variable (few minutes) Infinite 

Computer time to run 109 

particles in void 
16.000 minutes 75.000 minutes 

Particle loss rate <10-9 <3·10-7 

 

 Special attention was paid to the usability features of the Tokamak 

Complex MCNP model. It is strongly organized and profusely commented. The 

cells in the model are grouped, sequentially, by the Tokamak Complex levels, by 
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buildings, by components and, finally, by materials. In the special case of the 

Tokamak building, in which many components are expected to be integrated, 

cells are arranged by rooms. Such room-oriented approach extremely facilitates 

the integration activities and the isolation of every room. A comment is included 

in each MCNP cell, giving the following information: BUILDING – LEVEL – 

COMPONENT – MATERIAL. 2081 different cell comments are allocated in the 

36862 cells. 980 labels are included to indicate the initial and final cells or 

surfaces involved in the definition of the different levels, buildings and 

components. 

The computational memory consumption of the model was another 

important concern. Universes and macrobodies are not employed. Only 128 

cells, out of 36862, require more than 300 surfaces in their definition.  

 The ITER Tokamak Complex MCNP model was used to produce radiation 

maps due to the neutron plasma source, due to water radioactive decay and due 

to the materials activation. Radiation maps were produced for neutron and 

photon fluxes, absorbed dose in silicon, 1 MeV neutron fluence equivalent and 

biological dose rate. The maps were included as part of the ITER baseline 

through PCR-795. They contain the reference values of radiation everywhere in 

the complex. ITER responsible officers have been using them as drivers for the 

design of their components. Violations of the limits for electronics [92][93] 

allocation were identified. Shielding measures in these places have been 

proposed and are, currently, under implementation adding a value of millions 

of euro. New maps have been requested and are under implementation as the 

new shields are designed. In Figure 26, Figure 27, Figure 28 and Figure 29, 

radiation maps at B1 level due to the neutron plasma source are shown. 

 The Oak Ridge National Laboratory also used the ITER Tokamak Complex 

MCNP model for some of their studies. The following excellent comments were 

received from them: 

• The Tokamak Complex MCNP model is a step change improvement in 

quality over previously released versions. 

• It is completely and clearly commented.  

• It exhibits an extremely low particle loss rate.  
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• It uses the most stable MCNP geometry implementations (i.e., avoids 

nested universes, complicated combinations of universes and 

macrobodies, etc). 

• It is version controlled by your group; this is highly important to 

reproducibility and analysis documentation. 

 

Figure 26. Neutron flux map in the Tokamak Complex at B1 level. 

 

 

Figure 27. Absorbed dose in silicon map in the Tokamak Complex at B1 level. 



Chapter 3 
MCNP Modelling of ITER Components 

 

 

118 

 

 

 

Figure 28. 1 MeV equivalent neutron fluence map in the Tokamak Complex at B1 level. 

 

 

Figure 29. Biological dose map in the Tokamak Complex at B1 level. 

  

 Port cell analysis are being already conducted with the model, like the 

TCP-FDR [95]. In addition, the Tokamak Complex MCNP model is expected to 
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be systematically used in the ALARA exercise of ITER to be implemented from 

2019 to 2021 and to be issued to the French Nuclear Regulator. 

3.4 MODELLING OF THE EUROPEAN TBMs 

An exhaustive analysis of the nuclear performance of the European HCLL 

[96] and HCPB [97] TBMs, integrated into the ITER Equatorial Port #16 (EP#16), 

will be presented in Chapter 4. For this analysis, the production of a new MCNP 

model of the HCLL and HCPB TBMs, together with the other elements included 

in the EP#16, was required. 

The enhance procedure explained in Subsection 3.2.2 was used to create the 

MCNP model of the European TBMs port. The production of such model, and its 

implementation into the ITER reference model C-model [75], are explained in 

this section. In Subsection 3.4.1, the complexity of the different elements of the 

European TBMs port and the challenges that represented their MCNP modelling 

are introduced. In Subsection 3.4.2, the measures taken to face the different 

challenges are explained. In Subsection 3.4.3, the process followed to generate 

the MCNP model of the European TBMs port is described. Finally, in Subsection 

3.4.4, a summary of the model is given. 

3.4.1. Introduction 

 The European HCLL and HCPB TBMs are extremely complex systems. 

Thousands of cooling channels, filled with Helium gas, are placed in the interior 

of the different structure elements. Sixteen breeding units, separated by 

stiffening plates, are allocated inside each of the TBMs structures. Huge 

shielding elements, formed by many stainless steel and water layers, are 

included behind the TBMs to reduce the radiation leakage through the port into 

the port interspace. Assembly joints between the TBMs and the shields are used 

to attach both components. The TBM sets, formed by the TBMs, assembly joints 

and TBM shields, are allocated inside the port plug frame. The port plug frame 

is a huge stainless-steel component, attached to the vacuum vessel, hosting 

many cooling channels in its interior. An intricate arrangement of pipes, 

so-called pipe forest, is situated in the port interspace above the port cell rails. 

Due to the high complexity of the pipe forest, it has never been modelled before.  
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 A complete MCNP model of the European TBMs port had to be produced, 

including the European TBM sets, port plug frame, pipe forest, port cell rails 

and bio-shield plug. Prepared CAD models of the HCLL and HCPB TBM sets, 

used for a previous study [66], already existed. Nevertheless, it had to be 

integrated in the port plug frame, whose design had significantly evolved. An 

adaptation of the TBM sets CAD models had to be done. 

 To produce an exhaustive nuclear analysis with the adequate environment, 

the TBMs port MCNP model had to be integrated into the ITER MCNP reference 

model C-model [75]. C-model is formed by different MCNP universes, which are 

containers conceived to facilitate the integration of systems. Even so, the 

integration of the TBMs port MCNP model into C-model is a complex process 

which will be explained in Subsection 3.4.3. 

 The MCNP model was meant to be used in a nuclear analysis conceived to 

prepare the ITER PDR of the European TBMs. Hence, the complexity of the 

different components had to be kept as much as possible, a control of the mass 

deviations produced during the modelling had to be exerted, and an 

independent revision of the MCNP model created had to be carried out.  

 The production of tritium in the TBMs is a critical parameter for the 

dimensioning of the de-tritiation system and for the TBMs safety case 

demonstration. The nuclear heating in the TBMs is to be used to design the 

TBMs cooling circuits. A very high degree of detail in the characterization of the 

nuclear responses is required. Integration results are also required to 

renormalize quantities after the mesh coupling with other analysis and to 

double check the results obtained in the meshes. The MCNP model of the 

European TBMs had to be produced to accomplish these objectives. 

 The MCNP model produced had to be used in the first study of shutdown 

dose rate in the ITER interspace in global approach, i.e., with correct detailed 

modelling of the neighbor ports. Hence, the integration into C-model had to be 

performed for three more MCNP port models: the two equatorial ports placed on 

the sides of the European TBMs port and the upper port situated above it. This 

study represented an important milestone for the ITER project. 
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 Finally, the European TBMs were the most advanced ITER TBMs in terms of 

nuclear analysis quality. Fusion For Energy wanted to preserve and to enhance 

this aspect, provided that a lot of attention was being paid to the European 

TBMs to understand the nuclear performance of the ITER TBMs. 

 For all these reasons, the MCNP modelling of the European TBMs, and the 

rest of the elements included in the ITER port in which they will be allocated, 

was of great relevance. 

3.4.2. Conception of the model 

 The MCNP model of the European TBMs port was conceived with two main 

purposes. On the one hand, it had to enable the integration of other TBM 

technologies in case further studies were required. On the other hand, it had to 

facilitate the performance of an exhaustive nuclear analysis of the European 

TBMs. 

 To help with future integration of other TBM technologies, two MCNP models 

were produced. One of them, so-called MCNP model #1, consisted of all the port 

elements which are generic for all the TBM ports. These elements are the port 

plug frame, the pipe forest, the port cell rails and the bio-shield plug. A few CAD 

bodies were included in the MCNP model #1, as space reservation, to facilitate 

the integration of the TBM sets. The other model, so-called MCNP model #2, 

consisted of the European HCLL and HCPB TBM sets. Once the two models were 

produced, the MCNP model #2 was integrated into the MCNP model #1 to obtain 

a complete European TBMs port MCNP model. 

 To facilitate the performance of the nuclear analysis, the final MCNP model 

was organized by main components, with the following order of appearance: port 

cell rails, pipe forest, port plug frame, HCLL TBM set, HCPB TBM set and 

bio-shield plug. Each of these main components were divided, in turn, into 

many subcomponents. Special attention was paid to the TBM sets. The HCLL 

and HCPB TBM sets were divided into 18 and 20 subcomponents, respectively. 

A comment was added to every MCNP cell with the information related to the 

component, subcomponent and material. The refurbishment step, included in 

the enhanced MCNP modelling procedure, was key to produce an organized and 

fully commented MCNP model of the European TBMs port. This procedure 
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extremely facilitated the computation of nuclear responses in each of the 

subcomponents. In this sense, around 80 cell tallies were easily and quickly 

defined.  

3.4.3. Production of the model 

 The enhanced procedure, explained in Subsection 3.2.2, was used to 

produce the TBMs port MCNP model. The initial CAD models did not require 

any modification, so the initial updating step of the procedure was not 

necessary. The integration of the MCNP model produced into C-model was 

performed in a final step. Hence, the steps followed to obtain an MCNP model of 

the European TBMs port were: i) Preparation of the initial CAD model, ii) 

Refurbishment of the prepared CAD model, iii) Conversion into MCNP format, 

iv) Debugging of the converted MCNP geometry, v) Allocation of material and 

density in the MCNP cells, and vi) Integration into C-model. Each of these steps 

are described in detail in the following subsections. 

Preparation of the initial CAD model 

The first step to produce the MCNP model of the European TBMs port 

covered a set of actions to prepare the initial CAD models for translation into 

MCNP. It consisted of two different steps: i) Initial CAD model simplification and 

ii) Set-up of the CAD model. 

 The initial CAD model simplification consisted of the removal of features 

which are normally troublesome to the translation to MCNP with SuperMC tool 

[58][59]. Some of these commonly problematic features are the existence in the 

model of MCNP non-supported surfaces, fillet edges, missing faces and clashing 

of different solids. This step was accomplished by using the tool Spaceclaim 

2016.2 [64]. 

 The set-up of the models included modifications not related with the 

simplification of its features. This process usually consists of the modelling of 

missing systems, the model relocation, the modification of the obsolete model 

boundaries, etc. 

 The preparation of the initial CAD model of the different components of the 

European TBMs port is described in the following. From now on, the final CAD 
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models, obtained after the processing of the initial CAD models, will be referred 

to as “translated CAD models”. 

 

Figure 30. Elements included in the ITER equatorial port #16. 

 

 HCLL and HCPB TBMs CAD model 

 The initial CAD model used for the HCLL and HCPB TBMs is shown in Figure 

31. It included the HCLL and HCPB TBMs themselves, their respective shields 

and the assembly joints between the TBMs and the shields. The resulting model 

after processing is also shown in Figure 31. 

 

Figure 31. Initial (left) and translated (right) HCLL and HCPB TBMs sets CAD models. 
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 Initial CAD model simplification 

 The initial HCLL and HCPB TBMs CAD model was the result of a 

simplification process already performed to a detailed CAD models. Thus, no 

further simplifications were needed to prepare the initial CAD models for 

translation into MCNP. 

 Set-up of the model  

 In order to prepare the initial HCLL and HCPB TBMs CAD model for 

translation into MCNP, some modifications, not related with simplifications of 

its features, were performed. These modifications are explained in the following: 

a) Repositioning of the HCLL and HCPB TBMs model, b) Updating of the TBM 

shield boundaries, c) Removal of clashing with other European TBMs port 

models, and d) Removal of obsolete components. These modifications are shown 

in Table 19. 

 Repositioning: The TBM initial CAD models did not fit in the latest available 

version of the PPF CAD model, so they needed to be relocated. The complete set 

of TBM, assembly joint and TBM shield was, for both TBMs, displaced to be 

centered in the PPF TBM aperture. Following confirmation from F4E and ITER 

IO [98], a gap of 9 mm between the TBMs and the PPF was considered in the 

four boundaries between each TBM and the PPF.  

 Updating the TBM shields boundaries: The apertures aimed at 

accommodating the TBMs shields in the new model of the PPF were smaller than 

the shields themselves. Thus, the TBMs shields clashed with the PPF. In 

addition, following confirmation from F4E and ITER IO, a gap of 7 mm had to 

be present in the four boundaries between the TBMs shields and the PPF. To 

meet this requirement, the outer regions of the TBMs shields were shaved, with 

no other engineering consideration than meeting the boundaries specifications. 

The boundaries of the back plate of the shields were also modified to fit the 

boundaries of the PPF CAD model. 

 Removal of clashing with other European TBMs port components: Some 

pipes, and their insulators, coming out from the shields of the HCLL and HCPB 

TBMs clashed with the insulation plates of the PPF model. In the case of the 

pipe insulators, they were modified to avoid the clashing, giving priority to the 
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insulation plates of the PPF. However, in the case of pipes clashing with PPF 

insulator plates, the insulator plates were modified and the pipes, made of steel, 

were preserved unaltered.  

 Removal of obsolete components: Obsolete elements included in the initial 

CAD model, aimed at reducing the gap between the rear part of the TBM shields 

and the previous version of the PPF, were removed.  

Table 19. Set-up of the initial HCLL and HCPB TBMs CAD model. 

 Initial model Translated model 

Change in 

the position 

of the HCLL 

and HCPB 

TBMs model 

  

Change in 

the 

boundaries 

of the TBM 

shields 
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Deletion of 

the 

overlapping 

regions 

  

Deletion of 

the variant 

cover 

  

 

 Port Plug Frame 

 The initial PPF CAD model for this task was received in STEP format. It is 

shown in Figure 32 and corresponds to the latest available version of the PPF 

by the time this work was done. The resulting model after processing is also 

shown in Figure 32. 

           

Figure 32. Initial (left) and translated (right) PPF CAD models. 
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 Initial CAD model simplification 

 Some details appearing in the initial PPF CAD model, irrelevant for nuclear 

analysis, were simplified before the translation of this model into MCNP: a) 

simplification of filled edges, b) Removal of castellations in the front part, c) 

removal of clashing, and d) complex cells were split. Relevant examples of each 

operation are shown in Table 20. 

 Simplification of fillet edges: The fillet edges appearing in the model were 

approximated by square ones. However, the boundaries facing the TBM sets and 

the interspace were preserved unaltered with respect to their initial shape to not 

modify the relevant gaps in any sense. An example of the kind of simplifications 

is shown in Table 20. 

 Removal of castellations in the front part: The castellations in the front 

surface of the PPF, not relevant for nuclear analysis, were filled to create a plane 

surface.  

 Removal of clashing: Some bodies in the initial PPF CAD model were clashing 

between them. To avoid this problem, the overlapping region was subtracted to 

one of the clashing bodies. The criteria followed to decide which of the colliding 

bodies preserve was to preserve unaltered the steel mass. An example of this 

kind of simplifications is shown in Table 20, were it can be seen that the steel 

mass is conserved by modifying the insulation plates of the PPF. 

 Complex cells splitting: Many bodies in the initial PPF CAD model were very 

complex in terms of number of surfaces needed to define them. This kind of 

solids may be problematic when translating them into MCNP in two ways. The 

first one is that SuperMC is not always able to translate them. The second one 

is that, even if they can be translated into MCNP, the use of cells with a large 

number of surfaces in their definitions results in very heavy and slow running 

MCNP models. The result of this splitting process was an increment of the 

number of bodies from 512 solids in the initial PPF CAD model to 1244 solids 

in the final PPF CAD model. An example of this splitting process is shown in 

Table 20, where a body of the initial PPF CAD model was split into 88 different 

solids. 



Chapter 3 
MCNP Modelling of ITER Components 

 

 

128 

 

Table 20. Simplifications performed to the initial PPF CAD model. 

  Initial model  Translated model 

Simplification 

of fillet edges 

  

Deletion of the 

castellations 

in the front 

part of the PPF 

  

Deletion of 

overlapping 

regions 

  

Cells splitting 

 
 

               

 Due to the simplification process explained before, the volume of some of the 

cells changed more than 2%. A density correction factor was applied to such 

cells to ensure the preservation of the original mass. 
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 Set-up of the model 

 In addition to the geometry simplifications performed to the initial PPF CAD 

model, other modifications were needed to prepare it for translation into MCNP. 

Such modifications were the following: a) Model relocation, b) Addition of 

fastening bolts between the TBMs and the PPF, and between the PPF and the 

Vacuum Vessel, c) insertion of the sealing flange, d) explicit bodies definition for 

the water inside cooling channels, e) creation of space reservation for TBM sets, 

and f) removal of some pipes not considered and not relevant for this work. 

These modifications are shown in Table 21. 

 Model relocation: The initial PPF CAD model was located in the position of 

the European TBMs port. To integrate it into C-model [75], the initial PPF CAD 

model was spun to be oriented along the X-axis. 

 Addition of the fastening bolts between the TBMs and the PPF, and between 

the PPF and the Vaccum Vessel: The bolts & inserts used to attach the HCLL 

and HCPB TBMs to the PPF, and the PPF to the vacuum vessel, made of relevant 

material for this work, were not included in the initial CAD model, and were 

incorporated. 

 Insertion of the sealing flange: The sealing flange in the rear part of the PPF 

was not included in the initial CAD model, and it was incorporated. The initial 

CAD model of the sealing flange required some simplifications, mostly related to 

the bellows. Both, initial and simplified CAD models of the sealing flange, are 

shown in Figure 33. 

 Bodies definition for water in cooling channels: The water cooling channels 

practiced in the walls of the PPF were already modelled in the initial PPF CAD 

model, but the bodies representing the water were not created. They were 

created, added to the final PPF CAD model, and are shown in Figure 33. Their 

implementation into the initial PPF CAD model is shown in Table 21. 
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Figure 33. Initial (left top) and simplified (left bottom) sealing flange CAD models. Water channels in the 
walls of the PPF (in the right top). Space reservation cells for the TBMs sets (right bottom). 

 

Creation of space reservation for the TBMs sets: To create a modular MCNP 

model, space reservation to host the TBM sets MCNP model have been defined 

occupying the entire PPF apertures for the TBM sets. It consisted of 7 bodies 

which are shown in Figure 33. The implementation of this space reservation into 

the initial PPF CAD model is shown in Table 21. 

 Removal of pipes: Some pipes included in the initial PPF CAD model, not 

relevant for nuclear analysis, were removed. This modification is shown in Table 

21. 

 

 

 

 

 

3D view                             Section 

3D view                               Section 
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Table 21. Set-up of the initial PPF CAD model. 

 Initial model Translated model 

Change in 

the 

position of 

the model 

 
 

Addition of 

the 

fastening 

bolts 

between 

the TBMs 

and the 

PPF 

  

Addition of 

the 

fastening 

bolts 

between 

the PPF 

and the 

port 
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Addition of 

the sealing 

flange 

  

Addition of 

the water 

channels 

 

 

Addition of 

space 

reservation 

for the 

TBMs 

  

Deletion of 

the pipes 

for the PPF 

and TBM 

shields 
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 Pipe Forest 

 The initial pipe forest (PF) CAD model is shown in Figure 34. It is a complex 

model presenting massive piping with multiple bends in every pipe. Additionally, 

the model status once received presented several deficiencies, requiring a large 

amount of resources spent in the CAD processing. The resulting model after 

processing is also shown in Figure 34. 

       

Figure 34. Initial (left) and translated (right) PF CAD models. 

 

 Initial CAD model simplification 

 Some features included in the initial PF CAD model were simplified before 

its translation into MCNP. The simplifications performed to the initial PF CAD 

model were the following: a) Simplification of fillet edges, b) small holes filling, 

c) removal of clashing, d) complex cells splitting 

 Simplification of fillet edges: The existing fillet edges in the initial PF CAD 

model were approximated by square ones. An example of this kind of 

simplification is shown in Table 22. 

 Closure of small holes: The holes in the enclosure plates of the structure of 

the PF, intended for bolts, were closed. An example of this kind of simplification 

is shown in Table 22. 

 Deletion of overlapping regions between different bodies: All around the 

initial PF CAD model there were overlapping regions between different elements. 

This problem was avoided by subtracting the overlapping region to one of the 
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bodies. The criterion to perform these subtractions was to preserve the total 

mass of steel. In the case of the collision between the bio-shield plug and the 

pipe insulators, the mass of borated heavy concrete was conserved. An example 

of the collision of different solids is shown in Table 22. 

Table 22. Simplification performed to the initial PF CAD model. 

 Initial model Translated model 

Simplification 

of fillet edges 

  

Closure of 

small holes 

  

Deletion of 

overlapping 

regions 

between 

different 

bodies   

Cells splitting 
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 Cells splitting: As in the case of the initial PPF CAD model, there existed very 

complex bodies in the initial PF CAD model. In order to avoid problems of 

translation into MCNP or heavy and slow running MCNP model, these bodies 

were split into simpler ones. An example of this splitting process is shown in 

Table 22, where a body of the initial PPF CAD model was split into 7 bodies. 

 No density correction factors were applied to any solid of the model, due to: 

i) The modifications were implemented so that there was no change of volume 

greater than 2% in the well-defined bodies, and ii) the large number of clashing 

regions made impossible to control the change in the volume of a large number 

of solids, and iii) many components were originally insufficiently designed, and 

required work to reach “baseline”. 

 Set-up of the model 

 In addition to the geometry simplifications performed to the initial PF CAD 

model, other modifications were implemented before its translation into MCNP. 

Such modifications were the following: a) Change in the position of the model, 

b) Modelling of the insulator, pipes and interior of pipes 

 Change in the position of the model: The initial PF CAD model was located 

at the European TBMs port. To integrate it into C-model [75], it was spun to be 

oriented along the X axis. This modification is shown in Table 23. 

 Modelling of the insulators, pipes and interior of the pipes: The pipes and 

their insulators were not properly designed for translation into MCNP in the 

initial PF CAD model. Moreover, the interior of the pipes was not modelled. To 

avoid problems related with the translation into MCNP of these pipes and 

insulators, they were modelled again, in addition with the interior of the pipes, 

with the same dimensions of the correspondent pipes and insulators of the 

translated TBMs CAD model. This modification of the initial PF CAD model is 

shown in Table 23. 
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Table 23. Set-up of the initial PF CAD model. 

 Initial model Translated model 

Change in 

the 

position of 

the model 

 

 

Modelling 

of the 

insulators, 

pipes and 

interior of 

the pipes  
 

 

  

 Port Cell Rails 

 The initial rails CAD model, shown in Figure 35, was ready for translation 

into MCNP. No simplification was performed to this model and no set-up was 

needed. 

 

Figure 35. Initial and ready to translate Port Cell rail CAD model. 
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 Bio-shield Plug 

 The initial bio-shield plug CAD model and the resulting model after 

processing are shown in Figure 36. 

 Initial CAD model simplification 

 The only modification made to the initial bio-shield plug CAD model was the 

filling of the openings for rails and biological screws, as shown in Figure 36. 

This modification is conservative with respect to the determination of quantities 

at the interspace, as it increases the backscattering and consequently the 

neutron flux and associated quantities at the interspace. 

                       

Figure 36. Initial (left) and translated (right) bio-shield plug CAD model. 

 

 Set-up of the model 

 In addition to the geometry simplification, the following modifications were 

performed to the initial bio-shield plug CAD model: a) Model relocation and b) 

Penetrations repositioning in the bio-shield plug. 

 Change in the position of the model: The initial bio-shield plug CAD model 

was located in the European TBMs port. In order to integrate it into C-model 

[75], it was spun to be oriented along the X- axis. This modification is shown in 

Table 24.  

 Change in the position of the openings in the bio-shield plug: The 

penetrations in the initial bio-shield plug CAD model were not coincident with 
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the pipes and insulators of the final PF CAD model. Such openings were 

changed to coincide with those pipes. This modification is shown in Table 24. 

Table 24. Set-up of the initial bio-shield CAD model. 

 Initial model Translated model 

Change in 

the position 

of the model 

 
 

Change in 

the position 

of the 

openings in 

the bio-

shield plug 

  

 

Refurbishment of the prepared CAD model 

 Once the CAD models were prepared for conversion into MCNP, a 

refurbishment process was performed to facilitate the production of an ordered 

MCNP model. The prepared CAD models were broken down into many CAD files, 

each one corresponding to a group of cells belonging to the same component, 

located in the same region and made of the same material. The number of CAD 

files generated for each of the European TBMs port components is shown in 

Table 25. 
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Table 25. Number of CAD files produced for each component of the European TBMs port. 

 
HCLL 

TBM set 

HCPB 

TBM set 
PPF PF PC rails Bio-shield plug Total 

CAD 

files 
18 20 25 25 5 1 94 

 

Conversion into MCNP format 

 The conversion of the refurbished CAD models into MCNP geometry was 

performed by means of SuperMC [58][59]. The following steps were followed: 

a. Insertion of the CAD files in SuperMC and allocation of commentaries for 

the bodies included in each CAD file according to component and 

material. 

b. Selection of the initial numbers of cell and surface for the conversion into 

MCNP. The choice of an appropriate range of cells and surfaces was 

required for a later integration into C-model. 

c. Selection of the number of decimal figures used for the conversion into 

MCNP. 

d. Selection of the “Automatic void generation” option with the setting “Face 

limit” set to 100 in SuperMC. 

e. Conversion into MCNP. 

 This procedure was used to create two different MCNP models. The first one 

consisted of the Port Plug Frame, the Pipe Forest, Port Cell rails and the bio-

shield plug. Specific cells representing space reservation for the HCLL and HCPB 

TBMs sets were modelled. The second MCNP model consisted of the European 

HCLL and HCPB TBMs sets, including the HCLL and HCPB TBMs, TBM shields 

and the assembly joints. The characteristics of each of these two models are 

explained in the following. 

 The aim was producing one final European TBMs port MCNP model following 

a modular approach, in which the structures not being the TBM sets could be 

recycled in future works independently from changes in the TBM sets 

themselves. 
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 The profusion of cell comments in MCNP considered in this work is a good 

practice from two perspectives. On the one hand, it is a critical aspect of the 

later model usability by UNED or other users. On the other hand, the material 

specification of each of the cells in the comment is used to produce an automatic 

materials allocation with a computational script to reduce human errors and 

save time. 

 The cells and surfaces ranges were selected among the free ranges in 

C-model [75] and avoiding clashes between the two MCNP models generated to 

conform the European TBMs port following the modular approach. 

 The decimal figures considered in the model production was an aspect 

receiving growing attention. A high number of decimal figures ensures the 

one-to-one correspondence between the surfaces considered in the CAD and the 

MCNP models. However, tiny imprecisions in the CAD models, up to 10-18 m 

details are considered by default, may arise using such high precision. This 

issue, attributable to format conversion or vague model production quality, can 

lead to a large lost particle rates in the MCNP model, while no extra physical 

information is captured with respect to a lower precision selection. However, too 

low precision, or low decimal figures number, may lead to wrongly defined 

surfaces, mostly specified with “GQ” MCNP word, for which decimal figures can 

make a difference. The parameter needs to be looked at carefully. 

 The use of the “Automatic void generation” option in SuperMC is normally 

used to save significant time, usually devoted to defining explicitly the 

complementary regions to the solid bodies of the CAD model. On top of it, this 

option deals with few troublesome design situations leading to high lost particle 

rates, eliminating them. However, this option normally carries an increase in 

the RAM memory consumption of the resulting MCNP model when running it. 

Prior to the study related to the RAM consumption [77] of the MCNP models 

made by UNED, it was not clear, whether such an increase was derived by a 

large total number of cells or the presence of few cells with paramount number 

of surfaces, both being common aspects to the use of such option. A common 

practice when using the “Automatic void generation” option is the setting of a 

maximum face limit to 100, followed in this work too. 
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 MCNP model #1: Port Plug Frame, Pipe Forest, Port Cell rails and bio-

shield plug  

 The final CAD models of the PPF, PF, PC rails and bio-shield plug were 

broken down into a total of 56 files differencing components and materials. Such 

files were imported one by one into SuperMC [58][59] and a commentary was 

allocated for each of them. The final model inserted into SuperMC is shown in 

Figure 37. 

 

Figure 37. Final PPF, PF, PC rails and bio-shield plug CAD models imported into SuperMC. 

 

 In order to proceed with the translation into MCNP, the following 

characteristics were selected: 

• Initial number of cell: 400000. 

• Initial number of surface: 400000. 

• Number of decimal figures used in the translation: 15 (default). 

• Generation of void space with the face limit set to 100. 

 The by-default number of decimal figures was considered as the pipe forest 

is massively filled with pipes non-parallel to axis, which require the use of “GQ” 

word in MCNP, sensitive to this parameter. The generated MCNP model of the 

PPF, PF, rails and bio-shield plug consisted of 10851 cells and 6602 surfaces.  
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 MCNP model #2: TBM sets 

 The final HCLL and HCPB TBMs CAD model was broken down into 41 files 

differencing components and materials. Such files were imported into SuperMC 

and a comment was allocated for each of them. The final model inserted into 

SuperMC is shown in Figure 38. 

 

Figure 38. Final HCLL and HCPB TBMs CAD model, including assembly joints and shields, imported into 
SuperMC. 

 

 In order to proceed with the translation into MCNP, the following 

characteristics were selected: 

• Initial number of cell: 411000. 

• Initial number of surface: 407000. 

• Number of decimal figures used in the translation: 4. 

• Generation of void space with the face limit set to 100. 

 The generated MCNP model of the HCLL and HCPB TBMs, assembly joints 

and shields consisted of 12293 cells and 3871 surfaces. 

 The consideration of 4 decimal words (details of 10-6 m duly captured) was 

used to reduce the lost particle rate of the model as generated, provided that the 

TBMs sets models are not so heavily made of cylinders non-parallel to axis as 

the interspace model previously explained. However, attention was paid to 
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detecting those surfaces wrongly defined with such low decimal figures number. 

A visual inspection of the pipes in MCNP was made. Additional, the cells volume 

was computed stochastically with MCNP and compared with the volume 

computed with SpaceClaim. Only one surface was found to present a problem, 

and it was replaced by the surface definition with 15 decimal figures. 

 An important remark is that for few void cells automatically generated by 

SuperMC the limitation 100 faces failed, and they present over 400 surfaces on 

its definition, and over 1000 surfaces exceptionally. When the operation was 

repeated forcing SuperMC to produce all the void cells with less than 100 

surfaces (changing minimum face size limitation) a model with higher number 

of cells (over 10000 additional cells), all of them below 100 surfaces, was 

obtained. However, the RAM memory consumption of such new model was 

higher than the previous one. Thus, the issue of which are the parameters and 

their ranges governing the RAM memory consumption of an MCNP model 

remain unknown but require attention for future works. 

Debugging of the converted MCNP geometries 

 Once two independent MCNP models were created, corresponding to the 

TBMs sets and to the rest of the European TBMs port, they were debugged and 

assembled together to conform the MCNP model of the European TBMs port. 

 Both independent MCNP models were run in MCNP void mode up to NPS 109 

considering multiple isotropic disperse sources. These runs identified, in the 

way of “lost particles” messages, regions of the geometry wrongly defined. Most 

of the times, this is due to approximations of very close surfaces, tiny undefined 

space regions and, residually, SuperMC translation errors in complex cells. 

These geometry errors were manually fixed directly in the MCNP inputs, running 

successively the same NPS 109 histories until lost particle rate was zero for both 

models. This is a model quality check commonly considered to be a necessary 

condition for models’ approval. 

 Once the debugging of the two models was accomplished, the MCNP inputs 

were assembled to create an European TBMs port MCNP model. The TBM sets 

space reservations specifically conceived in the production of the PPF, PF, PC 

rails and bio-shield plug MCNP model were replaced by the HCLL and HCPB 
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TBMs MCNP input itself. This approach allows the model modularity desired 

while avoids the MCNP universe nesting technique which increases the model 

load time and probably also the memory consumption. 

 Another debugging process, like the one performed before to the two 

translated MCNP models, was carried out for the European TBMs port MCNP 

input once assembled. The input was run up to NPS 109 in void mode 

successively until lost particles rate was zero. 

 In Appendix II, different sections of the European TBMs port MCNP model in 

void mode are shown.  

Materials allocation 

 The European TBMs port assembled MCNP model once debugged was ready 

for materials allocation. The profuse use of comments already mentioned in 

previous sections, was used to allocate materials to cells automatically with a 

computational script. Note that this approach aims at reducing human errors 

and save time. The materials for the different systems of the European TBMs 

port are shown in Table 26. 

 With respect to materials chemical compositions, for those elements 

presenting a range of concentration, the mean value has been assumed, except 

for Co, Ta, Nb impurities, for which the maximum value has been assumed. The 

content of carbon in EUROFER is also taken at the maximum of the range (0.12 

wt%), which corresponds to the reference composition to be considered for safety 

analyses. It is worth mentioning that implementation of PCR-722 [99] has been 

taken into account, and consequently, as a general fashion, 0.03% Co content 

has been assumed for all the steels in the European TBMs port, and 0.1 % for 

Inconel. EUROFER has been specified to 0.01% Co. 

 The definitions of the materials used in the European TBMs port are shown 

in Appendix III. 
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Table 26. Materials used for the systems of the European TBMs port. 

Material System Graphical evidence 

SS316L(N)-IG 

• HCLL assembly joint 

• HCPB assembly joint 

• HCLL shield: all the 

components except for the 

cooling water, vacuum, 

Li-Pb pipes and 

insulations. 

• HCPB shield: all the 

components except for the 

cooling water, vacuum 

and insulations. 

• PPF: all the components 

except for the insulation 

plates, cooling water, bolts 

and inserts. 

• Port Cell rails (the Co 

content is assumed to be 

0.05 wt.%) 

 

Lithium-lead 

• HCLL TBM: Breeder 

• HCLL shield: interior of 

lithium-lead pipes 

• PF: interior of 

lithium-lead pipes 

 

Microtherm 

• HCLL shield: insulators 

• HCPB shield: insulators 

• PPF: insulation plates 

• PF: insulators 
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Hot water 

• HCLL shield: cooling 

water 

• HCPB shield: cooling 

water 

• PPF: cooling water 

 

Beryllium • HCPB TBM neutron 

multiplier 

 

Lithium 

ceramics 
• HCPB TBM breeder 

 

EUROFER 97 

• HCLL TBM: structures 

• HCLL shield: Lithium 

Lead pipes 

• HCPB TBM: structures 

• PF: lithium lead pipes 
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SS316L 

• PF: all the components 

except for the insulators, 

lithium lead pipes, interior 

of lithium lead pipes and 

interior of helium coolant 

system pipes.  

 

INCONEL 

718 

• PPF: bolts 

• TBM sets: bolts 

 

S660 • PPF: inserts 

 

Concrete • Bio-shield plug 
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Vacuum 

• HCLL TBM: Cooling 

Helium 

• HCLL shield: Cooling 

Helium and vacuum parts 

• HCPB TBM: Cooling 

Helium 

• HCPB shield: Cooling 

Helium and vacuum parts 

• PF: Cooling Helium  
 

 

Integration into C-model 

 C-model [75] is the ITER MCNP reference model of the ITER tokamak. It is 

based on a modular concept of model envelopes by means of the use of MCNP 

universes. It represents all space of a 40º regular torus sector of the tokamak, 

containing one complete central port and two half lateral ports at each level. It 

provides with the adequate environment for the nuclear analyses performed to 

the different systems allocated inside the ITER bio-shield, such as the European 

HCLL and HCPB TBMs. 

 Special mention must be made to the envelope structure of C-model. The 40º 

sector of the tokamak in the model is divided in several envelopes, which are 

identified by numbers. Each envelope is created to facilitate the integration of 

the corresponding ITER component. Nevertheless, some of these envelopes are, 

in turn, divided in other envelopes. These nested envelopes can be used to define 

totally new envelopes, or they can be used to assign more regions to already 

existed envelopes. This is, for example, the case of envelope #73, which is the 

one used for the equatorial ports. Such envelope consists of a few cells created 

in the highest level, but also of many cells filling part of the envelopes #81 and 

#119. 

 The equatorial ports in C-model, as it is distributed by ITER Organization, 

are occupied by diagnostics generic equatorial ports. Note that at least 8, out of 

14, of the ITER equatorial ports will be occupied by diagnostics ports. Hence, 

the integration of the European TBMs port implied the removal of the 

diagnostics port already allocated in C-model. This was achieved by removing 

all the cells filling the envelope #73, which is the one devoted to the equatorial 

ports, and the surfaces and materials used for the diagnostics port model. 
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 The allocation of the European TBMs port MCNP cells in the envelope #73 

was done by adding the card ‘U=73’ to each one of the integrated cells. The 

surface and material cards of the European TBMs port MCNP model were also 

implemented in C-model in their corresponding sections. Special attention had 

to be paid to avoid the use of cell, surface and/or material numbers already 

used in C-model. 

 The coincidence of surfaces, used to define cells at different envelope levels, 

leads to an important loss of particles when the MCNP input is run. This is one 

of the main short comings related to the integration of systems in C-model. This 

can happen, for example, when a surface used in the definition of an envelope 

coincide with another one used in the definition of the system filling such 

envelope. To avoid this problem during the integration of the European TBMs 

port MCNP model, a displacement of 0.002 cm was assigned to the envelopes 

#73, #81 and #119 for the lateral equatorial ports.  

 The MCNP model resulted from the integration of the European TBMs port 

into C-model [75] contained 92358 cells and 116987 surfaces. Some pictures of 

such extremely complex model are shown in Table 27. 
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Table 27. European TBMs port integrated into C-model v1 R2.1. 

PX 900 

 

PX 975 

 

PX 1151 
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PY=40 

 

PY=0 
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PY=-40 

 

PY=-70 
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3.4.4. Summary of the model and usage 

 An MCNP geometry was generated for the European TBMs port. A modular 

approach was used to facilitate its usability in future nuclear analyses of other 

TBM models. Two MCNP sub-models were produced: one for the HCLL and 

HCPB TBMs sets and another for the remaining components of the port (port 

plug frame, pipe forest, port cell rails and bio-shield plug). Few cells were 

included in this last sub-model, as space reservation, to facilitate the TBMs 

integration. This approach was conceived to enable the recyclability of the MCNP 

sub-model formed by the port plug frame and the interspace components. 

 The European TBMs port MCNP geometry were produced to analyze their 

nuclear performance before facing the ITER Preliminary Design Review. An 

exhaustive nuclear analysis, with an unprecedent degree of detail, had to be 

performed. Nuclear responses had to be computed for the different 

sub-components of the European TBMs. To facilitate the achievement of these 

objectives, a strongly organized MCNP geometry was produced. In the European 

TBMs port MCNP geometry, cells are grouped by components, such as TBM sets 

or port plug frame. Each component is also divided by sub-components, such 

as TBMs or TBM shields. Sub-components are also divided in smaller ones, and 

so on. Finally, each small element is organized by materials. A comment is 

included after the definition of each cell providing the necessary information to 

facilitate an easy and fast identification of the components. All these measures 

were taken to produce a high quality MCNP geometry and to ensure an easy 

usage. 

  The MCNP model resulted of the integration of the European TBMs port into 

C-model motivated important D1SUNED improvements [77]. The complexity of 

the detailed components of the European TBMs port was kept as much as 

possible, to maximize the accuracy in the results obtained for the different 

nuclear responses. The MCNP geometry produced was integrated into the ITER 

MCNP reference model C-model, which is a very much detailed model of the 

ITER tokamak than the former reference model C-lite. For these reasons, the 

resulting MCNP model, which contained 92358 cells and 116987 surfaces, 

exhibited a huge computational memory consumption. The RAM computational 
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consumption of the model was 1.8 GB by means of MCNP5. Important 

improvements in D1SUNED [68]-[74], devoted to optimizing the computational 

memory consumption, were motivated by this model. The RAM consumption of 

the MCNP model with the improved version of D1SUNED was 346 MB, which 

represented reductions of the 81% with respect to MCNP5.  

3.5 GUIDELINES FOR MASS CONTROL 

 An important work was done during the first years of the thesis to improve 

the early MCNP modelling approach. The enhanced procedure, explained in 

Subsection 3.2.2, was used to create high quality MCNP models, such as the 

ITER Tokamak Complex (Subsection 3.3) and the European TBMs port 

(Subsection 3.4). Special mention must be made to the ITER Tokamak Complex 

MCNP model, which for the first time became an ITER MCNP reference model. 

 The implementation of the enhanced procedure resulted in an important 

reduction of the time devoted to the MCNP modelling, while increased the 

complexity and quality of the models produced. It also facilitated the revision 

activities performed by independent analysts, which reduced the uncertainty 

related to errors produced during the MCNP modelling phase. 

 Nevertheless, the control of the mass deviations produced during the MCNP 

modelling was not improved in the enhanced MCNP modelling procedure. As in 

the case of the early approach, the control consisted of the comparison of the 

initial and final volumes of the CAD bodies. Density correction factors were 

applied to those elements, whose volume had changed more than 2%. Mass 

deviations due to the conversion into MCNP were not controlled and the whole 

process was not automatized, which meant long time consumption and could 

lead to potential human errors. Such method meant an important uncertainty 

for the nuclear analyses performed.  

 The uncertainty related to the mass deviations, produced during the MCNP 

modelling, had always been a concern at UNED. Such concern was also shared 

by other institutions, such as ITER Organization [98]. The development of new 

procedures was required to reduce this kind of uncertainty. In the frame of this 

thesis, guidelines for the generation of MCNP geometries from CAD models, with 

strict control of the mass variation of every part of the model, were created. 
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These guidelines were thought to be applied to those MCNP models generated 

with SuperMC [58][59], after a preparation process performed to the original 

CAD model, with the help of SpaceClaim [64]. The development of the mass 

control guidelines positioned UNED as the first, and only, team in the world 

with the capability of controlling the mass deviations, produced during the 

MCNP modelling of complex geometries. 

 In Subsection 3.5.1, the guidelines developed for those CAD models without 

linked bodies are explained. In Subsection 3.5.2, the guidelines developed for 

those CAD models with linked bodies are described. Finally, in Subsection 3.5.3, 

the summary of the guidelines and their application to complex ITER 

components, such as the ITER diagnostics generic equatorial and upper ports, 

are shown.  

3.5.1. Guidelines for original CAD models without linked bodies 

 The following definitions will be used in the guidelines: 

• Original model: CAD model received. 

• Intermediate model: CAD model obtained from the original model after 

the performance of a refurbishment process and the removal of 

interferences between bodies. 

• Simplified model: CAD model obtained from the intermediate model after 

the performance of a de-featuring of the bodies. 

• Final model: CAD model obtained from the simplified model after the 

removal of the interferences between bodies. 

• MCNP model: MCNP input containing the cells and surfaces obtained by 

translating into MCNP the final model. 

• Linked bodies: Group of bodies connected in a CAD model so that every 

modification performed in one of them is automatically spread to the 

other bodies. 

 The procedure to generate an MCNP model from an original model without 

linked bodies, schematically shown in Figure 39, consists of the following steps: 

I. Interferences in original model: Collisions between bodies in the original 

model must be removed. 
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II. Original model refurbishment: The aim of this step is to obtain an 

intermediate model with the same volume and shape of the original 

model, but with the same number and order of bodies than the cells in 

the final MCNP input. This process consists of four different steps: 

a) Re-grouping of bodies: The bodies of the original model must be 

re-arranged in the desired order of appearance in the final MCNP 

input. 

b) Splitting of bodies: The complex bodies in the original model must 

be split into simpler ones to avoid the generation of complex cells 

in the final MCNP input. 

c) Separation of bodies in folders: Once the splitting process is done, 

the bodies in the model must be separated in different folders, so 

that the number of folders in the lowest level of the SpaceClaim 

tree structure is the same as the total number of bodies and in 

each of these folders there is only one body. 

d) Saving of the intermediate model file: The model obtained after the 

re-grouping, splitting and separation of bodies, known as 

intermediate model, must be saved as two different files. One of 

these should not be modified and will serve to obtain the volume 

of the different bodies before the de-featuring process is 

performed. The other one will be used to obtain a CAD model 

suitable for translation into MCNP. 

III. Volume of CAD bodies: The intermediate model must be used to obtain 

the volume of all the bodies before the de-featuring process is performed. 

To do this, the ‘Bill of materials’ tool with the ‘Indented’ option in the 

‘Detail’ section of SpaceClaim will be used. 

IV. Intermediate model de-featuring: The aim of this step is to obtain a 

simplified model with the same number and order of bodies as in the 

intermediate model. To do so, a de-featuring process will be performed to 

the intermediate model bodies in the case the analyst estimates it 

necessary. During the de-featuring process, all the bodies and their order 

in the SpaceClaim tree structure must be preserved. No modification, in 

any sense, is allowed to be performed to the gaps parallel to the radiation 

flux. 
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V. Interferences in simplified model: Collisions between bodies, resulted due 

to the de-featuring process, must be removed to obtain a final model 

ready for translation into MCNP. 

VI. SuperMC: The aim of this step is to obtain an MCNP model with the same 

number and order of cells as the bodies in the intermediate model. To do 

so, the final model must be imported into SuperMC. Comments must be 

allocated in all the bodies. Once this is done, the final model is ready for 

translation into the MCNP model. 

VII. Volume of MCNP cells: The MCNP model will be used to obtain the volume 

of all the cells. To do so, a stochastic estimation must be performed as it 

is explained in [57]. 

VIII. Deviation in material masses: The ratio between the material masses of 

the MCNP model and the intermediate CAD model are given by the ratio 

between their respective volumes. 

3.5.2. Guidelines for original CAD models with linked bodies 

 In some cases, due to the characteristics of the different groups of linked 

bodies, the analyst may prefer to break the connection between the linked 

bodies before the de-featuring process is performed. In these cases, after the 

removal of the original interferences, the linked bodies will be separated and the 

procedure to be followed must be the ‘Guidelines for original CAD models 

without linked bodies’ explained before. Otherwise, we will proceed as follows. 

 The procedure to generate an MCNP model from an original model with 

linked bodies, schematically shown in Figure 39, consists of the following steps: 

I. Interferences in original model: Collisions between bodies in the original 

model must be removed.  

II. Original model refurbishment: The aim of this step is to obtain an 

intermediate model with the same volume and shape of the original 

model, but with the same number and order of bodies than the cells in 

the final MCNP input. This process consists of four different steps: 

a) Re-grouping of bodies: The bodies of the original model must be 

re-arranged in the desired order of appearance in the final MCNP 

input. 
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b) Splitting of bodies: The complex bodies in the original model must 

be split into simpler ones to avoid the generation of complex cells 

in the final MCNP input. 

c) Separation of bodies in folders: Once the splitting process is done, 

the bodies in the model must be separated in different folders, so 

that the number of folders in the lowest level of the SpaceClaim 

tree structure is the same as the total number of bodies and in 

each of these folders there is only one body. 

d) Saving of the intermediate model file: The model obtained after the 

re-grouping, splitting and separation of bodies, known as 

intermediate model, will be save as two different files. One of these 

should not be modified and will serve to obtain the volume of the 

different bodies before the de-featuring process is performed. The 

other one will be used to obtain a CAD model suitable for 

translation into MCNP. 

III. Intermediate model de-featuring: The aim of this step is to obtain a 

simplified model with the same number and order of bodies as in the 

intermediate model. A de-featuring process will be performed to the 

intermediate model bodies in the case the analyst estimates it necessary. 

During the de-featuring process, all the bodies and their order in the 

SpaceClaim tree structure must be preserved. No modification, in any 

sense, is allowed to be performed to the gaps parallel to the radiation flux. 

IV. Separation of linked bodies: The connection between the linked bodies 

must be broken in both, the intermediate and the simplified models. The 

final arrangement of bodies after this unlinking process must be the same 

in both, the intermediate and the simplified models. 

V. Volume of CAD bodies: The intermediate model must be used to obtain 

the volume of all the bodies before the de-featuring process is performed. 

To do this, the ‘Bill of materials’ tool with the ‘Indented’ option in the 

‘Detail’ section of SpaceClaim will be used. 

VI. Interferences in simplified model: Collisions between bodies, resulted 

because of the de-featuring process, must be removed to obtain a final 

model ready for translation into MCNP. 

VII. SuperMC: The aim of this step is to obtain an MCNP model with the same 

number and order of cells as the bodies in the intermediate model. The 

final model must be imported into SuperMC. Comments must be 
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allocated in all the bodies. Once this is done, the final model is ready for 

translation into the MCNP model. 

VIII. Volume of MCNP cells: The MCNP model must be used to obtain the 

volume of all the cells. To do this, a stochastic estimation will be 

performed as it is explained in [57]. 

IX. Deviation in material masses: The ratio between the material masses of 

the MCNP model and the intermediate CAD model are given by the ratio 

between their respective volumes. 

 

Figure 39. Flowchart for the MCNP modelling from CAD models with volume control. 
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3.5.3. Summary of the guidelines and usage  

 To reduce the uncertainty related to the MCNP modelling of ITER 

components, two different guidelines were developed to control the mass 

deviations produced between the CAD bodies and the MCNP cells of the same 

geometry. On the one hand, guidelines were produced for those cases in which 

no linked bodies exist in the original CAD model. On the other hand, guidelines 

were developed for those cases in which linked bodies exist in the original CAD 

model. The development of the mass control guidelines positioned UNED as the 

first, and only, team in the world with the capability of controlling the mass 

deviations, produced during the MCNP modelling of complex geometries. 

 These guidelines provide with procedures to generate MCNP models from 

CAD models, making possible the comparison between the masses of the MCNP 

cells and the corresponding CAD bodies, with a one-by-one correspondence. 

Unfortunately, the use of these new procedures has resulted in an increase of 

the MCNP modelling time. Future work must be done to optimize them. 

 The guidelines for mass control were used to produce the MCNP models of 

the ITER diagnostics generic equatorial and upper ports. Such models were 

generated by the end of 2018 to be included in the ITER MCNP reference model 

C-Model [75]. The ratios between the volumes of the MCNP cells and the 

intermediate CAD bodies, obtained using the guidelines for mass control, were 

used to estimate density correction factors. Such factors were applied to the 

different MCNP cells to avoid deviations in material masses for the ITER 

diagnostics generic equatorial and upper ports. The mass deviations, before and 

after the application of the density corrector factors, are shown in Figure 40 and 

Figure 41 for both the diagnostic generic equatorial and upper ports, 

respectively. 
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Figure 40. Mass ratio between initial diagnostic generic equatorial port CAD bodies and diagnostic 
generic equatorial port MCNP cells before and after the application of the density correction factors. 

 

Figure 41. Mass ratio between initial diagnostic generic upper port CAD bodies and diagnostic generic 
upper port MCNP cells before and after the application of the density correction factors. 
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3.6 SUMMARY 

 In the frame of this thesis, an important work has been done in relation to 

the MCNP modelling of complex ITER components. Such work has been focused 

on two aspects: the development of new MCNP modelling procedures and their 

application to produce MCNP geometries of complex ITER components. 

 An enhancement of the early MCNP modelling approach has been produced. 

The time spent in the different steps included in the early approach has been 

optimized, thanks to the experience accumulated during the last years and the 

automatization of some tasks, by means of computational scripts. Two new 

steps have been included in the enhanced procedure. One step aimed at 

ensuring the adequacy of the MCNP models produced to the ITER baseline 

configuration. And another step aimed at producing high quality MCNP models, 

in terms of internal organization and usability.  

 The enhanced procedure has permitted the production of user-friendly and 

easy-to-update-and-maintain MCNP geometries. This kind of models has 

facilitated the performance of optimization studies, in which many 

configurations of the same component must be analyzed. The quick 

identification of every component of the MCNP models produced has favored an 

easy definition of the cell tallies, facilitating the production of more exhaustive 

nuclear analyses, and the performance of independent revision activities, which 

extremely reduces the uncertainty associated to the MCNP modelling tasks.  

 The application of the enhanced procedure has favored the production of 

much more complex MCNP geometries, such as the ITER Tokamak Complex 

MCNP model and the European TBMs port model. In addition, a significant 

reduction of the MCNP modelling time has been achieved. In this sense, the 

MCNP modelling time has been reduced from 75% of the time devoted to the 

whole nuclear analysis to 30%.  

 An MCNP model of the ITER Tokamak Complex was produced by means of 

the application of the enhanced procedure. Such model, which became an ITER 

reference model, is based on a conservative representation of the ITER baseline 

configuration. To ensure this, thousands of modifications were performed to the 
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initial CAD models. Every modification was reviewed, recorded and version 

controlled. 

The Tokamak Complex MCNP model was conceived to be used by hundreds 

of users around the world. The application of the enhanced MCNP modelling 

procedure permitted the creation of a strongly organized and profusely 

commented MCNP geometry. The model consists of 36.862 cells, 57.085 

surfaces, 22 materials and 5 geometry transformation. A comment is included 

in each MCNP cell, providing information of the building, level, component and 

material. The Tokamak Complex is broken down in 2081 subcomponents, which 

are organized hierarchically by levels, by buildings, by components and, finally, 

by materials. 980 labels are included to indicate the initial and final cells or 

surfaces involved in the definition of the different levels, buildings and 

components. A room-oriented approach was used for the Tokamak building 

aimed at facilitating integration activities and isolation of rooms.  

 The Tokamak Complex MCNP model exhibits an extraordinary 

computational performance. 20 minutes are required to load the geometry in 

the MCNP plotter. Plotting sections with lines is possible and it takes only few 

minutes. 16.000 minutes of computer time are required to run 109 particles in 

void. The model exhibits an extremely low particle loss rate, which is less than 

10-9. 

 The ITER Tokamak Complex MCNP model was used to produce radiation 

maps, which were included as part of the ITER baseline through PCR-795. Port 

cell analysis are being already conducted with the model, like the TCP-FDR. In 

addition, the Tokamak Complex MCNP model is expected to be systematically 

used in the ALARA exercise of ITER to be implemented from 2019 to 2021 and 

to be issued to the French Nuclear Regulator. Excellent comments about the 

performance of the Tokamak Complex MCNP model were received from people 

of the Oak Ridge National Laboratory. 

 The enhanced MCNP modelling procedure was also employed to generate an 

MCNP model of the European TBMs ITER port. A modular approach was used 

to facilitate the integration of future versions of the EU-TBMs, or other kind of 

TBMs.  
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 The model was produced to analyze the nuclear performance of the EU-TBMs 

before facing the ITER Preliminary Design Review. An exhaustive nuclear 

analysis, with an unprecedent degree of detail, had to be performed. To facilitate 

the definition of around 80 cell tallies, the EU-TBMs ITER port was broken down 

into 94 subcomponents. A comment was included in every cell to facilitate an 

easy and fast identification of the different components. The complexity of the 

detailed components of the European TBMs port was kept as much as possible, 

to maximize the accuracy in the results obtained for the different nuclear 

responses. 

 The MCNP model of the EU-TBMs ITER port was integrated into C-model. 

The final MCNP model contained 92358 cells and 116987 surfaces. It exhibited 

a huge computational memory consumption, which motivated important 

D1SUNED improvements devoted to optimizing the computational memory 

consumption of the MCNP models. A reduction of 81% of the RAM memory 

consumption was achieved with the new version of the D1SUNED. 

 Finally, guidelines were developed to control the mass deviations produced 

between the CAD bodies and the MCNP cells of the same geometry. These 

guidelines make possible the comparison between the masses of the MCNP cells 

and the corresponding CAD bodies, with a one-by-one correspondence. Density 

correction factors can be then applied to preserve the mass. Unfortunately, the 

use of these new procedures has resulted in an increase of the MCNP modelling 

time. Future work must be done to optimize them. 

The guidelines for mass control were used to produce the MCNP models of 

the ITER diagnostics generic equatorial and upper ports, which were included 

in the last version of C-model. 

The development of the mass control guidelines positioned UNED as the first, 

and only, team in the world with the capability of controlling the mass 

deviations, produced during the MCNP modelling of complex geometries. This 

fact means an important decrease in the uncertainty related to the MCNP 

modelling of ITER components. 
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CHAPTER 4 

NUCLEAR ANALYSIS OF EUROPEAN HCLL AND 

HCPB TEST BLANKET MODULES 

 ITER is conceived as an experimental device to support the development of 

multiple technologies for fusion power plants. The tritium breeding is one of 

these technologies. 

 In its early stages, the nuclear fusion, as energy source, will rely on the DT 

fusion reactions. Deuterium is easily found in nature, while tritium must be 

bred in situ. One neutron (14.1 MeV) and one alpha particle (3.5 MeV) will be 

produced per DT fusion reaction. The magnetic field will direct the alpha 

particles to the divertor, taking advantage of its electric charge. The neutrons, 

instead, must be captured by the so-called blanket, which is made of materials 

with a high neutron absorption. 

 The blanket design shall ensure the fulfilment of three functions. Firstly, it 

should breed the tritium at a production rate high enough to compensate its 

burning in the plasma, plus a minimum overhead accounting for the recovery 

rate and other technological considerations. Secondly, the blanket shall ensure 

a recovery of the neutron energy for electricity production in a power cycle. 

Finally, the blanket shall provide necessary shielding for the radiation 

protection purpose and minimization of the generation of radioactive waste.  

 The blanket relies on the reaction Li6(n,t)α to ensure the tritium 

self-sufficiency. Such reaction also plays a role in the energy recovering and 

neutron shielding. A nuclear fusion reactor design seeks the operational 

maximization of these three aspects. This fact has triggered the so called 

“tritium breeding technologies” to develop diverse concepts of breeding blankets 

[100]. 

 Some breeding blanket proposals exist making use of lithium in different 

chemical forms, basically, pure lithium, the eutectic lithium-lead and the 

lithium ceramics. The breeding blanket elements containing the lithium 

constitute the breeder. To enhance the tritium production rate, neutron 

multipliers and Li6 enrichment are often implemented in the design. Different 
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cooling options for the breeding blankets have been proposed, from self-cooled 

breeders, to the use of auxiliary cooling, like water or helium, or dual concepts. 

In summary, a large variety of breeding blanket proposals exist for magnetic 

and inertial fusion reactors. Some important works can be found in [100][101]. 

 Nonetheless, the validation of the breeding blanket technologies under 

relevant conditions of radiation has not been possible so far due to the lack of a 

radiation source large, intense and energetic enough. Such validation is needed 

to confirm the performance of the breeding blanket technologies, but also to 

validate the computational tools conceived to predict such performance. It is a 

mandatory step for the design of the future fusion based power plants, such as 

DEMO. 

 ITER will be the first fusion device to test some of the integrated technologies, 

materials and physic regimes necessary for the commercial production of 

fusion-based electricity. In terms of breeding blankets, the ITER Project 

Specification includes that "ITER should test tritium breeding module concepts 

that would lead in a future reactor to tritium self-sufficiency, the extraction of 

high grade heat and electricity production". Although ITER will procure tritium 

from the global civil inventory, which is currently estimated at 20 kg, a tritium 

breeding blanket ensuring tritium breeding self-sufficiency is a compulsory 

element for a demonstration power reactor (DEMO), the next-step after ITER. 

For this reason, ITER will dedicate equatorial ports in the vacuum vessel to host 

some Test Blanket Modules (TBM) [102][103]. A TBM is an arrangement, as 

relevant as possible, of a given breeding blanket technology with all the 

instrumentation needed to conduct a full characterization of its operation, in 

the fusion radiation environment that ITER will provide.  

 The European Union is in charge of the development of two of the ITER TBMs 

[104][105] that will be allocated together in one of the ITER equatorial ports. 

One of them, based on the Helium Cooled Lithium Lead (HCLL) technology [96], 

proposes liquid Lithium Lead (Li-Pb) eutectic (15.7% Li) as both, tritium breeder 

and neutron multiplier. An enrichment to 90 at.% of Li6 in the lithium is 

considered. The Li-Pb moves at low rate (0.29 kg/s) between EUROFER-97 [106] 

plates. Helium gas flows inside cooling channels located in the EUROFER-97 

plates to recover the heat deposited in the TBM. 
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 The other European TBM (EU-TBM) design, based on the Helium Cooled 

Pebble Bed (HCPB) technology [97], uses a lithium ceramics (Li4SiO4), with Li6 

enrichment to 90 at. %, as a tritium breeder. Beryllium pebbles, acting as 

neutron multiplier, surround the tritium breeder. This concept is also cooled by 

Helium gas flowing within EUROFER-97 cooling plates’ channels. Helium in a 

separate dedicated loop is used to recover the tritium produced in the TBM. 

 Both concepts, shown in Figure 42, are enclosed in EUROFER-97 box and 

subdivided in 16 breeding units (BU) deployed in two columns of eight BUs each. 

The different BUs are identified by the row and the column in which they are 

placed. The row is specified by a number, being 1 the uppermost row and 8 the 

lowermost one. The left-hand (when facing the plasma) column is labelled by 

the letter “L”, while “R” is used for the right-hand column. The elements of the 

HCLL and HCPB EU-TBMs and the notation used for the BUs are shown in 

Figure 43.  

 

Figure 42. Sections of the HCLL and HCPB EU-TBMs. 

 

 The HCLL and HCPB EU-TBMs have already passed the Conceptual Design 

Review and are, currently, toward the Preliminary Design Review. While the 

shielding performance of the EU-TBMs has been studied in detail in the recent 

years [66], this was not the case for the tritium production and the nuclear heat 

[107], which latest study is dated back to 2011. Since then, significant advances 

in the nuclear analysis capabilities have occurred. In addition, the design of the 

port plug frame has evolved, increasing the exposure of the TBMs to the plasma 

source. A detailed analysis is required to update and advance in the 
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understanding of these two important quantities, which are key input data to 

thermo-mechanical design. The safety analysis of the evolution of these TBMs 

requires it. 

 

Figure 43. Components of the HCLL and HCPB EU-TBM. 

  

 In this chapter, an exhaustive characterization of the nuclear performance 

of the HCLL and HCPB EU-TBMs, integrated into the ITER equatorial port #16, 

is provided. In Section 4.1, an introduction is given to motivate the necessity of 

analyzing some nuclear responses of the ITER EU-TBMs. In Section 4.2, nuclear 

responses during operation of ITER are provided. In Section 4.3, a nuclear 

analysis during the shutdown of ITER is performed. Finally, in Section 4.4, a 

summary of the main results obtained is given. 
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4.1 INTRODUCTION 

 The nuclear characterization of the HCLL and HCPB EU-TBM ITER port is 

required for several reasons. 

 The heat deposited in the TBM must be evacuated to ensure the adequate 

temperature of operation. Hence, the nuclear heating in the EU-TBMs is one of 

the design drivers of such components. One of the heat sources is the nuclear 

deposition of the kinetic energy of the neutrons coming out from the plasma, 

and the subsequent prompt photons. Such heat source is known to be relevant 

and, consequently, has been subject of study before [107]. Another heat source, 

that could be of importance during the machine operation, is the nuclear 

deposition of the kinetic energy of short-term decay particles coming from 

activated materials. This heat source has never been addressed before, and it is 

addressed here for the first time. The contribution to the nuclear heating coming 

from mid- and long-term decay of the materials is not that important, as 

confirmed from previous works [107]. Even so, it is still studied here. Other heat 

sources, such as the first wall loading, are not considered in this work. 

 Diverse sensors and diagnostics are deployed inside the EU-TBMs to monitor 

their operation. They contain basic electronics and optic fibers, which operation 

is subjected to a limit of 2000 Gy. The determination of the dose to silicon in 

the different parts of the EU-TBMs is required to ensure the correct operation 

of the electronic components.  

 The production of tritium will be subject of study, experimentally, when the 

ITER machine will operate. In addition, the tritium is a safety concern 

[108]-[110]. Specifically, the confinement of tritium within the respective sub-

systems of the fuel cycle is one of the most important safety objectives of ITER, 

and of any nuclear fusion facility. The tritium production rate is a key parameter 

for the TBM design, which makes the TBMs the main source of tritium in ITER.  

 The biological dose rate during shutdown of the machine, so-called 

shutdown dose rate (SDDR), is one of the ITER port design drivers. The planned 

in-situ maintenance activities in the TBM ports are subject to the ITER 

PR1130-R requirement: 
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“…where hands-on maintenance activities in port cells and in other locations in 

the ITER facility requiring human access are performed, dose rate shall be as low 

as reasonably achievable and shall not exceed 100 μSv/h in yellow zones and 

10 μSv/h in green zones, at 106 s (about 12 days) after shutdown without formal 

project approval. The dose will be estimated 30 cm from the nearest accessible 

surface and must take into account the surface contamination, airborne tritium as 

well as activated materials” [111],  

and to the TBM System quality requirement 56s277: 

“The TBM PP, together with the vacuum vessel and port mounted equipment, shall 

limit the dose rate in the Pipe Forest to a level that would allow hands-on 

maintenance. The dose rate should be as low as reasonably achievable, with a 

target of 100 microSv/hr, and in any case less than 2 mSv/hr, after a decay 

period of 12 days” [112]. 

 Previous works had been dedicated to the study of these different quantities. 

In [107], the nuclear heating and the tritium production were determined for 

the HCLL and HCPB EU-TBMs model available at 2011. In [66], a SDDR 

characterization of the interspace of the ITER equatorial port #16, where the 

EU-TBMs will be allocated, was performed. The role played by the TBM and TBM 

shields, the equatorial port gaps and the vacuum vessel permeation, in terms of 

neutron flux transmission, was assessed. Nevertheless, new nuclear analyses 

of the EU-TBMs ITER port were required for several reasons. 

 First, the design of some of the port components, such as the TBMs and the 

port plug frame, has significantly evolved since the last studies. In addition, 

other components, such as the pipe forest and the port cell rails, have not been 

considered in the previous works. 

 Second, an important evolution has been produced in relation to the 

methodologies applied. Uncertainties related to the treatment of the geometries 

have been reduced by the enhancement produced in the MCNP modelling 

procedure and the generation of new updated ITER MCNP reference models. The 

increasing of the computational power has enabled the obtaining of more refined 

nuclear responses. New capabilities have been developed, such as the 

cell-under-voxel approach or the SDDR filtering of D1SUNED. Discretization of 
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the spatial resolution of the neutron flux and energy, as well as the decay photon 

spectra, is not needed anymore to determine the SDDR thanks to the 

development of D1SUNED. In addition, all the isotopes of concern, that might 

be needed, can be consider at the same time with D1SUNED. 

 Third, a global evaluation of the SDDR in the equatorial ports, with detailed 

modelling of all the ports of interest, has never been achieved in ITER. The 

EU-TBMs, hosted in EP#16, was the perfect candidate to be the first one, given 

the status of the neighboring ports. This meant a project milestone for the 

understanding of all the SDDR aspects. 

 Fourth, the EU-TBMs have passed the Conceptual Design Review of ITER in 

June 2016. Additional and more accurate studies were needed to begin the 

preparation of the ITER Preliminary Design Review. 

 Fifth, decay radiation sources, that might be of relevance during the 

operation of the machine, such as the water and the Li-Pb activation were 

neglected systematically in previous works. Nevertheless, this assumption was 

never validated. The assessment of the nuclear responses of the EU-TBMs due 

to such decay radiation sources was required. 

 Finally, the TBMs cooling is based on Helium channels hollowed in all the 

structural components of the TBMs. Explicit modelling of the Helium cooling 

channels has never been made, due to the extraordinary increase of 

computational resources and the limited usability of the resulting MCNP model. 

Instead, homogenized mixture of EUROFER-97 and void, keeping constant the 

EUROFER-97/Helium ratio, has been considered. Two main assumptions were 

done with such approximation. On the one hand, the representation of Helium 

by void was simpler and realistic or conservative. Such first assumption was 

obvious. On the other hand, the homogenization did not alter the nuclear 

responses assessed in the EU-TBMs. A study, shown in Appendix IV, was 

conducted for the first time to verify such assumptions. 

4.2 ITER OPERATION 

 This Section is devoted to the nuclear characterization of the HCLL and 

HCPB EU-TBMs during operation of ITER. This work presented two main 

features. 
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 On the one hand, up-to-date models, according to the ITER baseline 

configuration, were considered. A totally new version of the port plug frame was 

modelled in MCNP format. The EU-TBMs were adjusted to fit in the new port 

plug frame. The pipe forest was explicitly modelled in MCNP for the first time. 

The port cell rails were included in the port MCNP model for the first time. 

Finally, the latest version of the bio-shield plug was considered. 

 On the other hand, an unprecedent resolution of the tallies was achieved. 

Results by TBMs and, also, by every subcomponent were obtained for the 

different nuclear responses. Map distributions, with 1 cm3 resolution, were 

computed. Consistency checks were carried out to verify the results obtained 

from the cell- and mesh-tallies, and to ensure the correctness of the handling 

of such big amount of data. 

 The content of this Section is organized as follows. In Subsection 4.2.1, the 

main objectives of this study are described. In Subsection 4.2.2, the radiation 

sources considered for the different nuclear responses are introduced. In 

Subsection 4.2.3, the methodology and the assumptions used in the nuclear 

analysis of the EU-TBMs during operation are described. In Subsection 4.2.4, 

the results obtained for both EU-TBMs and the comparison of their 

performances are deeply explained. Finally, the results obtained, for the 

different nuclear responses of the EU-TBMs during operation of the machine, 

are summarized. 

4.2.1. Objective 

 The MCNP model of the EU-TBMs ITER port integrated in C-model [75], 

described in Section 3.4, must be used to carry out a complete evaluation of all 

the quantities of relevance in the HCLL and HCPB EU-TBMs during the plasma 

operation. The results obtained will be used as input information for further 

engineering analysis for the preliminary design phase, considering the most 

advanced computational capabilities available nowadays. 

 The following quantities must be computed for the HCLL and HCPB EU-TBM 

sets: 

• Neutron flux distribution 

• Photon flux distribution 
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• Nuclear heating 

• Tritium production 

• Dose to silicon 

 Neutron and photon flux must be determined to understand the radiation 

spreading and serve as the basis for the analysis of the rest of the quantities. 

Plasma neutron radiation source must be considered in the assessment of the 

neutron flux. Prompt photon source, resulting from the plasma neutron 

reactions with the different in-vessel and TBM components, is to be considered 

for the photon flux determination. Mesh tallies, with 5x5x5 cm3 resolution, are 

employed to obtain the neutron and prompt photon spatial distribution in the 

port plug frame region.  

 Full information about nuclear heating to the EU-TBMs must be provided to 

check their agreement with the adequate temperature of operation. Three 

radiation sources must be considered. First, the neutrons coming from the 

plasma source. Second, the plasma neutron induced prompt photons. And 

third, the short-lived radioactive isotopes decaying as photons, alpha and beta 

particles, from the materials activated by the plasma neutrons. For the two first 

radiation sources, nuclear heating spatial distributions are to be computed in 

mesh tallies, with 1x1x1 cm3 and 5x5x5 cm3 resolution, covering the TBMs and 

the port plug frame regions, respectively. For the third radiation source, spatial 

distribution is to be computed in mesh tally, with 5x5x5 cm3 resolution, covering 

the entire port. Cell tallies must be used, in all the cases, to compute the nuclear 

heating in the different components of the TBM sets and port plug frame. The 

necessity of coupling the 3D meshes from MCNP (Cartesian), with unstructured 

meshes used by other thermo-mechanics analysis software, like ANSYS, must 

be considered. Cell-under-voxel approach, which allows discerning the nuclear 

heating contribution to the different cells inside the voxels, is to be used to 

obtain integrated values over regions. Such values are employed to renormalize 

locally the mesh coupling, ensuring energy preservation. Cell-under-voxel 

approach must be also used to provide with an extra revision of the post-

processing results obtained via cell tallies. 

 Full information about tritium production in the EU-TBMs must be provided 

for safety reasons and to check the tritium self-sufficiency that the TBMs must 

ensure. Plasma neutron radiation source must be considered. Spatial 
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distributions of the tritium production are to be determined in mesh tallies, with 

1x1x1 cm3 and 2x2x2 cm3 resolution, covering the TBMs and the inlet/outlet 

Li-Pb pipes, respectively. Cell tallies are to be used to obtain the production of 

tritium in the different TBM components. Again, it must be considered the 

necessity of coupling the 3D meshes from MCNP (Cartesian), with other meshes 

that could be used by other analysis software for tritium transport, if required. 

The cell-under-voxel approach is to be used to provide with integrated values 

over regions, so the mesh coupling can be renormalized locally to ensure energy 

preservation. As in the case of the nuclear heating, Cell-under-voxel approach 

must be also used to provide with an extra revision of the post-processing 

results obtained via cell tallies. 

 Dose to silicon must be determined to check the compatibility of the 

operation of the expected sensors located inside the TBMs with the radiation 

levels. Plasma neutron source and plasma-neutron-induced prompt photon 

source must be considered. Spatial distributions of the dose to silicon are to be 

determined in mesh tallies, with 1x1x1 cm3 and 5x5x5 cm3 resolution, covering 

the TBMs and port plug frame regions, respectively.  

4.2.2. Radiation sources definition 

The plasma neutron source, as distributed in C-model [75], was used to 

compute the different quantities. Such C-model source simulates the neutrons 

produced in the plasma during a 500 MW operation. It corresponds to a source 

term of 1.97·1019 n/s for the 40º sector represented in C-model. MCNP mode N 

was used to assess the neutron flux and the tritium production due to the 

neutrons coming from the plasma. MCNP mode N P was used to determine the 

photon flux, nuclear heating and dose to silicon due to the neutrons coming 

from the plasma and to the prompt photons, born in reactions of such neutrons 

with the in-vessel and TBMs components. 

The secondary neutron source due to decay of 17N isotopes, resulting from 

the irradiation of the water hosted in the TBM shields and port plug frame, was 

neglected. Such source was assessed under very conservative conditions, which 

consisted of the utilization of the maximum source term computed, that of the 

port plug frame water closest to the plasma, for all the water in the TBM shields 

and port plug frame. Even so, the neutron source produced by the decay of 17N 
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isotopes was, at least, two orders of magnitude bellow the plasma neutron 

source.  

Radioactive decay of the activated materials, referred sometimes as 

“secondary sources”, was also considered in the computation of the nuclear 

heating. The radioactive decay of the materials takes place via alpha (α), beta (β) 

and/or photon (γ) decay. In the case of α and β decay, the kinetic energy of these 

particles is deposited very near the decay itself, provided their low penetration 

capability. This is not the case of the γ decay, which is much more penetrating. 

 The modelling of these secondary radiation sources was made by using 

D1SUNED [68]-[74] and a set of dedicated cross-section libraries. It was 

computed as “decay heat at shutdown”, what is conceptually equivalent. The 

main assumption of this calculation was a static Li-Pb inside the HCLL TBM, 

what is reasonable given the very slow motion (0.29 kg/s) with respect to the 

short radioisotope half-life. The nuclear heating due to γ decay was computed, 

as usual, by simulating the transport of the photons. In the case of the nuclear 

heating due to α and β decay, it was a computation never seen before. 

A pioneer approach, used for the first time, was employed to simulate the 

decay heat due to α and β decay. Tricked cross-section libraries for the parent 

relevant isotopes were used in the simulations. In the activation part of the 

relevant reactions, such libraries were forced to produce one single photon per 

reaction. The energy of that photon was equivalent to that of the decay heat of 

the α and β decay of the daughter isotope. Then, taking advantage of the low 

penetration capability of the α and β particles, their decay heat was obtained by 

mapping the decay photon source energy of the fake photons. Note that the fake 

photon was not transported, only created and tallied in terms of energy. 

All the specific aspects related to the D1SUNED simulation of the secondary 

radiation sources are given in Subsection 4.2.3.  

Finally, for the tritium production calculations, the 500 MW plasma source 

was considered in an irradiation scenario of 24h back-to-back pulses [113], as 

shown in Figure 44. This is, 48 pulses of 710 s each, followed by 1090 s of dwell, 

were considered. One pulse happens every 30 minutes. It corresponds to a 

neutron fluence of 4.90·1024 n every 24 h. A full power operation during 24 h 
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operation corresponds to a fluence of 1.53·1025 n every 24 h. The ratio, or load 

factor, is 0.32. 

 Integrating in time the plasma source term for 500 MW, this irradiation 

scenario corresponds to a source term of 5.48·1023 n for a 40º sector of the 

machine, what the case of C-model [75]. The tritium production will be then 

expressed in “mg/day”, or “mg.d-1”. 

 

Figure 44. Schematic representation of the 24h back-to-back pulses irradiation scenario. 

 

4.2.3. Analysis methods, standards and assumptions 

 In a general fashion, the quantities were computed in one of two types of 

meshes: a mesh with voxels of 1x1x1 cm3 covering the TBMs, and a mesh with 

voxels of 5x5x5 cm3 covering the TBM shields and the PPF. 

 In addition, integral values over TBM sub-components were computed 

following two different approaches: 1) computation in MCNP cell tallies of the 

corresponding subcomponents, and 2) integration of values in voxels of the 

mesh covering the region occupied by the subcomponents. The second approach 

was followed using the cell-under-voxel capability of R2SUNED [114], a variant 

code of MCNP. Otherwise it would have been impossible. The computation of 

the quantities following these two approaches was important to double check 

the post-processing of such large number of tallies. The results provided in this 

study are the ones coming from the cell tallies, which also include the statistical 

error estimation. 
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 The C-model cartesian coordinates system will be considered from now on. 

In this coordinate system, the Tokamak center is placed at (0, 0, 60) cm. The 

European TBMs port orientation makes coincident the X-axis with the central 

European TBMs port radial line. The Z- and Y- axis are assimilated as the 

vertical and the remaining orthogonal directions respectively. 

 All the details associated to the methodology used to carry out this study are 

explained in the following. 

 Computational approach 

 The different cases were run with MCNP5 [57] and R2SUNED1 [114], 

considering FENDL-2.1 cross-sections library [94] for neutron transport and 

MCPLIB84 [115] for photon transport. D1SUNED was also used to assess the 

nuclear heating due to the alpha, beta and photon decay of short-lived 

radioactive isotopes. The Global Variance Reduction [116] (GVR) approach was 

used to produce “wwinp” files for the weight windows technique to reduce the 

statistical errors and speed-up the calculations. 

 Two procedures to obtain integral values of nuclear heating and tritium 

production are followed: 

• Definition of cell tallies, to compute the quantities over the 

sub-components, with its statistical errors. 

• Integration of regions of the meshes. This approach requires the use of 

the “cell-under-voxel” approach [114], which, for each voxel of a mesh, 

identifies the cells and materials contained and the volume they occupy 

inside the voxel. 

 The use of these two approaches provided robustness to the calculation, as 

it eliminated post-processing human errors and confirmed the mesh-based 

results consistency. The meshtal files resulting from the simulations were 

post-processed to produce vtk files. The vtk files were treated with 

Paraview 5.3.2 [117] to produce 1D and 2D plots, and to integrate them over 

TBM subcomponents when required. This last step was done only as a double 

                                          
1 The use of R2SUNED is related to only the radiation transport, and is considered here to use the 
cell-under-voxel approach. Only prompt quantities during the plasma operation are computed. 
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check of the cell tallies definition and the post-processing of such large number 

of cell-based tallies. Agreement was within 1% for every tally result reported. 

However, the results provided in this report correspond to the cell-based tallies. 

 About 875 pictures, including maps and charts, and 1360 integral values 

from cell-based tallies were produced for this study. 

 In general, all the simulations were run up to a total number of histories 

between 5·108 and 1010. The statistical errors obtained for all the quantities were 

low for spatial distributions and integral values. Only in the case of nuclear 

heating and in the region near the TBM shields rear plates, the statistical error 

obtained were above 10%. Anyway, very low nuclear heating values were 

obtained in this region. 

 The integral values from cell-based tallies present the associated statistical 

errors, expressed in %. If a value does not present the statistical error is because 

it was deduced as summation of the results of different cell-based tallies. Based 

on the Monte Carlo principles, if the addends are reliable (ε<10%), so it is the 

summation. 

 A summary of the cases considered is shown in Table 28.  

Table 28. Summary of the quantities computed, radiation source considered and the total number of 
histories used. 

Quantity 
Radiation 

source 
MCNP mode NPS 

Neutron flux in the TBMs Plasma N 1010 

Neutron flux in the PPF and shields Plasma N 5·108 

Photon flux in the TBMs Plasma N, P 1010 

Photon flux in the PPF and shields Plasma N, P 5·108 

Dose to silicon in the TBMs Plasma N, P 109 

Tritium production in the TBMs Plasma N 5·108 

Nuclear heating in the TBMs Plasma N 109 

Nuclear heating in the TBMs α + β decay N, P 109 

Nuclear heating in the TBMs γ decay N, P 1010 

Nuclear heating in the PPF and 

shields 
Plasma N, P 1010 
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 Local European TBMs port MCNP model 

 The MCNP model described in Section 3.4 was used to perform the 

calculation of the relevant quantities during the operation of the machine. This 

model, shown in Table 27, consisted of the MCNP model of the European TBMs 

port integrated into C-model V1 R2.1 [75].  

 The radiation transport was suppressed in the neighbor ports of the 

European TBMs port. This is a common procedure as it speeds-up the 

calculations while has not impact on the quantities computed in the port plug. 

 Breakdown of TBMs and TBM sets for determination of integral values 

 The nuclear heating and the tritium production were computed not only in 

spatial distributions, but also in integral values over TBM subcomponents using 

the cell-based tallies. The HCPB and HCLL TBMs breakdown into 

sub-components is shown in Table 29 and Table 30, respectively. The HCPB 

and HCLL TBMs sets breakdown into major components is shown in Table 31 

and Table 32, respectively. The nuclear heating and the tritium production were 

computed as integral values for each of the sub-components shown in these 

tables.  

 The following nomenclature was employed to name the breeder units: Left 

and right as view from the TBM rear towards the first wall (FW), numbering 

increasing from top to bottom. 
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Table 29. HCPB TBM breakdown in subcomponents to report integral values. 

Part Picture Part Picture 

HCPB  

FW 

 

HCPB  

Upper part 

of FW 

 

HCPB 

Lower part 

of FW 

 

HCPB  

left SC 

 

HCPB  

right SC 

 

VSG 

 

HSG 
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HCPB CP 

 

HCPB 

Be pebbles 

 

HCPB 

Li4SiO4 

pebbles 

 

HCPB 

vertical 

plate 

 

HCPB 

manifold 

plates 

 

HCPB other 

EUROFER 

pieces 
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Table 30. HCLL TBM breakdown in subcomponents to report integral values. 

Part Picture Part Picture 

HCLL 

FW 

 

HCLL 

Upper part 

of FW 
 

HCLL 

Lower part 

of FW 

 

HCLL  

left SC 

 

HCLL  

right SC 

 

VSG 

 

HSG 
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HCLL CP 

 

HCLL 

Pb-Li 

breeder 

 

Vertical 

plate 

 

HCLL 

other 

EUROFER 

pieces 

 

HCLL 

manifold 

plates 
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Table 31. HCPB TBM set breakdown in subcomponents to report integral values. 

Part Picture Part Picture 

HCPB 

TBM 

structure 

 

HCPB 

mechanical 

joint 

 

HCPB 

TBM Be 

pebbles 

 

HCPB TBM 

Li4SiO4 

pebbles 

 

 

HCPB 

shield 

water 

 

HCPB 

shield 

structure 
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Table 32. HCLL TBM set breakdown in subcomponents to report integral values. 

Part Picture Part Picture 

HCLL 

TBM 

structure 

 

HCLL 

TBM Pb-

Li 

 

HCLL 

mechanical 

joint 

 

HCLL 

shield 

structure 

 

HCLL 

shield 

water 
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 Meshes 

 The determination of quantities in the TBMs were carried out, in general, 

making use of a mesh of 1x1x1 cm3. The mesh definition and pictures of it are 

shown in Table 33.  

Table 33. MCNP definition and pictures of the mesh of 1x1x1 cm3 voxels covering the TBMs. 

Mesh definition in MCNP of the 1x1x1 cm3 voxels: 

FMESH4  GEOM=rec ORIGIN=845 -65 -25   

                IMESH=945   IINTS=100 

                JMESH=65    JINTS=130 

                KMESH=155  KINTS=180 

PX 875 

cm 

 

PY 25 

cm 

 

PZ 70 

cm 

 

 

 For the tritium production, three more meshes were employed, with specific 

aims. On the one hand, the tritium production along the TBM inlet and outlet 

pipe carrying Li-Pb was also characterized, for what 2x2x2 cm3 meshes, shown 

in Table 34 and Table 35 were considered. 
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Table 34. Definition and pictures of the mesh of 2x2x2 cm3 voxels covering the HCLL TBM top Li-Pb pipe. 

Mesh definition in MCNP: 

FMESH4 GEOM=rec ORIGIN=915 -45 135  

                IMESH=1175  IINTS=130 

                JMESH=-17    JINTS=14 

                KMESH=151   KINTS=8 

PX 

1100 

cm 

 

PY -30 

cm 

 

PZ 142 

cm 
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Table 35. Definition and pictures of the mesh of 2x2x2 cm3 voxels covering the HCLL TBM bottom Li-Pb 
pipe. 

Mesh definition in MCNP: 

FMESH4 GEOM=rec ORIGIN=915 -45 -23   

                IMESH=1175  IINTS=130 

                JMESH=-17    JINTS=14 

                KMESH=-9     KINTS=7 

PX 

1100 

cm 

 

PY -30 

cm 

 

PZ -15 

cm 

 

 

 On the other hand, the tritium production in the radial direction was 

computed in 1 cm thick voxels, covering toroidally and poloidally one entire 

breeder unit (23.1 x 20.25 cm2). This was computed using the mesh defined in 

Table 36.  

 A mesh of 5x5x5 cm3 was used to determine the quantities in the TBMs 

shields and the PPF. The mesh definition and pictures of it are shown in Table 

37. 
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 All the quantities have been computed following the cell-under-voxel 

approach of R2SUNED [114] to discern different cells inside every voxel (and 

materials accordingly). This is important to filter sub-components and make 

clean representations of the values, like in Table 45. It is also necessary to 

integrate values of the mesh over regions covering subcomponents without 

considering information from neighbor subcomponents comprised in the same 

voxel. 

Table 36. Definition and pictures of the mesh of 1x23.1x20.25 cm3 voxels covering the TBMs breeder 
units to report the radial evolution of the tritium production. 

Mesh definition in MCNP of the 1x23.1x20.25 cm3 voxels: 

FMESH4 GEOM=rec ORIGIN=845 13.85 -20.75   

                 IMESH=945                       IINTS=100 

                 JMESH=60.05                   JINTS=2 

                 KMESH=2 123.5 146.25    KINTS=1 6 1 

PX 875 

cm 

 

PY 30 

cm 

 

PZ 70 

cm 

 

 

 The MCNP multiplier cards applied on the tallies, needed to compute the 

nuclear heating and the tritium production from neutron and photon fluxes, are 

shown in Table 38. 
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Table 37. Definition and pictures of the mesh of 5x5x5 cm3 voxels covering the TBMs shields and the PPF. 

Mesh definition in MCNP of the 5x5x5 cm3 voxels: 

FMESH4    GEOM=rec ORIGIN=830 -120 -75 

                  IMESH=1200  IINTS=74 

                  JMESH=120   JINTS=48 

                  KMESH=200   KINTS=55 

PX 

1000 

cm 

 

PY 0 

cm 

 

PZ 70 

cm 

 

 

Table 38. MCNP multiplier cards applied on the tallies to computed quantities from neutron and photon 
fluxes. 

Quantity Multiplier 

Nuclear heating1 
Due to neutrons: FM4 -1 0 1 -4 

Due to photons: FM4 -1 0 -5 -6 

Tritium production1 FM4 -1 0 205 

Dose to silicon2 
Due to neutrons2: FM4 0.05 999 1 -4 

Due to photons2: FM4 0.05 999 -5 -6 

1) The multiplier cards shown are for meshes. When applied to cell tallies, the second number 

has been changed to the material number of the corresponding cells. 

2) Note that pure silicon material has been defined in the input with material number m999 

allocated. 
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 D1S parameters 

The D1SUNED simulations for the determination of the nuclear heating due 

to decay of radioactive isotopes made use of specific parameters, discussed in 

this subsection. 

To save computational resources, the decay photon emission from all the 

in-vessel components has been turned off in the α+β simulations. In this case, 

it is assumed a local energy deposition where the secondary particles are born. 

Thus, no influence of neighbor components appears. In the case of the 

calculations for decay heat by γ decay this was not applied, as the decay photons 

born in-vessel contribute significantly to the TBM FW heat. The neglection of 

decay photon emission, from all the in-vessel components, was done allocating 

a PMT=-1 card to every cell being universe container of the Blanket Shield 

Modules (BSMs), the divertor and the triangular support. Also, the decay photon 

emission from the inboard universes of the Vacuum Vessel, the toroidal field 

coils and central solenoid was turned off. The card PMT=-1 avoids the decay 

emission from that cell or lower level cells contained in the case of a universe 

container, while it assumes the original material for that cell for the transport 

of photons born in different cells.  

Irradiation scenarios specified in Table 52 were implemented in the model 

applying the respective IRS card to the cells indicated in Table 39. 

With respect to D1S nuclear data, a set of hybrid cross-section data, mixing 

FENDL-2.1 [94] for transport and EAF-2007 [54] for activation was considered. 

Confirmed by activation calculations, the nuclear data considered for the decay 

heat calculations, due to (α + β) decay heat, is shown in Table 40, and due to γ 

decay, is shown in Table 41. Note that all the time correction factors, shown in 

Table 42, are normalized to a source of 1.05·1017 n/s, which is arbitrary and is 

linked to values shown in Table 63. The normalization represents 500 MW 

plasma operation, or 1.97·1019 n/s in a 40º sector model as it is the case of 

C-model [75]. 
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Table 39. Allocation of the irradiation scenario load factors to the European TBMs port components 
MCNP model. 

Irradiation 
scenario 

Components MCNP cells 

Scenario #1 

Pipe Forest 
400033 – 400063 
400072 – 401412 
401431 – 402084 

TBMs (except breeder material 
of HCLL), mechanical joints 
and TBM shields (structural 

material only) 

411000 – 411253 
411843 – 412328 
413148 – 413638 
414495 – 414520 
414522 – 415096 
415739 – 416960 
423289 – 423291 
423373 - 423375 

Scenario #2 Port Plug Frame 

402085 – 402336 
402342 – 403068 
403546 – 403951 
404031 – 404115 
404138 – 404398 
410867 – 410999 
423302 – 423357 
423361 – 423372 

Scenario #3 Pb – 16%Li 

401413 – 401430 
411582 – 411842 

412334 
412338 
412369 
412375 
412385 
412389 
412393 
412406 

412410 – 412411 
412435 
412439 
412447 
412459 

Scenario #4 

EP Rails 400000 – 400032 

Bio-shield plug 
400064 – 400071 
423293 – 423301 

Port Plug Frame Water 
Channels 

403069 – 403545 
403952 – 404030 
404116 – 404137 

TBM shields water 
412472 – 413147 
415208 – 415738 

C-Model - 

Neighbor ports - 
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Table 40. Parent isotope, reaction and daughter isotope considered in D1SUNED data to compute the 
nuclear heating due to α and β decay. 

Parent 

isotope 
Reaction 

Daughter 

isotope 

Parent 

isotope 
Reaction 

Daughter 

isotope 

Al27 (n,γ) Al28 Mn55 (n,γ) Mn56 

Be9 (n,α) He6 Mn55 (n,α) V52 

Cr52 (n,p) V52 Mn55 (n,p) Cr55 

Cr53 (n,p) V53 O16 (n,p) N16 

Cr54 (n,γ) Cr55 Pb207 (n,n) Pb207m 

Cu65 (n,γ) Cu66 Pb208 (n,2n) Pb207m 

Fe56 (n,p) Mn56 Si28 (n,p) Al28 

Fe57 (n,p) Mn57 V51 (n,γ) V52 

Li6 (n,p) He6 W182 (n,γ) W183M 

Li7 (n,d) He6 W184 (n,2n) W183M 

 

Table 41. Parent isotope, reaction and daughter isotope considered in D1SUNED data to compute the 
nuclear heating due to γ decay. 

Parent 

isotope 
Reaction 

Daughter 

isotope 

Parent 

isotope 
Reaction 

Daughter 

isotope 

Al27 (n,γ) Al28 Ni58 (n,p)+(n,p)* Co58 

Be9 (n,α) He6 O16 (n,p) N16 

Cr52 (n,p) V52 Pb207 (n,n) Pb207m 

Fe54 (n,p) Mn54 Pb208 (n,2n) Pb207m 

Fe56 (n,p) Mn56 Si28 (n,p) Al28 

Mn55 (n,γ) Mn56 Ta181 (n,γ) Ta182 

Mn55 (n,α) V52 V51 (n,γ) V52 

Mn55 (n,2n) Mn54    

 

Table 42. D1S-UNED time correction factors to be considered for the different daughter isotopes for the 
different irradiation scenario (SA-2 modified according to load factors from Table 52). 

Isotope λ (1/s) Scenario #1 Scenario #2 Scenario #3 Scenario #4 

He6 8.58E-01 2.61E+02 2.61E+02 1.16E+02 2.61E+02 

N16 9.72E-02 2.61E+02 2.61E+02 1.16E+02 2.61E+02 

Al28 5.16E-03 2.28E+02 2.28E+02 1.01E+02 2.28E+02 

V52 3.09E-03 1.85E+02 1.85E+02 8.20E+01 1.85E+02 

V53 7.13E-03 2.46E+02 2.46E+02 1.09E+02 2.46E+02 

Cr55 3.26E-03 1.91E+02 1.91E+02 8.43E+01 1.91E+02 

Mn54 2.57E-08 1.15E+01 1.17E+01 5.20E+00 1.18E+01 

Mn56 7.46E-05 2.79E+01 2.79E+01 1.24E+01 2.79E+01 

Mn57 8.12E-03 2.51E+02 2.51E+02 1.11E+02 2.51E+02 

Co58 1.13E-07 1.54E+01 1.54E+01 6.82E+00 1.54E+01 

Cu66 2.27E-03 1.56E+02 1.56E+02 6.89E+01 1.56E+02 

Ta182 6.99E-08 1.48E+01 1.48E+01 6.54E+00 1.48E+01 

W183m 1.32E-01 2.61E+02 2.61E+02 1.16E+02 2.61E+02 

Pb207m 8.60E-01 2.61E+02 2.61E+02 1.16E+02 2.61E+02 
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4.2.4. Results and comparison of both EU-TBMs 

 Along this section, the main results obtained for neutron flux, photon flux, 

nuclear heating, tritium production and dose to silicon are presented. A 

discussion explaining the main features of each TBM and the comparison of 

performances is made. Finally, a summary of the comparison is given. The 

statistical errors of all the data provided along this Section are shown in 

Appendix V. 

 Neutron flux 

 The neutron flux due to the plasma, and the subsequent photon field, is the 

primary source of radiation in most of the quantities presented in this work. 

Thus, it is important to have a short review of its behavior in European TBMs 

port to prepare the rest of the discussion in the coming subsections. 

 In Table 43, the neutron flux distribution in different planes of the European 

TBMs port is shown. The first observation is that the neutron flux is 

2·1014 n·cm-2·s-1 in the first wall of the port plug, and decreases down to about 

5·1012 n·cm-2·s-1 along the TBMs. The neutron flux reduction, a factor of about 

40, is similar in both TBMs. The reduction along the TBM shields is, however, 

much higher, down to < 107 n·cm-2·s-1, in some regions of the TBM shields. At 

this point it is important to recall that the TBMs are testing modules of future 

reactors blankets, which primary aim is maximizing the tritium production and 

the nuclear heat deposition, what must be made compatible with the radiation 

shielding along the port plug.   

 The neutron flux in the TBMs is quite symmetric between them (see Figure 

45 for better analysis). They show similar trends in terms of attenuation and 

distribution. The PPF in between shows a better attenuation behavior than the 

TBMs. This will make the neutron related quantities lower as one looks closer 

to the boundary walls in the rear positions of the TBM with respect to central 

regions. 
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Table 43. Neutron flux distribution in the European TBMs port plug. 

Plane Picture 

PY -30 cm 

 

PY 30 cm 

 

PZ 32 cm 

 

 

 Beyond the TBMs, the TBM shields show a very good performance. This is 

very relevant because Shutdown Dose Rate (SDDR) is directly related to the 

neutron flux. The TBM shields attenuate the neutron flux more than the PPF, 

so from the half of the TBM shields in the radial direction, the neutron flux 

inside the TBM shields is lower than at equivalent radial positions in the PPF in 
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the interface with the Vacuum Vessel (VV). This is also motivated by the gaps 

comprised between the PPF and the VV, which are larger than those comprised 

between the TBM sets and the PPF. There is a negative behavior found in the 

TBM shield, which is the streaming produced by the pipe bend. However, the 

benefits of using a double bend configuration was judged marginal in terms of 

SDDR in the interspace in previous work [66], while it represented a large 

challenge in terms of manufacturability. 

 

Figure 45. Neutron flux distribution in plane Z= 32 cm with discretized color scale. 

 

 Finally, beyond the TBM shields, the neutron flux raises up to about 

5·108 n·cm-2·s-1. This trend indicates that the neutron flux in that region is not 

dominated by the leakage through the port plug bulk shield. From previous 

work [66], it is known that both the leakage through the VV and through the 

equatorial port plug gaps are responsible for this situation, and there is no room 

to improve it by TBM shield redesign. This can be noticed also in Table 43. In 

other words, any potential optimization of the TBM set will not improve the 

radiation field behind the shields due to contributions from other neutron 

leakage pathways. 

 Photon flux 

 The prompt photons spreading along the TBMs are born in plasma neutrons 

reactions with the different nuclei of the in-vessel and TBM components. These 
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prompt photons play an important role in the nuclear responses of the ITER 

port plugs, as they are responsible for large fractions of the nuclear heating and 

the dose to silicon, both under study in this work. 

 The TBM first wall has a large exposure to the Blanket Shield Modules 

(BSMs) and divertor. The photons found in the TBM first walls are produced 

both in all the in-vessel components (including the TBM FW itself) and inside 

the TBM. Inside the TBMs, however, the photons are mostly produced in 

neutron interactions with the TBM nuclei. Then, the photon flux would be 

expected to perform the same in both TBMs, unless they present a different 

behavior in terms of prompt photon emission and/or absorption. This latter is 

the case in fact in the TBMs. 

 In Table 44, the photon flux for the TBMs is shown. In the HCLL TBM the 

photon flux drops strongly in comparison with the HCPB TBM. The reason for 

this is the higher density of the HCLL materials, which attenuate the photon 

flux more intensely. The issue will be recalled and inspected with more detail in 

the subsection devoted to the nuclear heating. 

 Beyond the TBMs, the photon flux is, however, less interesting because the 

values computed for the quantities related to the photon flux are not relevant in 

this region. In the case of the nuclear heating in the TBM shield, which is higher 

during the baking than during plasma operation, it is not a major load for 

mechanical analysis. In the case of the dose to silicon, it is lower in the TBM 

shields than inside the TBMs, where the I&C equipment are already able to 

withstand the computed values of dose to silicon. Finally, the prompt photons 

do not play any role in tritium production and SDDR. 

 In summary, the photon flux in the HCPB TBM ranges from 1014 to 

1012 γ·cm-2·s-1, and it drops to 5·107 γ·cm-2·s-1 along the shield, following a slope 

similar to that from the neutron flux, from which interactions it arises. For the 

HCLL the situation is similar in trend, but with values about a factor from 3 to 

10 lower depending on the position. The explanation for this is double. On the 

one hand, Li-Pb is a heavy material shielding the photon much more than the 

lighter Be and Li4SiO4 ceramics. On the other hand, the Beryllium multiplier in 

the HCPB is an active photon producer. The evolution along the PPF bulk is 

equivalent to the HCPB TBM. Finally, the situation in the gaps is equivalent to 
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that found for the neutron flux. There is a photon flux streaming from the 

in-vessel photon production, which, on the other hand, is suppressed soon 

thanks to the double dogleg configuration of the gaps. But the high neutron 

streaming through the gaps also produce a photon field as neutrons interact 

with the gaps walls in deeper regions of the gaps. 

Table 44. Photon flux distribution in the European TBMs port plug. 

Plane Picture 

PY -40 cm 

 

PY 40 cm 

 



Chapter 4 
Nuclear analysis of European HCLL and HCPB test blanket modules 

 

 

199 

 

PZ 32 cm 

 

  

Nuclear heating 

 The nuclear heating due to the plasma radiation source is shown in Table 45 for both TBMs, and 
broken down into heat by neutrons and heat by photons. In  

Table 46, the decay heat deposited in the TBMs at shutdown is shown, 

separating by α + β decay and heating by γ decay. Note that the first one has 

been computed assuming local deposition of the heat, while the second has been 

computing transporting the decay γ. More details on this calculation can be 

found in Subsection 4.2.3. Finally, in Table 47, the nuclear heating distribution 

due to the plasma source deposited in the TBMs is shown. 

 The first remark is that the decay heat in the TBMs at shutdown is very low 

in comparison with the nuclear heating due to the plasma (~1%). Then, the 

secondary radiation sources are demonstrated as negligible during the plasma 

operation, and there is no need to consider them in the TBM design. From this 

point, only the nuclear heating due to the plasma is analyzed. 

 The nuclear heat deposited in the HCLL TBM due to neutrons in the TBM 

structure is 31.8 kW, in the breeder-multiplier is 101.1 kW. In total, 132.8 kW 

are deposited in the HCLL TBM due to neutrons. The nuclear heat deposited in 

the HCLL TBM due to photon includes the plasma neutron induced prompt 

photons. It accounts for 126.3 kW in the structure, and 179.6 kW in the 

breeder-multiplier. In total, the nuclear heat deposited in the HCLL TBM due to 

photons is 305.9 kW. Adding neutron and photon energy depositions, 438.6 kW 

are deposited in the HCLL TBM in total. 
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Table 45. Nuclear heating integrated in the HCLL and HCPB TBMs subcomponents due to neutron, 
photon and total. Plasma radiation source is considered. Statistical error in % is expressed for every value 

in parenthesis. 

Component Neutron (kW) Photon (kW) Total (kW) 

HCLL TBM – Structure 31.8 (0.04) 126.3 (0.03) 158.0 

HCLL TBM – LiPb 101.1 (0.05) 179.6 (0.04) 280.6 

Total HCLL 132.8 305.9 438.6 

HCPB TBM – Structure 35.8 (0.04) 196.0 (0.03) 231.8 

HCPB TBM - Be Pebbles 100.2 (0.05) 26.0 (0.04) 126.2 

HCPB TBM - Li4SiO4 

pebbles 
156.8 (0.05) 13.5 (0.04) 170.2 

Total HCPB 292.8 235.5 528.2 

 

Table 46. Secondary sources decay heat due to α + β decay and due to γ decay integrated in the HCLL 
and HCPB TBMs. Statistical error in % is expressed for every value in parenthesis. 

Component 
α+β decay 

(kW)* 
γ decay (kW) Total (kW) 

HCLL TBM – Structure 0.3 0.8 (0.06) 1.1 

HCLL TBM – LiPb 0.4 4.5 (0.06) 4.9 

Total HCLL 0.7 5.3 6.0 

HCPB TBM – Structure 0.4 1.3 (0.06) 1.7 

HCPB TBM - Be Pebbles 2.9 0.2 (0.08) 3.1 

HCPB TBM - Li4SiO4 

pebbles 
0.7 0.2 (0.09) 0.9 

Total HCPB 4.0 1.7 5.7 

*The decay heat due to α+β decay is computed as an integral over a region of a mesh. Every voxel 

of the mesh presents very low statistical errors. The statistical error of the integral value cannot 

be computed with the current approach, but Monte Carlo natures ensured that it would be even 

lower than for individual voxels. 

 The nuclear heat deposited in the HCPB TBM due to neutrons in the TBM 

structure is 35.8 kW, in the breeder is 156.8 kW, and in the beryllium multiplier 

is 100.2 kW. In total, 292.8 kW are deposited in the HCPB TBM due to neutrons. 

The nuclear heat deposited in the HCPB TBM due to photons in the structure 
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is 196.0 kW, while 13.5 kW are deposited in the breeder and 26.0 kW in the 

beryllium multiplier. In total, the nuclear heat deposited in the HCPB TBM due 

to photons is 235 kW. Adding neutrons and photons energy depositions, 

528.2 kW are deposited in the HCPB TBM in total. 

Table 47. Nuclear heating distribution in the HCLL and HCPB TBMs due to neutron, photon and total. 
Plasma radiation source is considered. 

HCLL TBM (PY= -50 cm) 

Nuclear heating by 

neutrons 

Nuclear heating by 

photons 

Total nuclear heating 

   

HCPB TBM (PY= 30 cm) 

Nuclear heating by 

neutrons 

Nuclear heating by 

photons 

Total nuclear heating 

   

 

 The first point to highlight is the large difference between TBMs nuclear 

heating, 438.6 kW for the HCLL TBM and 528.2 kW for the HCPB TBM. The 

nuclear heating of the HCLL TBM is dominated by the photon deposition 

(305.9 kW over 438.6 kW, a 69%), while the HCPB nuclear heating 
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responsibility is shared between neutrons and photons deposition, 45% and 

55% respectively. 

 These trends are observed in Table 47. The nuclear behavior of components 

as sophisticated as the TBMs is a complex mix of multiple reactions. Different 

materials, with very different nuclear properties, are deployed with different 

aims. The general idea of the TBM design is the following:  

• The TBMs make use of the reaction Li6(n,t)α to breed the tritium. It is an 

exothermic reaction with exponentially increasing cross-section at low 

energies. Li6 enriched lithium is presented in two chemical compounds: 

eutectic Pb-16%Li in the HCLL and LiSi4O in the HCPB. 

• The HCLL TBM presents 1.35·1027 nuclei of Li6, while the HCPB presents 

2.53·1027 nuclei of Li6. 

• To maximize the occurrence of the mentioned reaction, the HCLL concept 

relies in the neutron multiplication in lead, what confers the Li-Pb both 

tasks of multiplying the neutrons and breeding the tritium. The HCPB 

concept, however, makes use of beryllium pebbles as neutron multiplier 

in dedicated regions of the TBM, separated from the breeding regions. 

• Both TBMs are enclosed in EUROFER-97 structures, and present also 

EUROFER97 internal structures to provide with stiffness, to host cooling 

channels and to conform the different chambers and manifolds for the 

TBMs to operate. 

 Having these concepts in mind, a general discussion on the nuclear heating 

in both TBMs can be held. Note that very many nuclear interactions take place 

inside the TBMs, and commenting one by one is impossible. However, a basic 

insight of the TBM behavior can be given pointing to the main underlying 

phenomena. To face it, a short description of the nuclear heating phenomena is 

needed. In general terms, the plasma neutrons enter the TBMs with a given 

energy and undergo a nuclear interaction in which they transfer their energy 

following one, two or the three cases: 

• The neutron deposits part of its kinetic energy to the target nucleus 

and/or produces charged secondary particles, which eventually deposit 

their energy quite close, or locally, to the interaction. This phenomenon 

receives the name of kerma. 
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• The nuclear reaction may lead to more neutrons, which will move until 

the next interaction. As the neutrons are multiplied and/or interact, the 

possibility to undergo the reaction Li6(n,t)α mounts, for what TBMs 

design is optimized. The resulting charged particles deposit their energy 

locally, as mentioned. 

• The nuclear reaction may lead to a prompt photon which is transported 

and deposits its energy under interactions more likely to happen in 

denser materials. 

 Let’s inspect the HCLL TBM, which nuclear heating is dominated by the 

photon deposition. The explanation relies on two facts related to the lead in the 

Li-Pb eutectic. On the one hand, lead presents two main channels for photon 

production in neutron interactions: (n,γ) and (n,n’). The first one presents 

relevant cross-section values for very low energy (E< 10-6 MeV) and mid energy 

(0.05 MeV < E > 1 MeV). The second one presents a threshold about 3 MeV and 

a peak value about 10 MeV. The very low energy photon production is in 

competition with the tritium breeding in the Li6, which dominates in that range 

of energy. However, at mid and high energies, the photon production in the lead 

is important. On the other hand, the high density of the Li-Pb favors the photon 

interactions and absorption. This combination explains the high nuclear 

heating due to photon deposition found in the HCLL TBM. The nuclear heating 

due to neutrons is mostly due to the Li6(n,t)α reaction. 

 The HCPB behavior is different, sharing at 55% - 45% the nuclear heating 

due to neutrons and photons. The nuclear heating due to the neutron deposition 

is very high in comparison with HCLL, more than twice. First, the deposition in 

the breeder is higher, basically because there are more Li6 atoms. With respect 

to the Be multiplier, the performance is sharply different than for Pb. And the 

explanation is in the kerma, which is higher for Be than for Pb in about one 

order of magnitude. This means that neutrons deposit more energy locally in 

average in the interactions with beryllium than with lead, what accounts for the 

rest of the difference in the nuclear heat deposited by neutrons. 

 With respect to the nuclear heat deposition due to photons in the HCPB 

TBM, the situation also requires an explanation. The nuclear heating due to 

photons in the HCPB is about 25% lower than that for HCLL. However, in the 

case of the HCPB TBM, an 85% of the energy deposited by the photons takes 
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place in the TBM structure, adding 196 kW, while in the case of the HCLL it 

corresponded to 126 kW. And from Table 44, it is shown that the photon flux in 

the HCPB TBM is higher than inside the HCLL TBM. The answer to this situation 

is, again, in the multiplier.  

 Beryllium has only one major channel for photon production, the (n,γ) 

reaction. It presents a relatively low cross-section at high, mid and low energy, 

starting to mount only below 10-4 MeV, at very low neutron energies. However, 

as mentioned, the TBM are designed to maximize the Li6(n,t)α reaction, precisely 

at very low energies. Consequently, the photon production in the HCPB is in 

direct competition with the tritium breeding, and in fact it presents a lower rate 

per neutron, given the TBM design. A last comment related to the (n,γ) reaction 

in the Be9 is that it presents a high photon yield, with high energies, beyond 6 

MeV. In practical terms, this means that the photon production in the beryllium 

will be an unlikely event, but leading to few energetic photons every time it takes 

places. 

 Then, the presence of beryllium leads to an energetic photon population, 

smaller than in the case of the HCLL TBM. However, the low density of the 

breeder and the multiplier, linked to the high energy of the photon leads to very 

low photon absorption. Then, a more penetrating photon flux is observed in the 

HCPB TBM in Table 44, but lower nuclear heating due to photons is shown in 

Table 45 and Table 47. The prompt photons produced in the HCPB deposit a 

low energy in the breeder and multiplier, but large energy in the first high-Z and 

dense material they find: the TBM structure. 

 The previous evaluation of the nuclear heating in the TBMs [107] was 397 

kW for the HCLL, and 468 kW for the HCPB, what is the 88% and 91%, 

respectively, of the current evaluation shown in Table 45. The increase can be 

motivated by a large variety of reasons. Among which the Port Plug Frame 

frontal face change plays a role (see Figure 46). Differently to 2011 study [107], 

now it is aligned with the TBM, letting the TBM more exposed to the plasma 

than before. 
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Figure 46. Port Plug Frame considered in the 2011 study [107] in the left, and the one considered in the 
present study in the right. Note that the front surface is currently aligned with the TBM first wall, letting 

the TBMs more exposed to plasma radiation. 

 

 Tritium production 

 The tritium production is a key quantity for the TBMs design. On the one 

hand, and provided the future needs, a high production of tritium is desirable. 

On the other hand, the tritium management represents a safety challenge in all 

the facilities, so it does in ITER. The tritium production was computed following 

the 24h back-to-back pulses irradiation scenario described in Subsection 4.2.3 

and shown in Figure 44. The tritium production under such irradiation scenario 

will be referred as production in one day, and will be expressed in “mg·d-1”. 

 In Table 48 the tritium production spatial distribution in both TBMs is 

shown, and the integrated value over the TBMs is given in Table 49. The tritium 

production is, as stated before, mostly driven by the Li6(n,t)α reaction. Then, the 

production in the HCLL TBM is smeared along the TBM, as the Li-Pb fills all the 

“breeder units”, the chambers hosting the tritium breeders. The HCPB, however, 

presents the breeder units with two subcomponents well differenced. Inside 

every BU, the breeder is deployed in a box, surrounded by the Be neutron 

multiplier. Consequently, the tritium production is very high in those boxes, 

and significantly lower in the multiplier. The tritium production in the 

EUROFER-97 structure production is negligible. 
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Table 48. Tritium production distribution in the HCLL and HCPB TBMs. Plasma radiation source is 
considered. 

Tritium prod. in HCLL TBM (PY=-50cm) Tritium prod. in HCPB TBM (PY=50cm) 

  

 

Table 49. Tritium production integrated in the HCLL and HCPB TBMs subcomponents. Plasma radiation 
source is considered. Statistical error is shown in % for every value in parenthesis. 

Components HCLL TBM (mg·d-1) HCPB (mg·d-1) 

Structure 5·10-4 (0.03%) 6·10-4 (0.03%) 

Breeder 14.6 (0.04%)  22.4 (0.04%) 

Multiplier (Be pebbles)  0.3 (0.05%) 

Total 
14.6 

22.7 

 

 In absolute terms, the tritium production in the HCLL TBM is 14.6 mg·d-1 

and in the HCPB it is 22.7 mg·d-1, a 56% higher in the HCPB than in the HCLL. 

The difference is basically due to the amount of 6Li in each of them, 1.35·1027 in 

the HCLL and 2.53·1027 in the HCPB an 86% higher in the HCPB than in the 

HCLL. Other aspects, like the neutron multiplier efficiency, or the geometrical 

arrangement of the breeder with respect to the multiplier, softens the difference 

from 86% to 56%. 

 The previous evaluation of the tritium production in the TBMs [107] was 

45 mg.fpd-1 for the HCLL, and 60 mg.fpd-1 for the HCPB. The 24h back-to-back 

pulse irradiation scenario considered in this work and shown in Figure 44, 

corresponds to a load factor of 0.32 of one full power day (fpd). Thus, considering 
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such irradiation scenario for the results from previous work, they were 14.4 

mg·d-1 for the HCLL and 19.2 mg·d-1 for the HCPB. The evaluation of the HCLL 

is in line with the previous results, while the evaluation for the HCPB was an 

84.5% of the current one shown in Table 49. 

Table 50. Total dose to silicon in the HCLL and HCPB TBMs. 

Dose to silicon in HCLL TBM (PY=-

40cm) 

Dose to silicon in HCPB TBM 

(PY=40cm) 

  

 

 Dose to silicon 

 The dose to silicon spatial distribution is important with regards to the I&C 

equipment design. There exists a reference value of 2000 Gy/s, which must not 

be exceeded. In Table 50, the dose to silicon distribution is shown for both 

TBMs. Note that the reference value is not reached in any case. The highest 

values found are 1204.8 Gy/s for HCLL TBM and 1224.6 Gy/s for HCPB TBM. 

 Summary of comparison 

 The neutron flux evolution along the TBMs is equivalent, excepting a slightly 

higher attenuation along the HCPB TBM. It starts at about 2·1014 n·cm-2·s-1 in 

the TBM first walls, and gets reduced to 5·1012 n·cm-2·s-1, a factor about 40. This 

similarity implies that the differences in the rest of quantities must be due to 

reasons different than neutron flux value. 
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 The photon flux distribution is quite different from one TBM to the other one. 

The photon flux in the TBM first walls is about 1014 γ·cm-2·s-1. However, the 

attenuation along the HCLL TBM is strong, down to 1.2·1012 γ·cm-2·s-1, a 

factor 83. The attenuation along the HCPB TBM is down to 4·1012 γ·cm-2·s-1, a 

factor 25, much lower. The explanation is the high photon attenuation occurring 

in the denser materials of the HCLL TBM with respect to those in the HCPB 

TBM. 

 The nuclear heating due to the secondary radiation sources has been found 

negligible in comparison with that due to the plasma source (~1%). The nuclear 

heating due to the plasma source is 438.6 kW for the HCLL TBM and 528.2 kW 

for the HCPB TBM, a 20% higher. The HCLL TBM heat is dominated by the 

photon energy deposition by a 70%, while the HCPB TBM heat is shared almost 

at 50% by energy deposition by neutrons and photons. There are two reasons 

for this. First, as it was the case for the photon flux, Li-Pb in the HCLL being 

denser, absorbs more photons than the breeder and multiplier in the HCPB. 

Second, Pb presents a channel for photon production with high energy 

neutrons, differently to the HCPB, were the photons are produced at low energy 

neutrons interactions. Provided the TBM designs are optimized to maximize the 

Li6(n,t)α reaction, a low energy reaction, the photon production at low energy 

interactions is in competition with the main reaction at that energy range. That 

makes the photon heat contribution in the HCPB lower than in HCLL: there are 

less photons and they are less attenuated. 

 With respect to tritium production, the HCLL TBM presents a production 

rate of 14.6 mg·d-1 following 24h back-to-back pulses. HCPB TBM, on the other 

hand, presents a production rate of 22.7 mg·d-1, a 56% higher rate. The reason 

for this difference is the total content of 6Li in every TBM, which is an 86% 

higher in the HCPB TBM than in the HCLL TBM. 

 The dose to silicon is found to be at maximum about 1300 Gy/s in both 

TBMs, far from the reference value of 2000 Gy/s related to the I&C equipment. 

 The previous results of nuclear heating [107] were about a 90% of the current 

ones. One of the reasons to explain this increment may be the higher exposure 

of the TBMs to the plasma, due to a change of shape of the PPF, in the current 

design. The tritium production of the HCLL TBM is quite similar to the previous 
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one, while the production rate in the HCPB was about an 85% of the current 

one. 

4.2.5. Summary 

 The European TBMs port, and more specifically, the European TBMs, were 

characterized from the nuclear standpoint exhaustively. The latest available 

MCNP model of European TBMs port and ITER Tokamak were considered to 

determine the neutron flux, the photon flux, the nuclear heating due to plasma 

and to secondary radiation sources, the tritium production and the dose to 

silicon. The degree of detail reached is unprecedented, considering a spatial 

resolution of 1x1x1 cm3 for the TBMs, and 5x5x5 cm3 for the TBM shields and 

the PPF. In addition, the nuclear heating and the tritium production 

distributions were broken down by TBM subcomponents. Finally, integral 

values were also computed for subcomponents. This approach provided with all 

the necessary information to allow a coupling with later analysis, like 

mechanical or tritium permeation. This degree of detail in the determination of 

nuclear responses in the European TBMs is unprecedented, and opens the door 

to a higher quality on the subsequent analyses which relies on the input data 

quality. 

 In total 875 maps and charts and 1361 integral values were produced 

considering values and statistical errors. It is worth noting that most of the 

statistical errors were below 0.1%, sometimes in the range of 1% to 10%, and 

only exceptionally, above 10%, in regions with negligible values of the respective 

quantities. Only a selection of this information was offered along this thesis to 

discuss on the TBMs performance. 

 Pioneering techniques were applied to produce this vast amount of 

information in usable formats. Three highlights are given: 

1. R2SUNED, with its “cell-under-voxel” approach, was key to breakdown 

the 3D distributions of the nuclear heating and the tritium production by 

TBM subcomponents. No other MCNP based tool can face this nowadays. 

2. To ensure the correctness of the large amount of computed and 

post-processed information, the integral values were determined twice. 

First with a 3D distribution later integrated over sub-components (using 
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cell-under-voxel approach), and second with cell-based tallies in the 

corresponding MCNP cells.  

3. D1SUNED was key to determine the nuclear heating by secondary 

radiation sources, computed as decay heat at shutdown cooling time. On 

the one hand, D1SUNED is the only D1S implementation with the 

nuclear data to compute decay quantities at shutdown. On the other 

hand, D1SUNED is the only MCNP based tool able to carry out nuclear 

heating calculation by α and β radioactive decay. 

 The HCLL and HCPB TBMs were compared, with special emphasis in terms 

of nuclear heating and tritium production. The nuclear heating due to the 

plasma source in the HCLL is found to be 439 kW. The heat in the HCPB is 

found to be 528 kW. Note that the nuclear heating due to the secondary 

radiation sources was found to be negligible. The difference between both TBMs 

is due to the distinct nuclear performance of the respective multipliers in terms 

of γ production and absorption, and in terms of kerma of neutron interactions, 

in a first term. In a second term, the different Li6 content in the breeders, play 

a role in the differences between the nuclear heating in HCLL and HCPB TBMs. 

These values represent important updates in the nuclear heating in the TBM 

with respect to previous values. 

 The tritium production considering 24 h back-to-back pulses is found to be 

14.6 mg·d-1 for the HCLL, and 22.7 mg·d-1 for the HCPB TBM. The difference 

between them is mostly due to the different total content of Li6 in each TBM. 

The different geometrical layout of the breeder with respect to the multiplier, 

and the multiplier efficiency, also play a role. These values represent important 

updates in the tritium production in the TBMs with respect to previous values. 

 The dose to silicon has been found to be below the 2000 Gy/s reference value 

with regards to the Instrumentation and Control equipment design. 

 Finally, the question of whether the homogenization of helium cooling 

channels in the European TBM modelling is a reasonable assumption has been 

addressed for the first time. Comparing the performance of two breeding units 

(HCLL & HCPB) in terms of detailed nuclear heating and tritium production 

considering both heterogeneous and homogeneous representation of He 

channel, the impact of the homogenization has been judged negligible. Thus, 
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this important assumption, which has allowed to relax the resources needs for 

geometry related tasks, has been validated. 

 This characterization of the nuclear responses in the European TBMs port 

and TBMs represents a major update with respect to previous information in 

quantities of major relevance: i) the nuclear heating is the main load to 

mechanics and cooling design of the TBMs, ii) the tritium production in the 

TBMs is of high relevance for the ITER safety, and iii) the dose to silicon is a 

mandatory response to design the I&C equipment. 

 Up to date methodologies and tools were used. A new MCNP model of 

European TBMs port, with up-to-date designs of TBMs and PPF, was produced 

according to most demanding criteria for quality. Vast computational resources 

were deployed to perform simulations with very low statistical errors. Integral 

values and spatial distributions were computed with different approaches and 

post-processed by different analyst to minimize potential human errors. In 

summary, the most robust and up-to-date characterization of the nuclear 

behavior of the European TBMs port PPF and European TBMs was carried out. 

4.3 ITER SHUTDOWN 

The planned in-situ maintenance operations in ITER has become in the last 

years one of the most active nuclear analysis research fields for nuclear fusion. 

The challenge is the determination of the Shutdown Dose Rate (SDDR) field, 

which is the biological dose distribution due to the radioactive decay of the 

materials, which becomes dominant during the shutdown of the machine. 

New tools based on MCNP have been produced in the recent years to 

determine the SDDR. Such computational tools follow either, the Rigorous 

Two-Step (R2S) [118]-[120] or the Direct One-Step (D1S) [121][122] approaches. 

In the recent years, D1SUNED [68]-[74] has become the prominent tool for the 

determination of the SDDR. It is considered the fastest, the most robust and the 

most powerful in terms of capabilities to characterize the decay radiation field. 

For these reasons, D1SUNED has been acquired by ITER. A program of 

verification and validation [68]-[74] is being conducted in coordination between 

ITER and UNED, so it becomes the first tool officially accepted and 

recommended by ITER. 
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The following requirement (PR1130-R) was established by ITER in relation to 

the SDDR: “…where hands-on maintenance activities in port cells and in other 

locations in the ITER facility requiring human access are performed, dose rate 

shall be as low as reasonably achievable and shall not exceed 100 μSv/h in 

yellow zones and 10 μSv/h in green zones, at 106 s (about 12 days) after 

shutdown without formal project approval. The dose will be estimated 30 cm from 

the nearest accessible surface and must take into account the surface 

contamination, airborne tritium as well as activated materials” [111]. In the frame 

of the current ITER baseline configuration, this requirement has demonstrated 

to be extremely challenging to meet in practical terms. In any case, this 

requirement must be checked in any nuclear performance study of every ITER 

port. 

For years, the difficulties in the MCNP modelling of the ITER ports have led 

to a systematic omission of neighboring ports in SDDR studies. In addition, the 

contributions in the SDDR in a port interspace coming from neighbor ports, the 

so-called cross-talks, had always been considered as irrelevant. Hence, global 

analyses, with correct neighboring port allocation, were never conducted and it 

was assumed that SDDR results, obtained without the consideration of 

neighbor ports, the so-called local approach, were correct. Nevertheless, this 

assumption was abandoned when a nuclear analysis [123], performed to 

evaluate the SDDR in an equatorial port considering the cross-talk from a torus 

cryopump lower port (TCP-LP), showed that 160 μSv/h, out of 405 μSv/h, were 

exclusively due to radiation cross-talk from the TCP-LP. On the one hand, this 

nuclear analysis motivated the proposal of some shielding [124][125] to reduce 

such cross-talk. On the other hand, the contribution of the radiation cross-talks 

could not be ignore anymore [126]. Hence, the compliance with the SDDR limit, 

100 µSv/h after 106 s of cooling time, must be made always considering all the 

neighbor ports. Unfortunately, global models and SDDR tools require large 

computational demands, which makes very singular the global analysis. Only 

few examples of global studies exist [80][123], and all of them with deficient 

neighboring port modelling. 
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4.3.1. Objective 

The MCNP model of the EU-TBMs ITER port integrated into C-model [75], 

described in Section 3.4, must be used to determine the SDDR distribution, in 

local approach, and the decay heat distribution. Integration into C-model of the 

neighbor ports must be done to obtain a global MCNP model of the EU-TBMs 

ITER port. SDDR distribution, in global approach, must be determined. All the 

quantities must be assessed at 1 day and 12 days after the shutdown of the 

machine. Nevertheless, only the results obtained after 12 days of cooling time 

will be shown in this Section. 

Neutron flux must be determined to understand the radiation spreading and 

serve as the basis for the analysis of the SDDR. Plasma neutron radiation source 

must be considered in the assessment of the neutron flux. Mesh tally, with 

5x5x5 cm3 resolution, covering the entire EU-TBMs ITER port is to be employed 

to obtain the neutron spatial distribution in local approach. Mesh tally, with 

10x10x10 cm3 resolution, covering all the ports represented in C-model is to be 

employed to obtain the neutron spatial distribution in local approach. 

 SDDR rate in local approach must be determined for several reasons. A clean 

picture of the situation in the European TBMs port only is achieved by 

neglecting the cross-talks from neighbor ports. Local approach allows running 

simulations with a significant saving of computational resources. Finally, it 

allows a direct comparison with the previous work [66], carried out in local 

approach. The decay photon source, originated from the activation of materials 

by the neutrons coming from the plasma, must be used to determine the SDDR 

in local approach at 12 days of cooling time. A mesh tally, with 5x5x5 cm3 

resolution, covering the entire port is to be employed to obtain the SDDR 

distribution. One-voxel mesh tallies, representing the volume occupied by a 

worker along the human passage in the port interspace, are to be used. 

 SDDR rate in global approach must be determined to evaluate the design, as 

it considers all the contributions from the plasma to the radiation in the 

equatorial port. The compliance with the SDDR limit, 100 µSv/h after 106 s (12 

days, approximately) of cooling time, must be made always in global approach. 

A mesh tally, with 10x10x10 cm3 resolution, covering all the ports represented 

in C-model is to be employed to obtain the SDDR distribution. One-voxel mesh 
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tallies, representing the volume occupied by a worker along the human passage 

in the port interspace, are to be used. 

 The decay heat in the EU-TBMs ITER port at 12 days of cooling time must 

be determined to assess the adequacy with the temperature operation. Two 

decay heat sources must be considered. On the one hand, the decay photon 

source is to be employed. Cell tallies are to be used to determine the decay heat 

in the port components. Spatial distribution of the decay heat is to be obtained 

with a mesh tally, with 5x5x5 cm3 resolution, covering the whole port. On the 

other hand, decay alpha-beta source is to be also employed in the determination 

of the decay heat. In this case, only a mesh tally, with 5x5x5 cm3 resolution, 

covering the entire port is to be used to obtain the decay heat distribution. 

4.3.2. Preparation of the global model 

The first milestone of this study is the production of a global MCNP model of 

the European TBMs port. The local model explained in Subsection 4.2.3 was 

used as starting point. 

 Local approach is useful with different aims: i) it allows a relevant saving of 

human and computational resources, ii) for analysis inside the port plug, it 

offers evaluations coincident with the global approach, iii) by comparison with 

the global approach results, it allows to quantitatively evaluate the role played 

by the cross-talks, most important in the port interspace. 

However, the meeting of the SDDR requirement in the interspace must be 

done in global approach, considering all the contributions to SDDR. In effect, 

the radiation cross-talk between ports is a relevant driver of the SDDR in the 

ITER equatorial ports. To achieve a robust evaluation of the SDDR in the 

European TBMs port, a good representation of the neighbor ports must be 

included in the MCNP model of European TBMs port to conform the global 

European TBMs port model. 

With regards to SDDR in the interspace of European TBMs port, the ports of 

relevance are, by levels: 

• B1 level: LP #16 – Torus Cryopump (TCP) & LPs #15 & #17 – IVVSs 

• L1 level: EP#15 – ICH port & EP#17 – Diagnostics port 



Chapter 4 
Nuclear analysis of European HCLL and HCPB test blanket modules 

 

 

215 

 

• L2 level: UP#16 – Upper launcher 

With respect to B1 level two comments are pertinent. The first one is that B1 

level modelling needs for this study were already covered by C-model V1 R2.1 

[75]. The second one is related to the limitations of the representation of B1 level 

in any 40º ITER Tokamak representation, like C-model. 

In relation to the TCP LP#16, it was already modelled in C-model V1 R2.1, 

including the PCR-713, a shield aimed at reducing the cross-talk toward L1 

level. In relation to IVVS ports, C-model V1 R2.1, and in general all the 40º 

sector based ITER reference models (A-lite, B-lite, C-lite, …) are not prepared to 

adequately represent them. The 6 IVVS ports are not deployed with a 40º 

symmetry in the ITER machine, but two configurations exists: 3 IVVS offset to 

the right and 3 IVVS offset to the left. None is aligned with the L1 & L2 ports 

above, and the angular distance to neighbor B1 level ports is not 20º. This lack 

of symmetry is impossible to represent in a 40º sector model with reflective 

boundary conditions. Approximate representation is used, giving rise to 

approximations with different degree of conservatism to be analyzed case by 

case. 

The 40º machine configuration at B1 level beneath European TBMs port 

corresponds to the sequence IVVS - TCP – IVVS, corresponding to (Y-) – Y0 – 

(Y+). Note that Y0 corresponds to the Y-axis. However, at B1 level, C-model 

contains, from (Y-) to (Y+), a nought port, a TCP-LP and a IVVS port. When 

extending the machine vicinity due to the reflective boundary conditions of C-

model, the B1 level ports sequence modelled beneath European TBMs port is 

nought – TCP – double IVVS. This is illustrated in Figure 47. In the global model, 

European TBMs port will be placed in L1 level Y0 port. As the human passage 

in European TBMs port runs along the (Y+) half of the port interspace, it is more 

exposed to the B1 (Y+) sector. The real machine configuration for B1 (Y+) is an 

IVVS, while in the global model there will be a double IVVS due to the reflective 

boundary conditions. Total leakage through two IVVS ports is captured in the 

model, but an artificial asymmetry of the radiation leakage through the IVVS 

ports is modelled, bringing the leakage through both (Y-) and (Y+) IVVS to be 

leaked by (Y+) sector only. Consequently, the IVVS modelling in the European 

TBMs port representation is conservative. 
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Figure 47. Schematic representation of the ports deployment in the i) ITER machine and ii) 40º sector 
C-model V1 R2.1 

 

This problem is inherent to the use of a 40º sector model as C-model, as the 

IVVS ports do not present such symmetry in the machine. For a better 

representation, the use of future 80º models with reflective boundary conditions 

is recommended, but for the time being, it must be considered an unavoidable 

and acceptable approximation. 

 With respect to L1 level, the European TBMs port model, representing the 

central port from plasma to bio-shield, was already modelled. MCNP models for 

EP#15 [80] and EP#17 [127] were inserted in the neighbor ports universes. The 

sequence of this process was: 

• Renumbering of the cells, surfaces and materials with the help of 

numjuggler [128] to make the models consistent with C-model V1 R2.1. 

Insertion of the cells, surfaces and materials of the EP#15 and EP#17 

ports at the end of the respective sections of MCNP model. 

• Renumbering of the universe numbering and de-rotation of the neighbor 

ports universes. Nesting of the EP#15 and EP#17 ports in the 

renumbered universes. 

• Final revision of the EP#15 and EP#17 in accordance to simulation in 

global approach: 
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o Revision of cells importance to be set to 1 for both neutrons and 

photons 

o Debugging of the global model to correct lost particles due to 

integration  

The same process was repeated for L2 level - UP#16 to conform the global 

MCNP model of European TBMs port, shown in Table 51. 

The model was run in void mode using the plasma source until 109 number 

of histories to check the lost particle rate. C-model V1 R2.1, as distributed, 

presented 330 lost particles. C-model, with the local European TBMs port model 

inserted, presented 284 lost particles. And the global model of the European 

TBMs port produced for this study, explained here, presented 491 lost particles. 

After visual inspection to support the statement, it was concluded that the lost 

particles found in the global model produced were related neither to the EP #16 

nor to the neighbor ports integration activities. 

Table 51. Plots of the global MCNP model of European TBMs port, with neighbor ports integrated into C-
model V1 R2.1. 

Surf Picture Surf Picture 

PY 

30 

cm 

 

PY 0 

cm 

 



Chapter 4 
Nuclear analysis of European HCLL and HCPB test blanket modules 

 

 

218 

 

PY   

-30 

cm 

 

PZ 

40 

cm 

 

PZ 

480 

cm 

 

 

  

4.3.3. Radiation sources definition 

The plasma neutron source, as distributed in C-model [75], was used to 

compute the neutron flux. Such C-model source simulates the neutrons 

produced in the plasma during a 500 MW operation. It corresponds to a source 

term of 1.97·1019 n/s for the 40º sector represented in C-model.  

Radioactive sources, originated from the decay of materials activated by the 

plasma neutrons, were considered in the computation of the SDDR and decay 

heat. D1SUNED was used to model such decay sources. Simulation of the 

photon transport was used to determine the SDDR and decay heat distributions 

due to photon decay. The pioneer approach, explained in Subsection 4.2.2, was 

employed to obtain the decay heat distribution due to alpha-beta decay. All the 

specific aspects related to the D1SUNED simulations are given in Subsection 

4.3.4. 
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4.3.4. Analysis methods, standards and assumptions 

The C-model [75] cartesian coordinates system will be considered from now 

on. In this coordinate system, the Tokamak center is placed at (0, 0, 60) cm. 

The European TBMs port orientation makes coincident the X axis with the 

central European TBMs port radial line. The Z- and Y- axis are assimilated as 

the vertical and the remaining orthogonal directions respectively. 

 All the details associated to the methodology used to carry out this study are 

explained in the following. 

Computational approach 

 Calculations in both local and global approach are presented along this 

Section. The local approach consists of neglecting the radiation leakage 

mechanisms through the ports neighboring European TBMs port. It was 

implemented allocating neutron and photon ELPT MCNP cards with a cutoff of 

200 MeV to the universe containers of the neighbor ports of the global model. 

Results obtained in local approach are accompanied by a “Δ” sub-index to avoid 

confusions, reminding that these values are underestimations neglecting the 

contribution from neighbor ports. This notation was applied only to SDDR. The 

other quantities presented in this study are of interest mostly in the port plugs, 

where the results are not sensitive to neighbor ports contributions (thus, local 

and global approach lead to similar results). 

The SDDR spatial distribution was determined by making use of D1SUNED 

[68]-[74], an implementation of the D1S methodology in MCNP5. Differently to 

other D1 approaches, D1SUNED allows the determination of SDDR spatial 

distributions and the breakdown of the SDDR by activation groups. D1SUNED 

was used with hybrid cross-section libraries prepared specifically, including 

FENDL-2.1 [94] for neutron transport and EAF-2007 [54] for activation. The 

photon transport was carried out with MCPLIB84 cross-sections library [115]. 

Global Variance Reduction technique [116] was used to speed-up the 

calculations. Fluence-to-dose conversion factors recommended by ITER were 

applied to the decay photon flux to obtain the SDDR. The parent isotopes, 

reactions and daughter isotopes considered, as well as the time correction 
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factors, and other D1S specifics are detailed in the subsection devoted to the 

D1S parameters.  

The decay heat spatial distribution was computed with D1SUNED. The 

calculation was divided in two different runs. One run was devoted to the 

determination of the decay heat distribution due to α and β decay, and the other 

one due to γ decay. The performances of these runs were slighted different. The 

simulation for the decay heat due to α and β decay made use of tricked 

cross-section libraries for the parent relevant isotopes. In the activation part of 

the relevant reactions, they were forced to produce one single γ per reaction with 

the energy equivalent to the decay heat of the α and β decay of the daughter 

isotope. Then, mapping a decay photon source energy of such fake photons, the 

decay heat of the corresponding α and β decay was obtained. Note that the fake 

photon was not transported, only created and tallied in terms of energy. The 

simulation of the decay heat by γ decay was a standard D1S simulation with 

the relevant parent and daughter isotopes, for which photon heat tallies were 

used to map the decay heat distribution. As it was the case for the libraries used 

in the SDDR determination, they were generated using FENDL-2.1 [94] for 

transport and EAF-2007 [54] for activation. 

Finally, a set of activation quantities were computed: i) specific activity, ii) 

decay heat density and iii) contact dose rates. They were calculated in certain 

positions, indicated in Table 56 and Table 57. Single-voxel meshes of 5x5x5 cm3 

dimensions were defined in MCNP centered in the positions of interest. They 

were used to compute the neutron flux with 175 energy bins resolution. This 

was done with the modified MCNP5 version (MCNP-R2S) developed for the 

R2SUNED code system [114]. MCNP-R2S presents among others, the feature 

called cell under voxel approach, which allows considering individual fluxes for 

individual cells enclosed within a voxel, and consequently, discerning the 

quantities in different materials inside every voxel of the mesh. FENDL-2.1 

cross-section libraries [94] were used for neutron transport. The resulting 

neutron flux was then inserted manually into ACAB code [2]-[6] to determine 

the activation quantities, with the EAF-2007 activation library [54]. 

The irradiation scenario considered in all the calculations was the ITER SA-2 

[53] and shutdown was considered right after the end of the scenario. However, 
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due to the different lifetimes of the components in the European TBMs port, 

load factors were applied to different activation groups, shown in Table 52. 

Table 52. Irradiation scenario and load factors applied to the components of European TBMs port to 
account for the different components lifetime. 

Duration 

Fusion 

power 

(MW) Repetition 

 Load factors 

 Scenario #1 Scenario #2 Scenario #3 Scenario #4 

 

 
TBMs, 

Shields & 

Pipe Forest 

PP Frame Pb-16Li 

Bio-shield plug, 

TBS pipes and 

Port 

components 

2 y 2,68 once  - - 0.0024 0.0054 

1 y 20,6 4 times  - - 0.0183 0.0413 

1 y 20,6 4 times  - 0.0413 0.0183 0.0413 

1 y 20,6 twice  0.0413 0.0413 0.0183 0.0413 

0,667 y 0 
once 

 - - - - 

1,325 y 41,5  0.0830 0.0830 0.0367 0.0830 

3920 s 0 
17 times 

 - - - - 

400 s 500  1.0000 1.0000 0.4425 1.0000 

3920 s 0 
3 times 

 - - - - 

400 s 700  1.4000 1.4000 0.6195 1.4000 

 

 Tallies 

 With the perspective of the SDDR, the spatial distribution of both the 

neutron flux and the SDDR from the plasma to the bio-shield were computed in 

the same mesh. For the local approach, the mesh is shown in Table 53, and for 

the global approach is shown in Table 54. 5x5x5 cm3 voxels were used for the 

local calculations, while 10x10x10 cm3 were considered for the global approach. 

The same meshes were considered in the determination of decay heat spatial 

distribution.  
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Table 53. Mesh tally definition for the local approach studies. 

Mesh definition of 5x5x5 cm3 voxels in MCNP for local approach: 

FMESH4 GEOM=rec ORIGIN=650 -200 -200  

                IMESH=1800 IINTS=230 

                JMESH=200  JINTS=80 

                KMESH=320  KINTS=104 

PY 0 cm 

 

PZ 70 cm 
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Table 54. Mesh tally definition for the global approach studies. 

Mesh definition of 10x10x10 cm3 voxels in MCNP for global approach: 

FMESH4 GEOM=rec ORIGIN=500 -420 -700 

           IMESH=1700 IINTS=120 

           JMESH=420  JINTS=84 

           KMESH=700  KINTS=140 

PY 0 cm 

 

PZ 70 cm 
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 The meshes were post-processed to produce 2D plots and charts for neutron 

flux, SDDRs and decay heat.  

At this point a short discussion on how to demonstrate compliance of the 

SDDR requirement is relevant. The SDDR must comply the 100 µSv/h limit at 

“30 cm from the nearest accessible surface” of the given maintenance operation. 

Thus, the requirement, being task dependent, does not allow defining a generic 

position for all the maintenance activities. 

  This is the reason why in the VIIIth ITER Neutronics Meeting held in 2013 

in Fusion for Energy premises, the adoption of the so-called “tally R1” was 

recommended as a by-default SDDR measurement in all the ports. The tally R1 

is shown in Figure 48, and was used in the previous European TBM analysis 

[66]. 

                    

     

Figure 48. Pictures of the tally R1 in the ITER European TBMs port of the European TBMs, showing how it 
clashes with interspace equipment. 
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Figure 49. CAD model of the European TBMs port pipe forest and port cell rails in the interspace. Note 
that enclosing plates are missing in the interspace with representation purposes to show the pipes. 

 

 

Figure 50. CAD model of the European TBMs port from plasma to the bio-shield plug. In the left pictures, 
the enclosing plates are shown, in the right ones the enclosing plates are missing. In the top pictures, the 
three SDDR tallies representing the volume occupied by a worker along the human passage are shown in 

red. The one closest to the port plug is considered “the most exposed position where a worker could 
stand during maintenance” 
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 However, its use was discouraged and so it was not considered in this study. 

Tally R1 was useful when the port interspaces were considered empty in the 

analysis. However, as port interspaces are modelled, as it is the case of this 

study, the tally R1 averages SDDR over regions clashing with activated material 

and many times over regions which are not accessible to workers. In other 

words, tally R1 is physically meaningless, and its use for comparison with works 

considering empty interspaces can be misleading. 

Table 55. Maintenance tallies MCNP definition. 

Maintenance tally 

position 

MCNP definition 

Closest to plasma 

FMESH4:p GEOM=rec ORIGIN=1220 65 -35 

           IMESH=1280 

           IINTS=1 

           JMESH=105 

           JINTS=1 

           KMESH=155 

           KINTS=1 

Middle 

FMESH14:p GEOM=rec ORIGIN=1353 65 -35 

           IMESH=1413 

           IINTS=1 

           JMESH=105 

           JINTS=1 

           KMESH=155 

           KINTS=1 

Farthest from plasma 

FMESH24:p GEOM=rec ORIGIN=1486 65 -35 

           IMESH=1546 

           IINTS=1 

           JMESH=105 

           JINTS=1 

           KMESH=155 

           KINTS=1 

 

 In previous works [67] for PBS55, the replacement of tally R1 was proposed 

to a more meaningful representation of the maintenance activities, and agreed 

[129]: the average over the volume occupied by a worker in the most exposed 

position of the human passage. This volume must be, by definition, free of 

clashes with material. And, even when being in different positions for different 
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types of ports, the resulting comparison remains fully meaningful. When 

referring to TBM ports, such tally (60x40x190 cm3) is as shown in Figure 50 and 

Table 55. To get additional information on the SDDR behavior in the human 

passage, two additional tallies were considered, also shown in Figure 50. This 

proposal was consistent with the approach followed in other ITER ports 

[130][131] at the time of performance of this study. 

Note that tally R1 results will be shown along the text for local approach 

calculations, mainly with comparison purposes with previous work [66], done 

also in local approach. But the discussion on the European TBMs port design 

status will be held in terms of the most exposed position where a worker can 

stand in the human passage during maintenance operations, what will be 

referred as the “maintenance tally”. 

Table 56. Positions to compute the activation quantities. 

Pos. X (cm) Y (cm) Z (cm) Material 

1 852.2 -36.95 62.75 EUROFER 

2 852.2 36.95 62.75 EUROFER 

3 852.2 -60.00 136.25 EUROFER 

4 852.2 -13.85 136.25 EUROFER 

5 852.2 -60.00 -10.75 EUROFER 

6 852.2 -13.85 -10.75 EUROFER 

7 852.2 13.85 -10.75 EUROFER 

8 852.2 60.00 -10.75 EUROFER 

9 852.2 13.85 136.5 EUROFER 

10 852.2 60.00 136.5 EUROFER 

11 1080.5 42.00 -2.00 SS316L(N)-IG 

12 1080.5 7.00 66.00 SS316L(N)-IG 

13 1080.5 21.00 97.00 SS316L(N)-IG 

14 1080.5 -23.00 141.00 Pb-Li 

15 1080.5 62.00 -18.00 SS316L(N)-IG 

16 1080.5 82.00 -42.00 SS316L(N)-IG 

17 1130.5 21.00 97.00 SS316L(N)-IG 

18 1130.5 -23.00 141.00 Pb-Li 

19 1130.5 82.00 -42.00 SS316L(N)-IG 

20 1180.5 82.00 -42.00 SS316L(N)-IG 
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Figure 51. Location in the TBM-PPF CAD model of the positions considered for the activation calculations. 

 

The activation quantities, specific activity, decay heat density and contact 

dose rate were computed in the positions shown in Table 56 and in Figure 51. 

These same activation quantities have been also computed for the positions 

considered in [66]. These positions are shown in Table 57 and in Figure 52. 

Table 57. Positions considered for the activation quantities in [66]. 

Pos. X (cm) Y (cm) Z (cm) Material 

1 855 -40 65 EUROFER 

2 855 40 65 EUROFER 

3 885 -40 145 EUROFER 

4 885 40 145 EUROFER 

5 915 -40 65 EUROFER 

6 915 40 65 EUROFER 

7 875 -40 65 Pb-16Li 

8 865 20 65 Li4SiO4 
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9 875 20 75 Li4SiO4 

10 865 20 75 Beryllium 

11 875 20 65 Beryllium 

12 865 0 65 SS316L(N)-IG 

13 985 0 65 SS316L(N)-IG 

14 955 -40 65 SS316L(N)-IG 

15 1081.5 -40 65 SS316L(N)-IG 

 

 

Figure 52. Location in the TBM-PPF CAD model of the positions considered for the activation calculations 
in [66]. 

 

 Breakdown of European TBMs port in activation groups 

 The European TBMs port contains different components. To better 

understand the SDDR in the port interspace, in the previous work [66] the 
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European TBMs port components were grouped in activation groups. The same 

approach was followed here, and the activation groups were respected to the 

extent possible.  

The activation groups considered in this study are shown in Figure 53 and 

are listed here: 

• TBM sets: It includes the TBMs, the TBM shields, the mechanical joints 

between them, and the first stretch of pipes beyond the TBM shield. 

• Port Plug Frame: It includes the Port Plug Frame, the VV & sealing flanges 

and the bolts and nuts related. 

• Pipe Forest: It includes the pipes and insulators around, the metallic 

structure for the enclosure, the enclosure plates, the bogie and the 

wheels. 

• Bio-shield plug: It includes the bio-shield plug frame and the bio-shield 

plug. 

• C-model: It contains the rest of the cells of both the local and global MCNP 

models. It represents the machine environment. 

 

Figure 53. Activation groups to breakdown the SDDR in the port interspace. 
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 D1S parameters 

 The D1SUNED simulations for the determination of the SDDR and decay 

heat spatial distribution made use of specific parameters, discussed in this 

subsection. 

To save computational resources, the decay photon emission from all the 

in-vessel components has been turned off in some simulations. This was done 

allocating a PMT=-1 card to every cell being universe container of the Blanket 

Shield Modules (BSMs), the divertor and the triangular support. Also, the decay 

photon emission from the inboard universes of the Vacuum Vessel, the toroidal 

field coils and central solenoid was turned off. The card PMT=-1 avoids the decay 

emission from that cell or lower level cells contained in the case of a universe 

container, while it assumes the original material for that cell for the transport 

of photons born in different cells. This was applied to the determination of the 

SDDR and the decay heat due to α+β decay for two reasons. In the case of the 

SDDR, because the decay photons born in-vessel rarely reach the port 

interspace, where SDDR of interest is computed. In the case of the decay heat 

due to α+β decay, because it is assumed a local energy deposition where the 

secondary particles are born. Thus, no influence of neighbor components 

appears. In the case of the calculations for decay heat by γ decay this was not 

applied, as the decay photons born in-vessel contribute significantly to the TBM 

First Wall heat. 

Irradiation scenarios specified in Table 52 were implemented in the model 

applying the respective IRS card to the cells indicated in Table 58. 

For the SDDR determination (contrary to the decay heat determination), the 

water and the Li-Pb were considered drained from the port plug and pipe forest. 

This was implemented in the model allocating a PMT=0 card to the cells 

indicated in Table 59. The card PMT=0 avoids the decay emission from that cell 

or lower level cells contained in the case of a universe container, and assumes 

void for that cell for the transport of photons born in different cells. This is, the 

material is considered for neutron transport, but neither for decay photon 

emission nor transport. 
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Table 58. Allocation of the irradiation scenario load factors to the European TBMs port components 
MCNP model. 

Irradiation 
scenario 

Components MCNP cells 

Scenario #1 

Pipe Forest 
400033 – 400063 
400072 – 401412 
401431 – 402084 

TBMs (except breeder material 
of HCLL), mechanical joints 
and TBM shields (structural 

material only) 

411000 – 411253 
411843 – 412328 
413148 – 413638 
414495 – 414520 
414522 – 415096 
415739 – 416960 
423289 – 423291 
423373 - 423375 

Scenario #2 Port Plug Frame 

402085 – 402336 
402342 – 403068 
403546 – 403951 
404031 – 404115 
404138 – 404398 
410867 – 410999 
423302 – 423357 
423361 – 423372 

Scenario #3 Pb – 16%Li 

401413 – 401430 
411582 – 411842 

412334 
412338 
412369 
412375 
412385 
412389 
412393 
412406 

412410 – 412411 
412435 
412439 
412447 
412459 

Scenario #4 

EP Rails 400000 – 400032 

Bio-shield plug 
400064 – 400071 
423293 – 423301 

Port Plug Frame Water 
Channels 

403069 – 403545 
403952 – 404030 
404116 – 404137 

TBM shields water 
412472 – 413147 
415208 – 415738 

C-Model - 

Neighbor ports - 
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Table 59. Allocation of the liquids drainage with PMT cards to European TBMs port components MCNP 
model. 

Components Drained cells 

TBM shields water 
412472 – 413147 
415208 – 415738 

Port Plug Frame water channels 
403069 – 403545 
403952 – 404030 
404116 – 404137 

Pb – 16%Li 

401413 – 401430 
411582 – 411842 

412334 
412338 
412369 
412375 
412385 
412389 
412393 
412406 

412410 – 412411 
412435 
412439 
412447 
412459 

 

With respect to D1S nuclear data, a set of hybrid cross-section data, mixing 

FENDL-2.1 [94] for transport and EAF-2007 [54] for activation was considered. 

Confirmed by activation calculations, the nuclear data considered in the SDDR 

determination at 106 s of cooling time is shown in Table 60. For the decay heat 

calculations, due to (α + β) decay heat, nuclear data considered is shown in 

Table 61, and due to γ decay is shown in Table 62. Note that all the time 

correction factors, shown in Table 63 are normalized to a source of 1.05·1017 

n/s, which is arbitrary and is linked to values shown in Table 63. The 

normalization represents 500 MW plasma operation, or 1.97·1019 n/s in a 40º 

sector model as it is the case of C-model [75]. 
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Table 60. Parent isotope, reaction and daughter isotope considered in D1SUNED data to compute SDDR 
at 106 s of cooling time. 

Parent 

isotope 
Reaction 

Daughter 

isotope 

Parent 

isotope 
Reaction 

Daughter 

isotope 

Cr50 (n,γ) Cr51 Ni58 (n,p) Co58 

Cr52 (n,2n) Cr51 Ni58 (n,p)* → IT Co58 

Mn55 (n,2n) Mn54 Ni60 (n,p) Co60 

Fe54 (n,α) Cr51 Ni60 (n,p)* → IT Co60 

Fe54 (n,p) Mn54 Ni61 (n,np) Co60 

Fe56 (n,t) Mn54 Ni61 (n,np)* → IT Co60 

Fe58 (n,γ) Fe59 Ni62 (n,α) Fe59 

Co59 (n,p) Fe59 Cu63 (n,α) Co60 

Co59 (n,2n) Co58 Cu63 (n,α)* → IT Co60 

Co59 (n,2n)* → IT Co58 Ta181 (n,γ) Ta182 

Co59 (n,γ) Co60 W182 (n,p) Ta182 

Co59 (n,γ)* → IT Co60 Ni58 (n,p) Co58 

 

Table 61. Parent isotope, reaction and daughter isotope considered in D1SUNED data to compute the 
decay heat due to α and β decay at 106 s of cooling time. 

Parent 

isotope 
Reaction 

Daughter 

isotope 

Parent 

isotope 
Reaction 

Daughter 

isotope 

Na23 (n,2n) Na22 Sn117 (n,n)* Sn117m 

K39 (n,p) Ar39 Sn118 (n,2n)* Sn117m 

Ca40 (n,2p) Ar39 Sn119 (n,n)* Sn119m 

Cr50 (n,γ) Cr51 Sn120 (n,2n)* Sn119m 

Cr52 (n,2n) Cr51 Sn124 (n,2n) Sn123 

Mn55 (n,2n) Mn54 Ta181 (n,γ) Ta182 

Fe54 (n,γ) Fe55 W184 (n,γ) W185 

Fe54 (n,p) Mn54 W184 (n,γ)* → IT W185 

Fe56 (n,2n) Fe55 W186 (n,2n) W185 

Fe58 (n,γ) Fe59 W186 (n,2n)* → IT W185 

Co59 (n,γ) Co60 Pt192 (n,γ)* Pt193m 

Co59 (n,γ)* → IT Co60 Pt194 (n,2n)* Pt193m 

Co59 (n,2n) Co58 Pt194 (n,γ)* Pt195m 

Co59 (n,2n)* → IT Co58 Pt195 (n,n)* Pt195m 

Ni58 (n,p) Co58 Pt196 (n,2n)* Pt195m 

Ni58 (n,p)* → IT Co58 Pt198 (n,γ) → β- Au199 

Ni58 (n,np) Co57 Pt198 
(n,γ)* → IT → 

β- 
Au199 

Ni60 (n,p) Co60 Pb204 (n,2n) Pb203 

Ni60 (n,p)* → IT Co60 Pb204 (n,2n)* → IT Pb203 

Ni62 (n,α) Fe59 Pb206 (n,α) Hg203 

Zr94 (n,γ) Zr95 Bi209 (n,γ) Po210 

Zr96 (n,2n) Zr95 U238 (n,γ) → β- Np239 

Mo98 (n,γ) Mo99 U238 (n,2n) U237 

Mo100 (n,2n) Mo99    
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Table 62. Parent isotope, reaction and daughter isotope considered in D1SUNED data to compute the 
decay heat due to γ decay at 106 s of cooling time. 

Parent 

isotope 
Reaction 

Daughter 

isotope 

Parent 

isotope 
Reaction 

Daughter 

isotope 

Na23 (n,2n) Na22 Co59 (n,2n) Co58 

Ti46 (n,p) Sc46 Co59 (n,2n)* → IT Co58 

Ti46 (n,p)* → IT Sc46 Ni58 (n,p) Co58 

Ti47 (n,np) Sc46 Ni58 (n,p)* → IT Co58 

Ti47 (n,np)* → IT Sc46 Ni60 (n,p) Co60 

Cr50 (n,γ) Cr51 Ni60 (n,p)* → IT Co60 

Cr52 (n,2n) Cr51 Ni62 (n,α) Fe59 

Mn55 (n,2n) Mn54 Ta181 (n,γ) Ta182 

Fe54 (n,p) Mn54 Pb204 (n,2n) Pb203 

Fe58 (n,γ) Fe59 Pb204 (n,2n)* → IT Pb203 

Co59 (n,γ) Co60 Pb206 (n,α) Hg203 

Co59 (n,γ)* → IT Co60    

 

Table 63. D1S-UNED time correction factors to be considered for the different daughter isotopes for the 
different irradiation scenario (SA-2 modified according to load factors from Table 52). 

Isotope λ (1/s) Scenario #1 Scenario #2 Scenario #3 Scenario #4 

He6 8.578E-01 2.614E+02 2.614E+02 1.157E+02 2.614E+02 

N16 9.722E-02 2.614E+02 2.614E+02 1.157E+02 2.614E+02 

Na22 8.439E-09 6.485E+00 8.225E+00 3.914E+00 8.842E+00 

Na24 1.287E-05 1.977E+01 1.977E+01 8.745E+00 1.977E+01 

Al28 5.155E-03 2.281E+02 2.281E+02 1.009E+02 2.281E+02 

Si31 7.349E-05 2.781E+01 2.781E+01 1.230E+01 2.781E+01 

Ar39 8.165E-11 9.228E-02 1.703E-01 1.119E-01 2.526E-01 

K42 1.558E-05 2.041E+01 2.041E+01 9.029E+00 2.041E+01 

Ca49 1.325E-03 1.083E+02 1.083E+02 4.794E+01 1.083E+02 

Sc46 9.575E-08 1.527E+01 1.527E+01 6.754E+00 1.527E+01 

Sc48 4.409E-06 1.724E+01 1.724E+01 7.626E+00 1.724E+01 

V52 3.085E-03 1.853E+02 1.853E+02 8.198E+01 1.853E+02 

V53 7.131E-03 2.463E+02 2.463E+02 1.090E+02 2.463E+02 

Cr51 2.896E-07 1.562E+01 1.562E+01 6.908E+00 1.562E+01 

Cr55 3.263E-03 1.905E+02 1.905E+02 8.430E+01 1.905E+02 

Mn54 2.570E-08 1.145E+01 1.174E+01 5.198E+00 1.175E+01 

Mn56 7.456E-05 2.790E+01 2.790E+01 1.235E+01 2.790E+01 

Mn57 8.117E-03 2.512E+02 2.512E+02 1.112E+02 2.512E+02 

Fe55 8.031E-09 6.275E+00 8.056E+00 3.860E+00 8.721E+00 

Fe59 1.803E-07 1.557E+01 1.557E+01 6.883E+00 1.557E+01 

Co57 2.952E-08 1.202E+01 1.220E+01 5.399E+00 1.221E+01 

Co58 1.132E-07 1.542E+01 1.542E+01 6.817E+00 1.542E+01 

Co60 4.167E-09 3.852E+00 5.713E+00 3.038E+00 6.860E+00 

Ni57 5.363E-06 1.757E+01 1.757E+01 7.773E+00 1.757E+01 

Cu64 1.516E-05 2.031E+01 2.031E+01 8.987E+00 2.031E+01 

Cu66 2.265E-03 1.558E+02 1.558E+02 6.893E+01 1.558E+02 

Zr89 2.456E-06 1.651E+01 1.651E+01 7.303E+00 1.651E+01 

Zr95 1.253E-07 1.547E+01 1.547E+01 6.841E+00 1.547E+01 
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Nb92m 7.904E-07 1.584E+01 1.584E+01 7.003E+00 1.584E+01 

Nb94m 1.845E-03 1.366E+02 1.366E+02 6.044E+01 1.366E+02 

Mo99 2.920E-06 1.669E+01 1.669E+01 7.382E+00 1.669E+01 

Mo101 7.907E-04 7.492E+01 7.492E+01 3.315E+01 7.492E+01 

Sn117m 5.899E-07 1.575E+01 1.575E+01 6.965E+00 1.575E+01 

Sn119m 2.738E-08 1.171E+01 1.195E+01 5.289E+00 1.196E+01 

Sn123 6.209E-08 1.452E+01 1.453E+01 6.424E+00 1.453E+01 

Ta182 6.994E-08 1.479E+01 1.479E+01 6.541E+00 1.479E+01 

W183m 1.320E-01 2.614E+02 2.614E+02 1.157E+02 2.614E+02 

W185 1.068E-07 1.537E+01 1.537E+01 6.798E+00 1.537E+01 

W187 8.073E-06 1.845E+01 1.845E+01 8.160E+00 1.845E+01 

Pt193m 1.849E-06 1.627E+01 1.627E+01 7.196E+00 1.627E+01 

Pt195m 1.996E-06 1.633E+01 1.633E+01 7.222E+00 1.633E+01 

Pt197 9.680E-06 1.892E+01 1.892E+01 8.368E+00 1.892E+01 

Au199 2.556E-06 1.655E+01 1.655E+01 7.320E+00 1.655E+01 

Hg203 1.721E-07 1.556E+01 1.556E+01 6.880E+00 1.556E+01 

Pb203 3.711E-06 1.699E+01 1.699E+01 7.514E+00 1.699E+01 

Pb207m 8.600E-01 2.614E+02 2.614E+02 1.157E+02 2.614E+02 

Pb209 5.919E-05 2.646E+01 2.646E+01 1.171E+01 2.646E+01 

Po210 5.797E-08 1.435E+01 1.435E+01 6.347E+00 1.435E+01 

U237 1.189E-06 1.600E+01 1.600E+01 7.077E+00 1.600E+01 

Np239 3.407E-06 1.688E+01 1.688E+01 7.464E+00 1.688E+01 

 

 Cases under study 

 The gaps between the TBM sets and the PPF have evolved to reach the 

current baseline: 9 mm for the TBM and 7 mm for the TBM shield. In addition 

to characterizing the baseline, it is interesting also to quantify the SDDR 

improvement due to only the evolution of the gaps. To this end, three so-called 

“Variant” cases were studied, reflecting gaps configurations considered at 

different moments. The three Variant cases are shown in Figure 54, and were 

studied in local approach. 

 Based on previous evidences and results in this study too, a need to improve 

the general shielding and activation behavior of the tokamak was pointed out. 

In this frame, another machine configuration of interest corresponds to the 

consideration of the Supplementary shields.  

In previous work [66], a set of shields covering the VV port extension and the 

Port duct in the external face with B4C tiles was demonstrated to lead to a strong 

reduction of the SDDR in the ITER port interspaces. These shields will be 

referred from now on as the Supplementary shields. 
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Figure 54. Three Variant cases of the configuration of gaps between the TBM sets and the port plug 
frame. 

 

 The Nuclear Integration Unit, in charge of this proposal, was considering 

implementing them in the ITER baseline. To support the NIU in this activity, the 

consideration of the Supplementary shields was recommendable in this 

characterization of European TBMs port. As the model built here was the 

current most updated and realistic available in ITER, the evaluation of the 

Supplementary shields was of high value. It is also important to remark that, 

for the global approach, the Supplementary shields were implemented in the 

European TBMs port, but not in the other ports. 

Then, the shields considered are shown in Table 64 and Figure 55. Note that 

the Supplementary shields configuration considered here was not coincident 

with that from [132], as it considered a tolerances study [133] leading the refined 

proposal considered in this work. The Supplementary shields machine 

configuration was studied both in local and global approach. 

The computational load of the work contained in this study was 

847,214 cpu.hr from Marconi supercomputer [78]. In Table 65, a summary of 

all the cases and quantities is given, indicating also the lost particle rate (LPR) 

of every simulation. 
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Figure 55. Supplementary shields considered in this study. 

 
Table 64. Supplementary shields thicknesses considered in this study, per the tolerances study [133]. 

Shield Vacuum Vessel Port extension 

cover 

Port Duct External cover 

Top 60 mm - 

Bottom 60 mm 50 mm 

Lateral 60 mm 25 mm 

Corners 60 mm - 

 

Table 65. Summary of quantities under study and simulations run for each of them. 

Quantity Secondary 

radiation 

NPS Approach Config. LPR 

SDDR Decay γ 1010 Local Baseline 3.5· 10-7 

SDDR Decay γ 1010 Local Variant 1 3.5· 10-7 

SDDR Decay γ 1010 Local Variant 2 3.5· 10-7 

SDDR Decay γ 1010 Local Variant 3 3.5· 10-7 

SDDR Decay γ 1010 Local Sup. shield 3.4· 10-7 

SDDR Decay γ 109 Global Baseline 1.3· 10-6 

SDDR Decay γ 109 Global Sup. shield 1.3· 10-6 

D. Heat Decay γ 109 Local Baseline 7.2· 10-7 

D. Heat Decay α + β 109 Local Baseline 3.1· 10-7 

Activation Decay α + β + γ ACAB Local Baseline - 
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 In Subsection 4.3.5, the SDDR in local approach is shown. In Subsection 

4.3.6, the SDDR in global approach is given. In Subsection 4.3.7, the decay heat 

spatial distribution is shown.  

4.3.5. Shutdown dose rate in local approach 

The analysis of the local approach is useful with three aims. Neglecting the 

cross-talks from neighbor ports offers a clean picture of the situation in the 

European TBMs port only. In addition, it allows running simulations with a 

significant saving of resources, what is important when different scenarios are 

under analysis. And finally, it allows a direct comparison with the previous work 

[66], carried out in local approach. The results computed in local approach in 

this section are noted with a sub-index “Δ”, to avoid confusion with those 

computed in global approach. 

In this Subsection, the neutron flux and SDDR are analyzed for the baseline 

case in local approach. Later, the baseline is compared with three variant cases 

for different gaps configuration to demonstrate the benefits of the gaps reduction 

with respect to the previous study dating 2014 [66]. In addition, the baseline is 

compared with a special shielded case, named “Supplementary shield” and 

described in Subsection 4.3.4. This latest case, although being beyond baseline, 

is of high relevance to demonstrate that European TBMs port design is good 

enough to ensure a contribution to radiation leakage below the background and 

compatible with the SDDR limit, while it supports design activities of the ITER 

Nuclear Integration Unit to further reduce the SDDR in the ITER port 

interspaces. Finally, the baseline case is compared with the previous work 

results [66]. 

Neutron flux distribution in local approach 

The results obtained show that the neutron flux is strongly attenuated along 

the TBM sets. This strong attenuation is the result of the shielding optimization 

carried out in previous work [66], and is, in fact, oversized with respect to the 

background in the interspace. It is confirmed that the port plug contributes to 

radiation leakage below the background. Despite the low neutron flux inside the 

TBM shields, the region between the TBM sets and the pipe forest support 

structure presents a higher flux. In the interspace region, the neutron flux is 
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dominated by two leakage mechanisms different to the leakage through the port 

plug. In the projection of the port plug, the leakage mechanism dominating the 

neutron flux is the streaming through the gaps (between the port plug frame 

and the vacuum vessel, and between the TBM sets and the port plug frame). In 

the interspace region not facing the port plug, but the port duct, the neutron 

flux presents also an important contribution from the vacuum vessel leakage, 

on top of the streaming through the gaps. 

The gaps comprised between the TBM sets and the port plug frame have 

evolved since the last study [66] in 2014. The aim of this reduction was to 

mitigate the neutron flux transmission through these gaps. The results obtained 

demonstrate its effectivity considering the European TBMs inserted in the 

generic TBM port plug frame. The case Variant 3 (the one corresponding to the 

last study gaps configuration) and the two other gaps configurations lead to a 

higher neutron flux in the interspace, especially Variant 2. Thus, the gaps 

evaluation implemented during the last years has a noticeable effect in the 

neutron flux transmission. 

The other case beyond the baseline for discussion here is related to the 

Supplementary shields. As explained for the baseline case, and identified in 

previous study [66], when a port plug is well designed in terms of neutron flux 

transmission, the neutron flux in the interspace is dominated by the leakage 

through the port plug gaps and through the vacuum vessel. The ITER Nuclear 

Integration Unit has addressed this situation during 2016 and 2017, and 

proposed some shields to mitigate this situation [132], which for this work are 

explained in Subsection 4.3.4. As expected, a large reduction in the neutron flux 

in the interspace is observed when such shields are considered. 

Shutdown Dose Rate distribution in local approach  

The SDDR distribution after 106 s of cooling time in local approach for the 

baseline configuration is shown in the next figure.  
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SDDR distribution after 106 s of cooling time in local approach for the baseline configuration. 

 

A special consideration must be kept in mind. When evaluating SDDR in 

local approach, it is possible only to predict the non-compliance of the ITER 

project requirement of 100 µSv/h, what happens when local SDDR>100Δ µSv/h. 

The contrary is not true. Local SDDR<100Δ µSv/h can lead to SDDR>100 µSv/h 

in global approach, as the cross-talks from neighbor ports are known to be high 

[123], in spite of the recent measures taken by the ITER project with this 

respect, like PCR-713, part of the ITER baseline and considered in this study. 

Thus, when local SDDR<100Δ µSv/h it is only possible to confirm “compatibility” 

with the limit, but not compliance. 

Then, local SDDR discussion here will be only addressed to: i) check 

compatibility with the 100 µSv/h limit, ii) to evaluate the cases beyond the 

baseline saving computational resources, and iii) to compare with previous 

results. 

 The baseline case shows a SDDR of 57Δ µSv/h, well below the 100 µSv/h 

requirement. This result confirms that a global analysis makes sense2, as it 

could be compatible with the 100 µSv/h target. The SDDR breakdown offers 

interesting information. The activation of the components under the design 

responsibility of ITER PBS56 (TBM sets, port plug frame and pipe forest) 

contributes 28Δ µSv/h. The Port Cell rails and the rest of the machine, 

contribute 29Δ µSv/h. It is a 50% shared contribution, roughly speaking, 

without considering any cross-talk from neighbor ports. To be specific, most of 

the “C-model” activation contribution is due to the activation of the port duct 

                                          
2 If SDDR in local approach is > 100Δ µSv/h, the SDDR in global approach will always be > 100 µSv/h, 
while it takes a remarkable computational effort. 
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with neutrons leaking through the vacuum vessel and the EP gaps. It is the 

same behavior found for the neutron flux in the previous part of this Subsection. 

This situation, previously identified in 2014 [66], motivates the need for a 

reduction of radiation background in the interspace to meet the SDDR 

requirement. This will be later analyzed in the Supplementary shields case. 

With respect to the variant cases of different configurations of the gaps 

between the TBMs and the PPF, increased SDDR are found. Inspecting the 

SDDR breakdown by activation groups, one may see that the increase is general 

to all the activation groups excepting the port cell rails. It makes sense, since 

the port cell rails are protected against the neutron flux leaking through the 

gaps by the pipe forest and its support structure. The rest is clearly exposed to 

the neutron flux increase. The reduction of the gaps between the TBMs and the 

port plug frame has meant a reduction of the SDDR. 

The case considering the Supplementary shields is of high interest. The large 

reduction of the neutron flux in the interspace led to an important SDDR 

reduction. This reduction is due to the mitigation of the neutron flux leaking the 

gaps towards ex-vessel plus the VV leakage, both raising the activation of the 

port duct. Thus, it manifests mostly in the contribution of “C-model” activation 

group. The result obtained considering the Supplementary shield case is 

significantly low, and compatible with the SDDR target of 100 µSv/h in global 

approach, as will be shown in Subsection 4.3.6. 

The final considerations are related to the previous study [66] of 2014. 

Different design changes with respect to previous work motivated the present 

study. Total SDDR was found to be 121Δ µSv/h in tally R1, while now 57Δ µSv/h 

is observed in the maintenance tally. The first reason of the change is the tally, 

which accounts for about a 26Δ µSv/h reduction. The current tally is better 

protected from exposure to the closure plates and does not clash with activated 

material. 

In addition, a relevant methodological change has taken place, from 

R2SUNED tool [114] considering 10x10x10 cm3 mesh for neutron flux 

determination, to D1S-UNED, not needing any type of spatial discretization. It 

has been previously shown that this change can lead to a reduction in the SDDR 

by 15% to 50% depending on the mesh alignment with the geometry [123]. The 
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same effect happens with the neutron flux and the decay photon energy binning, 

which in D1S approach are not required. This affects specially to the activated 

components directly exposed to the measurement tally. 

The reduction of the gaps between the TBM sets and the PPF has brought a 

reduction of the neutron flux background, affecting to the activation of all the 

groups. Note that in previous study, the leakage through the gaps was 

quantified to cause the activation responsible for a 50% of the SDDR [66]. 

Comparing the SDDR breakdown, one can see two remarkable aspects. The 

main changes with respect to the previous work are found in the contributions 

from the activation groups of the ITER reference model (“C-model” in this work, 

“Rest1” + “Rest2” in previous one) and “Pipe Forest”. The change in the 

“C-model” contribution is largely explained by the change from R2S-UNED to 

D1S-UNED method, which contains most of the components looking directly to 

the tally. The change in the “Pipe Forest” contribution is also partially explained 

by this reason. But not only, as the change in the modelling has been quite 

significant too. The reduction of the gaps between the TBM sets and the PPF 

plays an important role in the activation of the “Pipe Forest”. 

The heterogeneous representation of the vacuum vessel considered in this 

work as part of C-model V1 R2.1 [75] was expected to impact negatively the 

SDDR with respect to the homogeneous representation from B-lite v3 

(considered in last work [66]). However, that effect was not found. Dedicated 

studies showed that the heterogeneous representation contains a water layer in 

its outer shell. Around the VV equatorial port, this layer has a very positive effect 

in mitigating the neutron leakage affecting the interspace. Thus, the neutron 

flux leakage increase due to the heterogeneous representation is locally 

compensated around the equatorial ports and no effect is observed in this study. 

Thus, the results obtained in this study are consistent with those from 

previous work [66]. All the differences are argued and explained according to 

reasoned features and methodological evolution. 

4.3.6. Shutdown dose rate in global approach 

  The analysis of the global approach is fundamental to evaluate the design, 

as it considers all the contributions from the plasma to the radiation in the 
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equatorial port. The compliance with the SDDR limit, 100 µSv/h after 106 s of 

cooling time, must be made always in global approach. 

The neutron flux and the SDDR for the baseline configuration case are 

analyzed in this Section. Given the large benefits of the Supplementary shields 

demonstrated in local approach, the global case considering the Supplementary 

shields is also analyzed here. This later case, although being beyond baseline, 

is of high relevance to demonstrate that European TBMs port design is 

compatible with the SDDR limit, while it supports design activities of the ITER 

Nuclear Integration Unit to further reduce the SDDR in the ITER port 

interspaces. 

Neutron flux distribution in global approach 

 The neutron flux distribution in the baseline European TBMs port in global 

approach is analyzed in this subsection. In the case of the European TBMs port 

baseline, the most remarkable difference with respect to local approach is the 

larger penetration of neutron fluxes in the interspace. The results show an 

increment of the neutron flux in the interspace region. 

The increase of the neutron flux with respect to the local approach is entirely 

due to the cross-talks from neighbor ports. Following results from previous 

study [66], the most important cross-talks to European TBMs port are from B1 

level, where a TCP and “two” IVVSs are hosted (see discussion in 

Subsection 4.3.4). The TCP-LPs beneath an EP has been a large concern [123] 

until PCR-713 was approved. After the inclusion of the shields inside the 

TCP-LPs, the large cross-talk to the EP has been reduced, but it is still of 

relevance. With respect to the IVVS ports, it is important to bear in mind that 

they should be one in each lateral (Y+ and Y- respectively), while due to C-model 

[75] restrictions, two IVVS are placed in (Y+) (one modelled, the other one 

reflected), and none in (Y-). This creates an asymmetry in the cross-talk towards 

(Y+) and makes the IVVS cross-talk more noticeable, represented by twice its 

value in the (Y+) half of the model. And the maintenance tally is placed in the 

(Y+) half of the central port in C-model. 

At L1 level, the cross-talks have been reported to be lower than from B1 to 

L1 level [123], basically because the VV ports are filled with port plugs. The 
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results show that the cross-talk from EP#17 to European TBMs port is clear 

and significant. EP#17 hosts a Diagnostics port plug, which commonly present 

large penetrations. From EP#15 to European TBMs port, however, the cross-

talk seems to be low with respect to, for example, the cross-talk from B1 level. 

The cross-talks from L2 to L1 levels are probably the less important ones, 

although they have not been addressed in depth. The UP inclination, the smaller 

aperture in the VV, and the port plug length makes the leakage through L2 level 

less concerning. However, one can still notice a cross-talk to L1 level in the 

cryostat bellows region mainly. There are two reasons for this. One of them is 

the design of the EC-UL in terms of neutron flux transmission by 2014, when 

the model considered in this study was built. The other one is the missing 

components in the EC-UL model inside the port interspace, which would 

probably reduce the cross-talk towards L1 level: the interspace is empty, and 

the port cell rails from PCR-664 are not present. However, the gaps 

configuration captured by the UP#16 MCNP is previous to PCR-715 (Update of 

the Upper Port ECH launcher / Blanket Interfaces), what is optimistic. Then, it 

is not straightforward to judge the conservatism of the cross-talk from UP#16 

to European TBMs port. Design activities on the EC-UL are addressing the 

neutron flux leakage during 2017, which linked to a more complete modelling 

of the interspace in the future will lead to a more realistic evaluation of the 

cross-talk. 

 In summary, the analysis of cross-talks in the baseline European TBMs port 

leads to the conclusion that they are noticeable. For different reasons, they are 

more intense in the (Y+) half of the model, and probably conservative, what is 

important to this study, as the SDDR will be computed in the human passage, 

placed also in the (Y+) half of the model. 

 The impact of the Supplementary shields is of high relevance. When the local 

approach was inspected in Subsection 4.3.5, the importance of the 

Supplementary shields to mitigate the neutron flux in the interspace acting on 

the leakage through the VV and through the gaps was highlighted and found of 

major importance. Now in global approach, another interesting feature of the 

Supplementary shields is observed: they mitigate significantly the cross-talks 

from neighbor ports. The cross-talk from neighbor ports in terms of neutron flux 

can be split in two geometrical regions: before and along the cryostat bellows.  
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Before the cryostat bellows, the neutron flux is very intense in the neighbor 

ports, due to the streaming along the gaps in the L1 and L2 levels, and the big 

aperture of the TCP-LP in the B1 level. Consequently, the leakage in those 

regions is intense. However, the space between ports is populated with the 

poloidal and toroidal field coils, and their support structure, and the thermal 

shield, what softens the impact. In any case, the neutron flux cross-talk in the 

region before the cryostat bellows enters the European TBMs port through the 

port duct and raises the neutron flux in the European TBMs port interspace. 

 Along cryostat bellows, or the TCP housing in the B1 level case, the neutron 

flux is significantly lower in the neighbor ports. But the walls thickness in much 

lower in the neighbor ports, only few cm of steel, what favors a larger leakage. 

And the region between ports in that part of the machine is very empty, where 

only the thermal shield separates the ports. Thus, the situation is worsened by 

the machine configuration. In any case, the neutron flux cross-talk in the region 

along the cryostat bellows enters the European TBMs port through the cryostat 

bellows and raises the neutron flux in the European TBMs port interspace. 

 The results obtained show that the Supplementary shields act on the first of 

the two described mechanisms. Covering the port duct with B4C mitigates the 

neutron flux leakage from neighbor ports gaps and entering the European TBMs 

port interspace through the port duct. This is another positive feature of the 

Supplementary shields. 

 A final remark in relation to the Supplementary shields is that they have 

been applied only to European TBMs port in this work, but their implementation 

targets the covering of all the L1 and L2 level port interspaces. If that were the 

case, the neutron flux in European TBMs port would be even lower, as the 

cross-talks would be mitigated not only on the destination (European TBMs 

port), but also in origin (neighbor ports), covering the VV port extension and 

reducing the leakage from the gaps. 

Shutdown Dose Rate distribution in global approach 

 The SDDR distribution – global approach - in the baseline European TBMs 

port is analyzed in this subsection. Two discussions are held. The first one refers 

to the SDDR limit for European TBMs port and the difference in the SDDR from 
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local to global approach. This is, the importance of the cross-talks in terms of 

SDDR for European TBMs port. The other discussion is related to the impact of 

the Supplementary shields in the SDDR in global approach. 

 The first point to highlight is that, while local approach offered a SDDR of 

57Δ µSv/h, compatible with the SDDR requirement, the global approach has 

offered a SDDR above the SDDR limit, but still closed to it. Then, European 

TBMs port baseline design is not still compatible with the planned in-situ 

maintenance operations. However, there are important aspects to analyze. 

 First, the current SDDR evaluation for European TBMs port is probably the 

most robust and updated one currently available in ITER. It considers the latest 

reference model (C-model [75]), reflecting the current machine baseline. And the 

neighbor ports have been explicitly modelled with sufficient degree of 

conservatism. Under such conditions, the SDDR result obtained in global 

approach is of high value. It is the first time that a SDDR so close to the SDDR 

limit is observed in any ITER equatorial port interspace. This confirms that the 

many efforts conducted in different aspects of the machine to mitigate the SDDR 

are giving result. Important PCRs like 439, 644, 664, 713 and 722 have 

contributed to the reduction of the radiation background in the interspace. And 

of course, the European TBMs port TBM port plug (both port plug frame and 

TBM sets) design is good in terms of the neutron flux leakage, as shown in 

Subsection 4.3.5. The TBM shield design [66], or the latest change of the gaps 

between the TBM sets and the port plug are examples of efforts made at port 

plug level to mitigate the SDDR in the interspace. Thus, although being above 

the SDDR limit, the result obtained is very positive.  

 One can see that the consideration of the cross-talks in the global calculation 

has represented an important increase. Of them, the activation of the “C-model” 

group is by far the most affected. This is due mainly to the structures 

conforming the port interspace, like the port duct and the cryostat bellows.  

 The baseline European TBMs port global SDDR breakdown shows that the 

activation of systems out of the scope of PBS56, contributes much more than 

that of the PBS56. Clearly, actions to further reduce the background in the 

equatorial port interspaces are required, what brings to the next discussion: the 

Supplementary shields. 



Chapter 4 
Nuclear analysis of European HCLL and HCPB test blanket modules 

 

 

248 

 

 The consideration of the Supplementary shields in the global analysis of 

European TBMs port offers an important reduction of the SDDR. The result 

obtained represents the first time that an ITER equatorial port, with detailed 

neighbor ports, with the latest ITER reference model and in global approach, 

offers a SDDR below 100 µSv/h in the interspace. 

 Most of the reductions occur in those groups contributing the most, and 

those more sensitive the cross-talk: “C-model” and the pipe forest groups. This 

fact reinforces the need to implement the Supplementary shields on top of what 

was observed in [132]. 

 If the use of the Supplementary shields, or other solutions, eventually leads 

to a SDDR in the port interspace #16 below 100 µSv/h in the maintenance tally, 

planned in-situ maintenance tasks might be hosted in this port. A worker could 

enter, walk the entire human passage, and stand where required to carry out 

the maintenance tasks. The next step would be checking, task by task, that the 

SDDR is still below 100 µSv/h at 30 cm of the nearest accessible surface 

involved in the task. And finally, Occupational Radiation Exposure (ORE) 

optimization would be required in the design of each of the tasks. And the 

contribution of every task to the collective dose must be minimized. 

4.3.7. Decay heat distribution 

 The results obtained show that, on the one hand, that the decay heat is 

negligible, particularly after 12 days, and on the other, that (α+β) contribution 

is comparable with γ the TBM structures.  

 

4.3.8. Summary 

The European TBMs port MCNP global model based on C-model V1 R2.1 [75] 

was built and debugged. European TBMs port local model considered was 

explained in Subsection 4.2.3. Neighbour ports IVVS and TCP-LP at B1 level 

were already inserted in C-model. In addition, MCNP models of EP#15 and 

EP#17 at L1 level, and EC-UL #16 at L2 level were obtained and inserted into 

the neighbour ports of European TBMs port of C-model. The resulting model is 

ready to face reliable estimations of quantities in the European TBMs port in 
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global approach. It captures the latest ITER machine baseline, and with the 

most updated MCNP representation of the neighbour ports. It is the most 

realistic representation of an ITER port at present time. Note that PCRs 439, 

644, 664, 713 & 722 are reflected in the model. 

This model was run with the main goal of characterizing European TBMs 

port design in terms of planned in-situ maintenance activities, which are 

submitted a Shutdown Dose Rate limit of 100 µSv/h after 106 s of cooling time 

in the interspace. This was computed in global approach, with very positive 

results. Although the SDDR is above the limit, it is not too far off, even when 

considering the global approach. This result is very important, as it 

demonstrates that the ITER tokamak port interspaces design, and European 

TBMs port is evolving to lower SDDR. The room for improvement through 

European TBMs port redesign was demonstrated very tight or even null. This 

confirms a good port plug design in European TBMs port, and points to leakage 

mechanisms out of the scope of PBS56 to ensure the achievement of the SDDR 

limit. 

Considering a set of shields around the vacuum vessel equatorial port (so-

called Supplementary shields), the SDDR obtained demonstrates that SDDR 

limit can be met in European TBMs port, thanks, among other things, to the 

good port plug design. It also supports the implementation of the 

Supplementary shields, which are a solution potentially applicable to all the 

ITER ports, with large benefits.  

The results explained here are of extreme importance. It is the first time that 

SDDR that low is obtained considering global approach, with detailed ports 

representation, and using the latest ITER reference model. In fact, it is probably 

the first time that SDDR<100 µSv/h was obtained in such conditions.  

When SDDR below 100 µSv/h are consolidated in European TBMs port, the 

SDDR determination in positions different to the worker volume in the most 

exposed position of the human passage will be necessary. This will happen after 

Supplementary shields, or equivalent, are implemented as project baseline. 

Then, optimization for specific European TBMs port maintenance activities 

would be conducted, minimizing the SDDR “at 30 cm from the nearest 

accessible surface”, as the requirement states. 
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Supplementary information to reinforce the understanding and complete the 

characterization was obtained. Firstly, local studies were carried out also with 

two aims: i) comparing with previous works, carried out in local approach, and 

ii) assess different design options fast. The results obtained here are consistent 

with all the previous work as indicated along the Section. The study of three 

Variant cases confirms the advantages of the reduction of gaps between the TBM 

sets and the PPF considered in this work. This work is also commented along 

the text.  

A final remark in relation to the methodological aspect is worth to be 

mentioned. One major novelty in methods was put in practice in this study, 

related to the D1S-UNED tool. It is the first time that the decay heat spatial 

distribution of the α + β decay is characterized for ITER. As it has been shown, 

it contributed as much as the γ decay, traditionally shown solely. Then, for those 

problems where the decay heat might represent a challenge, the proposed 

methodology is the only one available nowadays to face the spatial distribution 

of this quantity considering all the contributors. In total 50 radioactive isotopes 

produced via over 100 reactions have been considered for three cooling times to 

compute SDDR and nuclear heating due to α, β, and γ decay, and filtering 

quantities by activated cells originating them, what is probably the most 

complex D1S based study ever faced. 

As a summary, this study has made use of powerful and innovative 

methodology to reach three important conclusions: 

• The European TBMs port design is good in terms of SDDR 

• The current ITER baseline is incompatible with the SDDR limit. 

• However, a shielding scheme potentially viable according to the ITER 

Nuclear Integration Unit exists, allowing SDDR at 106 s of cooling time 

bellow the limit in the port interspace. 

4.4. SUMMARY 

An exhaustive characterization of the nuclear performance of the European 

HCLL and HCPB TBMs was carried out to prepare the ITER Preliminary Design 

Review. The latest available EU-TBMs ITER port MCNP model, integrated into 

the latest available ITER Tokamak reference model, C-model, was considered. 
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Neutron flux, photon flux, nuclear heating due to plasma and to secondary 

radiation sources, tritium production and dose to silicon were determined 

during operation of the machine. Shutdown dose rates and decay heat were 

computed during shutdown.  

An unprecedent degree of detail was reached for the nuclear responses 

computed during operation of the machine. Spatial resolution of 1x1x1 cm3 for 

the TBMs and 5x5x5 cm3 for the TBM shields and the PPF were considered. 

Nuclear heating and tritium production were computed for the different TBMs 

subcomponents in two ways. On the one hand, MCNP cell-based tallies in the 

corresponding cells were used. On the other hand, the cell-under-voxel 

approach, included in R2SUNED tool, was employed to determine values 

integrated over the 3D distribution regions occupied by the different TBMs 

subcomponent. Such double determination of the nuclear heating and tritium 

production ensured the correctness of the post-processed results obtained and 

minimized the potential human errors. This approach provided with all the 

necessary information to allow a coupling with later analysis, like 

thermo-mechanics or tritium permeation. 

The nuclear heating by secondary radiation sources was computed as decay 

heat at shutdown cooling time. D1SUNED was employed in this calculation for 

two reasons. First, it is the only D1S implementation with the nuclear data 

required to compute decay quantities at shutdown. Second, it is the only MCNP 

based tool able to carry out nuclear heating calculation by α and β radioactive 

decay. 

 The nuclear heating due to the plasma source in the HCLL and HCPB is 

found to be 439 kW and 528 kW, respectively. The nuclear heating due to the 

secondary radiation sources is found to be negligible. Two main reasons explain 

the difference between both EU-TBMs. On the one hand, the respective 

multipliers exhibit a distinct nuclear performance in terms of photon production 

and absorption, and in terms of kerma of neutron interactions. On the other 

hand, the Li6 content in the HCLL and HCPB breeders is different. The computed 

values represent important updates in the nuclear heating in the TBM with 

respect to previous studies. 
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 24 hours back-to-back pulses irradiation scenario is employed to assess the 

tritium production, which is found to be 14.6 mg·d-1 for the HCLL, and 22.7 

mg·d-1 for the HCPB TBM. The difference between them is mostly due to the 

distinct content of Li6 in each TBM. The geometrical layout of the breeder with 

respect to the multiplier, and the multiplier efficiency, also play a role in the 

production of tritium. The computed values represent important updates in the 

tritium production in the TBMs with respect to previous studies. 

 The dose to silicon is found to be below the 2000 Gy/s reference value with 

regards to the Instrumentation and Control equipment design. 

 The important assumption, consisting of the homogenization of helium 

cooling channels in the EU-TBM modelling, was validated. This was done by 

comparing the performance of two breeding units (HCLL & HCPB) in terms of 

detailed nuclear heating and tritium production considering both 

heterogeneous and homogeneous representation of He channel. 

 This characterization of the nuclear responses in the EU-TBMs port and 

TBMs, during operation of the machine, represents a major update with respect 

to previous information in quantities of major relevance: i) the nuclear heating 

is the main load to mechanics and cooling design of the TBMs, ii) the tritium 

production in the TBMs is of high relevance for the ITER safety, and iii) the dose 

to silicon is a mandatory response to design the I&C equipment. 

Up to date methodologies and tools were used. A new MCNP model of 

European TBMs port, with up-to-date designs of TBMs and PPF, was produced 

according to most demanding criteria for quality. Vast computational resources 

were deployed to perform simulations with very low statistical errors. Integral 

values and spatial distributions were computed with different approaches and 

post-processed by different analyst to minimize potential human errors. In 

summary, the most robust and up-to-date characterization of the nuclear 

behavior of the European TBMs port PPF and European TBMs was carried out. 

During shutdown of the machine, the shutdown dose rate due to decay 

photons from activated materials, and the decay heat due to decay photons, 

alpha and beta particles from active materials, were analysed. 
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The shutdown dose rate, used to characterize the planned in-situ 

maintenance activities, was computed following two different approaches. On 

the one hand, a local approach, in which cross-talk from neighbor ports is 

neglected, was employed to obtain a clean picture of the situation in the 

European TBMs port only. In addition, it allowed running simulations with a 

significant saving of resources. And finally, it favored a direct comparison with 

the previous work, carried out in local approach. The results obtained here are 

consistent with all the previous work as indicated along the Section. The study 

of three Variant cases confirms the advantages of the reduction of gaps between 

the TBM sets and the PPF considered in this work. On the other hand, a global 

approach, in which contributions coming from neighbor ports are considered, 

was used to check the compliance with the SDDR limit, which must be made 

always taking into account all the contributions. 

To compute the SDDR in global approach, the EU-TBMs port MCNP global 

model based on C-model was created. European TBMs port local model 

considered was explained in Section 3.4. Neighbour ports IVVS and TCP-LP at 

B1 level were already integrated in C-model. In addition, MCNP models of EP#15 

and EP#17 at L1 level, and EC-UL #16 at L2 level were inserted into the 

neighbour ports of European TBMs port of C-model. The resulting model 

captured the latest ITER machine baseline, and with the most updated MCNP 

representation of the neighbour ports. It was ready to face reliable estimations 

of quantities in the European TBMs port in global approach and was the most 

realistic representation of an ITER port at that time. PCRs 439, 644, 664, 713 

& 722 were reflected in the model. 

A SDDR value exceeding the limit of 100 µSv/h after 106 s (12 days 

approximately) of cooling time was obtained. Even so, it represents a very 

positive result, as it is not too far off, even when considering the global approach. 

This result demonstrates that the ITER tokamak port interspaces design, and 

European TBMs port is evolving towards the good direction in terms of SDDR. 

The room for improvement through European TBMs port redesign was 

demonstrated very tight or even null. This confirms a good port plug design in 

European TBMs port, and points to leakage mechanisms out of the scope of 

PBS56 to ensure the achievement of the SDDR limit. 
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A set of shields, covering the VV port extension and the Port duct in the 

external face with B4C tiles, was demonstrated before to lead to a strong 

reduction of the SDDR [132] in the ITER port interspaces. Such shields, so-

called Supplementary shields, were included in the EU-TBMs port MCNP global 

model based on C-model. Note that they were not implemented in the neighbor 

ports. The SDDR computed for this case demonstrates that SDDR limit can be 

met in European TBMs port, thanks, among other things, to the good port plug 

design. It also supports the implementation of the Supplementary shields, 

which are a solution potentially applicable to all the ITER ports, with large 

benefits.  

The decay heat due to decay photons, alpha and beta particles at 12 days of 

cooling time was also computed. It was found to be negligible. Nevertheless, an 

important remark in relation to the methodological aspect must be mentioned. 

For the first time, the decay heat spatial distribution of the α + β decay is 

characterized for ITER. One major novelty in methods, related to the D1S-UNED 

tool, was put in practice. The contribution from α + β decay was found to be 

similar to the γ decay, traditionally shown solely. Then, for those problems 

where the decay heat might represent a challenge, the proposed methodology is 

the only one available nowadays to face the spatial distribution of this quantity 

considering all the contributors.  

As a summary, this study has made use of powerful and innovative 

methodology to reach three important conclusions: 

• The European TBMs port design is good in terms of SDDR. 

• The current ITER baseline is incompatible with the SDDR limit. 

• However, a shielding scheme potentially viable according to the ITER 

Nuclear Integration Unit exists, allowing SDDR at 106 s of cooling time 

bellow the limit in the port interspace. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

This chapter is devoted to summarizing the main conclusions extracted from 

the work done in the frame of this thesis. More details are given in the last 

section of each chapter. 

5.1. ACAB ACTIVATION CODE 

A revision of the solver algorithm used by ORIGEN and ACAB to perform 

isotopic inventory calculations was done. The work was focused in two main 

aspects: the temporal scheme used in the calculation and the treatment of cyclic 

chains. 

Users of ACAB/ORIGEN must define the irradiation scenario for their 

inventory calculations. An infinite number of possibilities exist to define the 

temporal scheme of the calculations, from considering only the different 

irradiation and cooling times, to employing several time steps for each of the 

irradiation/cooling periods. Few advices related to the temporal scheme to be 

used are given in the different manuals and users are not warned about the 

consequences of a bad election. In this sense, the accuracy of the results 

provided by ACAB/ORIGEN is assumed. In addition, no errors associated to the 

calculations are provided.  

To avoid computational shortcomings, associated to the application of the 

matrix exponential method to nuclides with a large effective decay rate, 

ORIGEN/ACAB separates the nuclides into two groups: long- and short-lived. 

Such classification is determined by the time interval considered in the 

calculation. Different techniques are applied to the long- and short-lived 

nuclides to compute their final concentrations. These techniques involved the 

use of approximations, which in some cases result in a loss of accuracy of the 

computed concentrations. In the frame of this thesis, some of the 

approximations has been studied and some scenarios, in which a loss of 

accuracy may be produced, have been identified. The appearance of such 

scenarios is deeply linked to the temporal scheme used in the inventory 

calculations. 
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The relative error produced in the computation of the nuclide concentrations 

has been assessed for the different risky scenarios. It has been demonstrated 

that the errors are produced when, at least, one of the nuclides involved in the 

calculations is in the limit between long- and short-lived. In the case of a chain 

of five nuclides, in which the second one is the only short-lived, relative errors 

of 14% and 27% can be produced in the determination of the concentration of 

the penultimate and last nuclides, respectively. This can only happen when the 

short-lived nuclide is in the limit of being long-lived. This scenario, which may 

be considered as very unlikely, may occur, for example, in the irradiation of Cr50 

proposed in the second international activation calculation benchmark 

comparison study. Relative errors of 11% and 21% are produced in the 

estimation of the final concentration of Cr53 and Cr54 when only one time step, 

of 1 year, is considered in the calculations performed by ACAB. More extreme 

cases exist in which the relative error may tend to infinity. Although such cases 

are very rare, because more than one of the nuclides must be in the limit 

between long- and short-lived, actions must be taken to evade them. All these 

risky scenarios can be avoided by considering an adequate temporal scheme for 

the inventory calculations. Unfortunately, the adequacy of the temporal scheme 

depends on the case considered. The temporal scheme proposed by the user’s 

manual of ACAB involves the use of time steps of different duration. The use of 

such temporal scheme cannot avoid the occurrence of a risky scenario, but if 

one of them happens for a specific time interval, it won’t happen for the 

remaining steps. In this way, the relative error produced is diluted. 

Three modifications of ACAB were proposed to reduce the relative errors 

introduced by some of the approximations assessed. Results obtained with 

these modifications were, in most of the cases, better than the ones computed 

with the normal version of ACAB. Even so, they were only preliminary results. 

Future work must be done to study the consequences of the insertion of such 

modifications in ACAB code. In case they really produce better results, a new 

version of ACAB, incorporating such modifications, should be released. 

Independently of the incorporation of such modifications, an important work 

must be done in the future to provide the ACAB users with warnings when the 

election of a temporal scheme is not adequate for the problem considered. In 

addition, great efforts should be done to provide the results with an associated 

error. 
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The treatment of cyclic nuclide chains by ORIGEN/ACAB was also studied. 

By direct inspection of ACAB code, it was concluded that cyclic nuclide chains, 

formed exclusively by short-lived nuclides, are not considered in the 

calculations performed by ACAB. The non-consideration of loops affect the 

application of the Bateman equations to the short-lived nuclide chains, 

performed by DECAY subroutine, and the computation of the reduced transition 

matrix elements for the new transitions between long-lived nuclides, produced 

by TERM subroutine. Minimum losses of 99.2% and 94.4% of the initial 

concentration of a short-lived nuclide were found when such nuclide is involved 

in a first- and second-order loop, respectively. This loss only affects the part of 

the initial concentration of the short-lived nuclide that follows the cyclic 

pathway. The implementation in ACAB code of the infinite repetitions of a loop 

is impossible, nevertheless, a finite number of repetitions could be considered. 

A future study should be performed to assess the impact of considering some 

repetitions. In case the results obtained were satisfactory, a new version of 

ACAB should be produced to include the required modification. 

Finally, the application of ACAB to the ITER maintenance tasks was studied. 

The 67% of the relevant pathways, for the ITER maintenance tasks, consists of 

chains formed by two nuclides, as it was identified in an activation study 

performed by UNED. These 2-nuclide chains were studied to determine if any of 

the risky scenarios identified previously could affect them. It was found that the 

maximum relative error in the estimation given by ACAB for any nuclide 

concentration of the 2-nuclide chains was 0.2%. In addition, such maximum 

error could be only produced in one of the irradiation periods of the ITER SA-2 

scenario. For the remaining periods, the relative error was even lower. Then, it 

was concluded that no errors could be produced in the calculations performed 

by ACAB for the 2-nuclide chains relevant for the ITER maintenance tasks. In 

future works, the remaining 33% of the relevant pathways, which consist of 

3- and 4-nuclide chains, must be studied to ensure the validity of ACAB code 

application to ITER maintenance tasks. 

5.2. MCNP MODELLING OF ITER COMPONENTS 

In the frame of this thesis, an important work has been done in relation to 

the MCNP modelling of complex ITER components. Such work has been focused 
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on two aspects: the development of new MCNP modelling procedures and their 

application to produce MCNP geometries of complex ITER components. 

An enhancement of the early MCNP modelling approach has been produced 

to reduce the uncertainty associated to the MCNP modelling, and to permit the 

production of user friendly and easy-to-update-and-maintain MCNP geometries. 

The experience accumulated during the last years and the development of 

computational scripts at UNED, aimed at automatizing some modelling tasks, 

favored an optimization of the steps already included in the early approach. Two 

additional steps were included in the procedure. An initial one meant to ensure 

that the ITER baseline configuration is reflected in the MCNP models produced. 

And another to facilitate the production of high quality MCNP models, 

characterized by an easy usability, a strong internal organization and a high 

amount of information given throughout the input. This enhanced MCNP 

modelling procedure has permitted the production of much more complex MCNP 

geometries, while reducing the modelling time in a 50%, approximately. In 

addition, it has facilitated the performance of independent revisions and the 

production of more exhaustive nuclear analyses. 

The enhanced MCNP modelling procedure was used to create the ITER MCNP 

reference model of the Tokamak Complex. The model produced was based on a 

conservative representation of the ITER baseline configuration. A strongly 

organized and profusely commented model was created to facilitate its used by 

other nuclear analysts. The CAD model of the Tokamak Complex was broken 

down in 2081 subcomponents, which were organized by levels, by buildings, by 

components and, finally, by materials, in the resulting MCNP geometry. 980 

labels were included to enable an easy identification of every subcomponent. A 

comment was also included in each of the 36.862 cells. To facilitate future 

integration activities, a room-oriented approach was used for the special case of 

the Tokamak building. The final model consisted of 36.862 cells, 57.085 

surfaces, 22 materials and 5 geometry transformation. MCNP universes and 

complex macrobodies were not used. The Tokamak Complex MCNP model 

exhibited an extraordinary computational performance and an extremely low 

particle loss rate (lower than 10-9). It was used to produce radiation maps, which 

were included as part of the ITER baseline through PCR-795. Port cell analysis 

were conducted with the model, like the TCP FDR. And excellent comments 
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about its performance were received from people of the Oak Ridge National 

Laboratory. In the future, it is expected to be systematically used in the ALARA 

exercise of ITER to be implemented from 2019 to 2021 and to be issued to the 

French Nuclear Regulator. 

 An MCNP geometry of the European TBMs ITER port was also produced by 

means of the application of the enhanced MCNP modelling procedure. The model 

was integrated into the ITER reference model C-model to perform an exhaustive 

nuclear analysis, with an unprecedent degree of detail, aimed at preparing the 

ITER Preliminary Design Review. To facilitate the performance of such analysis, 

the European TBMs ITER port was broken down into 94 subcomponents. A 

comment was included in every cell to facilitate an easy and fast identification 

of the different components, which, in turn, facilitated the definition of around 

80 cell tallies. The complexity of the detailed components of the European TBMs 

port was kept as much as possible, to maximize the accuracy in the results 

obtained for the different nuclear responses. The final MCNP model, already 

integrated into C-model, exhibited a huge computational memory consumption, 

which motivated important D1SUNED improvements devoted to optimizing the 

computational memory consumption of the MCNP models. 

 Finally, new procedures were developed to control the mass deviations 

produced between the CAD bodies and the MCNP cells of the same geometry. 

These guidelines make possible the comparison between the masses of the 

MCNP cells and the corresponding CAD bodies, with a one-by-one 

correspondence. The development of the mass control guidelines positioned 

UNED as the first, and only, team in the world with the capability of controlling 

the mass deviations, produced during the MCNP modelling of complex 

geometries. This fact means an important decrease in the uncertainty related to 

the MCNP modelling of ITER components. The guidelines for mass control were 

used to produce the MCNP models of the ITER diagnostics generic equatorial 

and upper ports, which were included in the last version of C-model. 

Unfortunately, the use of these new procedures has resulted in an increase 

of the MCNP modelling time. As it happened with the early MCNP modelling 

approach, an important work must be done in the future to optimize the time 

spent by using the new procedure. 
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5.3. NUCLEAR ANALYSIS OF EUROPEAN HCLL AND 

HCPB TEST BLANKET MODULES 

In the frame of this thesis, an exhaustive characterization of the nuclear 

performance of the European HCLL and HCPB TBMs was carried out. This study 

was meant to prepare the ITER Preliminary Design Review. Consequently, the 

latest available EU-TBMs ITER port MCNP model, integrated into the latest 

available ITER Tokamak reference model, C-model, was considered. Neutron 

flux, photon flux, nuclear heating due to plasma and to secondary radiation 

sources, tritium production and dose to silicon were determined during 

operation of the machine. Shutdown dose rates and decay heat were computed 

during shutdown.  

An unprecedent degree of detail was reached for the nuclear responses 

computed during operation of the machine. Spatial resolution of 1x1x1 cm3 for 

the TBMs and 5x5x5 cm3 for the TBM shields and the PPF were considered. 

Nuclear heating and tritium production were computed for the different TBMs 

subcomponents in two ways. On the one hand, MCNP cell-based tallies in the 

corresponding cells were used. On the other hand, the cell-under-voxel 

approach, included in R2SUNED tool, was employed to determine values 

integrated over the 3D distribution regions occupied by the different TBMs 

subcomponent. Such double determination of the nuclear heating and tritium 

production ensured the correctness of the post-processed results obtained and 

minimized the potential human errors. This approach provided with all the 

necessary information to allow a coupling with later analysis, like 

thermo-mechanics or tritium permeation. 

The nuclear heating by secondary radiation sources was computed as decay 

heat at shutdown cooling time. D1SUNED was employed in this calculation for 

two reasons. First, it is the only D1S implementation with the nuclear data 

required to compute decay quantities at shutdown. Second, it is the only MCNP 

based tool able to carry out nuclear heating calculation by α and β radioactive 

decay. 

 The nuclear heating due to the plasma source in the HCLL and HCPB is 

found to be 439 kW and 528 kW, respectively. The nuclear heating due to the 
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secondary radiation sources is found to be negligible. Two main reasons explain 

the difference between both EU-TBMs. On the one hand, the respective 

multipliers exhibit a distinct nuclear performance in terms of photon production 

and absorption, and in terms of kerma of neutron interactions. On the other 

hand, the Li6 content in the HCLL and HCPB breeders is different. The computed 

values represent important updates in the nuclear heating in the TBM with 

respect to previous studies. 

 24 hours back-to-back pulses irradiation scenario is employed to assess the 

tritium production, which is found to be 14.6 mg·d-1 for the HCLL, and 22.7 

mg·d-1 for the HCPB TBM. The difference between them is mostly due to the 

distinct content of Li6 in each TBM. The geometrical layout of the breeder with 

respect to the multiplier, and the multiplier efficiency, also play a role in the 

production of tritium. The computed values represent important updates in the 

tritium production in the TBMs with respect to previous studies. 

 The dose to silicon is found to be below the 2000 Gy/s reference value with 

regards to the Instrumentation and Control equipment design. 

 The important assumption, consisting of the homogenization of helium 

cooling channels in the EU-TBM modelling, was validated. This was done by 

comparing the performance of two breeding units (HCLL & HCPB) in terms of 

detailed nuclear heating and tritium production considering both 

heterogeneous and homogeneous representation of He channel. 

 This characterization of the nuclear responses in the EU-TBMs port and 

TBMs, during operation of the machine, represents a major update with respect 

to previous information in quantities of major relevance: i) the nuclear heating 

is the main load to mechanics and cooling design of the TBMs, ii) the tritium 

production in the TBMs is of high relevance for the ITER safety, and iii) the dose 

to silicon is a mandatory response to design the I&C equipment. 

Up to date methodologies and tools were used. A new MCNP model of 

European TBMs port, with up-to-date designs of TBMs and PPF, was produced 

according to most demanding criteria for quality. Vast computational resources 

were deployed to perform simulations with very low statistical errors. Integral 

values and spatial distributions were computed with different approaches and 
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post-processed by different analyst to minimize potential human errors. In 

summary, the most robust and up-to-date characterization of the nuclear 

behavior of the European TBMs port PPF and European TBMs was carried out.  

During shutdown of the machine, the shutdown dose rate due to decay 

photons from activated materials, and the decay heat due to decay photons, 

alpha and beta particles from active materials, were analysed. 

The shutdown dose rate, used to characterize the planned in-situ 

maintenance activities, was computed following two different approaches. On 

the one hand, a local approach, in which cross-talk from neighbor ports is 

neglected, was employed to obtain a clean picture of the situation in the 

European TBMs port only. In addition, it allowed running simulations with a 

significant saving of resources. And finally, it favored a direct comparison with 

the previous work, carried out in local approach. The results obtained here are 

consistent with all the previous work as indicated along the Section. The study 

of three Variant cases confirms the advantages of the reduction of gaps between 

the TBM sets and the PPF considered in this work. On the other hand, a global 

approach, in which contributions coming from neighbor ports are considered, 

was used to check the compliance with the SDDR limit, which must be made 

always taking into account all the contributions. 

To compute the SDDR in global approach, the EU-TBMs port MCNP global 

model based on C-model was created. European TBMs port local model 

considered was explained in Section 3.4. Neighbour ports IVVS and TCP-LP at 

B1 level were already integrated in C-model. In addition, MCNP models of EP#15 

and EP#17 at L1 level, and EC-UL #16 at L2 level were inserted into the 

neighbour ports of European TBMs port of C-model. The resulting model 

captured the latest ITER machine baseline, and with the most updated MCNP 

representation of the neighbour ports. It was ready to face reliable estimations 

of quantities in the European TBMs port in global approach and was the most 

realistic representation of an ITER port at that time. PCRs 439, 644, 664, 713 

& 722 were reflected in the model. 

A SDDR value exceeding the limit of 100 µSv/h after 106 s (12 days 

approximately) of cooling time was obtained. Even so, it represents a very 

positive result, as it is not too far off, even when considering the global approach. 
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This result demonstrates that the ITER tokamak port interspaces design, and 

European TBMs port is evolving towards the good direction in terms of SDDR. 

The room for improvement through European TBMs port redesign was 

demonstrated very tight or even null. This confirms a good port plug design in 

European TBMs port, and points to leakage mechanisms out of the scope of 

PBS56 to ensure the achievement of the SDDR limit. 

A set of shields, covering the VV port extension and the Port duct in the 

external face with B4C tiles, was demonstrated before to lead to a strong 

reduction of the SDDR [132] in the ITER port interspaces. Such shields, so-

called Supplementary shields, were included in the EU-TBMs port MCNP global 

model based on C-model. Note that they were not implemented in the neighbor 

ports. The SDDR computed for this case demonstrates that SDDR limit can be 

met in European TBMs port, thanks, among other things, to the good port plug 

design. It also supports the implementation of the Supplementary shields, 

which are a solution potentially applicable to all the ITER ports, with large 

benefits.  

The decay heat due to decay photons, alpha and beta particles at 12 days of 

cooling time was also computed. It was found to be negligible. Nevertheless, an 

important remark in relation to the methodological aspect must be mentioned. 

For the first time, the decay heat spatial distribution of the α + β decay is 

characterized for ITER. One major novelty in methods, related to the D1S-UNED 

tool, was put in practice. The contribution from α + β decay was found to be 

similar to the γ decay, traditionally shown solely. Then, for those problems 

where the decay heat might represent a challenge, the proposed methodology is 

the only one available nowadays to face the spatial distribution of this quantity 

considering all the contributors.  

As a summary, this study has made use of powerful and innovative 

methodology to reach three important conclusions: 

• The European TBMs port design is good in terms of SDDR. 

• The current ITER baseline is incompatible with the SDDR limit. 

• However, a shielding scheme potentially viable according to the ITER 

Nuclear Integration Unit exists, allowing SDDR at 106 s of cooling time 

bellow the limit in the port interspace. 
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 In the future years, an important work will have to be done in relation to the 

European TBMs. On the one hand, the HCLL technology will be substituted by 

the Water Cooling Lithium Lead (WCLL) technology. A new design will be 

proposed and will have to be evaluated. Around June 2019, the new WCLL TBM 

will face the ITER Conceptual Design Review (CDR). A first assessment of the 

different nuclear responses will be need for the CDR. In addition, the WCLL TBM 

will include a cooling water loop in the first wall, which will represent a new 

radiation source to be considered. On the other hand, around 2020, the 

European TBMs ITER port will face the ITER PDR. This will imply the 

re-computation of all the nuclear responses, already assessed in this work, for 

the new design of the European TBMs port model. The application of the 

guidelines for the mass control will be mandatory. Moreover, the Tokamak 

reference model and the neighbor port designs will have evolved. As an example 

of this, the EC-UP will face its FDR in April 2019, which will mean a significant 

evolution of its design with respect to the model considered in this work. ORE 

optimization will be also required in the design of each of the tasks. Finally, 

nuclear analyses will be conducted in the port cell, which has not been studied 

since 2008, to determine the workers radiation exposure in maintenance tasks 

outside the bio-shield, as a consequence of the implementation of the ALARA 

strategy.  



 

 

265 

 

REFERENCES 

[1] S. Ishizaka, “Project specification”, ITER IDM, ITER_D_2DY7NG v2.0, 

2010. 

[2] J. Sanz et al., “ACAB: Activation Code for Fusion Applications, User's 

Manual V1.0”, DENIM-284, Instituto de Fusion Nuclear/Universidad 

Politécnica de Madrid, 1992. 

[3] J. Sanz et al., “ACAB, Activation Code for Fusion Applications. User's 

Manual V2.0”, Lawrence Livermore National Laboratory, 

UCRL-MA-122002, August 1995. 

[4] J. Sanz et al., “ACAB, Activation Code for Fusion Applications: User's 

Manual V3.0”, Universidad Nacional de Educación a Distancia (UNED). 

Instituto de Fusion Nuclear (UPM), DENIM-464. April 1998. Lawrence 

Livermore National Laboratory, UCRL-CR-128874, February 1998. 

[5] J. Sanz, “ACAB98: Activation code for fusion applications. User's Manual 

V4.0”, Universidad Nacional de Educación a Distancia (UNED), Instituto 

Fusion Nuclear (UPM), Lawrence Livermore National Laboratory, 

UCRL-CR-133040, February 1999. 

[6] J. Sanz, “ACAB Activation Code for Fusion Applications: User’s Manual 

V5.0”, Lawrence Livermore National Laboratory, UCRLMA-143238, 

February 2000. 

[7] M. J. Bell, “ORIGEN – The ORNL Isotope Generation and Depletion Code”, 

ORNL-4628 (CCC-217), Union Carbide Corp., Nucl. Div., Oak Ridge Natl. 

Lab., May 1973. 

[8] A. G. Croff, “User’s manual for the ORIGEN2 computer code”, Oak Ridge 

National Laboratory, ORNL/TM-7175, July 1980. 

[9] A. G. Croff, “ORIGEN2: A Versatile Computer Code for Calculating the 

Nuclide Compositions and Characteristics of Nuclear Materials”, Nuclear 

Technology, Volume 62, Number 3, 335 – 352 (1983). 

[10] A. G. Croff, “ORIGEN2: A revised and updated version of the Oak Ridge 

isotope generation and depletion code”, DOI: 10.2172/5352089. July 

1980. 

[11] B. T. Rearden et al., “SCALE Code System”, ORNL/TM-2005/39, Version 

6.2.3, Oak Ridge National Laboratory, March 2018. 

[12] R. A. Forrest et al., “FISPACT-99: User manual”, UKAEA FUS 407, 1999. 



 

 

266 

 

[13] R. A. Forrest et al., “FISPACT-2005: User manual”, UKAEA FUS 514, 

January 2005. 

[14] R. A. Forrest, “FISPACT-2007: User manual”, UKAEA FUS 534, March 

2007. 

[15] J. Sidell, “EXTRA – A digital computer program for the solution of stiff 

sets of ordinary value, first order differential equations”, AEEW-R-799, 

1972. 

[16] J-Ch. Sublet et al., “The FISPACT II: User manual”, CCFE-R(11)11 Issue 

6, June 2014. 

[17] M. Fleming et al., “The FISPACT II: User manual”, UKAEA-R(18)001, 

February 2018. 

[18] J-Ch. Sublet et al., “FISPACT-II: An advanced simulation system for 

activation, transmutation and material modelling”, Nuclear Data Sheets, 

119, 77 – 137 (2017). 

[19] A. C. Hindmarsh, “ODEPACK, A Systematized Collection of ODE Solvers”, 

in Scientific Computing, R. S. Stepleman et al. (eds.), North-Holland, 

Amsterdam, 1983 (volume 1 of IMACS Transactions on Scientific 

Computation), 55 – 64. 

[20] P. N. Brown et al., “Reduced Storage Matrix Methods in Stiff ODE 

Systems”, Journal of Applied Mathematics and Computation, volume 31, 

40 – 91, 1989. 

[21] P. P. H. Wilson et al., “ALARA: Analytic and Laplacian Adaptive 

Radioactivity Analysis, Volume I, Technical Manual”, University of 

Wisconsin-Madison Fusion Technology Institute UWFDM-1070, 1998. 

[22] P. P. H. Wilson et al., “ALARA: Analytic and Laplacian Adaptive 

Radioactivity Analysis, Volume II, Users’ Guide”, University of 

Wisconsin-Madison Fusion Technology Institute UWFDM-1071, 1998. 

[23] P. P. H. Wilson, “ALARA: Analytic and Laplacian Adaptive Radioactivity 

Analysis”, Ph. D. Thesis, University of Wisconsin-Madison Fusion 

Technology Institute UWFDM-1098, April 1999. 

[24] Official Serpent Website http://montecarlo.vtt.fi 

[25] J. Leppänen, “Serpent – a Continuous-energy Monte Carlo Reactor 

Physics Burnup Calculation Code. User’s Manual”, June 2015. 

[26] M. Pusa et al., “Computing the Matrix Exponential in Burnup 

Calculations”, Nuclear Science and Engineering, volume 164, 140 – 150, 

2010. 



 

 

267 

 

[27] M. Pusa, “Rational Approximations to the Matrix Exponential in Burnup 

Calculations”, Nuclear Science and Engineering, volume 169, issue 2, 

155 – 167, 2011. 

[28] A. Isotalo et al., “Improving the Accuracy of the Chebyshev Rational 

Approximation Method Using Substeps”, Nuclear Science and 

Engineering, volume 183, issue 1, 2016. 

[29] M. Pusa, “Higher-Order Chebyshev Rational Approximation Method and 

Application to Burnup Equations”, Nuclear Science and Engineering, 

volume 182, issue 3, 2016. 

[30] H. Brockmann et al., “ACFA - A Versatile Activation Code for Coolant and 

Structural Materials”, IAEA INIS, JUEL – 1866, 15028498, volume 15, 

issue 8, 1983. 

[31] G. Pedroche et al., “D1-3. Activation study and D1SUNED v3.1.2 nuclear 

data set”, ITER IDM, ITER_D_WDQR2F, 2018. 

[32] F. Moro et al., “Nuclear analysis of the ITER Cryopump Ports”, Fusion 

Engineering and Design, 98 – 99, 1561 – 1565, 2015. 

[33] R. Juárez et al., “Shutdown dose rates at ITER equatorial ports 

considering radiation cross-talk from torus cryopump lower port”, Fusion 

Engineering and Design, 100, 501 – 506, 2015. 

[34] G. Stankunas et al., “Activity inventories and decay heat calculations for 

a DEMO with HCPB and HCLL blanket modules”, Fusion Engineering 

and Design, 109 – 111, 347 – 352, 2016. 

[35] D. Leichtle et al., “Global shutdown dose rate maps for a DEMO 

conceptual design”, Fusion Engineering and Design, 98 – 99, 

1524 – 1527, 2015. 

[36] J. P. Catalán et al., “Neutronic analysis of a dual He/LiPb coolant 

breeding blanket for DEMO”, Fusion Engineering and Design, 86, 

2293 – 2296, 2011. 

[37] O. Nomen et al., “Lead shutter for the IFMIF LIPAc accelerator”, Nuclear 

Instruments and Methods in Physics Research Section A: Accelerators, 

Spectrometers, Detectors and Associated Equipment, 901, 69 – 75, 2018. 

[38] D. López et al., “Radioactive waste assessment for the IFMIF/EVEDA 

facility”, Fusion Engineering and Design, 87, 684 – 689, 2012. 

[39] B. Brañas et al., “Design of a beam dump for the IFMIF-EVEDA 

accelerator”, Fusion Engineering and Design, 84, 509 – 513, 2009. 



 

 

268 

 

[40] A. P. Belian et al., “Experimental Studies of Concrete Activation at the 

National Ignition Facility Using the Rotating Target Neutron Source”, 

Fusion Technology, 34 (3), 1028 – 1032, 1998. 

[41] National Ignition Facility Primary Criteria/Functional Requirements, 

NIF-LLNL-93-058, L-15983-1, Lawrence Livermore National Laboratory, 

Livermore, CA, February 1994. 

[42] National Ignition Facility. Final Safety Analysis Report, NIF-0019661, 

Lawrence Livermore National Laboratory, March 1999. 

[43] R. Villari et al., “Neutronics experiments and analyses in preparation of 

DT operations at JET”, Fusion Engineering and Design, 109 – 111, 

895 – 905, 2016. 

[44] R. Juárez et al., “Dose rates evaluation of HiPER facility”, Fusion 

Engineering and Design, 86, 694 – 698, 2011. 

[45] R. Juárez et al., “Advances in neutronics and radiological protection of 

HiPER 4a”, Fusion Engineering and Design, 87, 336 – 343, 2012. 

[46] R. Juárez et al., “Neutronics and activation of the preliminary reaction 

chamber of HiPER reactor based in a SCLL blanket”, Fusion Engineering 

and Design, 88, 2373 – 2377, 2013. 

[47] O. W. Hermann et al., “ORIGEN-S: SCALE system module to calculate 

fuel depletion, actinide transmutation, fission product buildup and 

decay, and associated radiation source terms”, NUREG/CR-0200, 

Volume 2, Section F7, Revision 6, September 1998. 

[48] E. T. Cheng et al., “Report on the second international activation 

calculation benchmark comparison study”, International Nuclear Data 

Committee, INDC(NDS)-300, 25042005, volume 25, issue 13, 1994. 

[49] L. Lapidus et al., “Optimal Control of Engineering Processes”, Blaisdell 

Publishing Co., Waltham, Mass.,45 – 49, 1967. 

[50] H. Bateman, “Solution of a System of Differential Equations Occurring in 

the Theory of Radio-active Transformations”, Proceedings of the 

Cambridge Philosophical Society, Mathematical and Physical Sciences, 

volume 15, 423 – 427, 1910. 

[51] D. R. Vondy, “Development of a General Method of Explicit Solution to 

the Nuclide Chain Equations for Digital Machine Calculations”, 

ORNL/TM-361, Union Carbide Corp., Nucl. Div., Oak Ridge Natl. Lab., 

October 1962. 



 

 

269 

 

[52] S. J. Ball et al., “MATEXP: A General Purpose Digital Computer Program 

for Solving Ordinary Differential Equations by the Matrix Exponential 

Method”, ORNL/TM-1933, Union Carbide Corp., Nucl. Div., Oak Ridge 

Natl. Lab., August 1967. 

[53] M. J. Loughlin et al., “Recommended Plasma Scenarios for Activation 

Calculations”, ITER IDM, ITER_D_2V3V8G, 2009. 

[54] R. A. Forrest et al., “The European Activation File: EAF-2007 

neutron-induced cross section library”, UKAEA FUS 535, March 2007. 

[55] T. M. Evans et al., “Denovo--A New Three-Dimensional Parallel Discrete 

Ordinates Code in SCALE”, Nuclear Technology, 171 (8), 171 – 200, May 

2017. 

[56] A.T.T.I.L.A User’s Manual Transpire Inc July (2014). 

[57] J. E. Sweezy et al., “MCNP Manual. MCNP – A General Monte Carlo N-

Particle Transport Code, Version 5”, LA-UR-03-1987, LA-CP-03-0245, 

April 2003. 

[58] Y. Wu et al., “CAD-Based Monte Carlo Program for Integrated Simulation 

of Nuclear System SuperMC”, Ann. Nucl. Energy, 82, 161–168, 2015. 

[59] Y. Wu et al., “CAD-Based Interface Programs for Fusion Neutron 

Transport Simulation”, Fusion Engineering and Design, 84, 1987 – 1992, 

2009. 

[60] L. Lu et al., “Improved algorithms and advanced features of the CAD to 

MC conversion tool McCad”, Fusion Engineering and Design, 89, 

1885 – 1888, 2014. 

[61] T. Tautges et al., “Acceleration techniques for direct use of CAD-based 

geometries in Monte Carlo radiation transport”, International Conference 

on Mathematics, Computational Methods & Reactor Physics (M&C 2009), 

Saratoga Springs, NY (2009). 

[62] J. T. Goorley et al., “Initial MCNP6 Release Overview - MCNP6 version 

1.0”, LA-UR-13-22934. 

[63] Available: https://cubit.sandia.gov/public/14.0/14.0.html (Accessed 19 

September 2018). 

[64] Available: http://www.spaceclaim.com/en/default.aspx (Accessed 19 

September 2018). 

[65] R. Juárez et al., “Shutdown Dose Rates at ICH Port Cell”, ITER IDM, 

ITER_D_N9RY73 v3.0, 2015. 

https://cubit.sandia.gov/public/14.0/14.0.html
http://www.spaceclaim.com/en/default.aspx


 

 

270 

 

[66] R. Juárez et al., “Shutdown dose rate analysis of European test blanket 

modules shields in ITER Equatorial Port #16”, Fusion Engineering and 

Design, 109 – 111, 1554 – 1558, 2016. 

[67] R. Juárez et al., “Nuclear Analysis for Integration of Diagnostics Port 

EP#11”, ITER IDM, ITER_D_ Q6KPAK, 2015. 

[68] P. Sauvan et al., “User’s manual of D1SUNED v3.1.2”, ITER IDM, 

ITER_D_WDQ7DE v1.2, 2018. 

[69] R. Juárez et al., “D1SUNED v3.1.2 nuclear data package”, ITER IDM, 

ITER_D_WDQR2F v1.0, 2018. 

[70] P. Sauvan et al., “Report on numerical verification cases”, ITER IDM, 

ITER_D_W46VQX v1.3, 2018. 

[71] P. Sauvan et al., “Report on computational benchmark”, ITER IDM, 

ITER_D_WEP47J v1.0, 2018. 

[72] R. Juárez et al., “Assumptions, errors and uncertainties of D1SUNED 

v3.1.2”, ITER IDM, ITER_D_WDQLMX v1.0, 2018. 

[73] R. Juárez et al., “Report on benchmark validation cases”, ITER IDM, 

ITER_D_WQEZWK v1.0, 2018. 

[74] P. Sauvan et al., “D1SUNED Software Qualification”, ITER IDM, 

ITER_D_WU57S2 v1.1, 2018. 

[75] D. Leitchle, et al., “The ITER tokamak neutronics reference model 

C-Model”, Fusion Engineering and Design, available online since April 

2018, https://doi.org/10.1016/j.fusengdes.2018.04.002.  

[76] A. J. López-Revelles, “MCNP model of the ITER Tokamak Complex”, 

Fusion Engineering and Design, available online since April 2018, 

https://doi.org/10.1016/j.fusengdes.2018.04.023. 

[77] J. Alguacil et al., “Assessment and optimization of MCNP memory 

management for detailed geometry of nuclear fusion facilities”, Fusion 

Engineering and Design, available online since February 2018, 

https://doi.org/10.1016/j.fusengdes.2018.02.048. 

[78] Available: http://www.hpc.cineca.it/content/introduction-marconi-hpc-

cluster-users-and-developers (Accessed 19 September 2018. 

[79] B. Weinhorst et al., “Shut-down dose rate analyses for the ITER electron 

cyclotron-heating upper launcher”, Fusion Engineering and Design, 89, 

1899 – 1904, 2014. 

https://doi.org/10.1016/j.fusengdes.2018.04.002
https://doi.org/10.1016/j.fusengdes.2018.04.023
https://doi.org/10.1016/j.fusengdes.2018.02.048
http://www.hpc.cineca.it/content/introduction-marconi-hpc-cluster-users-and-developers
http://www.hpc.cineca.it/content/introduction-marconi-hpc-cluster-users-and-developers


 

 

271 

 

[80] A. Turner et al., “Shielding optimisation of the ITER ICH&CD antenna for 

shutdown dose rate”, Fusion Engineering and Design, 96 – 97, 

357 – 360, 2015. 

[81] A. Ghani et al., “Radiation levels in the ITER tokamak complex during 

and after plasma operation”, Fusion Engineering and Design, 96 – 97, 

261 – 264, 2015. 

[82] E. Polunovskiy, “Use of B-lite”, ITER IDM, ITER_D_65AV6Z, 2011. 

[83] E. Polunovskiy, “Status of C-lite”, ITER IDM, ITER_D_JLDCY7, 2013. 

[84] Available: http://fusionforenergy.europa.eu/ (Accessed 19 September 

2018). 

[85] Available: https://www.usiter.org/ (Accessed 19 September 2018). 

[86] Available: http://iterrf.ru/en/russia/struct_rus/ (Accessed 19 

September 2018). 

[87] Available: http://www.iterchina.cn/ (Accessed 19 September 2018). 

[88] Available: https://www.iterkorea.org/ (Accessed 19 September 2018). 

[89] Available: http://www.iter-india.org/ (Accessed 19 September 2018). 

[90] Available: http://www.fusion.qst.go.jp/english/iter-e/iter.html 

(Accessed 19 September 2018). 

[91] J. Verbeke et al., “Planning tools for estimating radiation exposure at the 

National Ignition Facility”, Fusion Science and Technology, 60 – 2, 

595 – 599, 2011. 

[92] M. Dentan, “NIU Report on Radiation Issues on Electronics in B11”, ITER 

IDM, ITER_D_SRCWCW v1.6, 2016. 

[93] M. Dentan, “ITER Policy on Electronics Exposed to Nuclear Radiation”, 

ITER IDM, ITER_D_RAKTPP v1.0, 2015. 

[94] D. Lopez Al-dama et al., “FENDL-2.1: Update of an Evaluated Nuclear 

Data Library for Fusion Applications”, INDC(NDS)-0467, IAEA, December 

2004. 

[95] R. Juárez et al., “Nuclear analysis of Torus Cryopump Port”, ITER IDM, 

ITER_D_WEPL87, 2018. 

[96] G. Aiello, et al., “Design of the helium cooled lithium lead breeding 

blanket in CEA: from TBM to DEMO”, Nuclear Fusion, 57 (2017), 046022. 

[97] R. Meyder, et al., “New modular concept for the helium cooled pebble bed 

test blanket module for ITER”, Fusion Engineering and Design, 75 (2005). 

795-799. 

[98] Available: https://www.iter.org/ (Accessed 19 September 2018). 

http://fusionforenergy.europa.eu/
https://www.usiter.org/
http://iterrf.ru/en/russia/struct_rus/
http://www.iterchina.cn/
https://www.iterkorea.org/
http://www.iter-india.org/
http://www.fusion.qst.go.jp/english/iter-e/iter.html
https://www.iter.org/


 

 

272 

 

[99] V. Barabash, “PCR-722 - Chemical composition and impurity 

requirements for materials (update of Project Requirements)”, ITER IDM, 

ITER_D_S5M7NM, 2016. 

[100] A. R. Raffray, et al., “Breeding blanket concepts for fusion and materials 

requirements”, Journal of Nuclear Materials, 307–311, 21–30, 2002. 

[101] L. M. Giancarli, et al., “Candidate blanket concepts for a European fusion 

power plant study”, Fusion Engineering and Design, 49 – 50, 445 – 456, 

2000. 

[102] L. M. Giancarli, et al., “Progress and challenges of the ITER TBM Program 

from the IO perspective”, Fusion Engineering and Design, 109–111, Part 

B, 1491-1497, 2016. 

[103] L. M. Giancarli, et al., “ITER TBM Program and associated system 

engineering”, Fusion Engineering and Design, 2018. 

[104] Y. Poitevin, et al., “Tritium breeder blankets design and technologies in 

Europe: Development status of ITER Test Blanket Modules, test & 

qualification strategy and roadmap towards DEMO”, Fusion Engineering 

and Design, 85, 2340 – 2347, 2010. 

[105] L.V. Boccaccini, et al., “Present status of the conceptual design of the EU 

test blanket systems”, Fusion Engineering and Design, 86, 478 – 483, 

2011. 

[106] M. Zmitko, et al., “The European ITER Test Blanket Modules: 

EUROFER97 material and TBM’s fabrication technologies development 

and qualification”, Fusion Engineering and Design, 124, 767 – 773, 

2017. 

[107] U. Fischer, et al., “Integral approach for neutronics analyses of the 

European test blanket modules in ITER”, Fusion Engineering and Design, 

86, 2176 – 2179, 2011. 

[108] N. Taylor, et al., “ITER safety and licensing update”, Fusion Engineering 

and Design, 87, 476 – 481, 2012. 

[109] I. R. Cristescu, et al., “Tritium inventories and tritium safety design 

principles for the fuel cycle of ITER”, Nuclear Fusion, 47, S458, 2007. 

[110] T. Pinna, “Studies for the preparation of the Preliminary Safety Reports 

for the European test blanket systems”, Fusion Engineering and Design, 

86, 2204 – 2207, 2011. 

[111] S. Chiocchio, “Project Requirements (PR)”, ITER_IDM_27ZRW8 v5.3, 

2014. 



 

 

273 

 

[112] L. Giancarli, “SRD-56 (Test Blanket Modules System) from DOORS”, 

ITER_IDM_28B3A7 v4.2, 2017. 

[113] K. B. Yoon, “TBM Port Plug (TBM PP) System Load Specifications”, ITER 

IDM, ITER_D_ BKXK75 v2.7, 2015. 

[114] P. Sauvan, et al., “Development of the R2SUNED Code System for 

Shutdown Dose Rate Calculations”, IEEE Transactions on Nuclear 

Science, 63, 375 – 384, 2016. 

[115] M. C. White, “Further Notes on MCPLIB03/04 and New MCPLIB63/84 

Compton”, LA-UR-12-00018, 2012. 

[116] A. J. van Wijk et al., “An easy to implement global variance reduction 

procedure for MCNP”, Annals of Nuclear Energy, 38, 2496 – 2503, 2011. 

[117] Available: https://www.paraview.org/ (Accessed 19 September 2018). 

[118] L. Petrizzi et al., “Benchmarking of Monte Carlo based shutdown dose 

rate calculations applied in fusion technology: From the past experience 

a future proposal for JET 2005 operation”, Fusion Engineering and 

Design, 81, 1417 – 1423, 2006. 

[119] M. Majerle et al., “Verification and validation of the R2Smesh approach 

for the calculation of high resolution shutdown dose rate distributions”, 

Fusion Engineering and Design, 87, 443 – 447, 2012. 

[120] A. Davis et al., “Benchmarking the MCR2S system for high-resolution 

activation dose analysis in ITER”, Fusion Engineering and Design, 85, 

87 – 92, 2010. 

[121] D. Valenza et al., “Proposal of shutdown estimation method by Monte 

Carlo code”, Fusion Engineering and Design, 55, 411 – 418, 2001. 

[122] L. Petrizzi et al., “Improvement and benchmarking of the new shutdown 

dose estimation method by Monte Carlo code”, Proceedings of the Monte 

Carlo 2000 Conference, Springer, Berlin, 865 – 870, 2001. 

[123] R. Juárez et al., “Shutdown dose rates at ITER equatorial ports 

considering radiation cross-talk from torus cryopump lower port”, Fusion 

Engineering and Design, 100, 501 – 506, 2015. 

[124] R. Juárez et al., “Shielding proposal to reduce cross-talk from ITER lower 

port to equatorial port”, Fusion Engineering and Design, 101, 67 – 72, 

2015. 

[125] R. Pampín et al., “Study of shielding options for lower ports for mitigation 

of neutron environment and shutdown dose inside the ITER cryostat”, 

Fusion Engineering and Design, 109 – 111, 1408 – 1411, 2016. 

https://www.paraview.org/


 

 

274 

 

[126] D. Leichtle et al., “Status of the ITER tokamak nuclear shielding and 

radiological protection design”, Fusion Engineering and Design, 

109 – 111, 666 – 672, 2016. 

[127] F. Mota, “Neutronic model of the EPP17 for the neutronic campaign of 

the F4E-FPA407”, TN-F4E-FPA407-SG07-01. 

[128] Available: https://github.com/inr-kit/numjuggler (Accessed 19 

September 2018). 

[129] R. Juárez et al., “Standard tallies for neutronics for ITER Diagnostics 

Division”, ITER IDM, ITER_D_RLMBUV v1.0, 2016. 

[130] R. Juárez et al., “D05 - MCNP model of EP#11 port plug interspace based 

on modular concept”, ITER IDM, ITER_D_T23FNW v1.0, 2017. 

[131] R. Juárez et al., “D07 - New EP#12 interspace modelling (Local 

contribution)”, ITER IDM, ITER_D_T23M5J v1.0, 2017. 

[132] R. Juárez et al., “D02 - Exploration of shielding proposals around VV port 

extension”, ITER IDM, ITER_D_T23MA7 v1.0, 2017. 

[133] F. Josseaume, “20160623 - EQ Port Interspace Integration - Gap Analysis 

15-27”, ITER IDM, ITER_D_T796DV v2.0, 2016. 

 

  

https://github.com/inr-kit/numjuggler


 

 

275 

 

APPENDIX I  

CHEMICAL COMPOSITION OF THE MATERIALS 

USED IN THE TOKAMAK COMPLEX MCNP 

REFERENCE MODEL 

 The chemical composition of the materials used in the Tokamak Complex 

MCNP reference model are given in Table 66 - Table 80.  

Table 66. Chemical composition of air. 

Element Weight % Element Weight % 

C 0.01 O 23.17 

N 75.52 Ar 1.29 

 

Table 67. Chemical composition of aluminum. 

Element Weight % 

Al 100 

 

Table 68. Chemical composition of borated heavy concrete (no rebars). 

Element Weight % Element Weight % 

Ca 6.55 Fe 56.67 

O 32.58 P 0.15 

Si 2.23 H 0.52 

Al 0.38 C 0.40 

Mg 0.21 B 0.30 

 

Table 69. Chemical composition of carbon steel. 

Element Weight % Element Weight % 

Fe 97.65 Mn 1.6 

C 0.2 Si 0.55 
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Table 70. Composition of copper mixture. 

Material Volume % Material Volume % 

Normal concrete 39.80 Glassfiber 11.77 

Copper 27.70 Water 7.10 

R-Epoxy 11.78 SS316L(N)-IG 1.90 

 

Table 71. Chemical composition of glassfibre. 

Element Weight % Element Weight % 

Si 37.80 Al 1.20 

O 56.70 K 0.30 

B 4.00   

 

Table 72. Chemical composition of heavy concrete (no rebars). 

Element Weight % Element Weight % 

Ca 6.57 Fe 56.80 

O 32.73 P 0.15 

Si 2.24 H 0.52 

Al 0.38 C 0.40 

Mg 0.21   

 

Table 73. Chemical composition of helium gas. 

Element Weight % 

He 100 

 

Table 74. Chemical composition of lead. 

Element Weight % 

Pb 100 
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Table 75. Chemical composition of normal concrete (no rebars). 

Element Weight % Element Weight % 

H 0.56 Si 31.47 

O 49.75 S 0.13 

Na 1.71 K 1.92 

Mg 0.26 Ca 8.28 

Al 4.69 Fe 1.24 

 

Table 76. Chemical composition of polyethylene. 

Element Weight % 

C 81.35 

H 13.65 

B 5.00 

 

Table 77. Chemical composition of R-Epoxy 

Element Weight % Element Weight % 

H 25.69 Al 4.67 

C 22.47 Si 9.50 

N 2.45 S 0.61 

O 32.13 Cu 1.08 

Mg 1.41   

 

Table 78. Chemical composition of SS304. 

Element 
Weight % 

Min Max 

Fe Balance 

C  0.03 

Mn  2.00 

Si  1.00 

Cr 17.50 19.50 

Ni 8.00 10.00 

Cu  1.00 

P  0.03 

S  0.015 

N  0.11 
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B  0.0018 

Mo  0.50 

Co  0.05 

Nb  0.10 

Ta  0.01 

Ti  0.10 

 

Table 79. Chemical composition of SS316L. 

Element Weight % Element Weight % 

Fe 68.04 P 0.045 

C 0.03 S 0.015 

Mn 2.00 N 0.17 

Si 1.00 Co 0.10 

Cr 18.50 Nb 0.10 

Ni 10.00   

 

Table 80. Chemical composition of water. 

Element Weight % 

H 11.19 

O 88.81 
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APPENDIX II 

SECTIONS OF THE EUROPEAN TBMs PORT IN 

VOID MODE 

In Table 81, some sections of the European TBMs port MCNP model are 

shown. Note that the figures were produced in void mode, so that there is no 

color in them. The notation followed to identify the sections is the following: PX, 

PY and PZ denote a plane perpendicular to the X, Y and Z axis, respectively. The 

number after PX, PY or PZ denotes the point in the X, Y or Z axis where the 

section is performed. So that, PY 30 denotes the plane perpendicular to the Y 

axis that contains the point (x,y,z) = (0,30,0). is to be understood as a register 

of quality showing absence of red dotted lines, normally indicating geometry 

errors. 

Table 81. Sections of the European TBMs port MCNP model in void mode. 

PX 856 
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PX 900 

 

PX 934 

 

PX 975 
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PX 1026 

 

PX 1075 

 

PX 1151 
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PX 1298 

 

PX 1394 

 

PX 1483 
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PX 1642 

 

PY -98 

 

PY -70 
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PY -40 

 

PY -10.5 

 

PY -4 
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PY 0 

 

PY 40 

 

PY 70 
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PY 127 

 

PZ -68 

 

PZ -28 
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PZ -19 

 

PZ 63 

 

PZ 123 
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PZ 156 

 

PZ 166 

 

PZ 185 
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PZ 212 
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APPENDIX III 

CHEMICAL COMPOSITION OF THE MATERIALS 

USED IN THE EUROPEAN TBMs PORT MCNP 

MODEL 

The definitions of the materials used in the European TBMs port are the 

following: 

SS316L(N)-IG: The chemical composition used for the SS316L(N)-IG is 

shown in Table 82. The cobalt content was considered as 0.03 wt. %. This 

modification was agreed by IO-TBM and F4E-TBM. The density considered for 

the SS316L(N)-IG was 7.93 g/cm3. 

Table 82. Chemical composition of the SS316L(N)-IG. 

Element Content in wt. % Element Content in wt. % 

  Min Max   Min Max 

Fe Balance Balance Mo 2.3 2.7 

C   0.03 N 0.06 0.08 

Mn 1.6 2 B   0.002 

Si   0.5 Cu   0.3 

P   0.025 Co   0.03* 

S   0.01 Nb   0.01 

Cr 17 18 Ti   0.1 

Ni 12 12.5 Ta   0.01 

* The Co content is assumed to be 0.05 wt.% for port cell rails. 

Lithium-lead: The chemical composition used for the Lithium-lead is shown 

in Table 83. The density considered was 9.5 g/cm3. The abundance of lithium 

isotopes was modified to be 90% of 6Li and 10% of 7Li. 

Table 83. Chemical composition of the lithium-lead. 

Element 
Content 
in wt. % 

Element 
Content 
in wt. % 

Li 0.62 Zn 0.001 

Al 0.01 Nb 0.001 

Si 0.01 Mo 0.005 

V 0.005 Pd 0.001 
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Cr 0.005 Ag 0.001 

Mn 0.005 Sn 0.02 

Fe 0.005 W 0.02 

Ni 0.005 Pb 99.265 

Cu 0.001 Bi 0.02 

 

Microtherm: The chemical composition used for the microtherm shown in 

Table 84. The density considered was 0.35 g/cm3. 

Table 84. Chemical composition of the Microtherm. 

Element 
Content 
in wt. % 

Element 
Content 
in wt. % 

B 0.37 Ca 1.83 

O 41.42 Ti 23.64 

Na 0.1 V 0.07 

Mg 0.41 Cr 0.04 

Al 2.24 Fe 0.2 

Si 29.49 Zr 0.15 

P 0.01 Cl 0.01 

S 0.02   
 

Hot water: The chemical composition used for the hot water, shown in Figure 

56, was taken from the material M400 of the ITER reference model C-lite. The 

density considered was 0.946 g/cm3. 

 

Figure 56. Chemical composition of the hot water. 

Beryllium: The chemical composition used for the beryllium shown in Table 

85. The density considered was 1.81 g/cm3, but a packing factor of 64% was 

applied to reflect that the ceramic breeder and the neutron multiplier in the 

HCPB TBM are presented in pebbles. 

Table 85. Chemical composition of the beryllium. 

Element 
Content 
in wt. % 

Element 
Content 
in wt. % 

Be 98.749 Mn 0.01 

O 0.9 Fe 0.1 

Mg 0.08 Co 0.001 
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Al 0.09 U 0.003 

Si 0.06   
 

Lithium ceramic: The chemical composition used for the lithium ceramic 

shown in Table 86. The density considered was 2.4 g/cm3, but a packing factor 

of 64% was applied to reflect that the ceramic breeder and the neutron 

multiplier in the HCPB TBM are presented in pebbles. The abundance of lithium 

isotopes was modified to be 90% of 6Li and 10% of 7Li. 

Table 86. Chemical composition of the lithium ceramic. 

Element 
Content 
in wt. % 

Element 
Content 
in wt. % 

Li 22.415 Cr 0.0001 

C 0.1 Mn 0.0001 

O 53.39 Fe 0.0005 

Na 0.002 Co 0.0002 

Mg 0.0005 Ni 0.0002 

Al 0.003 Cu 0.0001 

Si 24.077 Zn 0.0002 

K 0.001 Zr 0.001 

Ca 0.003 Pt 0.009 

Ti 0.0005   
 

EUROFER 97: The chemical composition used for EUROFER 97 is shown in 

Table 87. The density considered was 7.8 g/cm3. 

Table 87. Chemical composition of the EUROFER 97. 

Element 
Content 
in wt. % 

Element 
Content 
in wt. % 

B 0.002 Fe 88.598 

C 0.12 Co 0.01 

N 0.045 Ni 0.01 

O 0.01 Cu 0.01 

Al 0.01 As 0.00125 

Si 0.05 Zr 0.00125 

P 0.005 Nb 0.005 

S 0.005 Mo 0.005 

Ti 0.02 Sn 0.00125 

V 0.25 Sb 0.00125 

Cr 9 Ta 0.14 
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Mn 0.6 W 1.1 

 

SS316L: The chemical composition used for the SS316L is shown in Table 

88. The cobalt content was considered as 0.03 wt. %. This modification was 

agreed by IO-TBM and F4E-TBM. The density considered was 7.93 g/cm3. 

Table 88. Chemical composition of the SS316L. 

Elements 
Content in wt.% 

Elements 
Content in wt.% 

Min Max Min Max 

Fe Balance Ni 10 13 

C   0.03 N   0.11 

Si   1 B   0.0018 

Mn   2 Ti   0.1 

P   0.03 Co   0.03 

S   0.015 Ta   0.01 

Cr 16.5 18.5 Cu   1 

Mo 2 2.5 Nb   0.01 

 

INCONEL 718: The chemical composition used for the INCONEL 718 is 

shown in Table 89. The density considered was 8.2 g/cm3. 

Table 89. Chemical composition of the INCONEL 718. 
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S660: The chemical composition used for the S660 is shown in Table 90. 

The cobalt content was considered as 0.03 wt. %. This modification was agreed 

by IO-TBM and F4E-TBM. The density considered was 8.0 g/cm3. 

Table 90. Chemical composition of the S660. 

Elements 
Content in wt.% 

Elements 
Content in wt.% 

Min Max Min Max 

Fe Balance Ti 1.9 2.3 

C 0.03 0.08 V 0.1 0.5 

Si   1 B 0.003 0.01 

Mn 1 2 Al   0.35 

P   0.025 Co   0.03 

S   0.015 Ta   0.05 

Cr 13.5 16 Cu   0.75 

Mo 1 1.5 Nb   0.1 

Ni 24 27    
 

Borated heavy concrete: The chemical composition used for the borated 

heavy concrete is shown in Table 91. The density considered was 3.6 g/cm3. 

Table 91. Chemical composition of the borated heavy concrete. 

Element 
Content 
in wt. % 

Element 
Content 
in wt. % 

Ca 6.55 Fe 56.67 

O 32.58 P 0.15 

Si 2.23 H 0.52 

Al 0.38 C 0.4 

Mg 0.21 B 0.3 
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APPENDIX IV 

DEMONSTRATIVE STUDY FOR THE COOLING 

CHANNELS HOMOGENIZATION 

 The TBMs cooling is based on Helium channels hollowed in all the structural 

components of the TBMs (see Figure 57). In spite the strong development of the 

geometry related capabilities, the explicit modelling of the He channels in the 

MCNP has not ever been made, but a homogenized mixture of EUROFER-97 

and void was considered, keeping constant the EUROFER-97/He ratio. The He 

volume percentages in the TBMs subcomponents range from about 30% to 40%, 

excepting the lateral walls, where it is about 10%. The main reason for the 

homogenization is the extraordinary increase of resources required to do model 

the channels in MCNP and limited usability of the resulting model. The two main 

assumptions to do this approximation are: 

1. Representing He by void is simpler and realistic or conservative 

2. This homogenization does not alter the nuclear responses in the TBMs 

                         

Figure 57. Details of the helium cooling channels in the TBMs. 
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 While assumption #1 is obvious, it is not the case for assumption #2 and it 

needed verification. To this end, the so-called demonstrative study is conceived 

and explained here. 

 One breeder unit of the HCPB and another breeder unit of the HCLL were 

modelled in isolation as shown in Figure 58. The MCNP models were built with 

the He channels explicitly modelled, and reflective boundary conditions were 

assigned to the poloidal and toroidal bounds of the breeder unit. This makes 

the study to be reliable only in terms of relative comparison, but the absolute 

values should not be extrapolated to the TBM performance.  

 

Figure 58. Details of the TBM breeder units considered in the study. 

 

 Then, four cases were prepared with the following bill of materials allocated 

to the different MCNP cells indicated in Table 92. Note that the homogenized 

materials present EUROFER-97/void ratios dependent on the structural 

component under homogenization. 

 

 



Appendix IV 
Demonstrative study for the cooling channels homogenization 

 

 

299 

 

Table 92. Materials allocations in the MCNP cells for the cases under study to represent either 
heterogeneous and homogeneous channels in the EUROFER structure. 

Case 

# 

T

B

M 

Structure 

material 

Channel 

material 
Picture 

1 

H

C

P

B 

EUROFER

97 
Void 

PY 

 

PZ 

 

2 

H

C

P

B 

Homogenized 

material 

PY 

 

PZ 

 

3 

H

C

L

L 

EUROFER

97 
Void 

PY 

 

PZ 

 

4 

H

C

L

L 

Homogenized 

material 

PY 

 

PZ 
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 Then, following the same computational methodology depicted in Subsection 

4.2.3, the nuclear heating and the tritium production was computed. The 

radiation source was modelled using an MCNP wssa file in the frontal surface 

of the TBM, so the radiation entering the breeder unit would has been the same 

as if it were inserted into C-model [75]. The tallies considered is a 1x1x1 cm3 

voxels mesh covering the breeder units, with the multipliers shown in Table 93 

and Table 94. 

Table 93. Mesh definition for the HCLL breeder unit. 

Mesh definition in MCNP of the 1 x 1 x 1 cm3 voxels: 

FMESH4  origin=849.7 -38.5 61 

                   imesh=925.7 iints=76 

                   jmesh=-14.5  jints=24 

                   kmesh=83    kints=22 

PX 870 

cm 

 

PY -25 

cm 

 

PZ 73 

cm 
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Table 94. Mesh definition for the HCPB breeder unit. 

Mesh definition in MCNP of the 1 x 1 x 1 cm3 voxels: 

FMESH4  origin=849.7 14.5 61  

                   imesh=925.7 iints=76 

                   jmesh=38.5  jints=24 

                   kmesh=83    kints=22 

PX 870 

cm 

 

PY 25 

cm 

 

PZ 73 

cm 

 

 

 In Table 95, the nuclear heating integral values for the four cases is shown, 

and in Table 96, the tritium production integral values are given. For the HCPB 

breeder unit nuclear heating and tritium production distributions are given in 

Table 97 and Table 98, respectively. For the HCLL breeder unit nuclear heating 

and tritium production distributions are given in Table 99 and Table 100, 

respectively. 
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 The results clearly indicate that the homogenization of the cooling channels 

has a negligible effect in all the quantities. Then, assumption #2 is confirmed 

and the homogenization of the helium cooling channels can be kept as a valid 

approach for TBM MCNP geometries. 

Table 95. Nuclear heating in the breeder units considering homogenized and heterogenized helium 
cooling channels. 

Case # Structure Breeder Multiplier Total 

1 16770 (0.01) 13184 (0.01) 8895 (0.01) 38849 

2 16783 (0.01) 13088 (0.01) 8822 (0.01) 38693 

3 10350 (0.01) 20221 (0.01) - 30571 

4 10311 (0.01) 20219 (0.01) - 30530 

 

Table 96. Tritium production in the breeder units considering homogenized and heterogenized helium 
cooling channels. 

Case # Structure Breeder Multiplier Total 

1 8.79·10-5 (0.01) 1.80 (0.01) 1.91·10-2 (0.01) 1.82 

2 8.83·10-5 (0.01) 1.79 (0.01) 1.89·10-2 (0.01) 1.81 

3 3.45·10-5 (0.01) 1.20 (0.01) - 1.20 

4 3.46·10-5 (0.01) 1.20 (0.01) - 1.20 
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Table 97. Nuclear heating distribution due to n and γ in the HCPB breeder unit. 

Case / 

Plane 
Picture 

Case 1 / 

PZ 73 

cm 

 

Case 2 / 

PZ 73 

cm 

 

Case 1 / 

PY 25 

cm 

 

Case 2 / 

PY 25 

cm 
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Case 1 / 

PX 886 

cm 

 

Case 2 / 

PX 886 

cm 

 

 

Table 98. Tritium production distribution in the HCPB breeder unit. 

Case / 

Plane 
Picture 

Case 1 / 

PZ 73 

cm 

 

Case 2 / 

PZ 73 

cm 
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Case 1 / 

PY 25 

cm 

 

Case 2 / 

PY 25 

cm 

 

Case 1 / 

PX 886 

cm 

 

Case 2 / 

PX 886 

cm 
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Table 99. Nuclear heating distribution due to n and γ in the HCLL breeder unit. 

Case / 

Plane 
Picture 

Case 3 / 

PZ 73 

cm 

 

Case 4 / 

PZ 73 

cm 

 

Case 3 / 

PY -25 

cm 

 

Case 4 / 

PZ -25 

cm 
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Case 3 / 

PX 886 

cm 

 

Case 4 / 

PX 886 

cm 

 

 

Table 100. Tritium production distribution in the HCLL breeder unit. 

Case / 

Plane 
Picture 

Case 3 / 

PZ 73 

cm 

 

Case 4 / 

PZ 73 

cm 
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Case 3 / 

PY -25 

cm 

 

Case 4 / 

PZ -25 

cm 

 

Case 3 / 

PX 886 

cm 

 

Case 4 / 

PX 886 

cm 

 

 



 

 

APPENDIX V 

STATISTICAL ERROR OF THE ANALYSIS 

PRESENTED OF THE EUROPEAN TBMs PORT 

DURING OPERATION OF THE MACHINE  

 In this appendix, the statistical errors of the results shown in Subsection 4.2 

are given. The relation of the data presented here with the results in the work 

is shown in Table 101. 

Table 101. Relation of results and statistical errors given in this appendix. 

Quantity Results 
Stat. 

error 

Neutron flux distribution in the European TBMs port plug Table 43 Table 102 

Photon flux distribution in the European TBMs port plug Table 44 Table 103 

Nuclear heating distribution in the HCLL and HCPB TBMs Table 47 Table 104 

Tritium production distribution in the HCLL and HCPB 
TBMs 

Table 48 Table 105 

Dose to silicon distribution in the HCLL and HCPB TBMs Table 50 Table 106 
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Table 102. Statistical error of the N. flux distribution in the European TBMs port plug during operation of 
the machine. 

Plane Picture 

PY -30 cm 

 

PY 30 cm 

 

PZ 32 cm 
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Table 103. Statistical error of the photon flux distribution in the European TBMs port plug during 
operation of the machine. 

Plane Picture 

PY -40 cm 

 

PY 40 cm 

 

PZ 32 cm 
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Table 104. Statistical error of the nuclear heating distribution in the HCLL and HCPB TBMs due to 
neutron, photon and total. Plasma radiation source is considered. 

HCLL TBM (PY= -50 cm) 

Nuclear heating by neutrons Nuclear heating by photons Total nuclear heating 

   

HCPB TBM (PY= 30 cm) 

Nuclear heating by neutrons Nuclear heating by photons Total nuclear heating 

   

Table 105. Statistical error of the tritium production distribution in the HCLL and HCPB TBMs due to 
neutron, photon and total. Plasma radiation source is considered. 

Tritium prod. in HCLL TBM (PY=-50cm) Tritium prod. in HCPB TBM (PY=50cm) 
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Table 106. Statistical error of the total dose to silicon in the HCLL and HCPB TBMs. 

Dose to silicon in HCLL TBM  

(PY=-40cm) 

Dose to silicon in HCPB TBM 

(PY=40cm) 

  

 


