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ABSTRACT 

ITER is one of the most ambitious energy projects in the world today, where 35 

nations are collaborating to build the world's largest tokamak. Since ITER is an experimental 

project, its main goal is to demonstrate the scientific and technological feasibility of fusion 

energy for peaceful use. As a first tokamak with an extensive nuclear phase, ITER has a 

projected total neutron production of around 1027 neutrons during the complete operational 

lifetime. These plasma neutrons and their interaction with matter result in an intense 

radiation field throughout the ITER machine and they present a serious challenge for the 

project. 

While during plasma operation the prompt dose rates are not an issue for workers 

due to restricted access to the Tokamak Building, after shutdown a complex secondary 

radiation source emerges that dominates the radiation levels inside the Bioshield. When 

prompt plasma neutrons activate nuclides in the materials of components, the decaying 

radionuclides after the shutdown emit highly penetrating decay photon radiation, quantified 

by so-called Shutdown Dose Rate (SDDR). In order to perform hands-on maintenance 

activities in the Port Interspaces, the SDDR levels must comply with the project requirement 

of 100 μSv/h at 106 seconds after shutdown. 

The ITER Tokamak features 44 access ports in the Vacuum Vessel (VV), hosting a 

large variety of systems. Among them, the diagnostic ports are one of the most challenging 

in terms of SDDR, since in order to create space for the integration of a given system and 

its optical path into the diagnostic port, the shielding must be evacuated from the Diagnostic 

First Wall (DFW), the Diagnostic Shield Module (DSM) and the Closure Plate. The removal 

of large quantities of shielding in the Port Plug affects neutron flux attenuation and the 

integration of a diagnostic system can also open up a radiation leakage path that will drive 

the SDDR levels in the Port Interspace.  

After the revision of the past nuclear analyses of ITER Ports, a great need was found 

to define and to standardize the methodology for analysis of SDDR in ITER Diagnostic Port 

Interspaces where hands-on maintenance activities will be carried out. For this reason, many 

efforts have been made to implement a series of improvements in the methodology. In order 

to facilitate the identification of different components in the MCNP model of the Diagnostic 

Ports, a commenting system for tagging the MCNP cells has been implemented and 

standardized. Moreover, the tallies used to calculate the SDDR in the Port Interspaces have 
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been standardized for Upper and Equatorial Ports (and proposed for the Lower Ports), and 

the obtained values can be directly compared to the beforementioned SDDR requirement. 

A technique of local and global analyses has been defined and implemented to save the 

computational time during scoping shielding studies and to unify the evaluation of the 

radiation cross-talks. Furthermore, a state-of-the-art methodology for breaking down the 

total SDDR on contributions of neutron leakage through individual diagnostic systems and 

on contributions of activation groups has been developed and optimized to increase the 

resolution of the SDDR calculations for the purpose of port integration studies. Finally, a 

methodology of reusing the MCNP model of Generic Diagnostic Port to integrate the port-

specific diagnostic systems has been defined, showing a considerably improvement of the 

response time of nuclear analyses on the engineering design updates.  

In the continuation of the thesis, two important shielding design proposals have been 

discussed. The modular DSM for ITER Diagnostic Equatorial Ports has been developed by 

IO-CT PBS55 and it is compatible both with ALARA philosophy and the drained weight 

limit of 48 T for Port Plugs. The nuclear analyses presented in this work have driven its 

development over the last 3-4 years. In addition to that, a set of ex-vessel shields covering a 

common Upper and Equatorial VV port structure has been proposed to mitigate the strong 

radiation cross-talk from neighbouring ports. Promising results have led the Nuclear 

Integration Unit to schedule a feasibility study and a structural assessment, which was 

performed by Assystem. 

All these efforts have been demonstrated through the port integration analyses of the 

two most important ITER diagnostic ports, i.e. Equatorial Ports #11 and #12. Using the 

previously presented advances in the methodology for calculation and analysis of SDDR, the 

development of both ports has been followed through different design stages up to the Final 

Design Review (FDR). In each design stage, the integration of diagnostic systems has been 

studied by breaking down the SDDR in maintenance corridors on contributions of neutron 

leakage through individual diagnostic systems and on contributions of activation groups. 

Furthermore, the shielding performance the supplementary shields has been tested in the 

presented analyses of both ports, each time showing a significant reduction of the SDDR. 

Finally, in the FDR analyses of both ports, additional ALARA measures were considered, 

showing that the SDDR requirement can indeed be met in both first-plasma diagnostic ports. 
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1 INTRODUCTION 

Without nuclear fusion, there would be no life on Earth. Over billions of years, the 

gravitational forces in the Universe have caused the hydrogen clouds to gather into massive 

stellar bodies. As the gravity collapses these clouds, the density and the temperature increase 

and in these extreme conditions nuclear fusion occurs. The reaction releases tremendous 

amounts of energy into the Universe, which can be experienced on Earth as light and felt as 

warmth. The sunlight emitted from our closest star - the Sun – provides energy for the plants 

on Earth, which in return provide food for humans and animals. 

The idea of bringing stars onto Earth for power production has been an interest of the 

humanity for the last seven decades, with increasing research efforts in all developed 

countries world-wide. The source of the energy are light nuclei, which at temperatures of 

millions of kelvins are in a constant state of agitation. This results in collisions with other 

atoms at very high speeds, and when the natural electrostatic repulsion between the positive 

charges of nuclei is overcome, the nuclei fuse. The fusion of two nuclei lighter than 56Fe is 

an exothermic reaction, therefore, the energy is released while a heavier nucleus is formed. 

In the last century the scientists identified the most efficient fusion reaction in the laboratory 

setting to be the reaction between deuterium and tritium, since it produces the highest energy 

gain at the lowest temperatures. 

Fusion processes in a laboratory requires fuel and a confined environment with 

sufficient temperature, pressure and confinement time for fusion to occur. Among different 

methods on how to achieve these conditions, the magnetic and the inertial confinement are 

the most prevalent. The latter approach attempts to initiate nuclear fusion by heating and 

compressing a fuel target, typically in the form of a pellet containing a mixture of deuterium 

and tritium. The largest operational experiment using this method is the National Ignition 

Facility (NIF) in the US, however, the project has up to now failed to reach a self-sustaining 

nuclear fusion reaction. On the other hand, the magnetic confinement fusion is an approach 

that uses magnetic fields to confine and control the hot fusion fuel in the form of a plasma. 

In the magnetic confinement fusion due to extreme temperatures electrons are separated 

from nuclei and a gas becomes a plasma. In addition to a very low density of this state of 

matter, the composition of positive nuclei and negative electrons in plasma is also at so high 

temperature that no material container could withstand the heat to contain it. This is solved 

by using the electrical conductivity of the plasma to both confine it with magnetic fields away 
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from the reactor vessel walls and to compress it to a necessary density. Two designs are 

currently considered as the most promising, i.e. stellarators and tokamaks, with the main 

difference being the magnetic field shape to confine plasma. Currently the largest operational 

reactors of these types are a stellarator Wendelstein 7-X in Germany and a tokamak Joint 

European Torus (JET) in UK. Nonetheless, even a larger magnetic confinement plasma 

physics experiment is being built in the southern France – ITER. 

1.1 ITER 

The idea of one of the most ambitious energy projects in the world started with 

Reagan–Gorbachev initiative in 1985, where the collaboration of the Soviet Union, the 

European Atomic Energy Community, the United States, and Japan was envisioned in the 

initial design phases. After some political uncertainty in the first years of the project, in 2001 

an acceptable and detailed design was proposed by the participating countries, under the 

umbrella of the International Atomic Energy Agency (IAEA). Four years later the decision 

to site the project in France was made and the next year, in 2006, an international consortium 

signed a formal agreement to build the reactor. Today, the project consists of the total of 35 

nations, represented by the ITER Members China, India, Japan, Korea, Russia and United 

States, while the European Union is responsible for the largest portion of construction costs. 

Each Member has created a Domestic Agency (DA) to fulfil its procurement responsibilities 

to ITER and they employ their own staff, have their own budget, and contract directly with 

industry.  

Since ITER is an experimental project, its main goal is not to produce electricity for 

the electric grid, but to demonstrate the scientific and technological feasibility of fusion 

energy for peaceful use. The machine has been designed specifically to [1]: 

• Produce 500 MW of fusion power for pulses of 400 s. ITER is designed to produce 

500 MW of fusion power from 50 MW of input heating power, corresponding to the 

fusion power gain of Q≥10. 

• Demonstrate the integrated operation of technologies for a fusion power plant. Since 

ITER is an experimental reactor, scientist will be able to study plasma under conditions 

similar as expected in the future power plants and to test different technologies like 

heating, diagnostics, control, cryogenics and remote maintenance. 
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• Achieve a deuterium-tritium plasma in which the reaction is sustained through internal 

heating. ITER has been designed to be the first fusion reactor with a burning plasma – 

the number of fusion reactions is large enough that the energy produced exceeds the 

plasma heating injected from external sources. 

• Test tritium breeding. Since the world supply of tritium is not sufficient to cover the 

needs of future power plants, ITER will also allow testing in-vessel tritium production. 

• Demonstrate the safety characteristics of a fusion device. ITER obtained licensing as a 

nuclear facility INB 174 in France, after 18-month rigorous examination of its safety 

case. One of ITER’s primary goals is also to demonstrate control of the plasma and 

fusion reactions with negligible consequences to the environment. 

In order to carry out this plan, the construction site for ITER has been ingeniously 

selected in Cadarache, alongside the existing CEA (Commissariat à l’énergie atomique et aux 

énergies alternatives) research establishment. While there will be more than 30 auxiliary 

buildings when the construction is completed, the heart of the ITER project is represented 

by the Tokamak Complex, consisting of the Tokamak Building, the Diagnostic Building and 

the Tritium Plant Building (Figure 1). The building roof level is approximately sixty metres 

high above ground level, and the basement floor is about ten metres below ground. As the 

names of the buildings adjacent to the Tokamak Building suggest, the Tritium Plant Building 

will host the tritium processing and confinement system, and the Diagnostic Building will 

house diagnostic equipment, cubicles for diagnostics, test laboratory, etc. The Tokamak 

Building, on the other hand, will contain the tokamak machine with the mid-plane located at 

approximately ground level. 

 

Figure 1: Schematic representation of the Tokamak Complex [2]. 
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In general, the Tokamak Building is arranged in the following four areas, i.e. Tokamak 

Pit, Port Cells, Galleries, Crane Hall [3]. The Tokamak Pit is encircled with the thick 

cylindrical concrete Bioshield and inside, the ITER machine will be assembled (as shown in 

Figure 3). The Bioshield features numerous large apertures to give access to the pit, which 

will be closed down by the so-called Bioshield Plugs (BSP). On the other side of the Bioshield 

Plugs, one can find the Port Cells, a compartment to envelop the area outside the Bioshield 

and sealed by the Port Cell shielding door. The Port Cells then continue into Galleries, which 

extend to the building boundaries. Both the Port Cells and the Galleries will be filled with 

hundreds of tons of equipment and they are planned to be accessible for hands-on 

maintenance. Finally, the Crane Hall forms a continuous crane bay between the Tokamak 

Building and the Assembly Building, necessary for tokamak assembly and maintenance. This 

thesis will be focused only on the in-Bioshield part, thus covering the ITER machine up to 

the Bioshield and the Bioshield Plugs. 

As it has been mentioned, the ITER tokamak or ITER machine will be embedded inside 

the Bioshield in the Tokamak Building. The main systems (Figure 2) that build up the 

tokamak comprise of superconducting magnets (Toroidal Field (TF) coils, Poloidal Field 

(PF) coils, central solenoid coils, etc.), Vacuum Vessel (VV), Blanket Shield Modules (BSM), 

divertor, cryostat and thermal shields. The cryostat will serve as the thermal isolation of the 

superconducting magnets, while the TS (cooled to 80 K) will be used to minimize the heat 

loads transferred by thermal radiation and conduction from warm components to the 

components and structures that operate at 4.5 K. The superconducting magnets will be 

cooled down to 4.5 K and their purpose is to drive, contain and control plasma. Both the 

BSMs and the divertor are replaceable components. There will be 440 Blanket Shield 

Modules covering the inner walls of the Vacuum Vessel to protect the steel structure and the 

magnets from the heat and high-energy neutrons produced by the fusion reactions. The 

divertor (in total there will be 54 divertor cassette assemblies), on the other hand, will control 

the exhaust of waste gas and impurities from the reactor and withstands the highest surface 

heat loads of the ITER machine. Finally, the role of the Vacuum Vessel is to house the fusion 

reactions and act as a first safety containment barrier. 
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Figure 2: Schematic representation of the ITER Tokamak [4]. 

Furthermore, the Vacuum Vessel will also present 44 ports in three levels: 18 ports in 

the Upper Level, 14 regular ports and 3 Neutral Beam Injection (NBI) ports in the Equatorial 

Level, and 3 Remote Handling (RH) and 6 Torus Cryopump (TCP) ports in the Lower Level. 

Between Lower Ports, there will be also lower penetrations for the pipes supplying water to 

divertors inside the vacuum vessel and the In-Vessel Viewing System (IVVS). These 

penetrations in the Vacuum Vessel then extend into Port Stub Extensions (PSE), normally 

equipped with a Closure Plate (CP) that provides the primary vacuum boundary. For the 

Upper and regular Equatorial Ports, the closure plate is integrated with the so-called Port 

Plug (PP), a structure hosting a specific component of a given port. This is not the case for 

the Lower Ports, where in the RH ports the CP is a part of the Lower Port Stub Extension, 

while the TCP ports feature a circular opening onto which the cryopump is connected. The 

area outside the closure plate and up to the Bioshield is called Port Interspace (PI) (shown 

in Figure 3) and it hosts a structure called Interspace Support Structure (ISS), which supports 

waveguides, mirror assemblies and vacuum extensions. In case the Closure Plate must be 

accessed for port maintenance operations, the complete ISS with all systems can be 

disconnected and removed. 

The ports themselves will be populated with components serving for diverse purposes 

like remote handling operations, diagnostics, heating, and vacuum systems. In time for the 

first plasma phase in 2025, only a handful of ITER ports must be designed, manufactured 

and installed in the machine, while the remaining apertures in the VV will be closed. Two of 
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the so-called first plasma ports are also diagnostic ports (Equatorial Ports #11 and #12), 

while the rest are the Torus Cryopumps, and the Electron Cyclotron Heating Antennas – 

one Equatorial and four Upper Launchers. Since they must be installed within six years 

(counting from 2019), the design of these ports is also the most mature at this moment. Each 

port of course presents its own challenges in terms of design, material selection, 

manufacturing, installation, performance during operation, radiation shielding, etc. 

This is especially true for ITER Diagnostic Ports, which feature systems responsible to 

provide accurate measurements of plasma behaviour and performance, systems for machine 

protection and control, systems for plasma control and systems required for physics studies. 

The diagnostic ports are the most numerous in the ITER machine, since more than half of 

44 ports are diagnostic – there is 8 Diagnostic Equatorial Ports (6 the responsibility of IODA 

and RFDA, 2 of EUDA), 14 Diagnostic Upper Ports (10 the responsibility of IODA and 

RFDA, 4 of EUDA) and 3 RH/Diagnostic Lower Ports. In a single diagnostic port, there 

can be as many as 7 different diagnostic systems from various Domestic Agencies, which 

calls for many efforts to coordinate the work and to maintain an efficient communication 

between the collaborating parties. In addition to that, these diagnostic systems often need a 

direct view from the Port Interspace towards plasma, resulting in a radiation leakage path 

that can severely impact the radiation conditions in the Interspaces of Diagnostic Ports. This 

will become crucial during planned hands-on maintenance activities in the Interspace, when 

human exposure to radiation will have to be as low as possible. 

Consequently, the ITER Diagnostic Ports present one of the more important challenges 

from the neutronics point of view. For this reason, the thesis will be focused specifically on 

the ITER Diagnostic Equatorial Ports. The common design of the Diagnostic Equatorial 

Ports features a Port Plug (PP) structure, while inside a set of three Diagnostic Shield 

Modules (DSM) can be found. The DSM’s main function is to support the diagnostic systems 

and to provide a radiation shielding. The port-mounted blanket modules in the diagnostic 

ports are called Diagnostic First Wall (DFW), and they are attached with tabs to the front 

part of the DSMs. The primary vacuum boundary is provided by the Closure Plate fixed on 

the Port Plug structure, which also hosts the feed-outs for diagnostic signals and feed-ins for 

control signals. The transmission of the diagnostic signals through the ITER primary vacuum 

boundary and into the Port Interspace is provided by assembly windows. Outside the PP, 

the waveguides for the signals are placed in the port interspace and fixed onto the ISS to 

transmit the information (e.g. electronic signal, light, etc.) from the plasma and into the 
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Diagnostics Building (Figure 3). In order to design and optimize a set of components that 

build a diagnostic port, a series of analyses is required. 

 

Figure 3: Schematic representation of an ITER Diagnostic Port [5]. 

1.2 Nuclear analyses for ITER 

ITER is a nuclear facility with the projected total neutron production of around 1027 

neutrons during the complete operational lifetime [3]. These plasma neutrons and their 

interaction with matter result in an intense radiation field throughout the ITER machine and 

they present a serious challenge for the project. For this reason, the components and the 

shielding must be designed to withstand life-long radiation loads, operate in a manner 

consistent with regulations, provide correct and safe operation during plasma discharges and 

maintenance periods and to minimize the radioactive waste. While in the initial hydrogen 

phase the neutron yield will be negligible (eight orders of magnitude lower as in DD), in the 

pure deuterium (DD) and the deuterium-tritium (DT) phase the neutron yields will increase 

significantly up to 1018 and 1020 neutrons/s, respectively. 
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These prompt neutrons produced during plasma operation interact with materials in 

the machine and produce an associated prompt photon field. Both radiation fields present a 

concern during plasma operation in terms of nuclear heating of components, especially the 

superconducting magnets. Even though the VV, the BSMs and other in-vessel components 

like DFWs were designed to reduce the nuclear heating by attenuating the neutron flux, it 

can still be a local issue in the ports or in case of magnets in the NBI sector of the machine. 

In addition to that, the energy deposition of the prompt radiation fields is also a challenge 

for the equipment sensible to radiation, which can result in malfunctioning, failure or 

deterioration of components. 

Furthermore, the prompt neutron field, and associated gamma field, also results in the 

production of radiation damage in the materials. This damage is generally divided into three 

components:  displacement damage, transmutation products (in general solid transmutation 

products, and He and H gas atoms), and ionization effects. The result of these radiation 

damage processes will be a detrimental change in the physical and mechanical properties of 

the materials, affecting the lifetime of the components, such as the structural materials can 

become more brittle, they may swell, and insulators may suffer Joule heating, and windows 

become opaque, etc. For structural (metallic) materials the main properties of concern, which 

suffer modification, are the mechanical strength and volume stability; in ITER this problem 

is expected to be severe only near the first wall. On the other hand, for functional (non-

structural materials) materials (e.g. electrical insulators, diagnostics sensors, windows, etc.) 

the important properties of concern, besides mechanical and dimensional changes, are 

thermal and electrical conductivity, dielectric loss and permittivity, and optical properties.  

The prompt neutron radiation also creates a secondary source by inducing the 

activation in the cooling water, which is abundantly used in the ITER project. This results in 

a complex moving source that emits decay photons and decay neutrons due to the decay of 

short-lived emitters 16N, 17N and 19O. The cooling water passing through the plasma-facing 

components like DFW, Divertor and Blanket Shield Modules will get activated by a neutron 

flux of about 1014 n/cm2s, and then routed back to the Heat Exchanger (HEX). While the 

water is being conducted to the HEX, the decaying products are brought farther away from 

the plasma and closer to components that are otherwise better shielded against prompt 

plasma radiation. While the impact of 17N decay neutrons and 19O decay photons becomes 

relevant (or even the dominating contribution) in regions remote from the plasma, the high-

energy photons emitted from the decay of 16N present a serious challenge for 
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superconducting coils in terms of nuclear heating [6]. The decay photon heating is normally 

negligible for most ITER components, however, the superconducting coils, cooled with 

supercritical helium at approximately 4.2 K, are more sensitive to it. 

During the plasma operation, access to the Tokamak Building is generally restricted 

and due to the Bioshield, the prompt dose rates are not an exposure source for workers in 

normal operating conditions. However, during maintenance activities, a secondary radiation 

source emerges that dominates the radiation levels after the plasma shutdown. When prompt 

plasma neutrons activate nuclides in the materials of components, the decaying radionuclides 

after the shutdown emit highly penetrating decay photon radiation, quantified by so-called 

Shutdown Dose Rate (SDDR). In order to perform hands-on maintenance activities in the 

Port Interspaces, the SDDR levels must comply with the project requirement [7] of 

100 μSv/h at 106 seconds after shutdown. In the past studies, many violations of this 

requirement were identified in various ITER ports [8] [9] [10] [11] [12]. 

Most of these highlighted challenges are also present in the ITER Diagnostic Ports. In 

order to integrate a diagnostic system into the diagnostic port, the shielding must be 

evacuated from the DFW, the DSM and the Closure Plate to create space for the integration 

of a given system and its optical path. The removal of large quantity of shielding in the Port 

Plug affects neutron flux attenuation and the impact is manifested in many areas. In case a 

diagnostic system requires a large opening in the DFW, a high fast neutron flux enters deeper 

into the Port Plug, significantly increasing nuclear heating and damage in diagnostic 

components, otherwise well shielded in the DSM. This often calls for an optimization of the 

materials of components (selecting more expensive materials, but less susceptible to radiation 

damage) or for implementing an active cooling where necessary. 

In addition to increased heating inside a Port Plug, a removal of the shielding can also 

increase the number of neutrons entering through the optical paths of the system and then 

escaping out of the Port Plug and through the gaps between the VV and the PP. In the 

Equatorial Level, this phenomenon can increase the nuclear heating of the Toroidal Field 

Coils (TFC) or the Poloidal Field Coils (PFC) #3 and #4, while in the Upper Level, due to 

the angle of the Upper Port Plug, this can affect the PFC #2. In relation to the secondary 

sources, the ITER Diagnostic Ports also rely on water routed through the DFWs, where it 

gets activated by a very high neutron flux. This activated water is then led through top and 

bottom of the DSM and it exits the port plug through the opening in the upper part of the 
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Closure Plate. Consequently, in that region the decay photon heating is increased in 

components that are otherwise better shielded against prompt radiation from plasma [13]. 

Furthermore, the integration of a diagnostic system can open up a radiation leakage 

path that will drive the SDDR levels in the Port Interspace. This presents a serious obstacle 

for planned hands-on maintenance activities, since a single Equatorial Port Plug can feature 

also up to 7 diagnostic systems. However, the radiation streaming through the optical path 

is not the only mechanism that impacts the SDDR. Some diagnostic systems consist of many 

waveguides in the Port Plug, which can be integrated only by emptying a large volume from 

the DSM. While the waveguides are otherwise well shielded, the removal of the DSM 

shielding can result in neutrons escaping out of the Port Plug and leaking through the gaps 

between the VV and the PP. The escaped neutrons then activate the structure surrounding 

the Port Interspace and the SDDR can increase significantly. 

These paragraphs present only a part of all radiation-related challenges in the design 

of ITER as a nuclear facility, thus pointing to a great need for nuclear analyses. The nuclear 

analyses of ITER components are an iterative process that requires: i) a nuclear analysis of a 

current design, then ii) the engineers responsible for a given components apply (if possible) 

recommendations extracted from the analysis, and in the next iteration iii) the updates of the 

design are again evaluated. This makes them a complex, time and resource consuming activity 

of most importance to support the design of a safe and fully functioning nuclear device. 

In relation to ITER Diagnostic Ports, the nuclear analyses of complete ports can be 

also referred to as port analyses or port integration analyses, after the activity called port 

integration. Since a single diagnostic port can feature several diagnostic systems from 

different Domestic Agencies, the responsibility of a port integrator is to integrate all these 

systems into a Port, while taking into account analyses covering numerous engineering fields. 

Port integration analyses provide invaluable information on shielding capabilities of doglegs, 

performance of diverse shielding proposal, material optimization, nuclear heating in different 

subcomponents of diagnostic systems, neutron and photon fluxes/spectra, impact of 

diagnostic systems on the SDDR, impact on the coils heating, etc. 

In order to provide instructions and guidelines to nuclear analysts for the performance 

of nuclear analyses, ITER prepared a document titled Instructions for Nuclear Analyses [14]. 

The document not only defines the requirements for performing nuclear analyses, but also 

describes the reference computer codes and computational models. As a step forward in 
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standardization of methodology for nuclear analyses, state-of-the-art code Monte Carlo N-

Particle Transport Code (MCNP [15]) was selected as the ITER reference code for radiation 

transport simulations. The selection of a reference code results in a proprietary format to 

produce the input data for the calculations, which consists of geometry description, material 

definition, source definition (ITER DT neutron source [16] with energy, position, angular 

distribution and strength description) and tallies. More on the computer codes will be 

provided in section 2.1. 

To facilitate a wide range of nuclear analyses, a reference model of the ITER machine 

(shown in Table 1) in the MCNP geometry description is provided by ITER since 2008 [17]. 

The model was conceived as a 40° representation of regular sector of the tokamak up to the 

Bioshield with central Upper, Equatorial and Lower Ports. The central ports in the Upper 

and the Equatorial Level are populated with dummy Diagnostic Generic Upper Port Plugs 

(DGUPP) and Diagnostic Equatorial Port Plugs (DGEPP), while in the Lower Level of the 

machine one can find a Torus Cryopump in the central position, and an In-Vessel Viewing 

System in the lateral. The label dummy in this case refers to the fact that these generic port 

plug do not contain any diagnostic systems or corresponding optical paths. The lateral ports 

at Upper and Equatorial Level at each side are by default filled by halves of respective central 

port models. Reflective boundary conditions are applied to the planes delimiting the 40º 

sector of the machine as an approximation for quasi-toroidal symmetry. 

From the conception of the initial model called A-lite, the geometry description has 

significantly progressed over B-lite family and to the C-lite iteration of releases, where the 

TECF3IR also contributed the DGEPP [18], used in the following C-lite versions. In 2016, 

another major update of the Tokamak model was released, and the name of the models has 

been changed to C-Model [19]. In the following C-Model releases, the TECF3IR group has 

offered their support by actively debugging the computational geometry and in 2018, a new 

set of diagnostic generic equatorial and upper port MCNP models [20] was released. These 

models are included also in the last release of the ITER machine reference model, i.e. C-

Model_R181031 REV 190110 [21] (also referred to as C-Model_R190110), released in 

January 2019. Furthermore, the TECF3IR group also prepared a geometry description of the 

complete Tokamak Complex [22] outside the Bioshield, which has become the ITER 

reference model for so-called radiation maps [23] [24] and other nuclear analyses (e.g. nuclear 

analysis of the ITER Torus Cryopumps [25]) within the Tokamak, Tritium Plant and 

Diagnostic Buildings. 
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Table 1: Vertical and horizontal cross-section through the latest ITER reference model [21]. 

VERTICAL 
PLANE 

 

HORIZONTAL 
EQUATORIAL 

PLANE 

 

In conclusion, the ITER project has many needs for nuclear analyses, which would 

support the design of the machine and subcomponents, safety and licensing of the facility, 

plant operation and decommissioning. The SDDR calculations in support of the integration 

of ITER Diagnostic Ports were found to be the most challenging, since the SDDR dynamics 

present a paramount complexity due to diverse mechanisms resulting in SDDR increase. 

Moreover, the shielding in the ITER Diagnostic Ports was found to be insufficient to 

mitigate it and the inadequate methodology for SDDR analyses was not able to identify and 

solve all port integration issues. 

1.3 Shutdown Dose Rates in ITER Diagnostic Ports 

The SDDR in a given Port Interspace is a complex combination of the neutron leakage 

through different paths and the resulting activation of materials. Both so-called SDDR 
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drivers are highly intertwined, which complicates the interpretation of the SDDR results. In 

order to gain a deeper understanding of the SDDR dynamics in the ITER Ports, each one 

of the SDDR drivers (i.e. neutron leakage and activation of materials) requires a separate 

analysis. This can be achieved by further break down of the SDDR drivers, thus allowing to 

produce a relatively independent SDDR mechanisms (combination of one sub-driver related 

to neutron leakage and the other related to activation of materials) that can be used to identify 

design issues and to propose solutions. 

Therefore, in terms of neutron leakage, the SDDR in a specific ITER Port Interspace 

can be broken down in the following sub-drivers:  

L1. Leakage through the Port Plug, 

L2. Leakage through the gaps between the Port Plug and the Vacuum Vessel, 

L3. Leakage through the Blanket Shield Modules (BSMs) and the Vacuum Vessel, and 

L4. Leakage through the neighbouring ports.  

The neutron leakage through these different paths induces activation in materials of 

components, resulting in a radioactive decay, and eventually contributing to the SDDR in 

the ITER Port Interspaces after machine shutdown. Consequently, in terms of material 

activation, the following contributions (or sub-drivers) to the SDDR can be defined for the 

Port Interspaces:  

A1. Activation of the Port Plug and components (e.g. diagnostic systems) inside, 

A2. Activation of the ISS and components in the Port Interspace, 

A3. Activation of the immediate surroundings (e.g. Port Duct, Cryostat Bellows, PC Rails), 

A4. Activation of the port neighbourhood (e.g. components of the neighbouring ports, 

Cryostat, Thermal Shield, Toroidal Field Coils, Poloidal Field Coils). 

This breakdown of the SDDR has been defined for a general use for ITER Port analyses, 

while a more detailed breakdown or joining together some contributions can be done to 

adapt to the needs of the diagnostic port integration studies. The L1 sub-driver describes the 

leakage through the Port Plug, which can be further broken down on leakage through each 

one of the diagnostic systems, thus increasing the precision of the analysis. On the other 

hand, the contributions L2 and L3 can be joined together, since the gaps between the PP 

and the VV are mostly optimized [26] [27], and the design of BSMs and VV is complete. In 

relation to the activation sub-drivers, an additional breakdown is often desired for the 
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components in the Diagnostic Port Interspace (i.e. separate sub-drivers for ISS and 

components of each diagnostic system), while separate groups A3 and A4 are not usually not 

needed. 

Determining these sub-drivers in port integration analyses highly depends on the tools 

used to calculate the SDDR and it can be more straightforward with some, while other codes 

require additional approximations. Nevertheless, this approach is deemed necessary to 

identify the design issues deriving from these sub-drivers and to tune the shielding design 

according to the results. An example of the usage: the analysis of a specific Diagnostic Port 

has shown that the SDDR in the Port Interspace is driven by the activation of the ISS (a 

specific activation group) due to neutrons leaking through one of the diagnostic systems in 

the Port Plug (neutron leakage path). Therefore, in order to reduce the SDDR levels in the 

Port Interspace, the integration of the diagnostic system inside the Port Plug must be 

optimized or, if that is not possible, additional local shields must be integrated for that system 

into the interspace. 

In the document Project Requirements [7], several requirements were defined in relation 

to the SDDR, and the two concerning the in-Bioshield SDDR studies in ITER Diagnostic 

Ports are provided in Table 2. The first SDDR requirement is defined for yellow and green 

zone areas, where hands-on maintenance activities are planned – in case of ITER Diagnostic 

Ports, the Port Interspaces fall under the yellow zone classification. Therefore, the 

requirement states that, at the distance of 30 cm from the nearest accessible surface, the dose 

rate in the Port Interspace shall not exceed 100 μSv/h at 106 s (about 12 days) after shutdown 

without formal project approval. 

The units [μSv/h] of this requirement are very convenient for nuclear analyses of SDDR 

levels in ITER Ports, since they are independent of the maintenance plan, which is usually 

defined in the later stages of the design. In addition to that, this also allows a direct 

comparison of the requirement with the results presented in the form of SDDR maps, where 

the spatial distribution of the SDDR is given in units of μSv/h. In order to calculate the 

SDDR in a given port from the decay photon fluence, ITER recommends [28] to use the 

photon fluence-to-dose conversion factors from ICRP [29]. Since the SDDR is usually 

evaluated at a given machine cooling time after the end of the operational programme, a 

conservative irradiation scenario SA-2 [30] should be considered. 
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Table 2: Project requirements regarding SDDR in ITER Diagnostic Ports [7]. 

SDDR in Port 

Interspaces 

[PR5355-R; Defined Requirement] 

Where hands-on maintenance activities in port cells and in other locations 

in the ITER facility requiring human access are performed, dose rate 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. 

Collective annual 

worker dose 

[PR1129-R; Defined Requirement] 

The collective annual worker dose, averaged over the operational life time 

of ITER, shall be ALARA and in any case shall not exceed an annual target 

of 0.5 person.Sv. 

The second SDDR requirement, on the other hand, limits the sum of individual 

doses and it is averaged over the operational life time of ITER; the Collective Annual Worker 

Dose requirement is set at the annual target of 500 person·mSv. It corresponds to what is 

known as the health detriment, a sum of individual probabilities of developing a radiation-

induced stochastic effect [31]. Since the evaluation of the Collective Annual Worker Dose 

depends on the maintenance plan, this quantity is less convenient for port integration studies, 

where the design is studied, and often additional shielding proposal are tested. Even though 

the maintenance plan can be optimized by a better work planning and scheduling or 

minimizing the time spent in radiation areas, the most effective means of reducing radiation 

exposure is by improving the design [32]. 

Therefore, in this thesis, the optimization of the design will form the largest part of 

the ALARA (As Low As Reasonably Achievable) efforts in the ITER Diagnostic Ports, while 

optimization of the maintenance plan is out of the scope in this work. The aim of ALARA 

measures is to reduce the occupational radiation exposure (ORE [33]) at the ITER project 

as low as reasonably achievable, while taking into account both the social and the economic 

factors. The ALARA process is normally conducted in a collaborative effort between nuclear 

analysts, component designers and experts in dose minimisation, risk and human factors. 

Whilst previously mentioned dose requirements (seen in Table 2) establish a clear regulatory 

requirement, not exceeding the dose requirements is not enough, the residual doses must be 
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maintained ALARA. To reduce the occupational exposure, the design can be improved by 

considering the following ALARA measures [32]: 

• Choice of materials (reducing the SDDR-relevant impurities) 

• The use of permanent or temporary shielding 

• Workers’ environment to improve access, efficiency, etc. 

• Overall industrial safety 

• Remote working tools 

• Remote handling 

In conclusion, the SDDR has shown to be a result of numerous intertwined 

mechanisms, thus a state-of-the-art methodology is required to break down the SDDR 

contributions, thoroughly analyse the problem and suggest recommendations on how to 

mitigate it. Since the most effective means of reducing ORE is through ALARA optimization 

of the design of components [32], the objectives presented in the following section have 

been defined.  

1.4 Objectives of the thesis 

One of the essential steps to obtain licensing for the ITER nuclear operation phase is to 

demonstrate that the SDDR in the ITER project is as low as reasonably achievable. For this 

reason, the SDDR has been one of the main criteria to judge upon the design of components 

and to evaluate radiation shielding proposals. However, in the revision of the past nuclear 

analyses in support of the design of ITER, it was found that the SDDR requirement of 

100 μSv/h at 106 s after shutdown is not met in any of the existing computational models of 

ITER Ports [8] [9] [10] [11] [12]. While there were some shielding solutions that partially 

mitigated the SDDR, the proposed measures were mostly port-specific and not enough to 

reduce the SDDR below the requirement. Out of all the ports, meeting the SDDR 

requirement was found to be the most challenging in ITER Diagnostic Ports, sometimes 

exceeding the requirement by a factor of about 26 [11]. 

In order to improve the shielding design in the Diagnostic Ports, the methodology for 

port integration analyses must be well-defined and standardized in order to allow comparison 

of different studies, and the output of the study must provide enough information to identify 

design issues. However, the revision of the previous work uncovered many issues with the 

existing methodology. The tallying volumes used in nuclear analyses to characterize the 
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SDDR did not have any connection to the SDDR requirements and the reported results were 

often unrealistic due to averaging over areas inaccessible for maintenance. Independently of 

the tallies, an additional problem was also identified in the lack of standardized methodology 

to break down SDDR on different contributions, which would provide a deeper 

understanding of the SDDR dynamics and allow to propose effective shielding solutions. 

There were attempts to evaluate only the contribution of diagnostic systems [11] [34] or the 

contribution of radiation cross-talks [11] [9], however, since the methodology was not 

standardized, the results between different analyses could not be compared. In addition to 

that, the production of a computational model of the complete Diagnostic Port was also a 

very time-consuming task, so the port integration analyses often could not follow the design 

updates and the provided results were already out-of-date. 

Due to beforementioned problems with the methodology, the process of design, analysis 

and optimization of the shielding proposals was also more difficult. The conceptual design 

of the so-called short DSM (based on steel-water mixtures) did not sufficiently attenuate the 

neutron flux [35], since neutron fluxes of well over 108 neutrons/cm2s were observed in the 

Interspaces of past analyses. From the experience of previous SDDR analyses, this neutron 

flux corresponds to the SDDR above 100 μSv/h at 106 s of cooling time. On the top of that, 

none of the Diagnostic Port were meeting both the SDDR requirement and the drained 

weigh limit for Port Plugs of 45 T (later increased to 48 T [36]) at the same time. 

Independently of the in-vessel shielding in the ITER Diagnostic Port Plugs, a significant 

contribution to the SDDR was also observed in some analyses [11] [9] [37] due to radiation 

cross-talk from the Lower Level towards the Equatorial Ports. Upon further investigation, it 

had been found to be a global issue [38], affecting all ports of the ITER machine. 

Nonetheless, no shielding solution on the project level had been proposed to reduce the 

SDDR. 

The implications of these observations presented considerable obstacles for the 

advancement of the project. Based on the challenges, the following six goals of the PhD 

thesis have been defined. In order to improve the design of the shielding proposals to 

consequently reduce the SDDR in ITER Diagnostic Ports, a new methodology for analysis 

of SDDR must be developed. Therefore, the first goal and one of the main goals is to define 

and to standardize the methodology for the analysis of SDDR in ITER Diagnostic Ports, 

which would allow to break down the SDDR on various SDDR drivers mentioned in section 

1.3 (e.g. radiation cross-talk from neighbouring ports, neutron leakage through diagnostic 
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systems, numerous activation groups of in-Port components, etc.). This would increase the 

understanding of different SDDR mechanisms and allow to adapt the SDDR-mitigating 

measures to a specific problem. The second goal of this thesis is to define the SDDR tallies 

in Port Interspaces in a way to enable a direct comparison against the SDDR requirement of 

100 μSv/h at 106 s after shutdown and to standardize the definition across the ITER 

neutronics community. This would make the results of all port integration analyses 

comparable and the obtained values would provide a more realistic estimation of the SDDR. 

Since the port integration analyses were a very time-consuming process and often could 

not follow the engineering development of the ports, the third goal of the thesis is to 

optimize the methodology to produce a computational model of the detailed Diagnostic 

Ports. This would speed up the preparation of complex computational models, consequently 

reducing the response time from design updates to the results of nuclear analyses. In addition 

to that, a workflow that would enable a parallelization of the production of an MCNP model 

would halve the response time if necessary. 

By defining this methodology and standardizing the SDDR tallies, a powerful tool for 

port integration analyses would be obtained that would permit analysing existing shielding 

solutions or proposing new shielding options to mitigate the SDDR. For this reason, two 

additional goals regarding a shielding design have been set. Even though several conceptual 

designs of the DSMs existed in ITER Diagnostic Ports, the component DSM specifically 

had been found to be one of the main reasons for the poor shielding performance. In order 

to solve this, the diagnostic section of ITER (i.e. IO-CT PBS55) developed the so-called 

Modular Equatorial DSM [39], a DSM design heavily relying on the light and efficient 

neutron absorber boron carbide. With this in mind, the fourth goal of the thesis is set to 

demonstrate the shielding performance of the new DSM concept in terms of SDDR 

mitigation, while also supporting the IO-CT PBS55 with the development of the design by 

providing results of additional physical quantities. In addition to that, the experience gained 

in these analyses can be also later applied for the design of the Upper DSM. 

On the other hand, the revision of the past work also uncovered a significant impact of 

the radiation cross-talks on the SDDR in all ITER Ports, consequently also affecting the 

ITER Diagnostic Ports. In order to mitigate the cross-talks, a shielding proposal on the 

common VV Port structure is sought in the fifth goal of the thesis, with the objective to 

achieve a global mitigation of the SDDR in all Port Interspaces. Finding a solution for this 
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challenge could potentially reduce the SDDR below the requirement of 100 μSv/h at 106 s 

of cooling time in otherwise well-shielding ports, thus making a considerable contribution to 

the ALARA measures considered in ITER. 

Lastly, the design of the most important diagnostic ports EP #11 and #12 was 

approaching the second design review out of three (more in section 4), but the SDDR levels 

in both Port Interspaces were still exceeding the SDDR requirement by about tenfold [40] 

[41]. Since as the first plasma ports they must be designed, manufactured and installed in the 

machine by 2025, there was a great need to identify the problems responsible for high SDDR 

and to solve them in time for the last design review. For this reason, the sixth goal of the 

thesis is to apply the improved methodology in port integration analyses of Equatorial Ports 

#11 and #12, with the intention to study the design of both ports, break down the 

responsibilities of different SDDR drivers and to find SDDR-mitigating solutions tailored to 

the problems that would reduce the SDDR below the requirement. Furthermore, these 

analyses would also serve to show the shielding performance of the new Modular Equatorial 

DSM and the proposal aimed to mitigate the radiation cross-talks. 

1.5 Organization of the thesis 

This work is structured into 3 main blocks titled methodology for SDDR 

calculations (section 2), shielding design (section 3) and analysis (section 4), followed by 

conclusions (section 5) and future work (section 6). 

• The theme of the first block is the methodology. The section starts with a thorough 

revision of the state of the initial methodology for SDDR calculations, as it existed in 

2015/2016 (section 2.1). After the revision, a discussion on the major challenges of 

calculation and analysis of SDDR is provided, where the identified issues of the 

methodology are explained (section 2.2). Following the discussion, the solutions of the 

identified problems, implemented along the doctoral programme up to now, are 

presented in the following three steps (section 2.3). 

o In the first step (section 2.3.1) I have defined and optimized the technique to 

reuse the dummy Generic Diagnostic Port Plugs for a fast and convenient 

integration of numerous diagnostic systems. This has sped up the preparation of 

the computational models and consequently, the response time from design 

updates to the results of nuclear analyses has been significantly reduced. 



INTRODUCTION 

  Page | 27 

o In the second step (section 2.3.2), I have standardized the commenting system 

for the production of MCNP models of Diagnostic Ports, which allows easy 

identification of specific components and simplifies material allocation and an 

independent revision of the models. Then I have prepared a computer script that, 

based on the comments of MCNP cells, in an instant allocates the materials to 

thousands of components in the computational model. The script has been used 

for the last 4 years to produce all ITER related MCNP models inside the 

TECF3IR group. I have also proposed a library of materials (used inside the 

TECF3IR group) and defined a common format for all materials used in nuclear 

analyses for ITER. The materials in the library are well referenced, SDDR 

relevant impurities are highlighted and the recommended use is written in the 

header of the definition. Since the materials in the library will be thoroughly 

revised in the upcoming months, meticulous revisions of materials before and 

after each nuclear analysis will be unnecessary. 

o Thirdly, the advances related to the calculation and the analysis of the SDDR are 

provided (section 2.3.3). There I have defined the reference SDDR tallies in the 

maintenance corridors of Upper and Equatorial Ports (the tallies in the Lower 

Port are not yet a part of the guidelines), which are now used throughout the 

ITER neutronics community [42]. Then I have explicitly defined the approach 

of local and global studies, which considerably speeds up the calculations in 

scoping shielding studies, while in port integration analyses it can be used to 

determine the contribution of the radiation cross-talk to the SDDR in a given 

port. Finally, I have also developed matrices of responsibilities, a state-of-the-art 

methodology that breaks down the SDDR on the contributions of different 

neutron leakage paths and activation groups. 

In addition to the improvements of the methodology presented in the previous 

points, the in-house product and the ITER reference code for SDDR calculations, i.e. 

D1S-UNED, has also experienced significant updates due to my suggestions to facilitate 

the SDDR calculations for ITER. Among others, various techniques to calculate the 

SDDR contributions have been implemented for the needs of matrices of 

responsibilities, and a straightforward capability to calculate the radiation cross-talks in 

one single calculation has been also introduced in the last release of the code.   

• The second block of the thesis is focused on the shielding design. Firstly, the so-called 

Modular DSM [39] [43] is presented in section 3.2, a sound engineering concept of the 
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Equatorial DSM, developed by IO-CT PBS55 to comply both with ALARA and the 

drained weight limit for the Port Plug. In order to design and to improve the engineering 

implementation, nuclear analyses were much needed after the proposal. The modular 

DSM is discussed in this part of the thesis, since I have performed the first SDDR 

calculations to shows its shielding performance and to convince the DAs responsible for 

two first-plasma diagnostic ports EP#11 and #12 to adopt it as part of the baseline. 

Moreover, I have also performed nuclear analyses characterizing numerous physical 

quantities that helped IO-CT PBS55 team to optimize it to the current design. 

In the continuation of the second block, the shielding proposal, referred to as 

supplementary shields, is presented in section 3.3. In order to achieve a global mitigation 

of the radiation cross-talks, I have recycled some old and abandoned ideas and added 

new concepts to define a complete shielding solution [44] [45]. The proposed shields are 

made of boron carbide and cover a port structure common to all Upper and Equatorial 

Ports. Due to their effectiveness, ITER requested a feasibility study and a structural 

assessment in 2018, done by Assystem [46], where they proposed an engineering 

implementation of the initial shielding proposal. 

 

• The third main block (section 4) presents three iterations of SDDR analyses for each one 

of the two first-plasma ITER Diagnostic Equatorial Ports #11 and #12. In this section, 

the methodological and the shielding advances presented in sections 2 and 3 have been 

used to carry out the following activities: 

o to study the design of both ports and the integration of diagnostic systems by 

breaking down the SDDR on responsibilities of different SDDR drivers 

o to give recommendations on optimization of the integration of diagnostic 

systems from the neutronics point of view 

o to evaluate the radiation cross-talks from the neighbouring ports 

o to show the shielding performance of the modular DSM and the supplementary 

shields in an example of realistic and detailed ITER Diagnostic Ports 

o to evaluate the modular approach to the Port Interspace shielding, proposed for 

the Final Design Review in 2019 

o to show that ALARA principles have been applied in these two first-plasma 

diagnostic ports 

o to show that with strong SDDR-mitigating measures, the SDDR in the 

maintenance corridors can be reduced below the SDDR requirement 
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The port integration analyses presented in this section were carried out by me, while 

I also received help from other colleagues of the TECF3IR group to speed up the 

production of the computational model. The section begins with the short revision of 

the objectives of analyses (section 4.1) and then moves to the summary of the 

computational approach (section 4.2). The modelling activities of both ports are 

presented in the form of a discussion (section 4.3), emphasizing the specifics of each 

iteration. The central part of this block separately deals with both ports over the span of 

3 years (section 4.4 for EP#11 and section 4.5 for EP#12). For each one of the ports, 

the computational geometry of the port and the modelling of the global environment is 

presented. This is then followed by some proposed ALARA measures that have been 

applied in the last iteration of both ports. The analysis section of the third block (section 

4.4.3 for EP#11 and section 4.5.3 for EP#12) is, however, considerably redacted in the 

version of the thesis for publication due to the confidential nature of the results; short 

summary of the findings of each iteration of nuclear analyses is provided. 

 

• In the final part of the thesis, the conclusions of the thesis are provided 

(section 5), where the completion of the initial objectives is discussed.  The conclusions 

are then complemented with some plans for future work in section 6. 
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2 METHODOLOGY FOR SDDR CALCULATIONS 

The calculation of the shutdown dose rates in ITER Diagnostic Ports presents a 

paramount complexity, as it requires utilization of advanced tools to prepare a computational 

model, application of state-of-the-art simulation codes and the use of High-Performance 

Computing to carry out the calculations. The methodology to carry out these nuclear analyses 

can be roughly broken down on production of the computational model, calculation of the 

SDDR fields and post-processing of the results. 

Since ITER machine represents one of the most unprecedented levels of details ever 

analysed with the computer codes, the production of the computational models has become 

a very time-consuming process that takes at least 60 % of the total time of the analysis. In 

comparison, the calculations of the SDDR can be attributed approximately 20 % of the total 

time, while the post-processing of the results and writing a report can take up to 20 %. 

Consequently, production of the computational model was quite early identified as the 

bottle-neck of nuclear analyses and many resources have been spent to reduce the time. This 

challenge has already brought many advances in the methodology that have become a part 

of the workflow for nuclear analyses. 

On the other hand, the time estimation for the calculation of the SDDR fields is mostly 

the time a calculation spends running on a supercomputer, so the analyst’s workload is 

negligible compared to the model production. With the increasing need for SDDR 

calculations in the ITER project, many research groups participating in the neutronics 

developed their own in-house codes that allowed them to participate in the nuclear analyses. 

However, since these research groups have often already had a specific methodology defined 

for nuclear analyses in other projects, the lack of clear and detailed guidelines for nuclear 

analyses for ITER have caused a divergence in the methodology. 

The consequences of this divergence were identified in the beginning of the doctorate 

programme, since a revision of the past work was often difficult due to a limited description 

of the workflow, so the results could not be compared or reproduced. The difference was 

not only because of diverse tools used to carry out the analyses, but also the methodology 

for nuclear analyses was not comparable, the tallies to obtain the quantities of interest were 

not the same and the approach to set up the problem to be simulated was not standardized. 

This pointed to a great need for standardization of the methodology, which would be used 

in all nuclear analyses of ITER Diagnostic Ports. 
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This section of the thesis is devoted to the discussion on the general methodology for 

SDDR calculations in ITER Ports, not only limited to ITER Diagnostic Ports. It is necessary 

to point out that the focus of this thesis is the analysis of the SDDR inside the Bioshield, 

which is covered by the ITER reference model of the machine, visualised in Table 1. The 

calculations performed in Port Cells (or in the complete Tokamak Complex) require the use 

of a different reference model [22] and a special computational approach [47]. In the 

beginning of the doctoral programme (2015/2016), a revision of the past work and the 

methodology used for SDDR calculations in those studies has been carried out. The 

observations of the revision are provided in subsection 2.1, where the status of this initial 

methodology from the model production to the final SDDR calculations will be described. 

Since the revision uncovered some critical problems in the initial methodology, these 

challenges will be discussed in subsection 2.2. In order to solve them, a series of 

improvements has been defined and implemented in the improved methodology for 

calculation and analysis of SDDR in ITER, which will be described in subsection 2.3. 

2.1 Status of the Initial Methodology for SDDR Calculations 

The methodology for nuclear analyses of ITER components largely depends on the 

computer codes used for radiation transport. In the instructions for nuclear analyses for 

ITER [14], Monte Carlo N-Particle Transport Code (MCNP [15]) is listed as the ITER 

reference code for radiation transport, while Attila4MC [48] and DAG-MC [49] are also 

accepted by the project. Even though all three codes can be used for analyses, they require a 

completely different methodology to produce a computational model from the complex 

CAD models provided by ITER. In order to produce a computational model for the MCNP 

code, the detailed geometry in the CAD model must be first simplified and defeatured with 

a CAD software to geometrical forms representable in the code. Then another external tool 

is used to translate this simplified CAD geometry to the text-based MCNP geometry 

description, which can be then run with the MCNP code. On the other hand, in the case of 

Attila4MC and DAG-MC, the meshing engine must be used to create a body fitted mesh 

based on the provided CAD model, which can be then fed into the modified MCNP code 

through the unstructured mesh capability (Attila4MC) or a proprietary code (DAG-MC). 

Since MCNP is the ITER reference code for radiation transport, in this section only 

the methodology for SDDR calculations based on MCNP radiation transport and geometry 

description will be described. While there are some hybrid techniques to approach the SDDR 
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calculations [50], the two most widely spread methods are the Rigorous-2-Step (R2S) and the 

Direct-1-Step (D1S) approach. In the revised past work, most of the SDDR calculations for 

ITER have been performed following the R2S approach, however, some important 

drawbacks of the method have motivated new developments of the D1S technique [51]. In 

the following paragraphs both approaches for SDDR calculations are roughly presented. 

R2S approach to SDDR calculations 

As the name of the R2S approach suggests, the transport calculations (neutron and 

decay photons) in this method are performed in two steps. In the first transport step, the 

neutron flux (discretized in energy bins) is determined in a structured mesh superimposed 

over the geometry in the region of interest. This information is then provided as an input 

data to the activation code (activation codes recommended by ITER are ACAB [52], 

FISPACT [53] and ALARA [54]) used to perform one activation calculation per voxel. Once 

the activation calculations are carried out, a 3D decay photon source is built with the same 

spatial resolution as the neutron flux. The produced decay photon source is then used in the 

second step to transport decay photons and to calculate the SDDR. 

In the ITER project, few R2S code systems coupling the MCNP code and an 

activation code exist. The first mesh-based R2S approach was implemented at UK’s national 

fusion laboratory CCFE with the MCR2S code [55] (MCNP + FISPACT), while later the 

R2Smesh [56] (MCNP + FISPACT) and the R2S-UNED [57] (MCNP + ACAB) have been 

developed by KIT and UNED, respectively. However, all three initial implementations have 

been suffering inaccuracy due to averaging of the neutron flux inside the mesh voxel over 

many MCNP cells with different materials and densities. This problem was solved by 

TECF3IR group by implementing the cell-under-voxel approach in an update of the R2S-

UNED. This important update allows to identify the MCNP cells that are within each voxel, 

calculate the average value of the neutron flux in these cells, and finally, to evaluate the decay 

photon source of the activated material filling these cells. 

Even though the R2S approach is relatively easy and fast to implement, this technique 

presents some important drawbacks. Firstly, in order to calculate the SDDR due to activation 

of large components, the neutron flux in energy bins (a 175-energy group structure Vitamin-

J is normally used) must be calculated in a large mesh superimposed over the geometry, 

which drives the memory consumption of the calculations. For this reason, often a 

calculation of one SDDR field is split into few calculations due to memory limitations of the 
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supercomputers. Secondly, studies of problems that require many calculations (e.g. scoping 

shielding studies) can be very time consuming and error-prone, since for every case a neutron 

transport calculation must be made, then the activation code produces the 3D decay photon 

source and finally, the decay photon transport is run to calculate the SDDR fields. Finally, at 

the time of the revision of R2S tools in 2015/2016, only R2S-UNED had implemented the 

cell-under-voxel approach that mitigates the averaging of the neutron flux inside the mesh 

voxel. This becomes very important in large-scale calculations (as it is the case in ITER 

related nuclear analyses), when the size of the voxels is increased in order to reduce the 

memory consumption of the neutron flux mesh. It was shown by UNED that averaging of 

the neutron flux inside large voxels can present an overestimation of the SDDR up to 50 % 

in some regions [57]. This has required ITER to impose to all analysts using R2S 

methodology to show the convergence of the SDDR for different voxel sizes of the neutron 

flux mesh [58]. 

D1S approach to SDDR calculations 

These drawbacks of the R2S method are addressed in the D1S approach, which can 

estimate the decay photon field in one coupled neutron-photon transport calculation. In this 

approach the decay photons of the radioactive nuclides are emitted as prompt and therefore 

transported in the same Monte Carlo particle transport simulation as the neutrons. The time 

correction factors, calculated with an activation code, are applied to the scored quantities to 

take into account the build-up and the decay of the radionuclides considered. Even though 

the D1S methodology was already proposed in 2001 [59], only in 2018 UNED has verified 

and validated the code D1S-UNED [51], which has become an official ITER reference code 

[14] for SDDR calculations. In parallel with the D1S-UNED, ENEA is continuing the 

development of their own code AdD1S [60]. 

While the D1S approach solves all the highlighted drawbacks of the R2S, the 

methodology itself features some limitations when compared to the pairing of the state-of-

the-art MCNP radiation transport code and full-fledged activation codes like ACAB or 

FISPACT. The following assumptions have to be meet in order to use the D1S approach: i) 

all radioisotopes of interest are generated by pathways consisting of solely one neutron-

induced nuclear reaction, ii) the concentration of all the parent isotopes remains constant 

throughout the whole irradiation scenario, iii) the disappearance of the radioisotopes of 

interest is only due to radioactive disintegrations and iv) the neutron spectrum at any location 

remains unchanged during the whole irradiation period. In the case of ITER, D1S-UNED 
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has shown a great overall applicability of the D1S method, except for the calculations of the 

decay photon field due to the irradiation of the Divertor, where most of the tungsten is 

concentrated. This has been found in the activation analysis [61] carried out for the validation 

and the verification of D1S-UNED, where high levels of non-linearity between Contact 

Dose Rate (CDR) and neutron flux have been found for tungsten at the cooling time of 106 s. 

This limitation, however, impacts all codes based on D1S approach, not only D1S-UNED. 

In conclusion, the D1S approach has simplified and sped up the process of SDDR 

calculations for ITER, however, some identified and well-known limitations due to 

assumptions of the methodology exist. Even though the D1S-UNED has become the ITER 

reference code for SDDR calculations only in 2018, the development of the tool has started 

before and it has brought many additional advantages that could not be achieved before. Due 

to immense coding efforts, the base code of D1S-UNED (i.e. MCNP5.16) has been adapted 

to allow fast loading of complex geometries like the ITER tokamak reference model (from 

4-6 hours down to 6-8 minutes), speed up in particle transport (up to 30 %, when compared 

to MCNP5.16) and lower memory consumption (in total a reduction of 70-80 % when 

compared to MCNP5.16). 

Even though most of the past analyses included in the revision were carried out 

following the R2S approach, the advantages of the D1S approach and these D1S-UNED-

specific improvements are the reason that all the work presented in this thesis has been 

performed running the D1S-UNED code. Since both the D1S and the R2S approaches have 

a common methodology up to the calculation of the SDDR, a major part of the description 

of the methodology, provided in the following paragraphs, is also applicable to the SDDR 

calculations using R2S. Therefore, the methodology for SDDR calculations in ITER Ports 

can be split on the following main steps of the workflow: i) preparation of the CAD model, 

ii) production of the MCNP model, iii) definition and allocation of materials, iv) integration 

of the produced MCNP model, v) variance reduction and finally, vi) calculation of the 

shutdown dose rates.  

2.1.1 Preparation of the CAD model 

The nuclear analyses for ITER normally start by receiving a geometry description of 

a problem to be analysed in the form of a CAD model. Since most of the CAD modelling in 

ITER Organization is done in CATIA V5 [62] through ENOVIA framework [63], the 

provided CAD models are always in both the CATIA proprietary format and the STP format 
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(text-based ASCII format supported by numerous mechanical design programs). As it has 

been mentioned earlier, the MCNP code supports two ways of importing this CAD geometry 

description into the code. The first one is the Constructive Solid Geometry (CSG) capability, 

which gives the user the added flexibility of defining geometrical regions from all the first- 

and second-degree surfaces of analytical geometry and elliptical tori and then combining 

them with Boolean operators. On the other hand, the second methodology features a hybrid 

MCNP’s capability of introducing an unstructured mesh geometry (a finite element geometry 

as mechanical design and analysis programs use) into an already existing CSG model. Since 

the MCNP’s hybrid capability presents many limitations for complex models (e.g. higher 

memory consumption, slower radiation transport, missing tallying capabilities, etc.) and the 

CSG capability is still the most common methodology for geometry representation in ITER, 

only the workflow concerning the later will be presented. 

The original CAD model, as received from ITER, cannot be directly used to produce 

the computational model, since many obstacles must be resolved before it is ready for the 

translation. One of the most common challenges are the solids defined by complex surfaces 

(i.e. so-called spline surfaces) that cannot be represented by the CSG description in MCNP. 

For example, while the design of most components is constrained by the manufacturing 

capabilities, the optical paths of diagnostic systems are normally quite complicated, and the 

use of splines is necessary. Moreover, these CAD models do not only serve for 

computational analyses, but also for the design of components, the integration of ports or 

the manufacturing purposes. This results in very comprehensive geometry, where the level 

of details often exceeds the minimal volume that can be sampled with the MCNP code. In 

addition to that, the CAD models can also present many interferences between components 

that have to be resolved before the production of the computational model. While all these 

challenges are easily solved, exporting the geometry into different formats can sometimes 

lead to a corruption of the parts of the geometry. These corrupted parts can be seen as a 

distortion in the visualization and this part of the geometry usually cannot be used. This issue 

often requires remodelling of the impacted components. 

For this reason, processing of an original CAD model is required in order to produce 

a so-called simplified CAD model, i.e. CAD geometry ready for the translation to the MCNP 

format. This step requires utilization of a software package like SpaceClaim [64], which allows 

you to modify complex surfaces of solids to geometrical shapes representable in MCNP, 

defeaturing excessive details, solving interferences or remodelling of the corrupted geometry. 
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After the processing of the original CAD, the complexity of the model is reduced, which 

mitigates the possibility for systematic errors caused by a human factor. If the decisions made 

during the processing of the CAD geometry are done by an experienced analyst, the 

modifications should not have any impact on nuclear responses. 

Up to now, mostly geometry modifications, necessary for the translation of the CAD 

model to the MCNP format, have been presented. However, in case of the SDDR 

calculations, further modelling may occasionally be required in order to obtain conservative 

results in terms of SDDR. In the design of ITER, not all components are on the same level 

of maturity. This results in the CAD models that contain a detailed geometry description of 

some components, while the rest can be provided in the form of a conceptual design or a 

space reservation that is assigned a homogenized mixture of expected materials. Even though 

the impact of this homogenization on the neutron flux attenuation cannot be mitigated 

without the exact modelling, the SDDR response can still be conservative. This is achieved 

by modelling of a thin layer covering the complete component represented by a space 

reservation. The thin outer layer will later be assigned a material from the mixture that has 

the dominating contribution to the SDDR, while the bulk part will be assigned said mixture. 

2.1.2 Production of the MCNP Model 

After the production of the simplified CAD model is complete, all the solids included 

in the geometry can be represented with the surfaces within the CSG capability in MCNP. 

In the past, most of the computational models have been produced by inspection of the 

technical drawings and the geometry was defined by hand in the code. However, when the 

CAD software has become a standard in the industry and the computational capability has 

also increased, a need for faster and easier production of complex computational models has 

appeared. In the nuclear industry, this problem has been solved by the release of the 

SuperMC [65], a software package that is able to import a CAD model in numerous formats 

and to translate it to the MCNP format. This function not only creates the MCNP geometry 

of the CAD model, but it is also capable to automatically generate a so-called void space that 

tightly fits the geometry and covers all the undefined regions. While the proprietary software 

SuperMC is the most commonly used tool for MCNP model production in ITER project, 

there is also a free and open source solution McCad [66]. However, due to its steep learning 

curve and lacking capabilities, it is not often used for production of complex computational 

models in ITER nuclear analyses. 
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Therefore, all the computational models produced for nuclear analyses in this thesis 

have been translated from the CAD to the MCNP format by using SuperMC. This has been 

achieved by here described scheme. Following the import of the CAD geometry, the 

software gives an option to the user to set recognizable comments for each imported solid, 

which allows later identification of the MCNP cells. After the comments are set, the option 

of automatic void generation can be selected, depending on the geometry of the problem. 

During the translation of the model, SuperMC reads all the provided CAD geometry and 

builds a stack of MCNP cells (corresponding to the solids in the CAD model) with comments 

and a set of surfaces used to describe the complete geometry. In case the simplified CAD 

model has been carefully prepared, and all the solids have been successfully translated, the 

program reports the translation as completed. 

However, even though no error messages have been reported, the computational 

model can still contain geometrical errors. In order to perform radiation transport 

throughout the MCNP model, even the infinitesimal regions of the geometry must be 

correctly defined and belonging to only one MCNP cell. Since the MCNP geometry is built 

by joining surfaces with Boolean operators, the smallest errors can create undefined regions, 

badly connected surfaces, interferences of cells, etc. For this reason, a debugging process is 

required to fix these errors before the computational model is ready. This process is normally 

carried out in MCNP by simulating an inward particle source with a cosine distribution and 

emitted from a spherical surface covering the geometry. If there are any incorrectly specified 

regions in the geometry, this procedure will usually find them by reporting “lost particles” 

[15] in that area, and they can be manually fixed in the MCNP model. 

2.1.3 Definition and Allocation of the Materials 

Once the production of the MCNP model is complete and all geometry errors have 

been fixed, the next step consists of the definition of all materials used in the study. This is 

usually done by the inspection of the so-called Bill of Materials (a document containing all 

the ITER components provided in the original CAD model and their corresponding 

materials), and then the definition of the isotopic composition of all materials is carried out 

by following the reference documents [67] [68]. After the materials are defined, the MCNP 

cells in the computational model can be allocated their corresponding material ID number 

and density. Since in the production of the MCNP model comments have been assigned to 

all MCNP cells, the identification of components and the allocation of materials is relatively 

straightforward.  
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Furthermore, in this step a special attention also must be paid to the mass preservation. 

During the preparation of the CAD model, many modifications must be done to the 

geometry in order to solve previously mentioned obstacles. These modifications change the 

mass of components, which must be taken into account. This can be achieved by either 

applying a density correction factor to the material density of the impacted MCNP cells or 

by minor radial readjustments of the surfaces during the preparation of the CAD model. 

Since before the revision of the past work in 2015/2016, most ITER Ports were in 

preliminary, preconceptual or conceptual design stages, these corrections of the mass were 

carried out only if the volume of the component has changed by more than 2 % between the 

original and the computational model, while deviations of between 2 % and 0.1 % were 

acceptable [14]. In order to simply this process, in most cases only the volumes of the original 

and the simplified CAD were compared, while the volume change between the simplified 

CAD model and the MCNP model has been neglected due to 15 decimal point precision 

used in the translation with SuperMC. 

2.1.4 Integration of the isolated MCNP model 

After the allocation of the materials, the produced model is usually referred to as the 

isolated MCNP model, since it is not yet integrated into one of two ITER reference models. 

At the time of the revision of the methodology in 2015/2016, the reference model of the 

ITER machine was already at the C-lite iteration, while the ITER Tokamak Complex [22] 

has not been created yet. Since this thesis is focused on SDDR analyses inside the Bioshield, 

only the integration of the isolated MCNP model into the ITER machine will be described. 

The model of the ITER machine (from the plasma to the Bioshield) was conceived in 

a way that allows a straightforward replacement of components of the tokamak. In the 

topmost level of the MCNP geometry, the so-called container cells form a skeleton of the 

machine, each cell representing a space reservation for explicit representation of ITER 

components. These explicitly modelled components are then inserted into the container cells, 

replacing their simple geometry with a detailed model. This approach is very useful in case 

an update of a component is required, since after the computational model of the new 

component is produced, previous geometry can be easily replaced. 

This advantage can be also used for nuclear analyses of ITER Ports, where one of the 

central generic diagnostic ports in the Upper or the Equatorial Level is replaced by a different 

explicit configuration. In order to carry out an analysis of a non-diagnostic port, this is the 
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only possible approach. However, in case of nuclear analyses of ITER Diagnostic Ports, two 

options were found in the revision of the past work. The same approach has been taken in 

[11] to replace the generic representation of the diagnostic port by the computational model 

of the Equatorial Port #10. On the other hand, a faster technique was observed in [41], 

where the MCNP model of the optical paths and diagnostic systems was prepared and 

subtracted from the Generic Port Plug of the B-lite iteration of Tokamak reference models. 

2.1.5 Variance reduction 

 After the integration of the isolated MCNP model into the ITER reference model, 

the geometry of the problem is prepared to carry out the nuclear analysis. However, due to 

large and very complex geometry represented in the computational model of ITER, an 

additional step is required to improve the computational efficiency of a simulation by 

increasing the number of successful particle contributions to a given tallying position, thus 

reducing the variance of the tally. This is achieved through the methods called Variance 

Reduction (VR), and up to 14 different techniques [15] of this kind are implemented in the 

MCNP code. These techniques are of most importance for nuclear analyses for ITER, since 

often a spatial distribution of neutron flux or SDDR is of interest, and the whole geometry 

is assumed equally important and should therefore be uniformly sampled. 

 One of the most common approaches to achieve a global reduction of the variance 

is through the Global Variance Reduction [69] (GVR) technique, where an external software 

or script is used to produce a map of weight windows – a phase space splitting and Russian 

roulette technique implemented in MCNP. This approach has been also implemented in the 

workflow of TECF3IR for all nuclear analyses that require uniformly sampled nuclear 

responses. A similar improvement of the performance can be also achieved with 

ADVANTG [70], however, due to its incompatibility with D1SUNED and the lack of 

support for alternative source definitions (currently supports only SDEF [15] source 

definition), it has not been used in nuclear analyses presented in this thesis. 

 Therefore, in order to produce a weight windows file following the GVR, an 

analogue MCNP calculation (no VR used) must be run to record the neutron flux in a mesh 

superimposed over the geometry of interest. Then a python script is run to process the mesh 

and to produce a spatial distribution of weight windows. However, since the first calculation 

has been run in analogue mode without VR, many voxels of the neutron flux mesh and 

consequently the weight window file have no information. For this reason, the produced file 
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can be used in a non-analogue calculation to again record the neutron flux distribution, 

though this time due to VR the number of successful particle contributions in mesh 

increases. Consequently, more voxels are populated with information and the statistical error 

of the neutron flux decreases. In case the weight window file based on this mesh is still not 

completely populated with weight windows values, the process can be repeated. The 

production of the weight window file following the GVR is an iterative process and it usually 

takes from 2 to 3 iterations to see the convergence. 

2.1.6 Calculation of the Shutdown Dose Rates 

At this stage of the methodology, the preparation of the computational geometry has 

been completed and the weight windows file has been produced. Up to this point, the 

workflow for R2S and D1S approach is the same, however, from now on only the D1S-

specific methodology will be described. As it has been already mentioned, the identification 

of the most contributing isotopes to the SDDR in the area of interest is one of most 

important steps before running the SDDR calculations following D1S approach. These 

isotopes are then used to prepare D1SUNED-specific external files, which contain a list of 

reactions producing these radionuclides, together with time correction factors and the 

disintegration constants for all these isotopes and irradiation scenarios considered. Before a 

thorough activation analysis of several common ITER materials has been performed [61], a 

list of 6 most contributing isotopes (i.e. 51Cr, 54Mn, 59Fe, 58Co, 60Co and 182Ta) to the SDDR 

at 106 cooling time was used in SDDR calculations. This list was obtained in the initial 

activation analysis of the most common material of port interspaces, i.e. stainless-steel 

316LN-IG. 

Following this step, the tallies of interest are defined. The determination of the 

SDDR is achieved by using the code to determine the decay photon flux at a location of 

interest and then applying fluence-to-dose conversion factors recommended by International 

Commission on Radiological Protection [28] (ICRP). Upon the revision of the past work, 

diverging ways of reporting the SDDR values in ITER port interspaces were discovered. In 

most nuclear analyses, a 3D mesh superimposed over the geometry was used to calculate a 

spatial distribution of the SDDR in the port interspace. Depending on the computational 

capabilities, the dimensions of the mesh voxels varied from 5x5x5 cm3 (rectangular mesh) to 

20x20x20 cm3 or larger. Based on these meshes, two-dimensional plots of the SDDR values 

were provided for various cross-sections through the ITER ports. 
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In addition to that, often different tallying volumes were defined in port interspaces 

to provide the SDDR in a single position of interest. While in some nuclear analyses, groups 

of spherical volumes [34] were created throughout the interspace to obtain values at different 

heights and at various distances from the Port Plug Closure Plate, in others larger rectangular 

volumes were defined to tally the SDDR [12]. In order to standardize these tallying regions 

and to allow comparison, so-called R1 [11] [71] (placed behind the Closure Plate) and R2 

(positioned in the centre of the interspace) tallies were often used, defined as rectangular 

volumes covering the complete cross-section (perpendicular to the radial direction) of the 

interspace. 

When the SDDR tallies are defined in the input of the calculation, the complete 40-

degree representation of the ITER machine is normally run to calculate the SDDR in the 

port of interest. The output data produced in the calculation is processed and the results are 

compiled in a report. 

2.2 Challenges of the existing methodology 

The revision of the existing methodology for in-Bioshield SDDR calculations in ITER 

Ports has identified numerous challenges in both the production of the computational model, 

as in the calculation of the SDDR and the analysis of the results. In this subsection, a revision 

of these challenges will be provided, focused only on ITER Diagnostic Ports, which form 

the core of this thesis. 

The methodology for the production of a computational model of a complete ITER 

Diagnostic Port has found to be a very tedious and time-consuming process. In addition to 

the preparation of the geometry of diagnostic systems, past analyses often required 

processing of the common ITER Diagnostic Port components. While each diagnostic port 

has its own diagnostic systems in the Port Plug and the Port Interspace, the design of the 

components like Port Plug structure, Diagnostic First Wall and Port Cell Rails is the same 

for all ITER diagnostic ports. The processing of all this geometry before every port analysis 

does not only increase the time necessary to produce the model, but also opens a possibility 

for human errors in the workflow. For example, an error in the implementation of the gaps 

between the DFW and the VV or the PPS and the VV can have a major impact on the SDDR 

in the port interspaces. Even though an easier methodology for integration of diagnostic 

systems into a Generic Diagnostic Port Plug was found, that methodology extensively uses 

negation, which in more complex models with thousands of MCNP cells significantly 
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increases the memory consumption of a model [72] and the number of surfaces to describe 

the geometry can reach the MCNP code’s limit. 

Moreover, the revision of the “Material Definition and Allocation” has also shown a 

major space for improvement. While this step is relatively fast for a simple geometry featuring 

few hundred MCNP cells and less than 5 materials, the time consumption of the definition 

and the allocation of materials quickly increases for complex models with few thousands of 

MCNP cells and from 20 to 30 different materials, as it is common for ITER Port analyses. 

Even though in the process of the production of the MCNP model comments were assigned 

to MCNP cells, the lack of the standardization of comments required a manual allocation to 

every single MCNP cell. This was not only a time-consuming process, but the manual 

allocation of materials was also error prone. Furthermore, the SDDR calculations in ITER 

Diagnostic Ports are highly dependent on the content of impurities of defined materials, so 

a careful definition before each analysis and a thorough revision after were an important part 

of the workflow. 

In the continuation of the revision, many deficiencies have been also uncovered in the 

last step of the methodology. In many past analyses, the SDDR calculations in the ITER 

Diagnostic Ports were performed by a 40º representation of the ITER machine, where the 

central generic port (in the Upper or the Equatorial Level) was replaced by the MCNP model 

of a specific port of interest. The results were then processed, and the performance of the 

port was judged based on the obtained values. However, it was later shown in many nuclear 

analyses that strong radiation cross-talks can be observed, which drive the SDDR levels in 

well-shielded ITER Diagnostic Ports. This means that while in scoping shielding studies the 

relative changes of the SDDR still presented a meaningful information, as absolute values 

the SDDR results were considerably clouded by the contribution of the generic 

representation of the port neighbourhood. In addition to that, even though in many scoping 

shielding studies only the explicitly modelled port was studied, the calculations were run 

simulating particle transport in the complete 40º geometry. As a result, the ever-needed 

computational resources were wasted on the simulation of details that consequently blurred 

the radiation conditions inside the studied ports. 

It has been also observed that there was a strong need for standardization of tallies 

used to calculate SDDR values. While there were some attempts to standardize tallying 

volumes, the proposed large volumes used for comparison between studies clashed with 
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interspace components and the results were averaged over regions inaccessible for workers. 

In many cases these tallies were giving unrealistically high values, since the volumes also 

covered radiation streaming paths otherwise well contained inside the interspace shielding. 

This problem was not solved by the representation of the SDDR values in the form of a 2D 

map, as the results were often difficult to compare due to different voxel size or the value 

range in the produced SDDR maps. 

Finally, an important observation has been also made regarding the amount of 

information that can be extracted from a single nuclear analysis presenting SDDR values in 

the ITER Port. In case of ITER diagnostic ports, often as many as 7 diagnostic systems are 

integrated into the DSMs of the Port Plug, which can open up radiation streaming paths due 

to the removal of a vast amount of shielding. Consequently, the SDDR in the ITER 

Diagnostic Port Interspace is a result of the activation induced by neutron leakage through 

the optical path of diagnostic systems, neutron leakage through the gaps between the Port 

Plug Structure and the Vacuum Vessel and radiation cross-talk from the neighbouring ports. 

Due to the complex combination of various SDDR drivers impacting the SDDR, a need for 

an improved methodology has been identified that would be able to rigorously attribute 

fractions of the total SDDR to radiation leakage through different diagnostic systems or 

other beforementioned SDDR drivers. With the improved methodology, recommendations 

could be given on how to improve the integration of a specific diagnostic system or its 

shielding in the Port Interspace. 

2.3 Advances in the methodology for SDDR calculations 

Considering the challenges identified in the revision of the initial methodology for 

calculations and analysis of SDDR in ITER Diagnostic Ports, a series of methodological 

advances has been proposed and implemented in order to overcome them. While many 

improvements of the methodology are specific for the SDDR calculations in ITER 

Diagnostic Ports, some can be extrapolated to other ITER Ports or different nuclear 

installations. The importance of this improved methodology has been shown in numerous 

nuclear analysis since its implementation, and most of the proposals have become a part of 

the official ITER guidelines for nuclear analysis of diagnostic ports [73]. In this subsection, 

the production of the MCNP model, the definition and allocation of materials and the 

calculation of shutdown dose rates are discussed again, however, this time in the terms of 

the new and improved methodology. 
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2.3.1 Optimized production of the MCNP model 

In the revision of the methodology it has been identified that although the design of 

some components of ITER Diagnostic Ports is the same for all ports (or the minor difference 

would not be reflected in the SDDR results), the CAD geometry of the complete port has 

been simplified and translated to MCNP format each time to carry out a nuclear analysis. 

This not only rose the time-consumption of the MCNP model production, but also added 

to its complexity and increased the possibility for human errors. Moreover, an alternative 

technique was observed, where the author produced an MCNP model of only optical paths 

and diagnostic systems and used a complement operator # to subtract that model from the 

Diagnostic Generic Equatorial Port Plug (DGEPP) [41]. While this method works for a 

simpler geometry, in more complex MCNP models an excessive use of # significantly 

increases the memory consumption [72] and the MCNP code’s limit for number of surfaces 

to describe a single cell can be breached. 

In order to solve this, a technique of reusing the Diagnostic Generic Port Plugs (seen 

in Figure 4) with dummy DFWs and DSMs, but avoiding the unnecessary use of #, is defined 

in this section. This way more than 3000 MCNP cells can be reused out of approximately 

12,000, which is a rough estimation of the number of MCNP cells required to describe a 

complete detailed Equatorial Port. Moreover, here presented methodology is not only limited 

to Diagnostic Equatorial Ports, but it can be also applied for diagnostic ports in the Upper 

and the Lower Level of the machine. 

 

Figure 4: Simplistic breakdown of the ITER Diagnostic Generic Port Plug. 
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The general idea of this technique is to use the DGEPP model available in the ITER 

reference model and to recreate the space evacuation necessary for the integration of 

diagnostic systems provided in the original CAD model of a specific port. Then in the 

following step, this evacuated space will be populated with the computational model of the 

diagnostic systems. In order to describe the workflow in question, an example of the 

simplified geometry of the Equatorial Port #8 will be prepared and integrated into the 

MCNP model of the DGEPP [18], used in C-lite V2 (release 150304) [74] in 2015/2016. 

Even though the ITER reference model of the machine has been updated more than 5 times 

since 2015, the methodology explained here is still valid in 2019. Figure 5 shows a vertical 

cross-section through the dummy DGEPP in C-lite V2. 

 

Figure 5: Diagnostic Generic Equatorial Port Plug inside C-lite V2. 

In the first step of the methodology, the CAD geometry of the diagnostic systems 

from the plasma to the Bioshield has been extracted from the original CAD model of the 

complete port and processed in SpaceClaim to prepare a simplified CAD model. Since the 

MCNP model of the Generic Port Plug will be used for the integration, there is no need for 

simplification of the Port Plug CAD model. A comparison of the original CAD model with 

the Port Plug and the simplified CAD of only diagnostic systems can be seen in Table 3. 

Table 3: Comparison of the original CAD model of the complete EP#8 and the simplified CAD 
model of only diagnostic systems. 

ORIGINAL CAD 
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SIMPLIFIED CAD 

 

At this stage of the workflow it is important to add that the methodology for the 

integration of diagnostic systems into the Port Plug is slightly different than the integration 

into the Port Interspace of the generic model. The reason for this is that the development 

and the port integration of the in-vessel and ex-vessel diagnostic systems and components is 

done separately in ITER and the original CAD models have been often received in two parts 

– on one side the Port Plug model with diagnostic systems up to the assembly windows on 

the Closure Plate, and on the other side, the diagnostic systems in the Interspace, the 

Interspace Support Structure and the Bioshield Plug in a separate model. For this reason, the 

methodology has been adapted to this fact by splitting the workflow and the CAD model of 

the diagnostic systems into two parts (as shown in Figure 6), which also allows the geometry 

simplification, the translation to the MCNP format and the integration into the generic model 

to be done in parallel to speed up the process. 

 

Figure 6: The simplified CAD model of the diagnostic systems split on the PP and the PI part. 

Firstly, the technique to integrate the diagnostic systems into the generic port plug 

will be described. Before the proposal of the Modular Equatorial DSM in 2016 (more in 

section 3.2), the engineering design of the DSM was not mature yet, so the port integration 

of diagnostic systems was practiced using a simplified conceptual design of a DSM with 

homogenised material mixture (mixture of steel, water, boron-carbide and void) for the bulk 

shield. This can be also seen in Table 4, where the Generic Equatorial Port Plug included in 

C-lite V2 reference model is compared to the Port Plug provided with the original CAD of 
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EP#8. The only difference are the apertures in DFWs, DSMs and Closure Plate of the EP#8, 

created by the ITER engineers to host the diagnostic systems and their optical paths. 

Table 4: The Generic EPP compared to the Port Plug of the EP#8. 

GENERIC EQ. PORT PLUG EP#8 PORT PLUG 

  

In order to create space in the Generic EPP for the diagnostic systems of EP#8, the 

excavated volume from the Port Plug of EP#8 must be recreated in CAD, so it completely 

covers the diagnostic systems from the plasma to the Closure Plate. Since there are also 

diagnostic systems, electrical connectors, cables and pipes in the gap between the DSMs and 

the Closure Plate, a large volume has been modelled, covering all the components in that 

area (figure in the right column in Table 5). The volumes produced in this step are called 

envelopes and an example for the complete Port Plug can be seen in Table 5. 

Table 5: The production of the envelopes inside the Port Plug is presented. 

        
 

After the envelopes have been modelled, the software package SuperMC can be used 

to translate them from the CAD to the MCNP format. When translated, the volume of the 

envelopes can be removed from the overlapping MCNP cells of the dummy Generic EPP 

by a complement operator and a list of bounding surfaces of the envelopes. This prepares 

an undefined area in the Generic EPP (represented by a red dashed line in Figure 7), 

corresponding to the space necessary for the integration of diagnostic systems of the EPP#8. 
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Since there is considerably less envelopes than diagnostic systems and the geometry is much 

simpler, using the complement operator in this case does not reach the MCNP code’s limit 

for the number of surfaces per cell. 

 

Figure 7: The volume of the envelopes has been removed from the GEPP in C-lite V2. 

The resulting undefined area in the Port Plug must be filled with the MCNP models 

of the diagnostic systems of EP#8 and the explicit definition of the void between the 

apertures and the systems. While the diagnostic systems have been already simplified for the 

translation to the MCNP format, the void space can be defined using the automatic void 

generation option in SuperMC. In order to produce the automatic void in the shape of the 

envelopes, a large container can be created in CAD that completely covers the envelopes 

(figure in the left column in Table 6). Then the volume of the envelopes can be removed 

from the container and the created empty space can be populated by diagnostic systems 

inside the Port Plug of EP#8. The right figure in Table 6 shows a cross-section through the 

container (the container is cut into smaller bodies to reduce the complexity of the geometry) 

with the diagnostic systems and the void space corresponding to the envelopes. 

Table 6: Production of the model of diagnostic systems to be translated to the MCNP format. 
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The geometry of both the container and the diagnostic systems can be then translated 

to MCNP format using SuperMC, while the empty or undefined space in CAD model will 

be populated by automatically created void cells in the MCNP model. Since only the 

diagnostic systems and the voids fitting the envelopes can be inserted into the DGEPP (i.e. 

to not have an overlapping geometry), after the translation, the MCNP cells of the container 

(highlighted in colour rose in Figure 8) and the automatically produced voids outside the 

container (highlighted in colour grey in Figure 8) must be removed. 

 

Figure 8: MCNP model of the EP#8 diagnostic systems, container (in colour rose), voids fitting the 
envelopes and automatic voids outside the container (in colour grey). 

The resulting MCNP model of diagnostic systems and empty space then exactly fits 

the undefined area created by the evacuation of the volume of the envelopes from DGEPP. 

This step completes the integration of EP#8-specific diagnostic systems into the Diagnostic 

Generic EPP and the resulting model can be seen in Figure 9. 

 

Figure 9: Integration of the diagnostic systems into the undefined area in DGEPP. 
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In the second part, the integration of the interspace components (e.g. diagnostic systems, 

Interspace Support Structure, Port Cell Rails, shielding proposals, etc.) into the Port 

Interspace of the Diagnostic Generic Equatorial Port will be explained. From the 

implementation of the methodology in 2015/2016, the integration of the interspace 

components has undergone few modifications. The first Diagnostic Generic Port models 

provided with C-lite were produced using the automatic void generation. As the Figure 9 

shows, in those models the interspace was densely populated by numerous void cells, which 

required identification of each one before carrying out the integration. In order to facilitate 

this step in the following updates of the ITER reference model, recommendations were given 

to the developers, and in the C-Model releases, these automatic void cells have been replaced 

by few large space reservation cells. Following this update of the generic models, nowadays 

the integration of the diagnostic systems into the interspace can be performed in the matter 

of minutes. 

Before the translation, all the port components not included in the GEPP model of the 

ITER reference model must be obtained from ITER and added to the diagnostic systems 

from the Closure Plate and to the Bioshield Plug. Depending on the release of C-Model, 

these components can be Interspace Support Structure, Port Cell Rails or Bioshield. After 

the CAD model of the complete Interspace is prepared, the model can be translated to 

MCNP format by using automatic void generation, and the produced MCNP cells must be 

assigned a unique universe card (option in MCNP [15]). The resulting model of the 

Interspace is then inserted into the void cells of the interspace or the space reservation cells 

in the C-Model releases by assigning them a corresponding FILL card (option in MCNP 

[15]). An example is provided in Figure 10, where the assembly windows and the mirrors of 

EP#8 have been integrated into the MCNP model in Figure 9. 

 

Figure 10: Integration of the Port Interspace components, marked with red rectangle. 
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This methodology has brought many important advances for nuclear analyses of ITER 

Diagnostic Ports. The engineering design of the DSM has matured since 2016 and due to 

the level of details, the production of an MCNP model of the Port Plug and the DSMs for 

each nuclear analysis of the diagnostic port is not possible in a reasonable timeframe. In 

addition to that, remodelling of the Port Plug structure and the DFW would also require a 

thorough revision of the complex gap configuration between the port components and the 

Vacuum Vessel. As it will be shown in the continuation of this thesis, the neutron leakage 

through these gaps is one of the most important drivers for the SDDR in the Port 

Interspaces, therefore, compliance of the gaps [26] [27] in the computational model with the 

requirements has to be assured at all times. 

2.3.2 Enhanced definition and allocation of the materials 

Following the production of the MCNP model, the challenges identified in the 

definition and allocation of materials have motivated the implementation of few 

improvements that have become an important part of the methodology for nuclear analyses. 

With the increasing complexity of the geometry for ITER, also the number of MCNP cells 

produced for nuclear analyses has increased. For example, an analysis of the complete 

Equatorial Port requires a production of more than 12,000 MCNP cells, therefore, the 

material allocation of all materials and densities can take few hours of work and the process 

features a high probability for human errors. 

This has motivated a development of a script that takes as an input data the MCNP 

model of the geometry and in a separate file a “dictionary” of materials (a list of comments 

assigned to MCNP cells and the materials and densities to be applied) and assigns the 

materials to the complete model in the matter of seconds. This way a manual work of few 

hours has been reduced to less than 30 minutes, which is mostly the time required to define 

the dictionary and to revise it. Moreover, in case the analysis requires some changes in the 

materials, the dictionary can be easily updated and initialised again. This script for allocation 

of materials, based on comments assigned to MCNP cells, has become a part of the common 

methodology of the TECF3IR group; the script has been also used to produce the ITER 

Tokamak Complex MCNP model [22]. 

The development of the script has also showed the need to standardize the 

comments assigned to MCNP cells, since that way the script will work every time and for 

every computational model. In addition to that, in order to facilitate the independent revision 
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of the model, the standardization of the comments can also increase the information that 

can be extracted from just reading the cell definition in the input of the calculation. While 

the proposed format can be adapted to any geometry, for the port integration analyses, the 

format shown in Figure 11 has been proposed. Due to its usefulness, this system has been 

also implemented as the part of the guidelines for nuclear analysis of diagnostic ports [73]. 

 

Figure 11: The format of the commenting system used for nuclear analyses of diagnostic ports. 

Moreover, an important improvement has been also implemented in relation to the 

application of density correction factors in the computational models for nuclear analyses. 

Many of the ITER components and ports have already passed the preliminary, preconceptual 

and conceptual design stages, so the volume differences between the original CAD solids 

and the MCNP cells of 2% and 0.1% were no longer acceptable for in-Bioshield nuclear 

analyses [14]. This criteria for in-Bioshield analyses of the final design stage is significantly 

stricter and only deviations of less than 0.1% are generally acceptable. For this reason, inside 

the TECF3IR group, a comprehensive methodology has been developed to compare the 

volume of every single solid in the original CAD model with the volume of the corresponding 

MCNP cells [75]. Then a python script is run to calculate the density correction factors and 

to automatically apply them to the densities in the model. For traceability, the script also adds 

the applied factor to the comment of the MCNP cell. 

The final improvement related to materials consists of the proposal and the 

implementation of a library of ITER MCNP materials for nuclear analyses, with the intention 

to avoid meticulous material definition before each analysis and time-consuming revisions as 

part of the quality process. For this reason, a common format for material definition has 

been proposed, which includes a description of the material, mass and atomic density, added 

impurities, recommended use, references and both the person who defined it and the 

reviewer. Furthermore, each isotope provided in the material definition also includes the 

weight fraction and the corresponding abundancy. The main references used for the 

definition of materials are provided by ITER [67] [68]. An example of the material definition 

can be observed in Figure 12. One of the major advantages of this material library are the 
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impurities highlighted in the header of each material, the references that can be tracked and 

all the materials will be thoroughly revised by an independent reviewer in the upcoming 

months. 

 

Figure 12: An example of the format for the material definition. 

2.3.3 Improved calculation and analysis of the SDDR 

While previous paragraphs have mostly presented advances in the production of the 

computational model, this subsection describes the improvements of the methodology 

related to calculation and analysis of SDDR for ITER. One of the main problems of the 
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revised SDDR analyses, carried out before 2015/2016, was the lack of standardization of the 

SDDR tallies and the obtained values often did not provide valuable information for design 

improvements. Although the nuclear analysists would obtain some SDDR values in the Port 

Interspaces, those values could not be compared between different studies and from results 

it was difficult to give suggestions on the improvements of port integration.  

For this reason, a lot of efforts have been made to define and standardize the SDDR 

tallying positions that could be compared against the specified SDDR requirements for 

hands-on maintenance activities in port interspaces. Moreover, a special approach to 

utilization of the ITER reference model has been implemented that allows calculating the 

radiation cross-talks from the neighbouring ports and in scoping shielding studies 

significantly reduces the computational time of SDDR calculations. This has been completed 

with the development of a state-of-the-art methodology for SDDR calculations that in only 

one calculation provides the most complete picture of the impact of each diagnostic system 

inside the Port Plug on the SDDR in the interspace. 

Most of the improvements described in this subsection can be used in any tool 

accepted by ITER for SDDR calculations and the methodology is not only limited to ITER 

Ports. However, since the development of the in-house code D1S-UNED has been done 

side-by-side with the development of the methodology, some of the advances presented here 

are not straightforward when utilizing other SDDR tools. In the following paragraphs, all the 

advances in the calculation and analysis of SDDR in ITER will be thoroughly explained.  

2.3.3.1 Selection of D1SUNED input data 

Before the acquisition of in-house code D1S-UNED by ITER in 2017/2018, a list 

of 6 most contributing radioisotopes to the SDDR was being used for all SDDR calculations 

in Port Interspaces. However, after the migration from C-lite to C-Model, the complexity of 

the reference computational model has significantly increased, the definition of all materials 

has been revised again and some impurities important for SDDR have been included in the 

materials (according to [68]). As part of the deliverables of the acquisition, an update of the 

initial activation study was carried out by a more thorough activation analysis of several 

common materials with a representative isotopic inventory of the ITER facility. These 

materials have been activated with two representative neutron flux spectra and 

corresponding intensities, and a list of most contributing radioisotopes (and pathways leading 

to them), responsible for 99 % of the total Contact Dose Rate (CDR), has been prepared. A 
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report [61] has been written on the conclusions and a list of most contributing isotopes has 

been provided for two cooling times, i.e. 105 and 106 seconds of cooling time. After the 

results of the activation analysis have been obtained, all D1SUNED input data has been 

updated accordingly and used for all the following SDDR calculations. The updated list of 

isotopes for 106 s of cooling time, with corresponding time correction factors, pathways and 

reaction file content is provided in Table 7. The time correction factors have been produced 

after the complete SA-2 [30] irradiation scenario and normalised by the D1SUNED 

normalization factor [51] of 1.97·1019. 

Table 7: The isotopes, time correction factors, pathways and reaction file content considered in the 
SDDR calculations at 106 s of cooling time after the complete SA-2 irradiation scenario. 

Isotope 
Time correction 

factor 
Pathway Reaction File 

22Na 4.696E-02 23Na (n, 2n) 22Na 11023.99c 16 11022 
37Ar 6.643E-02 40Ca (n, α) 37Ar 20040.99c 107 18037 
47Ca 1.485E-02 46Ca (n, γ) 47Ca 20046.99c 102 20047 

48Ca (n, 2n) 47Ca 20048.99c 16 20047 
46Sc 7.435E-02 45Sc (n, γ) 46Sc 21045.99c 102 21046 

45Sc (n, γ) 46mSc (IT →) 46Sc 
46Ti (n, p) 46Sc 22046.99c 103 21046 
46Ti (n, p) 46mSc (IT →) 46Sc 
47Ti (n, np) 46Sc 22047.99c 28 21046 
47Ti (n, np) 46mSc (IT →) 46Sc 
47Ti (n, d) 46Sc 22047.99c 104 21046 
47Ti (n, d) 46mSc (IT →) 46Sc 

47Sc 8.060E-03 47Ti (n, p) 47Sc 22047.99c 103 21047 
48Ti (n, np) 47Sc 22048.99c 28 21047 
48Ti (n, d) 47Sc 22048.99c 104 21047 

51Cr 6.263E-02 50Cr (n, γ) 51Cr 24050.99c 102 24051 
52Cr (n, 2n) 51Cr 24052.99c 16 24051 
54Fe (n, α) 51Cr 26054.99c 107 24051 

54Mn 6.135E-02 55Mn (n, 2n) 54Mn 25055.99c 16 25054 
54Fe (n, p) 54Mn 26054.99c 103 25054 
56Fe (n, t) 54Mn 26056.99c 105 25054 
58Ni (n, pα) 54Mn 28058.99c 112 25054 

55Fe 4.634E-02 54Fe (n, γ) 55Fe 26054.99c 102 26055 
56Fe (n, 2n) 55Fe 26056.99c 16 26055 

59Fe 6.962E-02 58Fe (n, γ) 59Fe 26058.99c 102 26059 
59Co (n, p) 59Fe 27059.99c 103 26059 
62Ni (n, α) 59Fe 28062.99c 107 26059 

57Co 6.349E-02 58Ni (n, np) 57Co 28058.99c 28 27057 
58Ni (n, d) 57Co 28058.99c 104 27057 

58Co 7.373E-02 59Co (n, 2n) 58Co 27059.99c 16 27058 
59Co (n, 2n) 58mCo (IT →) 58Co 
58Ni (n, p) 58Co 28058.99c 103 27058 
58Ni (n, p) 58mCo (IT →) 58Co 

60Co 3.659E-02 59Co (n, γ) 60Co 27059.99c 102 27060 
59Co (n, γ) 60mCo (IT →) 60Co 
60Ni (n, p) 60Co 28060 103 27060 
60Ni (n, p) 60mCo (IT →) 60Co 
61Ni (n, np) 60Co 28061 28 27060 
61Ni (n, np) 60mCo (IT →) 60Co 
61Ni (n, d) 60Co 28061 104 27060 
61Ni (n, d) 60mCo (IT →) 60Co 
63Cu (n, α) 60Co 29063 107 27060 
63Cu (n, α) 60mCo (IT →) 60Co 
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65Zn 6.515E-02 64Zn (n, γ) 65Zn 30064.99c 102 30065 
66Zn (n, 2n) 65Zn 30066.99c 16 30065 

84Rb 6.576E-02 85Rb (n, 2n) 84Rb 37085.99c 16 37084 
85Rb (n, 2n) 84mRb (IT →) 84Rb 
84Sr (n, p) 84Rb 38084.99c 103 37084 
84Sr (n, p) 84mRb (IT →) 84Rb 

86Rb 5.462E-02 85Rb (n, γ) 86Rb 37085.99c 102 37086 
85Rb (n, γ) 86mRb (IT →) 86Rb 
87Rb (n, 2n) 86Rb 37087.99c 16 37086 
87Rb (n, 2n) 86mRb (IT →) 86Rb 
86Sr (n, p) 86Rb 38086.99c 103 37086 
86Sr (n, p) 86mRb (IT →) 86Rb 

85Sr 7.320E-02 84Sr (n, γ) 85Sr 38084.99c 102 38085 
84Sr (n, γ) 85mSr (IT →) 85Sr 
86Sr (n, 2n) 85Sr 38086.99c 16 38085 
86Sr (n, 2n) 85mSr (IT →) 85Sr 

88Y 7.419E-02 89Y (n, 2n) 88Y 39089.99c 16 39088 
92mNb 3.848E-02 93Nb (n, 2n) 92mNb 41093.99c 316 41092 

92Mo (n, p) 92mNb 42092.99c 403 41092 
124Sb 7.265E-02 123Sb (n, γ) 124Sb 51123.99c 102 51124 

123Sb (n, γ) 124mSb (IT →) 124Sb 
123Sb (n, γ) 124nSb (IT →) 124mSb (IT →) 124Sb 

134Cs 4.974E-02 133Cs (n, γ) 134Cs 55133.99c 102 55134 
133Cs (n, γ) 134mCs (IT →) 134Cs 

152Eu 2.063E-02 151Eu (n, γ) 152Eu 63151.99c 102 63152 
153Eu (n, 2n) 152Eu 63153.99c 16 63152 

154Eu 2.809E-02 153Eu (n, γ) 154Eu 63153.99c 102 63154 
153Eu (n, γ) 154mEu (IT →) 154Eu 

160Tb 7.383E-02 159Tb (n, γ) 160Tb 65159.99c 102 65160 
181Hf 6.902E-02 184W (n, α) 181Hf 74184.99c 107 72181 
182Ta 7.388E-02 181Ta (n, γ) 182Ta 73181.99c 102 73182 

181Ta (n, γ) 182mTa (IT →) 182Ta  

181Ta (n, γ) 182nTa (IT →) 182mTa (IT →) 182Ta 

182W (n, p) 182Ta 74182.99c 103 73182 
182W (n, p) 182mTa (IT →) 182Ta  

182W (n, p) 182nTa (IT →) 182mTa (IT →) 182Ta 

183W (n, np) 182Ta 74183.99c 28 73182 
183W (n, np) 182mTa (IT →) 182Ta  

183W (n, np) 182nTa (IT →) 182mTa (IT →) 182Ta 

183W (n, d) 182Ta 74183.99c 104 73182 
183W (n, d) 182mTa (IT →) 182Ta  

183W (n, d) 182nTa (IT →) 182mTa (IT →) 182Ta 

181W 7.358E-02 180W (n, γ) 181W 74180.99c 102 74181 
182W (n, 2n) 181W 74182.99c 16 74181 

187W 3.081E-05 186W (n, γ) 187W 74186.99c 102 74187 
233Pa 6.218E-02 232Th (n, γ) 233Th (β- →) 233Pa 90232.99c 102 91233 

2.3.3.2 SDDR tallies 

In the revision of the methodology, a strong need for standardization of the SDDR 

tallies has been discovered. In the initial attempt by the ITER neutronics community, two 

tallies (i.e. R1 and R2 [11] [71]) in the Equatorial Port Interspace were defined for the purpose 

of comparison of SDDR values between different studies. However, with the evolution of 

the design of ITER components, many problems have arisen regarding the proposed tallies. 

As the Figure 13 shows, when the interspace of a diagnostic port is populated with the 

diagnostic systems and the Interspace Support Structure, the tallies R1 and R2 show a 

considerable interference with interspace components, leading to unrealistic SDDR results. 
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In addition to that, the results obtained with these tallies can also be artificially high, since in 

some cases the SDDR can be averaged over regions that contain extremely large radiation 

streaming but are otherwise well shielded. 

 

Figure 13: Horizontal cross-section through the R1 & R2 tallies. 

Since most of the volume of R1 and R2 tallies is not accessible for workers, the 

obtained values would not be physically relevant for maintenance activities. This has 

motivated a definition of the tallies that would give meaningful values that could be used to 

check the compliance with project requirements on SDDR [7]. Based on this, the new tallies 

(presented in Figure 14) have been defined at the end of the walkways in the maintenance 

corridors of the interspace, with the size of about 190 cm x 60 cm x 40 cm. Negligible 

differences in size come from the fact that the design of the Port Interspaces and 

maintenance walkways is still under development, so minor readjustments are sometimes 

necessary to avoid clashes of geometry. Nonetheless, the results obtained in these positions 

give conservative estimates for the SDDR in a position where a worker would be standing 

to perform a visual inspection of the connections on the Closure Plate. 

 

Figure 14: Horizontal cross-section through the new maintenance corridors tallies. 
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In the same manner as for the Equatorial Ports, these maintenance tallies have been 

defined also for the Upper Ports [45] and for the Remote-Handling Lower Ports [76]; an 

overview is shown in Table 8. While the tallies in the Lower Level have been proposed just 

recently, the maintenance corridors tallies in the Equatorial and the Upper Level have already 

become a part of the official ITER guidelines for nuclear analyses of diagnostic ports [73]. 

Table 8: The definition of the maintenance corridors tallies in all three levels of the ITER machine. 

Tally name Tally definition Illustration 

Upper Ports 

 

Left corridor: 
X={1190, 1250} cm 
Y={-113, -69} cm 
Z={517, 707} cm 
 
Right corridor: 
X={1190, 1250} cm 
Y={69, 113} cm 
Z={517, 707} cm 

 

 

 

 

Equatorial Ports 

Left corridor: 
X={1205, 1265} cm 
Y={-134, -94} cm 
Z={-20.5, 172} cm 
 
Right corridor: 
X={1205, 1265} cm 
Y={94, 134} cm 
Z={-20.5, 172} cm 

Lower Ports 

Left corridor: 
X={1353, 1413} cm 
Y={-118, -78} cm 
Z={-545.5, -353.5} cm 
 
Right corridor: 
X={1353, 1413} cm 
Y={78, 118} cm 
Z={-545.5, -353.5} cm 

2.3.3.3 Local and global approach 

In most reports and papers included in the revision of the past work in 2015/2016, 

the nuclear analyses of diagnostic ports or other ports of interest (e.g. Ion Cyclotron Heating 

antenna, Electron Cyclotron Heating antenna, TBM, etc.) were normally carrier out in the 

following way. The computational model of the port of interest was inserted (replacing the 

generic representation of a diagnostic port) into one of the central ports in the ITER 

reference model. Then, if the computational models of the neighbouring ports were also 
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available, they were placed in the surrounding ports in the reference model. This was usually 

followed by running the SDDR calculations, simulating the radiation transport and the 

activation throughout the complete 40º sector of the machine. However, based on the 

obtained SDDR results, it was difficult to analyse the design of the studied port, since the 

radiation cross-talk from the neighbouring ports also had an important impact on the SDDR 

values in the Port Interspace. There were attempts to evaluate the contribution of the cross-

talk [11] [9], but due to the lack of standardization of the approach, the results could not be 

compared between different studies. 

Furthermore, at that time (and even today) not many computational models of ITER 

Ports existed (revision of the existing MCNP models has been performed in [77]), so in cases 

when all the neighbouring ports were not explicitly represented, the absolute values of the 

results did not capture correctly the influence of the complete environment. In addition to 

that, in the initial stages of the design of components, the needs of the ITER project often 

call for the scoping shielding studies, where a battery of cases is prepared to study different 

shielding proposals. Since the SDDR calculations are very resource-consuming even on a 

supercomputer, the particle transport in the neighbouring ports with a generic representation 

is wasting considerable computational time for very little valuable information. 

This has motivated the development of a special methodology for performing the 

SDDR calculations (and for nuclear analyses in general) with the reference model of the 

ITER machine. Following this methodology, the calculations can be carried out following 

two approaches. In the global approach, the port neighbourhood of the port of interest is 

realistically represented with explicit MCNP models, while in the local approach all the 

neighbouring ports are completely closed for radiation transport and activation. Each 

approach has its own advantages and the recommended use that will be explained in the 

following paragraphs. 

In the local approach, neutron and gamma radiation transport and decay gamma 

production (both during machine operation and cooling time) are suppressed in all ports of 

the ITER reference model (from plasma to Bioshield and from Lower to Upper Level), 

except in the explicitly represented port under study. A visual representation of an example 

of the closed (i.e. suppressed transport and activation) neighbouring ports for port 

integration study of a Diagnostic Equatorial Port can be seen in Table 9. In order to avoid 

confusions, all the results obtained in local approach are followed by a “Δ” sub-index. For 
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example, 14Δ μSv/h indicates that SDDR computed in local approach is 14 μSv/h, and it 

represents a sub-estimated value, missing the radiation cross-talk from neighbour ports. 

Table 9: Representation of the local approach for nuclear analyses of the Equatorial Ports. 

Closed UP and LP envelopes 

(vertical cross-section) 

Closed neighbouring EP envelopes 

(horizontal cross-section) 

  

Suppression of the radiation leakage through the neighbouring ports emphasizes the 

relative changes of the SDDR due to different in-port design solutions (e.g. scoping shielding 

studies, material optimization, optimization of diagnostic systems integration, etc.), while 

considerably saving the computational time. Furthermore, the local SDDR results, obtained 

in the most exposed positions of the maintenance corridors, can also be used to check the 

compliance with the SDDR target of 100 µSv/h after 106 s of cooling time for planned 

hands-on maintenance operations. However, due to underestimation of the SDDR in local 

approach, meeting the target in local does not necessarily imply that the target will also be 

met in global. 

In the initial stages of the design, the components should be optimized in local approach, 

and only when the SDDR target is met, the study should evolve to the global approach. The 

global model should be built up by replacing the neighbouring generic ports with an explicit 

representation of each port (if available, otherwise a suitable conservative model should be 

chosen). However, since the 40º ITER reference model has been conceived for even port 

analyses, the global studies of odd ports require additional modifications that have been 
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provided in the release document of the computational model [21]. The integration of the 

ports in both cases can be explained with examples of the global models for the analyses of 

an odd port EP#11 and an even port EP#12 (provided in section 4). 

Considering that the 40º ITER Tokamak reference model has been conceived for even-

port analyses, the production of the global EP#12 model requires only renumbering of cell 

and surface numbers of isolated models of neighbouring ports and then integrating those 

models into the port containers of the reference model. A simple schematic representation 

of the final global configuration can be seen in Table 10. The produced model respects the 

EP#12 neighbourhood, as the EP#12 is located above the TCP-LP and the UP#12 hosts 

the EC-UL. The neighbouring ports EP#11 and ICH are located above the IVVS and an 

empty LP envelope (representing Cryostat Cryopump), and above them one can find the 

DGUP (the MCNP model of UP#11 does not exist yet in 2019) and the EC-UL, respectively. 

Table 10: Allocation of the neighbouring ports in the global model of EP#12. 

 Y- CENTRAL P. Y+ 

Upper Level EC-UL EC-UL DGUP 

Equatorial Level ICH EP#12 EP#11 

Lower Level / (CCP) TCP-LP IVVS 

On the other hand, the preparation of the global models for odd port analyses is a bit 

more complex. Due to the Vacuum Vessel structure in the ITER reference model, the 

integration of the EP#11 above the IVVS cannot be achieved by simply switching the 

contents of the Lower Port envelopes (the TCP-LP is in the central region of the reference 

model, above which usually nuclear analyses of even EP are made). For this reason, the 

following modifications must be performed to produce the global model of EP#11: 

1. The computational model of the EP#11 must be integrated above the IVVS into the 

lateral envelopes of the equatorial ports. 

2. Reflecting boundary conditions of the reference model must be replaced with periodic 

boundary conditions (PBC) by following the instructions in [21]. This modification 

would allow the particles crossing the boundary of one half of the EP#11 to re-enter at 

the boundary of the other half. This results in the continuous transport of the radiation 

through the port, which is otherwise geometrically split and placed in the lateral 

envelopes. 
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3. The central C-Model port envelopes of the Equatorial and Upper Level have been split 

in half and populated with appropriate ports.  

A simple schematic representation of the final global EP#11 model can be seen in Table 

11. The produced model respects the EP#11 neighbourhood, as the EP#11 is located above 

the IVVS and the UP#11 features a DGUP; the neighbouring ports EP#12 and EP#10 are 

located above the TCP-LP, and above them one can find the EC-UL and another DGUP, 

respectively. As in the case of the global model of EP#12, the computational models of 

UP#10 and UP#11 do not exist yet in 2019, so a DGUP from the ITER reference model 

can be reused. 

Table 11: Allocation of the neighbouring ports in the global model of EP#11 with PBC. 

 Y- CENTRAL P. Y+ 

Upper Level DGUP EC-UL DGUP DGUP 

Equatorial Level EP#11 EP#12 EP#10 EP#11 

Lower Level / TCP-LP IVVS 

The effect of assigning PBC to a model with ports integrated as in Table 11 is similar to 

“flipping” a C-lite model, a methodology used in the past for odd port global studies or the 

nuclear analyses of the IVVS port [78]. Consequently, placing the PBC conditions in the 

ITER reference model recreates the port configuration as presented in Table 12. 

Table 12: Representation of the EP#11 port neighbourhood in the global model with PBC. 

 Y- CENTRAL P. Y+ 

Upper Level DGUPP DGUP EC-UL 

Equatorial Level EP#10 EP#11 EP#12 

Lower Level TCP-LP IVVS TCP-LP 

Following the instructions for even or odd port global analyses, the SDDR values can 

be calculated again in the most exposed position of the maintenance corridors of the port of 

interest. While comparing the local SDDR against the requirement can be used more as an 

indicator of the design optimization, only the global SDDR values will actually show if the 

SDDR requirement of 100 µSv/h after 106 s of cooling time is met in the maintenance 

corridors of the interspace. Nonetheless, a difference between the SDDR in global and local 
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approach will give the best estimation of the contribution of radiation cross-talks. While 

currently the presented methodology for global calculations achieves the closest 

representation of the radiation cross-talks in a 40º ITER reference model, this technique will 

be greatly improved by a 360º computational model of the ITER machine [77], which has 

been completed by the TECF3IR group in 2019. 

2.3.3.4 Matrix of responsibilities 

In the introduction of the thesis (section 1.3), the following SDDR drivers in terms 

of neutron leakage have been identified as the most contributing to the SDDR in the 

maintenance corridors of the Port Interspace: L1) neutron leakage through the Port Plug, 

L2) neutron leakage through the gaps between the Port Plug and the Vacuum Vessel, L3) 

neutrons crossing the Blanket Shield Modules (BSMs) and the Vacuum Vessel, and L4) 

neutron leakage through the neighbouring ports. Since the gaps between the PP and the VV 

are mostly optimized [26] [27], and the design of BSMs and VV is complete, the second and 

the third SDDR drivers can be joined together (L2+L3) for the convenience of this 

discussion. Therefore, when the SDDR is calculated following a global approach, the result 

covers the contributions of all SDDR drivers. In local approach the radiation cross-talks are 

suppressed, but the resulting value still contains the contribution of L1 and L2+L3. 

While this for many ITER Ports without large apertures in the Port Plug provides 

enough information, this is not the case for ITER Diagnostic Ports with several diagnostic 

systems. The integration of diagnostic systems into the Port Plug has a complex impact on 

the SDDR in the interspace. On one hand, the shielding from DFWs and DSMs must be 

removed in order to integrate a diagnostic system. This can create a radiation streaming path, 

which in turn increases the neutron flux leakage through the Port Plug and consequently also 

the SDDR. On the other hand, the systems are made up of components and local shields, 

which in turn become activated and contribute to the SDDR. Therefore, the presence of a 

system alters the SDDR by not only increasing the activation of the system itself, but also of 

the neighbouring systems or ISS through neutron leakage. 

In order to increase the resolution of the SDDR calculations for the purpose of port 

integration studies, a state-of-the-art methodology has been proposed that further breaks 

down the total SDDR on contributions of neutron leakage through individual diagnostic 

systems and on contributions due to activation of several component groups. Consequently, 

from the contributions of individual diagnostic systems the SDDR driver L1 can be 
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estimated (with the approximation that the contribution of neutrons crossing through the 

complete bulk shield of well-designed DSM is negligible), while the difference to the local 

SDDR gives the SDDR contribution of the joint L2+L3 drivers. This new methodology 

answers two important questions regarding port analyses: 

• What is the SDDR increase due to the activation induced by neutron flux leakage through 

every one of the diagnostics systems in the Port Plug? 

• For each one of the SDDR drivers, what are the contributions to the SDDR due to 

activation of different component groups? 

This methodology has been used in numerous nuclear analyses since its implementation 

in 2015/2016 [79] [80] [81] [82] [83] [84], and it has become an important part of the official 

ITER guidelines for nuclear analyses of diagnostic ports [73]. The workflow of the 

methodology will be presented using a CAD model of the EP#11, which hosts 7 diagnostic 

system in the Port Plug. In order to calculate the impact of the diagnostic systems on the 

SDDR in the maintenance corridors, in the step “Preparation of the CAD model”, thin solids 

must be modelled in the DFW, covering the apertures of the diagnostic systems. In Figure 

15, an example is provided for the diagnostic system H-alpha Spectroscopy (H-α), where the 

space evacuated from the Port Plug for the integration of two optical paths of the system is 

highlighted in green colour, while the inserted solids, closing the openings of the system in 

DFW, are marked in red. These inserted solids in the apertures of the DFW must be 

translated to the MCNP format, assigned void as a material, and then integrated together 

with the diagnostic systems into the Port Plug. The implementation of these solids is fully 

compatible with the methodology for MCNP model production, section 2.3.1. 

 

Figure 15: Solids inserted into the H-α apertures in DFW to calculate the SDDR contribution. 

The purpose of these thin cells at the entrance of the apertures of diagnostic systems 

is to use an MCNP option of cell flagging [15], which allows you to track the radiation 

crossing them and to tally their contribution to a specific tally. Therefore, the contribution 
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of a diagnostic system to the SDDR can be then obtained by adding the MCNP card for cell 

flagging to the SDDR tallies in the maintenance corridors, where the flagged cells correspond 

to these thin cells in apertures of the DFW. The code will then provide both the total SDDR 

and the SDDR due to activation induced by plasma neutrons crossing these cells or due to 

decay photons entering the port plug through these apertures in the DFW. 

While the previous step allows us to differentiate SDDR contributions of neutron 

leakage paths through different diagnostic systems, the activation groups can be defined by 

grouping of similar components. In most port integration studies inside Bioshield, it is 

recommended to define at least the following groups: i) Port Plug with all diagnostic systems 

inside and assembly windows, one group for ii) the interspace components of each diagnostic 

system, iii) Interspace Support Structure and iv) Bioshield Plug. Figure 16 shows an example 

of the H-α activation group, consisting of mirrors, supports and waveguides in the interspace. 

 

Figure 16: Representation of the H-α activation group in the Port Interspace. 

In D1SUNED, the tally contribution due to photons emitted from a specific 

activation group [51] can be determined by setting the option SCD for the special treatment 

tally card FT and then providing all MCNP cells of the activation group in the FU card. For 

M diagnostic systems and for N activation groups, a set of at least M·N SDDR tallies in the 

maintenance corridors must be defined to obtain the complete information. Of course, this 

methodology is not limited only to D1SUNED, however, other D1S codes or the R2S 

approach may require many calculations to be done and not only one simulation. 

The representation of results has found to be optimal in the form of the so-called 

“matrix of responsibilities” (in Table 13), where the contributions of the activation groups 

are provided in rows from top to bottom, while the contributions of the activation induced 

by neutron leakage through different apertures of diagnostic systems are given in columns 

from left to right. Two additional columns can be seen, where the “Open” refers to the 

breakdown of the total SDDR on different activation groups, while the “Closed” column 
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refers to the total SDDR without the contributions of diagnostic systems (in local approach, 

the Closed column corresponds to the contribution of L2+L3 SDDR drivers). Regarding 

activation groups, an additional group “environment” or “port neighbourhood” has been 

defined that groups the activation of all components not explicitly defined as a group. 

Table 13: Example of a layout of the matrix of responsibilities. 

 Open Closed 1st system … Mth system 

Environment ✓ ✓ ✓ ✓ ✓ 

Port Plug ✓ ✓ ✓ ✓ ✓ 

ISS ✓ ✓ ✓ ✓ ✓ 

System 1 ✓ ✓ ✓ ✓ ✓ 

… ✓ ✓ ✓ ✓ ✓ 

System M ✓ ✓ ✓ ✓ ✓ 

Total ✓ ✓ ✓ ✓ ✓ 

One matrix of responsibilities is produced for each one of the maintenance corridors 

tallies. Multiple operations on the results can be performed in order to extract valuable 

information. Few examples are given in the following bullet points, where the AG refers to 

the activation group given in rows, while the AP refers to the columns. 

• [AG: System 1 | AP: 1st system] is the SDDR increase due to the activation of the 

components of System 1 with neutrons leaking through the aperture of the System 1. 

• [AG: System M | AP: 1st system] is the increase of the SDDR due to the activation of 

the System M with neutrons leaking through the aperture of the System 1. 

• [AG: Total | AP: 1st system] is the increase of the SDDR due to the activation of 

everything with neutrons leaking through the aperture of the System 1. 

• [AG: Environment | AP: 1st system] is the increase of the SDDR due to the activation 

of the port neighbourhood with neutrons leaking through the aperture of the System 1. 

• [AG: Total | AP: Open] – [AG: Total | AP: Closed] is the increase of the SDDR due to 

the integration of all diagnostic systems. 

2.4 Summary 

The production of an MCNP model of ITER Diagnostic Ports was found to be a time-

consuming process that required processing of the common port geometry for the 

production of each specific port. This approach has been optimized by a technique that 
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allows reusing the generic port geometry available in the ITER reference model, while only 

the port-specific diagnostic systems must be simplified, translated to MCNP format and 

integrated into the Port Plug. Due to the split approach of integrating the diagnostic systems 

into the Port Plug and the Port Interspace, the methodology offers an efficient parallelization 

of MCNP model production, thus significantly cutting the response time of nuclear analyses 

on design changes in the Diagnostic Ports. 

Moreover, minor but important improvements have been also implemented in the 

process of definition and allocation of materials into the computational models. In 2015, a 

script was produced that allows automatic allocation of materials to all MCNP cells in the 

computational model; the script is currently used to produce all complex MCNP models 

inside the TECF3IR group. For the needs of the script, a commenting system has been 

implemented that for each MCNP cell gives information about the material, a component to 

which it belongs and the location of the component. This system is now widely used by the 

TECF3IR group in all projects, and since 2018, forms a part of the official ITER guidelines 

for nuclear analyses of diagnostic ports [73]. 

Finally, three crucial improvements have been implemented in the last step of 

methodology that now form a part of the official ITER guidelines for nuclear analyses. The 

tallying positions in the maintenance corridors of diagnostic ports in the Upper, Equatorial 

and Lower Port have been standardized and used in numerous nuclear analyses. 

Furthermore, local and global approach to nuclear analyses have been implemented – local 

approach is a resource-friendly technique to speed up the calculations and to highlight SDDR 

changes in the initial design phases of components, while in the global approach the radiation 

cross-talks can be well represented and the compliance of the ports with the SDDR target 

can be checked. In addition to that, the difference in the SDDR between the global and the 

local approach provides a good estimation of the contribution of radiations cross-talks to the 

SDDR in the maintenance corridors. As the last improvement, a state-of-the-art 

methodology for SDDR calculations has been implemented that in only 1 calculation (this 

only applies for SDDR calculations using D1S-UNED) provides the most complete picture 

on the impact of each diagnostic system inside the Port Plug on the SDDR in the Port 

Interspace. 
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3 SHIELDING DESIGN 

The ITER Port Interspaces are subjected to a project requirement of 100 μSv/h after 

106 seconds of cooling time to perform hands-on maintenance activities. However, in the 

revision of the previous work in 2015/2016, a significant amount of the articles and the 

reports indicated that the baseline design of the ITER machine at that time did not meet the 

requirement in any of the ITER ports. The following ports were included in that revision: 

EP#10 [11], EP#11 [40], EP#12 [41], TBM [8], ICH [10], EC-UL [12] and UP#18 [85], 

while for most of the other ports the computational models did not exist at that time. 

Up until 2016, several measures were taken by ITER in order to reduce the impact of 

the most contributing SDDR drivers (as identified in section 1.3) on the radiation condition 

in the interspace. Numerous nuclear analyses of ITER ports were carried out to optimize the 

Port Plug design with an objective to mitigate the neutron leakage. Moreover, the Project 

Change Requests (PCR) 644 [27] and 439 [26] were implemented to reduce the neutron 

streaming through the gaps between the PP and the VV. An additional SDDR reduction was 

achieved with the introduction of the PCR 722 [68], which specified requirements for the 

chemical composition and impurity content of the materials exposed to neutron irradiation 

in areas with human access. In relation to the neutron leakage through the neighbouring 

ports, the PCR 713 [86] was implemented to reduce the radiation cross-talk from the TCP 

towards the Equatorial Level. 

Nevertheless, the implemented measures to mitigate the SDDR in ITER Ports were 

only partially successful. In case of the neutron leakage through the Port Plug, the proposed 

solutions were mostly port specific and could not be applied to all ports. Despite the efforts 

for the implementation of PCRs 644 and 439, the PP gaps remained a challenge for SDDR 

in the interspace. Moreover, beyond PCR 722, which somewhat mitigated all four SDDR 

drivers, no further actions were taken to reduce the neutron leakage through the BSMs and 

the VV. The phenomenon of radiation cross-talks was only partially understood, so except 

the PCR 713, no additional measures were proposed to deal with this neutron leakage path. 

There were also some temporary shielding solutions to mitigate the SDDR, but due to the 

case-by-case approach, no project-level coordinated action was taken. 
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3.1 Identified problems 

In the revision of the implemented measures to mitigate the SDDR in ITER Ports, two 

significant challenges were identified that were compromising the compliance with the 

SDDR requirement of 100 μSv/h after 106 seconds of cooling time. 

In the ITER Diagnostic Equatorial Ports, a mitigation of the neutron leakage through 

the Port Plug was mostly carried out by re-design cycles of diagnostic systems to improve 

their performance in terms of radiation streaming. Meanwhile several conceptual designs of 

the DSMs existed in Diagnostic Port Plugs, however, none of them provided a sufficient 

attenuation of the neutron flux and the port plugs did not meet the drained weight limit of 

45 T (changed to 48 T in 2018 [36]). Since there was no engineering solution for the DSM 

design, in most nuclear analyses the material mixture assigned to the bulk shield was modified 

and the density was readjusted to conform with the weight limit. Considering that the 

Equatorial DSMs occupy a large volume of the port plugs and they play a major role in the 

attenuation of the neutron flux, a viable engineering design of a well-shielded DSM was 

greatly needed in ITER.  

The second identified challenge is related to the high contribution to the SDDR due to 

the activation of Port Ducts [8]. While the activation of Port Ducts is attributed to many 

neutron leakage paths, one of most contributing factors is definitively the radiation cross-

talk from the neighbouring ports. In 2015/2016, the understanding of radiation cross-talks 

was limited only to cross-talks from the TCP [37] and the IVVS ports towards the Equatorial 

Level [10], which was observed as an increased SDDR in the Port Interspace. With the 

implementation of local and global approach for port analyses, a valuable tool has been 

obtained for estimation of the SDDR contribution of the neighbouring ports to the SDDR 

in the maintenance corridors of the studied port. Following the first calculations and 

comparing the results of both local and global approach, a significant radiation cross-talk has 

been also observed between the ports in the same level and also between the Upper and the 

Equatorial Level. This has motivated a search for a solution applicable to all ITER Ports of 

Upper and Equatorial Level. 

A closer look to both challenges has resulted in two very important shielding solutions, 

which have substantially reduced the SDDR levels in the ITER Port Interspaces. The 

implementation of the so-called Modular DSM [39] has provided a sound engineering 

solution for ITER Diagnostic Ports and it is currently considered to be implemented in 6 
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out of 10 Diagnostic Equatorial Ports. On the other hand, the supplementary shields [44] 

[45], covering a common Upper and Equatorial VV structure, have been proposed as one of 

the most promising solutions to efficiently reduce the SDDR in the Port Interspaces. 

3.2 Modular DSM 

In addition to the SDDR requirement for the zones where the hands-on maintenance 

activities will be carried out, the ITER Equatorial Port Plugs are submitted to a drained 

weight limit of 48 T due limited capacity of embedded plates in building and Remote 

Handling Cask requirements. Both the SDDR and the weight limit are closely connected, as 

the weight limit restricts the volume of radiation shielding that can be placed inside a port 

plug, therefore, impacting the ability to attenuate the neutron flux. In the revision of the past 

work, it was found that none of the ITER Diagnostic Ports met both requirements 

simultaneously, even if the weight limit was exceeded by several tons. 

While the SDDR in the Port Interspaces is driven by activation induced by many 

different neutron leakage paths, past experience has shown that a neutron flux attenuation 

of at least 6 orders of magnitude (i.e. from 1014 down to 108 n/cm2s) needs to be achieved 

from the plasma to the port interspace, so the neutron leakage through the port plug does 

not prevail as the dominant SDDR driver. This reduction must be achieved independently 

of the penetrations for the diagnostic systems in the DSMs, which largely depends on the 

optimization of doglegs in the optical paths and the bulk shield material used inside the DSM. 

Neutron shielding technology commonly found in the nuclear industry relies massively 

on the combination of stainless steel and water. Stainless steel provides a way to moderate 

high energy neutrons by inelastic scattering on iron, while the elastic scattering on hydrogen 

in water additionally decreases the energy down to low energy region, where the neutrons 

are effectively captured by stainless steel. Nevertheless, such a material combination for the 

shielding solution presents a great challenge. On the one hand, stainless steel is a material 

with high density, so larger fractions of the steel in the shielding proposal can compromise 

meeting the weight limit. However, on the other hand, decreasing the fraction of the 

stainless-steel would require increasing the water content, which could make an ITER 

component to fall under the ESPN categorization for pressurized water equipment [87]. This 

categorization requires port plug extraction every 4 years and a visual inspection of welding, 

thus a large impact on the machine availability and occupational radiation exposure (ORE) 

could be expected.  
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These considerations led some port integrators to consider the substitution of water 

by boron carbide (B4C), an excellent low-density neutron absorber. The resulting 

combination of B4C with stainless steel could potentially provide even better shielding 

performance than stainless steel and water mixture, while avoiding the beforementioned 

ESPN categorization. However, SDDR and weight requirement were not the only drivers 

for the DSM design. There are 6 Diagnostic Equatorial Ports with different diagnostic 

systems that could benefit from a viable engineering design, so high modularity in the 

integration of the DSM was also one of the design requirements. 

In 2016, this motivated the diagnostic section of ITER (i.e. IO-CT PBS55) to develop 

the so-called Modular DSM (Figure 17) [39], a DSM design adaptable to all Diagnostic 

Equatorial Port and compatible with the previously mentioned requirements. In comparison 

with previous concepts, the Modular DSM is about 50 cm longer (total length of 234.25 cm) 

and the current design features 6 Vertical Blades with the purpose to assure the structural 

integrity of the DSM, to heat up the components during the baking phase and to hold the 

innovative bulk shield solution. The modular DSM Front Plate is hollowed out by numerous 

water-cooling channels that represent about 10 % of the total volume of the Front Plate. 

 

Figure 17: CAD representation of the 2019 design of a Modular DSM. 

The shielding material in the DSM relies massively on a good neutron absorber B4C, 

which is introduced into the modular DSM in the form of small bricks (Figure 18). These 

B4C bricks are placed on a copper chromium zirconium (CuCrZr) shielding tray to provide 

good thermal conductivity and fixed with stainless steel SS660 pins. In order to provide an 

additional modularity for port integration, the shielding tray is built from two halves, which 

can be machined to a given size depending on the needs. The shielding trays are then bolted 

to Vertical Blades from both sides of the DSM, which also help to dissipate the heat from 

the trays during DT plasma operations. In one modular DSM there are 6 columns of 
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shielding trays between the Vertical Blades, each column hosts 26 shielding trays, and in each 

tray, there are 120 B4C bricks and 60 stainless steel pins. 

 

Figure 18: Shielding tray of a modular DSM – a CuCrZr shielding tray (orange), filled with B4C 
bricks (grey), which in return are fixed with stainless steel SS660 pins (blue). 

The TECF3IR group has played an important role in the design and development of 

the Modular DSM. After the initial concept was created, the TECF3IR group carried out the 

first set of nuclear analyses [43] to study the shielding performance of the DSM in terms of 

its impact on the SDDR and the neutron flux attenuation. In the study, the performance of 

the Modular DSM was compared to four additional DSM concepts, at that time often 

considered in nuclear analyses. The results confirmed the superior shielding capability of the 

Modular DSM by showing a 23 % lower SDDR than the second-best performing DSM (6 T 

heavier concept based on stainless-steel and water), while the neutron flux inside the Port 

Plug decreased from 1014 n/cm2s to 105 n/cm2s. In addition to that, the first calculations also 

provided a spatial distribution of the nuclear heating throughout the Modular DSM (during 

DT plasma operation), which has been used for further thermal calculations and 

consequently also for the optimization of the design. 

Furthermore, the impact of the TECF3IR group on the current design of the 

Modular DSM can be also seen in relation to the integration of diagnostic systems. In order 

to integrate a diagnostic system into the Modular DSM, some B4C bricks must be removed 

from the tray and both halves of the shielding tray must be machined in a way that an opening 

is created in the DSM. The resolution for the reduction of the size of a tray is a brick, since 

the bricks cannot be halved without losing the structural integrity of the tray. Consequently, 

the integration of the optical paths can open up a streaming path, which has been observed 

in the first nuclear analyses of diagnostic ports with the modular DSM [88] [89]. For this 

reason, a shielding solution has been proposed to ITER, where stainless-steel blocks (i.e. 
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backfill) in the shape of the evacuated space could be introduced back into the DSM to fill 

the empty space between the bricks and the optical path. This proposal has recently also 

received an engineering solution, which has been supported by structural and thermo-

hydraulics simulations. In Table 14, one can see the difference in the size of the aperture in 

the DSM, with and without the backfill.  

Table 14: An example of the optical path with and without the backfill in the DSMs. 

 FRONTAL VIEW TOP VIEW 

NO 
BACKFILL 

  

BACKFILL 

  

In conclusion, the Modular DSM has proved to be one of the most important steps 

forward to reduce the SDDR in the ITER Diagnostic Equatorial Ports. However, the nuclear 

analysis in support of the proposal [43] also confirmed another major issue. The study in 

question has been carried out with a dummy Modular DSM, therefore no diagnostic systems 

have been integrated into the Port Plug that could impact the SDDR. Even though the results 

have shown a neutron flux reduction to below 105 n/cm2s (three order of magnitude below 

the background neutron flux in the Port Interspace), the SDDR in the maintenance corridors 

has been calculated to be 145Δ μSv/h, which is above the SDDR requirement. This shows 

that even with the optimal DSM in terms of neutron flux attenuation (and no diagnostic 

systems, neither radiation cross-talks considered), the activation of the Port Duct (as 

observed in [8]) drives the SDDR in the Port Interspace. Consequently, in order to ever 

reduce the SDDR in ITER Diagnostic Ports below the requirement, a shielding solution 

outside the ports is sought that would efficiently reduce the neutron flux before neutrons 

even reach and activate the Port Ducts. 
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3.3 Supplementary shields 

The activation of the Upper or the Equatorial Port Duct is one of the most 

contributing factors to the SDDR in the maintenance corridors, since the most exposed 

position in the corridor is almost completely enveloped by the Port Duct. Three SDDR 

drivers are mainly responsible for the activation of the Port Duct: i) neutron leakage through 

the BSMs and the VV, ii) neutron leakage through the gaps between the PP and the VV and 

iii) the radiation cross-talk, i.e. neutron leakage through the gaps of neighbouring ports that 

spreads to the inter-port ex-vessel region and activates the Port Ducts in the neighbourhood. 

While many SDDR-mitigating measures, mentioned in the introduction of the section 3, had 

an impact on the activation of Port Ducts, it was still not enough to reduce the SDDR below 

the requirement in the Port Interspaces. 

To take this into account, the diagnostics section of ITER (IO-CT PBS55) sponsored 

activities under the Nuclear Integration Unit (NIU) umbrella that led to extensive scoping 

shielding studies carried out in the Upper [45] and the Equatorial Level [44]. In the referenced 

studies, the ITER Tokamak reference model with Diagnostic Generic Ports was used for 

numerous SDDR calculations to propose, analyse and optimise the performance of 

conceptual shields of different materials and thicknesses. The proposed shields were placed 

on various strategically picked locations with the intention to minimize the SDDR in the 

maintenance corridors of Port Interspaces. After the feasibility of most shields was 

confirmed and for some rejected, a proposal called supplementary shields was defined. 

The optimal viable shielding proposal consisted of several boron carbide plates that 

were installed on Upper Port Extension, Upper Port Duct, Equatorial Port Extension and 

Equatorial Port Duct. Since the shields were proposed for the port structure common to all 

UPs and EPs, the impact on the SDDR was not limited only to ITER Diagnostics Ports. 

The motivation for placing the shields on Port Stubs of both levels was to reduce the neutron 

leakage through the gaps between the PP and the VV, which would otherwise scatter outside 

the port and activate the surrounding structures. On the other hand, the shielding on the 

Port Ducts was proposed to mitigate all three previously mentioned neutron leakage paths 

that would activate the Port Duct. In the scoping shielding studies, this shielding proposal 

presented up to 60 % SDDR reduction in the UP and around 50 % decrease in the EP. The 

impact of the shields is more prominent in the Upper Level, since the UP are closer together 

and the cross-talks are stronger. The complete shielding proposal is presented in Table 15. 
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Table 15: The initial proposal of the supplementary shields. 

 REGION DESCRIPTION VISUALIZATION 
E

Q
U

A
T

O
R

IA
L

 L
E

V
E

L
 

Equatorial Port 
Extension 

The efficiency of this shield is based 
on the absorption of neutrons 
escaping through EP gaps which 
scatter toward outside the port and 
activate everything outside the port 
and the port interspace structures 
and components. 

 

Equatorial Port 
Duct 

The efficiency of this shield is based 
in the absorption of neutrons 
leaking the VV and through the EP 
gaps which eventually activate the 
interspace structures and 
components. In addition, this 
shielding is believed to be very 
efficient in reducing the radiation 
cross-talk.  

U
P

P
E

R
 L

E
V

E
L

 

Double-Wall 
Upper Port 
Extension 

The shield intended to mitigate the 
neutron leaking through the VV and 
through the Upper Port gaps and 
activating the interspace structures 
and components. In addition, this 
shielding is believed to be very 
efficient in reducing the radiation 
cross-talk.  

Single-Wall 
Upper Port 
Extension 

The shield intended to mitigate the 
neutron leaking through the VV and 
through the Upper Port gaps and 
activating the interspace structures 
and components. In addition, this 
shielding is believed to be very 
efficient in reducing the radiation 
cross-talk. 

 

Upper Port 
Duct 

The efficiency of this shield is based 
in the absorption of neutrons 
leaking the VV and through the EP 
gaps which eventually activate the 
interspace structures and 
components. In addition, this 
shielding is believed to be very 
efficient in reducing the radiation 
cross-talk.  
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The NIU judged the proposal as necessary and has taken over its implementation. In 

2018, a feasibility study and a structural assessment was performed by Assystem [46], where 

the latest specifications on space and weight constraints were taken into account, the impact 

on the construction schedule was evaluated and the cost estimation was presented. The 

engineering solution that Assystem proposed is based on B4C tiles fastened by studs to the 

Upper and the Equatorial Port Ducts. Depending on the specific location, standardized tiles 

of different dimensions and thicknesses are placed internally and/or externally to the Port 

Ducts. Gaps between the tiles are provided to allow free deformation of the VV Port shells. 

A dedicated study [90] has been done that confirmed the findings from the original studies.  

In conclusion, the shielding performance of the supplementary shields has been 

verified in six global nuclear analyses [91] [92] [81] [82] [83] [84] of complete and explicitly 

represented Equatorial Ports (presented in section 4) and in two nuclear analyses of 

diagnostic systems [93] [94]. Despite the fact that an effective SDDR mitigation in Upper 

and Equatorial Port Interspaces has been observed, this shielding proposal has been rejected 

by the senior management of ITER in order to not compromise the schedule of the first 

plasma in 2025. However, at this moment in 2019, it is still the only shielding proposal that 

provides a significant global reduction of the SDDR in all Upper and Equatorial Ports. 

3.4 Summary 

The modular DSM has brought a long-awaited standardization in the bulk shield 

implementation for the DSMs of ITER Diagnostic Equatorial Ports; currently is planned to 

be installed in 6 out of 8 Diagnostic Equatorial Ports. The design and the development of 

the DSM in the last three years has been supported through numerous nuclear analyses, and 

among them, the most important with explicitly represented Diagnostic Equatorial Ports 

#11 and #12 will be presented in section 4. Due to the flexibility that the shielding trays 

offer, the B4C-based modular approach has also become an attractive shielding option for 

Upper [95] and Lower Diagnostic Ports [76]. In case of the supplementary shields, a global 

mitigation of the SDDR has been observed throughout the Tokamak, not only limited to 

ITER Diagnostic Ports. The initial conceptual shielding proposal has matured, and a 

dedicated feasibility study has been performed. However, at this moment, the 

implementation of the shields has been suspended, even though several nuclear analyses have 

shown that the SDDR requirement of 100 μSv/h after 106 seconds of cooling time for 

hands-on maintenance activities cannot be achieved without changing the scientific plan. 
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4 ANALYSIS 

The Design Plan [96] (DP) for any ITER Structure, System and Component (SSC) 

consists of three Design Phases: Conceptual Design Review (CDR), Preliminary Design 

Review (PDR) and Final Design Review (FDR). When the FDR is passed for a given SSC, a 

new phase starts, comprising of design activities related to manufacturing, construction, site-

assembly, commissioning, and lastly, operation and maintenance. The general objectives of 

these design reviews are to ensure the suitability, adequacy and effectiveness of the system 

design to achieve the requirements. Since ITER is a Nuclear Facility INB-174, one of the 

aspects included in these reviews is also nuclear safety, which requires the support of 

numerous nuclear analyses, especially in the first three phases. 

The ITER Tokamak features 44 access ports in the Vacuum Vessel, hosting a large 

variety of systems. Among them, the diagnostic ports are the most common, distributed in 

all three levels of the ITER machine. Out of the total of 25 diagnostic ports, there are 8 

Equatorial Ports, 14 Upper Ports and 3 Lower Ports. The diagnostics systems hosted in these 

ports monitor the performance of the plasma and the machine, in addition to conducting 

measurements of different physical quantities both during machine operation and shutdown. 

For the initial “first plasma” operating phase, only a limited number of diagnostic systems 

will be required. This functionality will be provided by the Equatorial Port #11 and #12 that 

must be designed, manufactured and inserted in the ITER machine by 2025 for the first 

plasma. 

The design and port integration of both first-plasma diagnostic ports has been always 

done in parallel. In 2011, both ports passed the CDR and two years later, the procurement 

agreement was signed with Russian Federation Domestic Agency (RFDA) for EP#11 and 

China Domestic Agency (CNDA) for EP#12 to take over all the responsibilities regarding 

the design, manufacturing, testing and support. As part of the standardization efforts across 

ITER and DAs, in 2017, the modular DSM design was adapted for both ports. At the PDR 

in November of 2017, the integration of diagnostic systems into the modular DSM was 

presented for the first time. In the following year, an important change happened, since the 

CNDA transferred the port integration responsibilities for the FDR design of EP#12 to IO-

CT. In May and July of 2019, the latest design and port integration was presented at the Final 

Design Review of both ports, i.e. EP#12 in May and EP#11 in July. 
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Considering the beforementioned advances in the methodology for calculation and 

analysis of SDDR in ITER Ports, the repertoire of tools and techniques for nuclear analyses 

has been substantially expanded to the level that allows a deeper insight into the SDDR 

mechanisms. This innovative methodology for SDDR calculations has become the core of 

the ITER guidelines for nuclear analyses of diagnostic ports, which reflects the level of 

standardization that has been achieved with the efforts described in this thesis. Consequently, 

an ideal opportunity has arisen to show these achievements with an example of the two most 

important ITER Diagnostic Ports that just had their Final Design Reviews. 

In this section, the state-of-the-art capabilities of the new methodology for SDDR 

analyses in ITER ports will be shown through nuclear analyses of the Equatorial Port #11 

and #12. For each one of the Equatorial Ports, three iterations of analyses will be presented. 

In the so-called pre-PDR analyses, the SDDR calculations were run to present the shielding 

performance of the modular DSM to CNDA and RFDA in 2016, and to persuade the DAs 

to adapt the ITER design of the DSM. These analyses will be then followed with the SDDR 

calculations for the PDRs of both ports, which were successfully passed in November of 

2017. Finally, the results of the most recent nuclear analyses of both ports will be shown, 

which were recently presented at the FDRs in 2019. In addition to these baseline cases, in 

each iteration of nuclear analyses also the performance of supplementary shields will be 

shown. Finally, the FDR analyses will be completed by additional measures recommended 

to ITER, where ALARA was followed to achieve additional reductions of the SDDR. 

4.1 Objectives 

The nuclear analyses of the first-plasma ports EP#11 and #12 have been planned with 

an intention to answer many diverse questions. In the first place, one of the most important 

objectives of these studies was to support the engineering development of numerous 

components like Port Plug Structure, modular DSM, diagnostic systems, ISS, electrical 

systems of the Port Plug, etc. Since the majority of these components are common for all 

ITER Diagnostic Equatorial Ports, the nuclear analyses of the EP#11 and #12 have also 

advanced the design of many other ports. As an example, one can highlight the development 

of the Modular DSM, which has been also improved with the support of the results presented 

in this thesis. Since the Modular DSM is planned to be installed in 4 additional ITER 

Diagnostic Equatorial Ports, this work has helped to stabilize the design of the Modular 
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DSM and the know-how will be used for a faster convergence of the optimization process 

for these non-first plasma ports. 

Another important objective of the nuclear analyses of the EP#11 and #12 was also 

optimization of the port integration. While each diagnostic system has its own team of 

engineers working on the optimization of the design (based on other analyses like structural, 

electromagnetic, thermohydraulic, neutronics, etc.), the port integrator brings the diagnostic 

systems inside the Port Plug and the Port Interspace and integrates them by respecting the 

tolerances and other requirements. The activity of port integration can open up radiation 

leakage paths that severely impact the conditions in the Port Interspace. In order to prevent 

this, these analyses were of most importance to give guidance to port integrators on the 

current design and to provide recommendations on how to mitigate the radiation leakage. 

This objective has been allocated a lot of attention in the upcoming sections, since it is one 

of the motivations for the implementation of the matrices of responsibilities. 

Even though many questions have been answered in this work, the optimization of 

the diagnostic systems often calls for additional calculations. Considering that the production 

of the computational models is very time consuming, the models produced for these analyses 

have been provided to ITER and then distributed among different research groups around 

the world to perform the calculations adapted to their needs. Consequently, the repetition of 

the most time-consuming part of nuclear analyses has been avoided by many nuclear analysts. 

This results in more agile development process and the standardization of the computational 

models also simplified comparison of results. 

Finally, last but not least, the characterization of the SDDR plays a crucial role in 

nuclear analyses of EP#11 and #12, since in the Port Interspaces of both ports, hands-on 

maintenance activities are planned after 106 seconds of cooling time. Consequently, the ports 

are subjected to a project requirement [7] on dose rate levels, which should not exceed 

100 μSv/h at 106 s (about 12 days) after shutdown without formal project approval. 

However, the design of the most important diagnostic ports EP #11 and #12 was 

approaching the Preliminary Design Review, but the SDDR levels in both Port Interspaces 

were still exceeding the SDDR requirement by about tenfold [40] [41]. Since as the first 

plasma ports they must be designed, manufactured and installed in the machine by 2025, 

there was a great need to identify the problems responsible for high SDDR and to solve 

them in time for the Final Design Review. 
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4.2 Computational approach 

A revision of the computational approach has been done for all three iterations of 

nuclear analyses of EP#11 and #12. The conclusions of the revision are provided in Table 

16, while in the following paragraphs some important changes or advances are described. 

Since the analyses of both ports have been performed in parallel in each iteration, the same 

computational setup and tools have been used.  

In order to produce the computational model of both Equatorial Ports, SpaceClaim 

[64] has been used for CAD processing and SuperMC [65] was used to translate from CAD 

to MCNP format. Both software packages have undergone updates in the last years, however, 

the changes did not bring any differences in the workflow of nuclear analyses. On the other 

hand, the D1S-UNED has been upgraded extensively since the first release and the 

development has been carried out side-by-side with the improvements of the methodology 

for SDDR calculations. In addition to the increased performance of the code, the production 

of matrices of responsibilities has been simplified, cell flagging of universe containers has 

been added to allow evaluating the radiation cross-talks and many extra options that have 

been included are described in the latest user’s manual [97]. Moreover, the number of the 

most contributing radioisotopes (considered in the studies) to the SDDR at 106 s of cooling 

time has been increased from 6 to 28 for the FDR analysis (explained in section 2.3.3.1), but 

the impact on the total SDDR in the corridors has been estimated to be less than 5 %, 

according to the activation report provided with the release of the D1S-UNED v3.1.2 [61]. 

While the latest updates of the D1S-UNED have been already mentioned, the 

importance of the addition of cell flagging of universe containers has not been highlighted 

enough. The initial recommendation for nuclear analyses of ITER diagnostic ports was to 

run the calculations following the local approach until the SDDR requirements is met in the 

maintenance corridors and then proceed with the global case using a realistic representation 

of the port neighbourhood. This workflow was followed for both the pre-PDR and the PDR 

analyses. However, after the option of cell flagging of universe containers was introduced 

into D1S-UNED, this allowed an exact evaluation of the radiation cross-talks from the 

neighbouring ports. Consequently, in one single calculation, the matrices of responsibilities 

can be produced for all diagnostic systems and the cell flagging of universe containers can 

be used to calculate the SDDR contribution of all neighbouring ports to the SDDR in the 

corridors. This capability has been used in the FDR analyses to avoid running twice as many 
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cases (i.e. local and global) in order to save the computational time and to speed up the 

production of the results. 

Regarding the cross-section libraries, the pre-PDR and the PDR analyses included 

identical libraries for neutron and photon transport and activation, while for the FDR the 

neutron transport libraries were updated from FENDL 2.1 [98] to 3.1c [99]. This update was 

a result of the transition to the latest ITER reference model C-Model_R190110 [21], 

although the impact of the new libraries on the SDDR in the maintenance corridors was not 

evaluated in this thesis. Nevertheless, considering that the SDDR in a given position of the 

Port Interspace is a result of the activation induced by neutrons of diverse energies, it is less 

sensitive to minor changes in the neutron spectrum and thus, the impact is deemed secondary 

to other SDDR drivers. 

The statistical error in the maintenance corridors is always < 5 %. For different 

activation groups in the matrix of responsibilities, it is between 5 % and 10 %, exceptionally 

larger than 10 % for groups with the SDDR below 1 µSv/h. 

Table 16: Computational setup of the pre-PDR, PDR and FDR analyses of EP#11 and #12. 

 Pre-PDR PDR FDR 

CAD processing SpaceClaim 2016 SpaceClaim 2017 SpaceClaim 2019 

CAD-to-MCNP 
translation 

SuperMC 2.1 SuperMC 3.1.2 SuperMC 3.3.0 

Radiation transport 
code and SDDR 

D1S-UNED 3.0.2 D1S-UNED 3.1.2 [51] D1S-UNED 3.1.4 [97] 

Radioisotopes 
considered 

51Cr, 54Mn, 59Fe, 58Co, 
60Co, 182Ta 

51Cr, 54Mn, 59Fe, 58Co, 
60Co, 182Ta 

22Na, 37Ar, 47Ca, 46Sc, 
47Sc, 51Cr, 54Mn, 55Fe, 
59Fe, 57Co, 58Co, 60Co, 
65Zn, 84Rb, 86Rb, 85Sr, 
88Y, 92mNb, 124Sb, 134Cs, 
152Eu, 154Eu, 160Tb, 
181Hf, 182Ta, 181W, 187W, 
233Pa from Table 7 

SDDR calculation SA-2 irradiation 
scenario [30], 106 s of 
cooling time 

SA-2 irradiation 
scenario, 106 s of 
cooling time 

SA-2 irradiation 
scenario, 106 s of 
cooling time 

Libraries Neutron transport: 
FENDL 2.1 [98] 

Photon transport: 
MCPLIB84 [100] 

D1S-UNED libraries: 
EAF2007 [101] 

 

Neutron transport: 
FENDL 2.1 

Photon transport: 
MCPLIB84 

D1S-UNED libraries: 
EAF2007 

Neutron transport: 
FENDL 3.1c [99] 

Photon transport: 
MCPLIB84 

D1S-UNED libraries: 
EAF2007 
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NPS Local: up to 5·109 

Global: 5·109 

1·1010 1.5·1010 

Variance Reduction Global Variance 
Reduction [69], 
“softening factor 0.5” 

Global Variance 
Reduction, “softening 
factor 0.5” 

Global Variance 
Reduction, “softening 
factor 0.5” 

Tallies SDDR tallies in the 
maintenance corridors 
as specified in Table 8. 

Matrix of 
responsibilities for each 
maintenance corridor. 

Local: 3D mesh with 
5x5x5 cm3 voxels 
covering the EP. 

Global: 3D mesh with 
10x10x10 cm3 voxels 
covering the complete 
ITER machine. 

SDDR tallies in the 
maintenance corridors 
as specified in Table 8. 

Matrix of 
responsibilities for each 
maintenance corridor. 

Local: 3D mesh with 
5x5x5 cm3 voxels 
covering the EP. 

Global: 3D mesh with 
10x10x10 cm3 voxels 
covering the complete 
ITER machine. 

SDDR tallies in the 
maintenance corridors 
as specified in Table 8. 

Matrix of 
responsibilities for each 
maintenance corridor. 

Global: 3D mesh with 
10x10x10 cm3 voxels 
covering the complete 
ITER machine. 

Cell flagging used to 
calculate the radiation 
cross-talk from each 
neighbouring port. 

Statistical errors Maintenance corridors: always < 5 %. 

Matrix of responsibilities: between 5 % and 10 %, exceptionally larger than 
10 % if SDDR contribution is below 1 µSv/h. 

4.3 Production of the computational models 

In this subsection, an overview of the production of computational models of EP#11 

and EP#12 is provided for three different iterations of analyses. While a more detailed 

information is given in the reports corresponding to each specific analysis, this overview will 

highlight some important decisions taken in the production of models and describe the 

modelling activities between the design reviews.  

4.3.1 Production of pre-PDR models 

After the modular DSM was proposed in 2016, ITER requested a battery of analyses 

in support of its proposal to Domestic Agencies and to further improve the design. Two of 

the requested studies (referred to as pre-PDR studies) were also the nuclear analyses of 

Equatorial Port #11 and #12, since as the first plasma ports, they presented a more mature 

design and advanced port integration. In the conceptual proposal of the modular DSM, the 

shielding trays were arranged into 7 columns and two different sizes of trays existed (shown 

in Table 17). 

The original CAD models for the analyses were received in two parts for each port. 

The first included DFW with penetrations for diagnostic systems, DSM structure with seven 

Vertical Blades, space reservation for the Shielding Trays (there were no explicitly modelled 
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B4C bricks or stainless-steel pins), diagnostic systems in the Port Plug, assembly windows 

and Looms Electrical Vacuum Interfaces (LEVI). The second part featured the diagnostic 

systems of the Port Interspace and Interspace Support Structure for both ports, while the 

CAD model of EP#11 also included a Bioshield Plug. In addition, the CAD model of the 

EP#12 also featured the Port Cell Support Structure (PCSS) and diagnostic systems in the 

Port Cell, but that part of the geometry was removed, since the interest of the analyses were 

the radiation conditions inside the Bioshield. 

Table 17: Original CAD models of EP#11 and EP#12 for pre-PDR studies. 

EP#11 

(pre-PDR) 

 

EP#12 

(pre-PDR) 

 

Before proceeding with the model production, a visual inspection of the shielding 

design in the Port Plug and the Port Interspace was carried out. In the inspection of the CAD 

model of EP#12, many diagnostic systems with direct view from PI towards plasma were 

found to be missing local shields in the interspace. In order to mitigate neutron leakage 

through these systems and the resulting SDDR, a shielding cubicle was implemented into the 

interspace of EP#12 and few local shields were added; the described shielding measure was 

approved by ITER. In addition to that, since the CAD model of EP#12 was missing a 

Bioshield Plug, that specific geometry was taken from the CAD model of EP#11 and 

appropriate apertures for systems were implemented.  

Furthermore, the revision of the Port Plugs of both models also showed that the 

integration of the diagnostic systems opened up streaming paths, since the resolution for the 

reduction of the size of a shielding tray is a brick. In anticipation of a neutron leakage through 

the optical paths, the evacuated space between the B4C bricks and the optical path was 
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modelled in a way that would allow allocation of a different material – this shielding proposal 

was referred to as backfill (presented in Table 14). 

Before the analyses with the modular DSM were carried out, the DGEPP v1.1 [18], 

provided with C-lite v2, was updated to a new version DGEPP v2,  which represented a 

generic Modular Equatorial DSM with 7 columns for shielding trays. The shielding trays in 

the generic MCNP model were not explicitly represented, but a homogenised mixture of 

65 vol.% B4C, 10 vol.% SS316LN-IG and 25 vol.% void was allocated to the complete 

volume of each column. 

The production of the computational models inside the Port Plugs of both ports 

followed the methodology from section 2.3.1, with minor difference that was later in the 

FDR analyses in section 4.3.3 optimized. Instead of using automatic void generation to create 

an empty space inside the volume evacuated by the envelopes, this part of the geometry was 

hand modelled and translated together with diagnostic systems. The MCNP model of the 

interspace was produced by using an automatic void generation and then incorporated into 

the space reservation for the interspace. The complete model production of both ports is 

described in [79] and [80]. 

4.3.2 Production of PDR models 

Following the pre-PDR nuclear analyses, the obtained results have been used to 

improve and stabilize the design of the Modular DSM and the integration of various 

diagnostic systems inside the Port Plugs. One of the major improvements was the 

incorporation of the proposed stainless-steel backfill into the baseline shielding solution 

inside the DSM, since the SDDR results of EP#12 [89] showed that it is necessary. 

In addition to that, the size of the shielding trays was increased, so instead of 7 

columns and two different tray sizes, the new design featured 6 columns of the same sized 

DSM shielding trays (as described in section 3.2). After these improvements were 

implemented and the integration of some diagnostic systems was optimized, the original 

CAD models of EP #11 and #12 (shown in Table 18) were received for nuclear analyses in 

support of the PDRs. 
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Table 18: Original CAD models of EP#11 and EP#12 for PDR studies. 

EP#11 (PDR) EP#12 (PDR) 

  

As the Table 18 shows, the received CAD models contained only the DFWs, the 

DSMs with diagnostic systems and the backfill for the PDR analyses of both ports. For this 

reason, it was decided, with the agreement of ITER, to produce a new computational model 

of the EP#11 and #12 Port Plugs, but reuse the MCNP model of the interspaces created for 

the pre-PDR studies. Due to the split approach to integrate the PP and the PI (explained in 

section 2.3.1), this was easily achievable. 

Before the production of the PDR models of both ports started, two important 

changes happened - the modular DSM changed significantly from the initial design and the 

ITER reference model transitioned from C-lite to C-Model iteration. In order to evaluate the 

proposed methodology for MCNP model production (section 2.3.1), the decision was taken 

to follow a different approach and to compare the experience with pre-PDR model 

production. Therefore, instead of evacuating space from the MCNP model of a dummy 

Modular DSM, the CAD model of complete DSMs with diagnostic systems was simplified 

and the shielding trays were represented with a space reservation in the CAD model. Then 

the produced simplified CAD model was translated to MCNP format and used to replace 

the complete DSMs from the DGEPP in C-Model. Since the design of the shielding trays 

was updated before the PDR, the space reservation for the trays was allocated a homogenised 

mixture of 62 vol.% B4C, 6 vol.% CuCrZr, 1 vol.% SS316LN-IG and 31 vol.% void. 

Even though this approach did not require a production of an MCNP model of the 

generic modular DSM, replacing the complete DSMs surfaced many challenges. Not only 

did the complexity of the geometry exceed the limits of the SuperMC license (professional 

license is limited to the translation of 5,000 cells), but also the DGEPP in C-Model v1 R2.1 

was not designed in a way that would allow a fast substitution of the complete DSM. 

Nevertheless, the challenges were overcome, both the EP#11 and the EP#12 MCNP 
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models were produced and the calculations were carried out in time for the PDR. More 

information on geometry production can be found in the reports of the analyses [81] [82].  

4.3.3 Production of FDR models 

Based on the challenges of the model production for PDRs of EP#11 and #12, a 

valuable experience was gained. In the months following the PDRs, two additional nuclear 

analyses [93] [94] of diagnostic systems integrated into the modular DSM had to be 

performed, so the complete process of DSM integration would have to be repeated in each 

study. This supported the need to return to the methodology described in section 2.3.1 and 

the production of up-to-date generic models. For this reason, a new generic Modular DSM 

model was prepared and integrated into the Generic Equatorial Port Plug provided with C-

Model. 

As it has been observed in past analyses [43] [88], the design of the DSM plays a 

major role in the neutron flux attenuation and consequently in the SDDR mitigation. While 

this has been successfully solved with the implementation of the Modular DSM, the nuclear 

analyses in the pre-PDR and the PDR iterations did not include explicitly represented 

shielding trays, as it was deemed extremely challenging to process with CAD software more 

than 100,000 components (when counting all B4C bricks, stainless-steel pins, trays, diagnostic 

systems, DSM subcomponents, etc.). Since homogenization has a significant impact on 

radiation transport when homogenized region interferes with the main radiation path, the 

following idea surfaced for the FDR analyses. 

The shielding trays in the modular DSM have an identical design (except the trays in 

the third column due to neutron stoppers), which is repeated 26-times in a column and there 

are 6 columns per single DSM. This can be exploited in the MCNP code, because the lattice 

option (option in MCNP-based [15] codes like D1S-UNED) allows the user to create a unit, 

which can be indefinitely repeated. Therefore, a single shielding tray was prepared as a 

repeated unit and, using a fill card, assigned to the space reservation for the shielding trays. 

The result can be seen in Table 19, where with the use of lattice, every single shielding tray, 

B4C brick and stainless-steel pin in the DSM is explicitly represented. Moreover, the lattice 

capability of the code was also used to represented water channels inside the DFWs (water 

content up to 15 vol.%) and DSM Front Plates (water content up to 10 vol.%). This resulted 

in more that 50,000 B4C bricks that were explicitly represented in the model. 
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Table 19: Entirely heterogeneous representation of the Generic Modular DSM. 

Horizontal 

cross-section 

 

Vertical cross-

section 

 

 In the preparation for the FDR of EP#12, a series of meetings was held with ITER 

to improve the radiation shielding in the interspace. The goal of the meetings was to transmit 

experience and recommendations to the port integrator of EP#12 on the placement of the 

shields, materials to be used and on other auxiliary shielding solutions that could be applied 

to reduce the SDDR in the maintennace corridors. A special attention was paid to the 

principles of ALARA, which is the reason why many additional measures to mitigate the 

SDDR in Port Interspaces will be presented in sections 4.4.2 and 4.5.2. Based on the 

suggestions, the CAD officers integrated the proposal and built the CAD model for the FDR 

of the EP#12 (shown in Table 20), from the Port Plug to the Port Cell. Following the 

example, the port integrator of EP#11 also implemented some of the suggestions for the 

FDR of the EP#11. 

Table 20: Original CAD models of EP#11 and EP#12 for FDR studies. 

EP#11 

(FDR) 
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EP#12 

(FDR) 

 

 The production of the MCNP models for the FDRs of EP#11 and #12 has been 

again carried out following the methodology presented in section 2.3.1; a more detailed 

description can be found in the reports with modelling records [102] [103]. While the priority 

SDDR calculations were successfully completed before the FDRs of both ports, there are 

still some pending calculations that must be carried out before the end of 2019. Among those 

are also the SDDR calculations inside the Port Cells of both ports, which require utilization 

of a different ITER reference model (ITER Tokamak Complex [22]) and special techniques 

to reproduce the prompt neutron source (SRC-UNED [47]). 

 In conclusion, even though EP#11 and #12 are both of the same type (diagnostic) 

and in approximately the same location in the machine (neighbour ports in the Equatorial 

Level), due to different diagnostic systems they present completely incomparable challenges 

in terms of radiation shielding and integration. In the following sections, the SDDR 

calculations for three different iterations of nuclear analyses will be presented for each one 

of the equatorial ports. Firstly, the geometry of both the local and the global models will be 

presented. Then for the FDR analyses of both ports, additional measures to mitigate the 

SDDR will be introduced in order to show the compliance with ALARA principles. This will 

be then followed with the results for each iteration, where the state-of-the-art methodology 

for analysis of SDDR in ITER Diagnostic Ports will be applied. This methodology will be 

used to track the evolution of the integration of diagnostic systems and to analyse diverse 

and complex mechanisms for SDDR in the maintenance corridors. The results will be 

compared against the SDDR requirement of 100 μSv/h after 106 seconds of cooling time, 

imposed for hands-on maintenance activities in Port Interspaces. 

4.4 Nuclear analysis of EP#11 

The Equatorial Port #11 hosts 8 diagnostic systems (seen in Table 21), out of which, 

4 are required at the beginning of the first plasma phase in 2025. The diagnostic system NPA 

has always been a challenge in terms of integration and interspace shielding due to the large 
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aperture in the DSM with a direct view towards plasma. The aperture is integrated in the 

radial direction in DSM #2 and severely impacts the radiation conditions throughout the 

complete port. While there are also two other diagnostic systems with direct view to plasma 

(i.e. XRCS and M-VUV), their influence is minor due to the smaller cross-section of the 

apertures. For this reason, it was of most importance to implement a methodology that 

would allow finer analyses of SDDR contributions, and consequently follow the optimization 

process of these diagnostic systems along design reviews. 

Table 21: CAD representation of the PDR EP#11 diagnostic systems and their optical paths. 

DSM Systems Port Plug 

#1 Low Field Side Reflectometry (LFS) 

 

#2 

H-alpha Spectroscopy (H-α) 

Neutral Particle Analyser (NPA) 

 

#3 

Divertor Vacuum Ultraviolet 
Spectrometer (D_VUV) 

Main Plasma Vacuum Ultraviolet 
Spectrometer (M_VUV) 

X-Ray Crystal Spectroscopy (XRCS) 

Neutron Activation System (NAS) 
  

/ 

*Residual Gas Analyser (RGA) 

(*not integrated into the Port Plug) 
/ 
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4.4.1 Geometry 

The geometry of computational models of EP#11 for each iteration of nuclear 

analyses has been described in great details in the reports provided to ITER, together with 

material definition and allocation for all components included in the study. 

For the pre-PDR analyses, the EP#11 has been integrated into C-lite v2 for the 

analyses following a local approach, while the global calculations were performed some 

months later with the first C-Model release, i.e. C-Model V1 R2.1. In case of PDR analyses, 

both the local and the global calculations were performed with C-Model V1 R2.1, which has 

been then updated to C-Model_R190110 for the nuclear analyses in support of the FDR of 

EP#11. An overview of all geometrical differences between analyses is provided in Table 22. 

Table 22: Overview of the geometrical setup of EP#11 in pre-PDR, PDR and FDR analyses. 

 Pre-PDR [79] [91] PDR [81] FDR [102] 

Reference 
model 

C-lite v2 (LOCAL) 

C-Model v1 R2.1 (GLOBAL) 

C-Model v1 R2.1 C-Model_R190110 

Modular DSM Conceptual design of the 
modular DSM with 7 
shielding columns 
considered. 

DSM Front Plate: 
homogeneous mixture of 
90 vol.% SS316LN-IG 
and 10 vol.% water. 

DSM Bulk Shield: 
mixture of 65 vol.% B4C, 
10 vol.% SS316LN-IG 
and 25 vol.% void. 

Modular DSM with 6 
shielding columns used. 

DSM Front Plate: 
heterogeneous water 
channels - 10 vol.% 
water. 

DSM Bulk Shield: 
mixture of 62 vol.% B4C, 
6 vol.% CuCrZr, 1 vol.% 
SS316LN-IG and 
31 vol.% void. 

Modular DSM with 6 
shielding columns used. 

DSM Front Plate: 
heterogeneous water 
channels - 10 vol.% 
water. 

DSM Bulk Shield: 
explicit representation of 
the CuCrZr shielding 
trays with 95 g B4C bricks 
and 22 g SS660 pins. 

Backfill No backfill. No backfill. Complete SS316LN-IG 
backfill considered. 

Interspace Complete ISS with 
walkways, waveguides for 
diagnostic systems, space 
reservation for the 
Bioshield Plug and local 
shields for diagnostic 
systems. 

The complete interspace 
from the pre-PDR 
analysis has been used for 
the PDR computational 
model. 

Complete ISS with 
walkways, conceptual 
design of the Bioshield 
Plug with doors and 
biological screws, 
stainless-steel shielding 
boxes filled with concrete, 
concrete shielding in the 
bottom ISS chassis, 
waveguides for diagnostic 
systems and shielding 
curtains made of B4C. 

Supplementary 
shields 

Initial shielding proposal 
from Table 15. 

Initial shielding proposal 
from Table 15. 

Assystem implementation 
of supplementary shields. 
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Global study As described in Table 11.  

Pre-PDR model of 
EP#12 has been used in 
the study. 

As described in Table 11.  

PDR model of EP#12 
has been used in the 
study. 

As described in Table 11.  

FDR model of EP#12 
has been used in the 
study. 

While pre-PDR and PDR 
analyses included the 
DGUPP in UP#10 and 
#11, as a conservative 
approach, the explicitly 
modelled UP#18 has 
represented all Upper 
Diagnostic Ports. 

In addition to the maturity of the design, the integration of diagnostic systems and 

the version of the ITER reference model, there are also some other important differences 

between the pre-PDR, PDR and FDR models. The pre-PDR and the PDR analyses of the 

EP#11 included homogenised representation of the shielding trays in the modular DSM, 

while the FDR analysis featured for the first time a realistic computational model of the 

modular DSM (as shown in Table 19) with more than 100,000 MCNP cells represented. 

Furthermore, in the pre-PDR and the PDR analyses the backfill was included in the 

computational model, but not used in the final calculations. On the other hand, the complete 

backfill, provided in the original CAD model, has been considered in the SDDR calculations 

for the FDR of EP#11. 

The global models for the nuclear analyses were built following the instructions for 

odd port analyses provided in section 2.3.3.3. In case of the global calculations for the pre-

PDR and the PDR of EP#11, identical C-Model was used with exactly the same MCNP 

models of ports in the neighbourhood, the only difference were the versions of both 

Equatorial Ports of interest, i.e. EP#11 and #12. For the FDR calculations of the SDDR in 

EP#11, the C-Model version was updated to the latest release and also the FDR model of 

the EP#12 was used. While in pre-PDR and PDR analyses the DGUPP represented the 

UP#10 and #11, as a conservative approach, the explicitly modelled UP#18 was used to 

represent all Upper Diagnostic Ports in FDR iteration of analyses. 

4.4.2 ALARA 

The Equatorial Port #11 has evolved considerably in terms of the level of details and 

the integration solutions from the initial concepts to the design considered for the FDR. In 

the pre-PDR and the PDR nuclear analyses of the EP#11, the state-of-the-art methodology 

for SDDR analysis (described in section 2.3) was used to study the design and the integration 

of the Port Plug and the Port Interspace, and in the reports, the recommendations were given 
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on further improvements that could be implemented. Many of these recommendations, 

provided to ITER in the last years, have been given engineering solutions supported with 

numerous computer analyses covering all fields (e.g. structural, thermohydraulic, EM, 

nuclear, etc.). Furthermore, these proposals did not cover only the components that are in 

the scope of the IO-CT PBS55, but also ex-vessel shielding solutions (i.e. supplementary 

shields from 3.3) were proposed to mitigate the impact of the neighbourhood on the 

radiation conditions inside the port interspaces. These efforts were strongly motivated with 

an intention to mitigate the human exposure during hands-on maintenance activities, which 

was driving the improvements between iterations of nuclear analyses.  

After the Preliminary Design Review of the Equatorial Port #11 was successfully 

passed, further measures had to be taken for the Final Design Review in order to show that 

the ALARA principles have been followed. In Table 23, a set of important actions to mitigate 

the SDDR in the EP#11 Interspace is presented, which includes: i) replacing stainless-steel 

with carbon steel when possible, ii) replacing normal concrete with borated heavy concrete 

in the shielding boxes, iii) filling up the ISS bottom chassis with borated heavy concrete, iv) 

adding the removable B4C shielding curtains, v) adding the removable shielding where 

necessary and vi) considering the ex-vessel supplementary shields. While the supplementary 

shields were also used in both previous iterations of EP#11 nuclear analyses, the remaining 

SDDR-mitigating measures from Table 23 were considered only for the FDR. 

Table 23: SDDR-mitigating measures considered in the FDR analysis of EP#11. 

DESCRIPTION VISUALIZATION 

ISS MATERIAL CHANGE FROM SS316LN-IG TO 
CARBON STEEL (IO-CT PBS55) 

The SS316LN-IG used for the Interspace Support Structure, 
maintenance walkways, bogies and for shielding boxes (filled 
with concrete) has been changed to carbon steel. The 
reduction of Co from 0.03 wt.% to 0.01 wt.% and Ni from 
12.25 wt.% to 0.05 wt.% assures an overall reduction of the 
SDDR due to all SDDR drivers. 

 

NORMAL CONCRETE IN SHIELDING BOXES 
CHANGED TO BORATED HEAVY CONCRETE 
(IO-CT PBS55) 

Replacing normal concrete with borated heavy concrete in the 
shielding boxes of the EP#11 interspace improves neutron 
flux attenuation and neutron absorption in the shielding boxes 
of the interspace. Introduction of the borated heavy concrete 
is deemed important to reduce the neutron flux in Port Cells. 

 

* stainless-steel structure of shielding boxes has been 
hidden for the purpose of visualization 
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B4C SHIELDING CURTAINS (IO-CT PBS55) 

Shielding curtains made of B4C that would be on-place during 
machine operation, but removed (if necessary) for hands-on 
maintenance activities in the interspace. These curtains would 
attenuate the neutron flux coming from i) the port 
neighbourhood that would otherwise activate the interspace 
components and ii) the neutrons leaking through the 
diagnostic systems in the port plug that would otherwise 
activate the Equatorial Port Duct. 

 

BORATED HEAVY CONCRETE IN THE BOTTOM 
ISS CHASSIS (IO-CT PBS55) 

Placing the borated heavy concrete encapsulated in the empty 
space of the ISS bottom chassis would mitigate the neutron 
flux leaking through the gaps between the PP and the VV that 
would spread towards the Port Cell area, and to mitigate the 
radiation cross-talk coming from the Lower Ports. 

 

REMOVABLE SHIELDING OF THE NPA 
WAVEGUIDE IN THE INTERSPACE (IO-CT PBS55) 

Pre-PDR and PDR analyses shown the importance of the 
shielding covering the waveguide of NPA, therefore, a 
removable shielding box made of a stainless-steel cover and 
filled with 50/50 vol.% stainless-steel and B4C mixture. 
Neither the viability of this shielding proposal has been 
confirmed, nor the engineering implementations has been 
developed. 

 

REMOVABLE SHIELDING OF THE XRCS AND M-
VUV IN THE INTERSPACE (IO-CT PBS55) 

Pre-PDR and PDR analyses shown the importance of the 
shielding covering the waveguide of XRCS and M-VUV, 
therefore, a removable shielding box made of a stainless-steel 
cover and filled with 50/50 vol.% stainless-steel and B4C 
mixture. Neither the viability of this shielding proposal has 
been confirmed, nor the engineering implementations has 
been developed. 

 

SUPPLEMENTARY SHIELDS (not in the scope of IO-
CT PBS55) 

Even though this shielding proposal is outside the scope of 
IO-CT PBS55, it has been considered as one of ALARA 
measures due to its performance in SDDR mitigation. More 
in section 3.3. 
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4.4.3 Summary of the results 

In this section, a short summary of the results of nuclear analyses is provided, since 

due to their confidential nature, this part must be redacted for publication. Three iterations 

(i.e. pre-PDR, PDR and FDR) of nuclear analyses have been carried out, each time 

highlighting the encountered problems of the integration of specific diagnostic systems 

(using matrices of responsibilities) or pointing out global challenges for meeting the SDDR 

requirement (using local & global approach). Following the pre-PDR and PDR analyses, 

more SDDR-mitigating measures were taken to show that ALARA principles were applied. 

• The analysis of the pre-PDR design of EP#11 showed that the dominating contribution 

to the SDDR comes from strong radiation cross-talks from the IVVS and two EC-UL 

in the Upper Level. Since the cross-talks increase the SDDR by activating the Equatorial 

Port Duct, no shielding proposals inside the EP#11 can reduce the impact. On the other 

hand, the calculations showed that the implementation of the supplementary shields 

could successfully mitigate the phenomenon. Among the diagnostic systems, H-α, LFS 

and NPA showed an increased contribution to the SDDR in the maintenance corridors 

and their performance was followed in the next iteration. 

 

• While in the PDR analysis of EP#11 an improvement in the integration of LFS has been 

observed, the diagnostic systems H-α and M_VUV could be further optimized. In 

addition to that, the NPA still showed a significant contribution to the SDDR, which 

was not mitigated by improved integration of the system inside the Port Plug of EP#11. 

In relation to the global SDDR results, since the neighbourhood of the EP#11 did not 

change, the radiation cross-talks still represented a challenge for meeting the SDDR 

requirement of 100 µSv/h after 106 seconds of cooling time with the currently considered 

irradiation scenario. 

 

• The impact of the diagnostic system LFS has been almost completely mitigated from the 

pre-PDR analysis to the FDR. However, the baseline case has still showed a significant 

contribution of NPA to SDDR in both corridors, and lesser contributions of H-α and 

XRCS to the SDDR in the left and right corridor, respectively. The SDDR-mitigating 

measures have significantly reduced the impact of H-α and NPA, however, the XRCS 

waveguide could not be sufficiently shielded due to the proximity of the right 

maintenance corridor.  
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4.5 Nuclear analysis of EP#12 

The second example of the application of methodology for analyses of SDDR in ITER 

Diagnostic Ports is based on three iterations of SDDR calculations of the Equatorial Port 

#12. The EP#12 hosts 6 diagnostic systems (seen in Table 24), and 3 are required for the 

first plasma. As in the EP#11, the diagnostic systems in the EP#12 also feature diverse 

challenges in terms of interspace shielding and PP integration, which were one of the focuses 

of the SDDR analyses. For example, the diagnostic system RXRC feature large slits in the 

DSM#2 with direct view towards plasma, which requires an effective interspace shielding to 

stop the leaking neutrons. On the other hand, the system CTS occupies the complete 

DSM#3 with many waveguides, calling for large cut-outs in the DSM and the DFW. While 

the direct streaming can be avoided by implementing doglegs, the lack of shielding reduces 

the neutron flux attenuation capability of the DSM. Therefore, in order to follow the 

evolution of the EP#12 and its diagnostic systems over the span of few years, the 

methodology for assigning SDDR contributions to different diagnostic systems has shown 

to be of most importance.  

Table 24: CAD representation of the PDR EP#12 diagnostic systems and their optical paths. 

DSM Systems Port Plug 

#1 
H-alpha Spectroscopy (H-α) 

Visible IR Cameras (VisIR)  

 

#2 

Glow Discharge Cleaning (GDC) 

Radial X-Ray Camera (RXRC) 

Hard X-Ray Monitor (HXRM)  

 

#3 Collective Thomson Scattering (CTS) 
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4.5.1 Geometry 

The geometry of computational models of EP#12 for each iteration of nuclear 

analyses has been described in great details in the reports provided to ITER. In these reports, 

the complete process of model production is explained, together with material definition and 

allocation for all components included in the study. 

In the same manner as in case of EP#11, the ITER reference model has also been 

updated for each nuclear analysis of the EP#12. For the pre-PDR analyses, the EP#12 has 

been integrated into C-lite v2 for the analyses following a local approach, while the global 

calculations were performed some months later with the first C-Model release, i.e. C-Model 

V1 R2.1. Just few months later the PDR analysis followed, which was also carried out with 

C-Model V1 R2.1. The SDDR calculations in support of the FDR of EP#12 have been 

performed in May, when C-Model_R190110 was the latest ITER reference model. An 

overview of all geometrical differences between the nuclear analyses is provided in Table 25. 

Table 25: Overview of the geometrical setup of EP#12 in pre-PDR, PDR and FDR analyses. 

 Pre-PDR [80] [92] PDR [82] FDR [103] 

Reference 
model 

C-lite v2 (LOCAL) 

C-Model v1 R2.1 (GLOBAL) 

C-Model v1 R2.1 C-Model_R190110 

Modular DSM Conceptual design of the 
modular DSM with 7 
shielding columns 
considered. 

DSM Front Plate: 
homogeneous mixture of 
90 vol.% SS316LN-IG 
and 10 vol.% water. 

DSM Bulk Shield: 
mixture of 65 vol.% B4C, 
10 vol.% SS316LN-IG 
and 25 vol.% void. 

Modular DSM with 6 
shielding columns used. 

DSM Front Plate: 
heterogeneous water 
channels - 10 vol.% 
water. 

DSM Bulk Shield: 
mixture of 62 vol.% B4C, 
6 vol.% CuCrZr, 1 vol.% 
SS316LN-IG and 
31 vol.% void. 

Modular DSM with 6 
shielding columns used. 

DSM Front Plate: 
heterogeneous water 
channels - 10 vol.% 
water. 

DSM Bulk Shield: 
explicit representation of 
the CuCrZr shielding 
trays with 95 g B4C bricks 
and 22 g SS660 pins. 

Backfill Complete SS316LN-IG 
backfill considered. 

Complete SS316LN-IG 
backfill considered. 

Complete SS316LN-IG 
backfill considered. 

Interspace Complete ISS with 
walkways, waveguides for 
diagnostic systems, space 
reservation for the 
Bioshield Plug and local 
shields for diagnostic 
systems. 

The complete interspace 
from the pre-PDR 
analysis has been used for 
the PDR computational 
model. 

Complete ISS with 
walkways, conceptual 
design of the Bioshield 
Plug with doors and 
biological screws, 
stainless-steel shielding 
boxes filled with concrete, 
concrete shielding in the 
bottom ISS chassis, 
waveguides for diagnostic 
systems and shielding 
curtains made of B4C. 
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Supplementary 
shields 

Initial shielding proposal 
from Table 15. 

Initial shielding proposal 
from Table 15. 

Assystem implementation 
of supplementary shields. 

Global study As described in Table 10.  

Pre-PDR model of 
EP#11 has been used in 
the study. 

As described in Table 10.  

PDR model of EP#11 
has been used in the 
study. 

As described in Table 10.  

PDR model of EP#12 
has been used in the 
study. 

While pre-PDR and PDR 
analyses included the 
DGUPP in UP#10 and 
#11, as a conservative 
approach, the explicitly 
modelled UP#18 has 
represented all Upper 
Diagnostic Ports. 

It is also important to highlight a significant difference between the pre-PDR/PDR 

analyses and the FDR calculations. As it has been the case for the Equatorial Port #11, the 

FDR design of the EP#12 has been integrated into the MCNP model of the generic modular 

DSM with a realistic representation of each single B4C brick, SS660 pin and shielding tray in 

the DSM (as shown in Table 19). Furthermore, in the preliminary pre-PDR analysis of the 

EP#12 [89] the importance of the backfill has been evaluated. Since its implementation has 

been found to be necessary to mitigate the strong neutron leakage, the backfill has become 

a part of the baseline for all EP#12 analyses. 

Considering that the ITER reference model of the machine has been produced for 

even port analyses, the production of the global EP#12 model requires only to integrate the 

EP#12 into the central equatorial port container, while the isolated models of neighbouring 

ports are inserted into the remaining ports as instructed in section 2.3.3.3. In case of the 

global calculations for the pre-PDR and the PDR of EP#12, identical C-Model was used 

with the same models of ports in the neighbourhood, the only difference were the versions 

of both equatorial ports of interest, i.e. EP#11 and #12. For the FDR calculations of the 

SDDR in EP#12, the C-Model version was updated to the latest release and since the FDR 

of EP#12 was held 2 months before the FDR of EP#11, the PDR model of the EP#11 was 

used. While in pre-PDF and PDR analyses the DGUPP represented the UP#10 and #11, as 

a conservative approach, the explicitly modelled UP#18 was used to represent all Upper 

Diagnostic Ports in FDR iteration of analyses. 

4.5.2 ALARA 

The Equatorial Port #12 has always presented a challenge in terms of SDDR, since 

the diagnostic system RXRC features 4 slits with direct view towards plasma, which must be 
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shielded in the interspace. In the pre-PDR and the PDR analyses of the EP#12, the 

interspace shielding was lacking maturity, which required allocation of conceptual shields 

whose viability would have to be confirmed. With the intention to anticipate these challenges 

for the FDR of EP#12, a series of meetings was held with ITER in order to strategically 

allocate the shielding. IO-CT PBS55 has come up with a shielding implementation based on 

steel boxes filled with concrete, and the boxes would be attached to the ISS in order to 

envelop the waveguide in the interspace. The idea features a great modularity, which allows 

implementation in all ITER Diagnostic Ports; this shielding solution has been already 

introduced into the FDR design of the EP#11. 

Many efforts like this have been spent with the intention to mitigate the human 

exposure during hands-on maintenance activities, which is one of the prevalent drivers for 

the improvements of the design of ITER. In the preparation for the FDR of the Equatorial 

Port #12, a step further had to be taken to show that the ALARA principles have been 

followed. In Table 26, a set of actions to mitigate the SDDR in the EP#12 Interspace is 

presented, which includes: i) replacing stainless-steel with carbon steel when possible, ii) 

replacing normal concrete with borated heavy concrete in the shielding boxes, iii) filling up 

the ISS and the PCSS bottom chassis with borated heavy concrete, iv) adding the removable 

B4C shielding curtains and v) considering the ex-vessel supplementary shields. 

Table 26: SDDR mitigating measures considered in the FDR analysis of EP#12. 

DESCRIPTION VISUALIZATION 

ISS MATERIAL CHANGE FROM SS316LN-IG TO 
CARBON STEEL (IO-CT PBS55) 

The SS316LN-IG used for the Interspace Support Structure, 
maintenance walkways, bogies and for shielding boxes (filled 
with concrete) has been changed to carbon steel. The 
reduction of Co from 0.03 wt.% to 0.01 wt.% and Ni from 
12.25 wt.% to 0.05 wt.% assures an overall reduction of the 
SDDR due to all SDDR drivers. 

 

NORMAL CONCRETE IN SHIELDING BOXES 
CHANGED TO BORATED HEAVY CONCRETE 
(IO-CT PBS55) 

Replacing normal concrete with borated heavy concrete in the 
shielding boxes of the EP#12 interspace improves neutron 
flux attenuation and neutron absorption in the shielding boxes 
of the interspace. Introduction of the borated heavy concrete 
is deemed important to reduce the neutron flux in Port Cells. 

 
* stainless-steel structure of shielding boxes has been 
hidden for the purpose of visualization 
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B4C SHIELDING CURTAINS (IO-CT PBS55) 

Shielding curtains made of B4C that would be on-place during 
machine operation, but removed (if necessary) for hands-on 
maintenance activities in the interspace. These curtains would 
attenuate the neutron flux coming from i) the port 
neighbourhood that would otherwise activate the interspace 
components and ii) the neutrons leaking through the 
diagnostic systems in the port plug that would otherwise 
activate the Equatorial Port Duct. 

 

 

BORATED HEAVY CONCRETE IN THE BOTTOM 
ISS CHASSIS (IO-CT PBS55) 

Placing the borated heavy concrete encapsulated in the empty 
space of the ISS bottom chassis would mitigate the neutron 
flux leaking through the gaps between the PP and the VV that 
would spread towards the Port Cell area, and to mitigate the 
radiation cross-talk coming from the Lower Ports.  

 

SUPPLEMENTARY SHIELDS (not in the scope of IO-
CT PBS55) 

Even though this shielding proposal is outside the scope of 
IO-CT PBS55, it has been considered as one of ALARA 
measures due to its performance in SDDR mitigation. More 
in section 3.3. 

      

     

4.5.3 Summary of the results 

As it is the case of results of nuclear analyses in support of the development of 

EP#11, due to the confidential nature of the work, this part must be redacted for publication. 

For this reason, a short summary on the evolution of the integration of diagnostic systems 

into the EP#12 will be provided in this section. The presented studies will span over three 

iterations of nuclear analyses, from pre-PDR calculations done to evaluate the performance 

of the modular DSM, to the PDR held in 2017, and completing the cycle with the SDDR 

studies done in support of the FDR in May 2019. In the nuclear analyses, the matrices of 

responsibilities were used to highlight the encountered problems of the integration of 

specific diagnostic systems and to identify global challenges for meeting the SDDR 

requirement. Following the pre-PDR and the PDR analyses, additional SDDR mitigating 

measures were applied to show that the ALARA principles were followed in the design of 

the Equatorial Port #12. 

• Based on the results represented with the matrices of responsibilities, three diagnostic 

systems (i.e. RXRC, CTS and VisIR) were identified that show an increased contribution 
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to the total SDDR in the maintenance corridors. Furthermore, strong radiation cross-

talks from the IVVS and the EC-UL were encountered, which were partially mitigated 

by the supplementary shields. In relation to the missing Top Shield above the lateral UP 

Stubs in C-Model v1 R2.1, the findings were reported to Nuclear Integration Unit (NIU), 

which was an additional confirmation of an issue that prompted an update [104] of the 

ITER reference model. 

 

• While there was an improvement of the diagnostic system RXRC, the remaining two, i.e. 

VisIR and CTS, still show an increase of the SDDR in the corridors closer to their 

location. In the case of VisIR, the doglegs of the optical paths in the DSM were found 

to be the source of the issue and the reduction of the radii of the lines of sight was 

recommended to reduce the neutron leakage. On the other hand, the integration of the 

CTS requires a large opening in the DSM, which results in neutrons entering deep into 

the port plug and then leaking out into the environment. The recommendations on 

improvements were given, while the development of the systems will be studied in FDR. 

 

• The general conclusions of the FDR study somewhat coincide with pre-PDR and PDR 

analyses. Meeting of the SDDR requirement in EP#12 is challenged by the prevailing 

radiation cross-talks from the neighbouring ports. While numerous SDDR reducing 

actions have been prepared, a solution outside of the scope of IO-CT PBS55 is required. 

This has been also demonstrated by analysing the design and the integration of diagnostic 

systems VisIR and CTS. Even though the integration of these two systems only has a 

minor impact on the activation of the Port Plug and the interspace components, a 

significant contribution has been observed in the FDR iteration. In the baseline case the 

neutrons enter deep into the Port Plug through large apertures of VisIR and CTS, and 

then proceed by leaking out of the DSM before reaching the Closure Plate. This results 

in the increased activation of the neighbourhood, which has not been observed later in 

the optimal case (where all ALARA measures are applied). Therefore, this SDDR 

mechanism can be mitigated only by improving the shielding of the Port Ducts (since 

other ALARA measures in Table 26 do not impact the neighbourhood) or by redesigning 

the systems. In relation to the diagnostic system RXRC, no direct streaming through the 

slits of the system into the interspace has been observed, so most of the contribution in 

the optimal case comes from the activation of the RXRC flange and the Closure Plate.  
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4.6 Discussion 

A state-of-the-art methodology for SDDR analyses was used to study the integration 

and the optimization of diagnostic systems, and to identify the most contributing in terms of 

SDDR in the maintenance corridors of two equatorial ports, i.e. EP#11 and #12. This 

technique was used to track their progress over the span of 3 years, from the preliminary 

calculations in 2016, to the Final Design Reviews held in 2019. With a thorough 

interpretation of the matrices of responsibilities, it was shown to be possible to identify the 

systems presenting radiation leakage and the mechanism of how this leakage impacts the 

SDDR in a given tallying region. The example of VisIR can be used to demonstrate the 

completeness of the methodology. In the pre-PDR and PDR analyses of EP#12, a radiation 

leakage through the optical paths of the system and into the interspace was identified (and 

confirmed by inspecting the SDDR maps) by increasing the SDDR contribution due to the 

activation of mostly its own components in the interspace. However, the integration of the 

system was modified for the FDR, which was reflected in the matrices by increased activation 

of the environment, pointing to the radiation leakage out of the DSM. 

This shows that the needs for nuclear analyses of single diagnostic systems integrated 

into the generic DSM (without the systems otherwise integrated into the remaining DSMs) 

[93] [94] do not justify the efforts to produce the MCNP model and the computational time 

to provide results with a reliable statistical error. By using the matrices of responsibilities, 

several diagnostic systems can be studied at the same time, and a complete SDDR breakdown 

provides a valuable information about the complex SDDR mechanisms and the interaction 

between the systems. Even though the usefulness of this approach has been shown through 

port integration analyses of two Diagnostic Equatorial Ports, it can be adapted to any 

problem where the SDDR in the reference tally is dominated by radiation leakage through 

several points of entry. These could be of the size of a diagnostic system or they can be as 

large as the complete aperture in the VV for a given port.  

Furthermore, throughout the iterations of nuclear analyses of EP#11 and #12, the 

presented methodology was used to evaluate the performance of the modular DSM 

proposed by IO-CT PBS55. The results obtained in sections 4.4 and 4.5 have shown that 

with an optimized integration of the diagnostic systems, their impact on the SDDR can be 

almost completely mitigated. This was not the case in the previous DSM concepts [88]. In 

the optimal cases without supplementary shields of both FDR analyses, the results showed 
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that less than 30 % of the SDDR requirement is due to the integration of systems, while the 

rest comes from the neutron leakage through the gaps between the VV and the EPP and the 

radiation cross-talk from the neighbouring ports. The studies not only showed that with a 

proper mitigation of the radiation cross-talks the SDDR requirement can be met, but also 

that a Port Plug with the DSM design based on a light neutron absorber like B4C can meet 

the drained weight limit of 48 T. 

The implementation of the local/global approach did not only speed up the 

calculations during the phase of optimization or testing of shielding solutions, but also 

allowed a standardized approach to estimate the contribution of radiation cross-talks from 

the neighbouring port. Since the technique uses the most basic MCNP cards and the 

definition is explicitly defined in guidelines for nuclear analyses of diagnostic ports, it can be 

followed when using whichever radiation transport code based on MCNP geometry 

description. The results obtained using local/global approach in EP#11 and #12 SDDR 

analyses have identified the radiation cross-talks as one of the most contributing SDDR 

drivers, which challenge meeting of the SDDR requirement in all ITER ports. While 

numerous mitigating measures inside the scope of the IO-CT PBS55 have been tried over 

the last years, it is evident that without a global solution or changing the scientific, the SDDR 

requirement of 100 µSv/h cannot be met in ITER Port Interspaces. 

With the intention to achieve a global mitigation of radiation cross-talks, the shielding 

proposal called supplementary shields has been proposed. Based on the analyses presented 

in sections 4.4 and 4.5, the Nuclear Integration Unit deemed the shielding proposal as 

necessary and the engineering implementation has been later developed by Assystem. While 

the shielding proposal has shown an unmatched capability to lower the SDDR in all ITER 

ports, its implementation would require some changes to the assembly procedure of the 

machine [46]. In August of 2019, the supplementary shields are currently not considered to 

be implemented and other solutions are sought. 
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5 CONCLUSIONS 

The revision of the past work has identified the deficient methodology for SDDR 

analyses as one of fundamental challenges in the calculation and the analysis of SDDR in 

ITER Diagnostic Ports. For this reason, many efforts have been made to implement a series 

of improvements in the methodology and to propagate them to the ITER neutronics 

community. In the first place, a state-of-the-art methodology of matrices of responsibilities 

has been developed that allows breaking down the total SDDR on contributions of neutron 

leakage through each individual diagnostic system and on contributions of numerous 

activation groups. This methodology gives the nuclear analyst a powerful tool to evaluate the 

integration of several diagnostic systems at the same time by identifying complex 

mechanisms that impact the SDDR in the ITER Diagnostic Port Interspaces. In addition to 

that, a technique of local and global analyses has been implemented that allows a 

straightforward estimation of radiation cross-talks, while for scoping shielding studies saves 

a considerable computational time. With these improvements, the first goal of the thesis has 

been completed. 

Furthermore, the lack of standardized SDDR tallies that would allow a direct 

comparison against the SDDR requirement has been identified as one of the critical issues 

of past analyses. This has been solved in this thesis by defining new SDDR tallies at the end 

of the walkways in the maintenance corridors of Port Interspaces in Upper, Equatorial and 

Lower Level. The results obtained in these positions give conservative estimates for the 

SDDR in a position where a worker would be standing to perform a visual inspection of the 

connections on the Closure Plate. By implementing these tallies, the second goal of the thesis 

has been completed. 

All the above-mentioned efforts are now reflected in the official ITER guidelines for 

analyses of diagnostic ports [73], a document recommended to all nuclear analysists 

supporting the design and development of diagnostic components. Therefore, a significant 

step forward has been made to standardize the methodology for calculation and the analysis 

of SDDR in ITER Diagnostic Ports. 

Moreover, a methodology of reusing the MCNP model of Generic Diagnostic Port to 

integrate the port-specific diagnostic systems has been improved. While this advancement 

has not yet become a part of the ITER guidelines for analyses of diagnostic ports, a 

considerably improvement of the response time of nuclear analyses on the engineering design 
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updates has been observed. The methodology offers an efficient parallelization of the 

production of MCNP model, thus cutting the initial time of 12 weeks from the reception of 

the CAD model to the final SDDR results, to about 6 weeks. The benefits of this 

improvement have been especially appreciated in the recent analyses, since the design of the 

components has matured to the unprecedented level of details. With this, the third goal of 

the thesis has been completed. 

Regarding the strong radiation cross-talks identified in the past work, the supplementary 

shields, a set of proposed ex-vessel shields covering a common Upper and Equatorial VV 

Port structure, has shown a successfully mitigation of the phenomenon in the port 

integration analyses of EP#11 and #12. Even though the proposal is currently not 

considered to be implemented due to a possible impact on the schedule of the first-plasma, 

it still presents the only shielding solution that provides a global SDDR mitigation without 

modifying the scientific plan of the project. In addition to that, the introduction of the 

supplementary shields has also demonstrated the shielding performance of the Modular 

Equatorial DSM, since after the mitigation of the radiation cross-talks, the SDDR in the 

ITER Diagnostic Port Interspaces has reduced for the first time to the values below the 

SDDR requirement (to about 20 % below the requirement in case of FDR design of EP#12 

and even more in FDR design of EP#11). This can be also supported by the results of 

matrices of responsibilities, which have shown only a minor contribution to the SDDR due 

to neutron leakage through the port plug. These results have persuaded the DAs responsible 

for the EP#11 and #12 to adopt the Modular DSM as part of the baseline design. The 

success has also laid the foundation for the Modular Upper DSM, currently under the 

development [95]. With this, the fourth and the fifth goal of the thesis have been completed. 

The importance of all these methodological and shielding efforts has been demonstrated 

in the port integration analyses of the two most important ITER diagnostic ports, i.e. 

Equatorial Ports #11 and #12. The most challenging diagnostic systems in terms of SDDR 

in the maintenance corridors have been identified in both ports, the mechanisms for the 

increase have been thoroughly investigated and the recommendations to improve the 

integration have been given. The development of these systems has been then followed 

through different design stages up to the FDR of both ports, where the total contribution of 

diagnostic systems has been estimated to be as low as 20 μSv/h. Finally, in the FDR analyses 

of both ports, additional ALARA measures were considered in order to further reduce the 

SDDR in the maintenance corridors. The results have demonstrated that the SDDR 
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requirement can indeed be met in both first-plasma diagnostic ports, however, strong 

ALARA measures must be considered. With this, the sixth goal of the thesis has been 

completed. 

In conclusion, the work presented in this thesis has significantly shaped the SDDR 

analyses of ITER Diagnostic Ports. Most of the presented improvements of the 

methodology have become the basis of the ITER guidelines for nuclear analyses of 

diagnostic ports. The nuclear analyses of Diagnostic Equatorial Ports #11 and #12 have 

served to optimize the integration of diagnostic systems, to drive the development of the 

modular DSM and other common Port Plug components, to establish and validate a modular 

approach to the Port Interspace shielding, to show the implications of the radiation cross-

talk, and also to define and to optimize the methodology presented in this thesis. All the 

lessons learned on the two first-plasma ITER Diagnostic Ports will be propagated to other 

Diagnostic Ports, still in the first phases of the design. 
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6 FUTURE WORK 

The work presented here is not complete yet. In a longer time-frame, the intention is to 

work on further transfer of knowledge to other nuclear analysts, since up to now most of 

the work on port integration has been done in EP#11 and #12, while there is more than 20 

Diagnostic Ports that have not reached the Final Design Review yet. On the one hand, this 

can be achieved with methodology-oriented publications in journals. A paper on the matrices 

of responsibilities is already in preparation, and it will serve not only for port integration 

analyses, but the technique can also be applied to similar problems with several neutron 

leakage paths that impact the SDDR in a given position. On the other hand, D1S-UNED 

has been the ITER reference code since 2018 and while these is a user’s manual, additional 

guidelines for nuclear analyses with D1S-UNED with practical examples taken from analyses 

presented in section 4 of this thesis could be of use to researchers. 

Furthermore, due to some recent developments of the D1S-UNED, a capability has 

been added to the code that allows a precise calculation of the contribution of radiation 

cross-talks to the SDDR in the maintenance corridors. Consequently, only one calculation is 

required to produce the matrices of responsibilities for diagnostic systems and at the same 

time to evaluate a cross-talk from each one of the neighbouring ports. Since the SDDR 

contribution of the neutron leakage through the neighbouring ports can now be also broken 

down on activation groups as for diagnostic systems, the layout of the matrix of 

responsibilities can be adapted in a way to include it. One of the plans for the future is to 

optimize the way of visualizing contribution of radiation cross-talks, since with the in-house 

developed 360º model of the ITER machine called E-lite [77], the impact of the cross-talks 

will finally be well simulated (unlike with the current 40º ITER reference model).  

In the more immediate future, the plan is to continue working on the first-plasma ports 

EP#11 and #12, since the FDR design phase is not closed yet. Even though the FDR 

meetings were held at ITER, some engineering issues were raised that will require further 

analyses. Moreover, additional quantities (e.g. DPA, helium and tritium production, dose rate 

during operation, etc.) have yet to be calculated throughout the Port Plugs and the nuclear 

analyses in the Port Cells of both ports are still pending – all the remaining calculations must 

be completed before the end of 2019. 
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