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Resumen

El objetivo de esta tesis doctoral es contribuir en el desarrollo de la fusiéon por

confinamiento magnético, abordando cuestiones de interés en el marco de ITER y DEMO.

El Reactor Termonuclear Experimental Internacional, ITER, es un experimento cientifico a
gran escala que tiene como objetivo resolver problemas, tanto técnicos como cientificos, para
poder avanzar en el campo de la fusion nuclear. Con él se pretende demostrar la viabilidad de
la fusidn como fuente de energia y recoger los datos necesarios para el disefio y posterior
operacion de la primera planta comercial de produccion de electricidad a partir de la energia de
fusion. Actualmente se encuentra en construccion en el sur de Francia, aunque algunos
componentes y sistemas se encuentran todavia en fase de disefio. ITER Organization (IO) es la
entidad juridica responsable de la construccién, funcionamiento, explotacion y desactivacion de
las instalaciones de ITER. En el proyecto participan la Unién Europea, India, Japdn, China,

Rusia, Corea del Sur y Estados Unidos.

El reactor DEMOstracion DEMO es el siguiente paso en el camino para hacer realidad la
energia de fusién. Su objetivo es desarrollar y probar tecnologias de ensayo, los regimenes de
la fisica y las rutinas de control para el funcionamiento de un reactor de fusién no como un

experimento cientifico, sino como una planta comercial de potencia.

Uno de los problemas actuales que se identifican en ITER es conseguir valores de dosis
residual por debajo de ciertos limites en las areas de Port Cell y Port Interspace para poder
llevar a cabo tareas de mantenimiento manual. Para evaluar la calidad de los resultados que se
obtienen, es fundamental conocer cémo son las herramientas que nos permiten llegar a ellos.
En este sentido, la aportacién que se presenta se basa en el estudio de la calidad que las
secciones eficaces de la libreria EAF-2007, que es con la que habitualmente se llevan a cabo
estos calculos de dosis residual de mantenimiento en ITER, de manera que se pueda conocer el
grado de fiabilidad que tienen estas secciones eficaces. Ademas, se evallan las posibles
mejoras y/o actualizaciones tanto en la version mas reciente de EAF (2010) como en la libreria
TENDL (versiones 2013-2015).

Como principales conclusiones obtenidas de esta primera parte de la tesis, se ha visto que,
hasta la fecha, la dosis calculada (producida por la activacion de cada uno de los materiales) es
fiable (es decir, mas del 90% de la produccién de los radionucleidos principales se debe a
reacciones cuyas secciones eficaces en la libreria EAF estan validadas) para los siguientes

materiales: SS316LN-IG, SS304L, Eurofer, LiPb, W, hormigén convencional de B-lite y hormigdn
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L2N. Por el contrario, la prediccion de la dosis para el hormigdn baritado (potencial candidato

para usarse en ITER) y el cobre no resulta fiable.

Por otra parte, ITER contara con una serie de sistemas de diagndsticos para proporcionar
las medidas necesarias para controlar, evaluar y optimizar el rendimiento del plasma y para
fomentar también la comprension de la fisica del mismo. Los sistemas de diagndstico estaran
localizados en distintos componentes del reactor: en la envoltura, cdmara de vacio, criostato,
puertos (superiores y ecuatoriales), divertor, etc. Al introducir estos diagndsticos en el reactor,
se producen dos efectos. Por un lado, se elimina material de blindaje y, por otro, se generan
caminos por los que puede haber fugas de radiacion. Como consecuencia, algunos
componentes tales como las bobinas de campo toroidal (TFCs) o la vasija de vacio (VV) pueden
verse afectados por el cambio producido en el campo de radiacion al que estan sometidos. El
hecho de que cambie el campo de radiacién puede tener consecuencias en el funcionamiento
de estos componentes, lo que podria desembocar en la pérdida del estado superconductor de

dichas bobinas y, en Ultima instancia, del confinamiento del plasma.

Precisamente por este motivo, dentro de ITER IO, existe cierta preocupacion por las cargas
de radiacion a las que estan sometidos estos componentes, dado que estudios previos
demostraban que los valores de estas cargas se encontraban muy cerca del limite y, en algunos
casos, por encima. Por esta razon, un capitulo de la tesis aborda el estudio del efecto que tiene
incluir cuatro sistemas de diagndsticos in-vessel (reflectometria, Neutron Activation System,
First Wall Samples y bolémetros) sobre la VV y las TFCs. En este sentido, los resultados
muestran que la contribucion de los sistemas de diagndstico estudiados, a las cargas de
radiacién que reciben estos componentes, no resulta critica para el correcto funcionamiento de

los mismos.

La parte dedicada a DEMO, se centra en la envoltura DCLL (Dual-Coolant Lithium-Lead) y
consiste en, partiendo del modelo CAD del reactor (tanto el correspondiente al afio 2014 como al
2015), realizar calculos de transporte (MCNP) y activacion (ACAB) de los materiales que componen
la envoltura y, finalmente, dar resultados en cuanto a activacion y calor residual. Estos resultados
son el punto de partida para posteriores analisis relacionados con seguridad y gestion de residuos
radioactivos. Ademds, se calcula la produccion de residuos y se analiza la viabilidad de
almacenarlos en la instalacion de El Cabril, incluyendo la determinacién de la reduccion de
impurezas necesaria para ello. Los resultados reflejan que Unicamente es necesario reducir una
impureza (el Nb) para conseguir almacenar los residuos procedentes de esta envoltura en las

instalaciones de almacenamiento superficial de El Cabril.
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Abstract

The objective of this thesis is contributing to the development of the magnetic confinement

fusion, addressing issues of interest within the framework of ITER and DEMO.

The International Thermonuclear Experimental Reactor, ITER, is a large-scale scientific
experiment which aims to solve technical and scientific problems to advance in the nuclear
fusion field. Its goal is to demonstrate the feasibility of fusion as an energy source and collect
the necessary data for the design and subsequent operation of the first plant producing
electricity from fusion energy. It is currently under construction in the south of France, although
some components and systems are still in the design phase. ITER Organization (IO) is the legal
entity responsible for building, operating, exploiting and deactivating ITER. The European
Union, India, Japan, China, Russia, South Korea and the United States are the countries

participating in the project.

Beyond ITER, the DEMOnstration power plant DEMO aims to develop and test technologies
for the operation of a fusion reactor not as a scientific experiment, but as a power plant,

applying the know-how gained with the ITER project.

One of the current identified problems in ITER is to achieve shutdown dose rates (SDDR)
values below certain limits in the Port Cell (PC) and Port Interspace (PI) areas, in order to carry
out manual maintenance activities. In this context, the quality of the EAF-2007 activation cross
sections, which are usually used for these SDDR calculations in ITER, is assessed in order to set
their reliability. In addition, possible improvements/updates in both the latest version of EAF
(2010) and the TENDL library (2013 to 2015 versions) is evaluated.

As a conclusion from this first part of the thesis, it has been seen that, to date, calculated
doses (produced by the activation of each of the materials) are trustworthy (i.e. more than
90% of the production of major radionuclides is due to reactions with EAF validated cross
sections) for the following materials: SS316LN-IG, SS304L, Eurofer, LiPb, W, conventional
concrete from B-lite, and L2N concrete. On the contrary, the SDDR prediction for Cu and barite

concrete (potential candidate material) is not reliable.

On the other hand, ITER will have several diagnostic systems to provide the necessary
measures to control, evaluate and optimize plasma performance and also to promote
understanding of plasma physics. These diagnostic systems will be located at different
components of the reactor: blanket, vacuum chamber, cryostat, ports (upper and equatorial),

divertor, etc. By introducing these diagnostics into the reactor, two effects are produced. On
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the one hand, shielding material is removed and, on the other hand, streaming paths are
generated. As a consequence, some components such as the toroidal coils (TFCs) or the
vacuum vessel (VV) might be affected by the change in the radiation field. The fact that the
radiation field changes may affect their appropriate functioning, endangering the

superconducting state of the TFCs and, as a result, the plasma confinement.

It is precisely for this reason that, within ITER IO, there is some concern about the
radiation loads to which these components are subjected, since previous studies showed that
the radiation load values were very close to the limit and, in some cases, above. For this
reason, a chapter of the thesis addresses the impact of the inclusion of four in-vessel
diagnostics (reflectometry, NAS-neutron activation system, FW-first wall samples and
bolometers) on the radiation loads (nuclear heating and neutron induced damage) on the WV
and the TFCs of the ITER reactor. In this sense, results show that the contribution of the
analyzed diagnostic systems to the radiation loads on both the VV and the TFC is not critical for

the appropriate functioning of these components.

Regarding DEMO, the focus is on the DCLL (Dual-Coolant Lithium-Lead) blanket concept.
The work consists of performing transport (MCNP) and activation (ACAB) calculations of the
blanket materials on the basis of 2014 and 2015 DEMO models and, finally, providing results in
terms of activation and residual heat. These results are the starting point for further
assessments on safety and/or waste management. Furthermore, the radioactive waste
production is assessed and the possibility of waste disposal in El Cabril facility is analyzed,
including the determination of the impurities limits needed to achieve this goal. Results show
that it is only necessary to reduce one impurity content (Nb) in order to dispose the waste

coming from this blanket at the El Cabril near-surface facility.
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Chapter 1

Introduction

The research subject of this thesis is included within the field of nuclear fusion technology.
This work addresses fundamental problems within international projects such as ITER and
DEMO. This chapter is devoted to provide an introduction to the nuclear analysis in fusion
devices, a summary regarding the motivation and the different contributions of this thesis, and

a description about the organization of this document.

1. The need of nuclear analysis in fusion devices

In Deuterium-Tritium (D-T) fusion reaction, one neutron is released for each 17.6 MeV of
fusion energy with a kinetic energy of 14.1 MeV. This is a significant difference compared to
fission, where one neutron is released per 80 MeV of fission energy, and with 2 MeV as an
average energy. This implies that a fusion D-T reactor is a greater neutron source in both

quantity and energy terms [1].

In particular, the future magnetic confinement fusion (MCF) plants based on the D-T fuel
cycle entail high levels of radiation. The International Thermonuclear Experimental Reactor
(ITER) will operate at 500 MW of power (~10% n/s) with a total of about 10’ neutrons [2]. On
the other hand, the DEMOnstration (commonly called DEMO) concepts reactors that are being
developed in Europe will reach about 5 times more power and around 50 times more neutrons

during their operation.

These nuclear fusion facilities will have radiation fields both during the operation and
during its shutdown. During the operation phase, the radiation field will come from neutrons
released from the plasma which interact with the different materials of the reactor, producing
prompt neutrons and gammas which will also contribute to the radiation field. Additionally,
neutrons will activate the materials of the reactor being the cause of the radiation field during
the shutdown period [3]. From the different kinds of decay radiation, only gammas will be
considered as a relevant field for most of the studies, since they are widespread around all the
facility whereas alpha and beta particles only have local effects, as they are charged. For a
complete characterization of the facility, the isotopic inventory, which implicitly contains the

source terms of this charged radiation, also has to be estimated.
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Chapter 1

Introduction

In this context, it is necessary to evaluate the effects that these radiation fields might
cause on people (workers and public) and the machinery involved in the reactor operation and
its shutdown, as well as the mentioned radioisotope inventory produced by neutron induced
material activation, which is an essential input for the design of components, maintenance

planning, safety analysis and waste management asessments.

The nuclear analysis is in charge of the assessment of all these nuclear aspects and its
goal is ensuring a safe operation of the facility taking into account the correct functioning of the
components and the adequate design of shielding, in order to minimize the radiation exposure
of both components and people. Thus, nuclear analysis is indispensable for the design,
optimization, engineering, safety and waste management of the projects involved in the
progress and development of fusion energy (e.g. ITER and the next-step, DEMO), and also for

proving that the commitments of the Licensing Authorities in this sense are met [2]-[4].

For the nuclear analysis, computational tools for simulating the physics of radiation
transport and neutron activation in fusion conditions are required. Currently, the type of
calculations to be performed are very challenging due to the high level of detail involved and
the huge impact that these calculations can have on fusion facilities already under construction,
like ITER. These calculations imply the combined use of Computer-Aided Design (CAD),
radiation transport, and activation tools, as well as coupling schemes between them. In this
situation, the expertise of the user and software resources arise as key points to reach the level

of accuracy and confidence required in fusion devices.

Within the aims of the nuclear analysis is to check, not only the capability of the nuclear
codes codes and data to predict nuclear responses, but predicting with high accuracy in a real
three-dimensional (3D) reactor configuration [5]. Therefore, for meaningful and satisfactory
nuclear analyses, quality assurance (QA) and continuous improvement of the computational
tools and nuclear data are essential [4]. Within the QA, it is essential to have: i) well-
established, verified and validated guidelines and instructions to perfectly approach the nuclear
analysis; ii) references and standards of materials, models, etc. iii) validated nuclear data

methods and tools [6].

As it will be seen in the following Section 2, the work developed in this doctoral thesis is

framed within the field of nuclear analysis.
2. Contributions and scope of the work

This thesis has sought to make different contributions in the nuclear analysis framework in

order to progress in the MFC development, replying to some current identified problems and
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needs. Hence, it addresses a number of issues related to both ITER and DEMO. Specifically,
three contributions are made, focused on: i) activation nuclear data for ShutDown Dose Rate
(SDDR) calculation in ITER, ii) radiation loads on the ITER Toroidal Field Coils (TFCs) and
Vacuum Vessel (VV), and iii) DEMO DCLL (Dual-Coolant Lithium-Lead) characterization for
safety and environment purposes. The following subsections are devoted to provide the

motivation and description for each of the contributions.
2.1. Activation nuclear data for SDDR calculation in ITER

It is well known that the validity of the nuclear results greatly depends on the accuracy
degree of the nuclear data (given as cross sections which are grouped into libraries) used in the
calculation. This is extremely important taking into account that some tasks, designs etc.
depend on the compliance of certain limits for several magnitudes. If the calculations are not
reliable, how can the results be guidance for the implementation of these mentioned activities,
shielding designs, etc.? Therefore, the accuracy of the nuclear data is fundamental for the
accuracy of the result. In other words, as long as there is not certain about the reliability of the

involved nuclear data, the validity of the results can not be corroborated.

In particular, for the reliability of nuclear inventory and the subsequent SDDR the accuracy
of activation nuclear data is fundamental. The SDDR prediction is a critical aspect in the design
of ITER! since it is essential to evaluate the effect that the nuclear radiation might have on
workers, public and machines [7]. As an example, maintenance activities to repair and replace
complex and heavy components in a nuclear environment are extremely challenging and the
feasibility of maintenance operations is based on the compliance of some imposed SDDR limits

to be applied in each working area.

It is worth noting that the fulfillment of imposed limit values for the SDDR is an ongoing
challenge, especially in high exposed areas where hands-on maintenance is scheduled, such as
the Port Cell (PC) and Port Interspace (PI). Furthermore, an accurate SDDR prediction is
important, beyond maintenance can be carried out or not, in order to establish time limits from
when people or machines access to certain areas could be allowed. In addition, it should not be
forgotten that having to modify maintenance access times (as a consequence of non-
compliance with the imposed limits) would have a high cost repercussion. For these reasons, it

is crucial to trust the libraries used in order to accurate estimate SDDR.

! Actually in the design of all this kind of facilities.
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Available cross section libraries for fusion applications such as EAF (European Activation
File), ENDF (US Evaluated Nuclear data Library), FENDL (Fusion Evaluated Nuclear Data
Library), JEFF (Joint Evaluated Fission and Fusion File) and TENDL (TALYS-based Evaluated
Nuclear Data Library), among others, have been developed considering expected materials to
be placed in fusion facilities. However, despite having been created considering fusion
applications, they have not been developed taking into account the specific neutron spectra in
the different components of an advanced 3D-geometric model for ITER. At present, the
geometric model and specific materials in the different areas of ITER are currently clearly
established and thus, the neutron spectra for the major components responsible of the SDDR

can be accurately obtained.

In this context, large part of this thesis is dedicated, now that the materials and spectra in
ITER are defined, to explore the status of available activation cross section data for accurate
SDDR prediction in the PC and PI areas of ITER, where different maintenance activities are
foreseen. For this purpose, EAF-2007, which is typically used for the determination of the SDDR
in ITER, as well as the last EAF version (EAF-2010) and the most recent versions of TENDL
(2013, 2014 and 2015) are selected. The final goal is to know if these SDDR calculations are

overall trustworthy.

The results of this assessment have been well received by the scientific community, since
the need of evaluating the cross section data for this application was already being raised in
different scientific forums and meetings. Specifically, within the frame of Fusion For Energy
(F4E)?, there was an expert task (F4E-2014_EXP-156) performed by J. Sanz (director of this
thesis) related to this matter, which was the basis for this work. Furthermore, a JCR paper has
been published collecting the achieved results [9], and an extension of this work has been also
presented in the International Conference on Nuclear Data for Science and Technology
(ND2016), hold in Bruges (Belgium) during from 11" to 16™ September 2016 and included in

the corresponding proceeding [10].
2.2. Radiation loads on the ITER TFCs and VV

As it has been previously mentioned in Section 1, it is essential to evaluate the radiation
field and its consequences during the operation of the fusion reactor, which is especially
important for some components. In particular, for MCF reactors based on superconducting coils,
one of the most relevant aspects of this radiation field during the operation phase is the effect

that the high radiation loads have on this component, since their superconducting state can be

2 F4E is the organization responsible for providing Europe’s contribution to ITER [8].
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endangered and, consequently, the plasma confinement too. Thus, the determination of the

radiation loads on the coils is fundamental in the design of this kind of reactors [1], [4].

In ITER, there is some concern about the nuclear responses in the Toroidal Field Coils
(TFCs), since the analyses carried out some years ago reflected values very close to the design
limits, or even above. In particular, fast neutron flux on the electrical insulator and integral heat
deposition were found to be very critical [4]. Furthermore, it was detected that the TFC inboard
leg was the major contributor to the total nuclear heating and, also, that it is specially affected
by the gap width among the blanket modules. As a consequence, a change in the design has
been performed, in order to reduce these mentioned gaps in the blanket, and consequently,

increasing its shielding capability [11]-[13].

Given the importance of the blanket gaps on the radiation loads on the TFCs, and the fact
of being so close to the limits, it seems essential to study the effect that any modification of
these blankets could have too. This is the case of the in-vessel diagnostics systems that
introduce some cutouts in the blanket modules shielding (BSMs), decreasing their shielding
capability. The current thesis studies the significance that these modifications in the BSMs
would have, in terms of increase of the radiation loads on the TFCs. Specifically, in this work
the analyzed in-vessel diagnostics are: reflectometry, Neutron Activation System (NAS), First
Wall Samples (FWS) and bolometers. In addition to the radiation loads on the TFCs, the ones

on the VV were also analyzed as also present limits due to thermal stresses.

This work has supported the ITER Diagnostic Division in the analysis of the diagnostics
design within the project 'Weutronics Analysis of ITER Diagnostics Components’ contract
number 4300000919. In addition, the achieved results were collected in several reports [14]-

[17] and there is an already prepared paper that is currently under ITER review [18].
2.3. DEMO DCLL characterization for safety and environment purposes

In the DEMO framework, a roadmap of fusion energy was defined by the EFDA (European
Fusion Development Agreement) at the end of 2012. The aims were the achievement of the
necessary know-how to begin the construction of a DEMO by 2030, in order to allow the start of
operation in the early 2040s and so, reaching the goal of fusion electricity in the grid by 2050.
In this context, eight strategic missions were established. For the Horizon 2020, a series of
activities within each of the missions are defined within the Eurofusion Consortium program. In
particular, related to mission 5 (Implementation of the intrinsic safety features of fusion) comes
out the Safety And Environment Work Package (WPSAE) [19]-[20].
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The challenges in the frame of WPSAE are based on the experience in the ITER licensing
process, and are related to the management of activated materials and, especially T, since
DEMO has higher neutron fluence. Therefore, the WPSAE deals with the establishment of
fundamental safety strategies, definition of safety criteria, safety evaluation of the impact of
fundamental design choices (materials, coolant, etc.), review of licensing regulatory
requirements, selection of adequate disposal routes, establishment of material composition
limits to minimize the radiological impact of activation, as well as development of strategies for
minimization the quantity of waste, and studies about the feasibility of waste recycling, among

other issues.

The performed DEMO work in this thesis is included in the framework of this mentioned
WPSAE and, more specifically, in the SAE-2.17.1-T01-D04 task. This task was planned for the
2015-2018 period and this thesis contains the work done during 2015 [21] and the updates
corresponding to 2016. The main objective is to estimate the decay heat and nuclide inventory
for the DCLL blanket concept in order to provide the essential input for further safety and/or

waste management assessments.

Similar tasks for the other three blanket models are being carried out in parallel, by well-
known European institutions, so, in addition, some comparison about the differences in the
achieved results is done among the four blanket concepts. This comparison has been presented
at the 29" edition of the Symposium on Fusion Technology (SOFT 2016) hold in Prague (Czech
Republic), from 5" to 9™ September 2016, and there is a sent paper for considering its

publication in Fusion Engineering and Design journal [22].

Moreover, considering that one of the presuppositions of fusion energy is that only low and
medium radioactive waste are generated, a preliminary assessment of the radioactive waste
coming from this DCLL model is carried out. This assessment has reference to the IAEA/SEAFP-
2 standards and to the specific regulations of El Cabril near-surface facility. In addition,
considering the important role that impurities play in the activation of the different materials,
the possible need of impurities mitigation, in wastes, is also performed. This work on
radioactive waste assessment has also been presented at the SOFT 2016, and there is also a
submitted paper for considering its publication in Fusion Engineering and Design journal [23].
In addition, and also within the Eurofusion framework, a report with the obtained results is

currently being prepared.
3. Document organization

This last section of the chapter is dedicated to describing the structure followed in this

thesis and the chapter’s fragmentation.
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First of all, Chapter 2 is devoted to introduce the fusion energy and to give the context for

describing ITER and DEMO, which are the main MCF devices in which this thesis is focused on.

Chapter 3 is dedicated to the description of the methodology used along this work. As it
has been said, the nuclear calculations are very challenging. Thus, the aim of this chapter is to
describe these challenges and to provide information about different available nuclear data and
computational tools to carry out the nuclear analysis, as well as to justify the selection of some

of them for the development of this thesis.

The following chapters collect the different contributions to ITER (Chapter 4 and Chapter
5) and DEMO advancement (Chapter 6).

Chapter 4 describes the assessment of the status of relevant cross sections involved in the
prediction of the SDDR for manual maintenance in the ITER PC and PI areas. Meanwhile,
Chapter 5 is connected with operation aspects and deals with the nuclear analyses performed
to assess the impact of four different in-vessel diagnostic systems, namely reflectometry, NAS,
FWS and bolometers, on the radiation loads on the VV and the TFCs.

Chapter 6 deals with the DCLL characterization for further safety and/or waste
management studies. In addition, this chapter also includes the results comparison among the
different DEMO blanket concept. Last but not least, a radioactive waste analysis with reference
to the IAEA and SEAFP-2 standards and to the specific regulations of El Cabril, as well as the

possible need of impurities mitigation is also contained in this chapter.

Finally, Chapter 7 is devoted to review the achieved conclusions and describe the ongoing

and future work.
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Chapter 2

Nuclear fusion and magnetic fusion devices

This chapter is dedicated to describing both the interest of the nuclear fusion energy as
well as its main principles, and the two magnetic confinement fusion devices which this thesis
deals with: ITER and the foreseen DEMO.

1. Energy consumption and demand trends

Several studies suggest that energy consumption will increase in the coming years at a
global scale. Since more than 80% of the energy consumption is currently derived from fossil
fuels, it is essential to find alternative options to satisfy the expected energy demand, especially
considering that fossil fuel reserves tend to run out and would not to meet the demand forecast
for the future. It is therefore necessary to seek new forms of energy with abundant resources,

covering the increasing demand at a reasonable cost and with limited environmental effects [1].

Nowadays, nuclear power, based on nuclear fission, provides about 4% of the total energy
consumed on the Earth, as shown in Figure 2.1. This energy has the advantages of large stocks
of fissile material and non-production of greenhouse gases. However, fission energy is a
problem from the standpoint of wastes, which are characterized by a high activity, having to be

controlled for long periods of time.

The nuclear fusion energy is one of the proposals currently under investigation due to the
great potential it entails to quench this increasing energy demand. It is a clean energy (CO,
emission free during the plant operation), safer than fission as there would be no risk of a
runaway fusion reaction as this is intrinsically impossible. Furthermore, raw materials (light

nuclei) are more plentiful than fissile nuclei.

Geothermal &
biomass
1%

Figure 2.1. Distribution of global energy consumption Source: BP2014.
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Regarding the possible radioactive wastes, although nuclear fusion does not generate long-
lived radioactive products to create a burden on future generations and the unburned gases can
be treated on site, low and medium radioactive waste are generated due to the activation of
the structural materials. The currently limitation to fusion energy is that more technological

development is needed before obtaining energy on a commercial scale [2]-[3].

2. Nuclear fusion

For a nuclear fusion reaction, two light nuclei need to be closer enough to overcome the
electrostatic repulsion between them and merge, obtaining a heavier nuclide with a slightly
smaller mass than the sum of the masses of its constituent nucleons; the mass difference is

released as energy.

As a general remark, it can be said that the fusion of two nuclei with lower mass than iron
releases energy, while fusion of heavier nuclei, absorbs it (and the other way round for fission)
[4]. In addition to this, the electrostatic repulsion is proportional to the product of the nuclear
charges, and therefore it increases as the atomic numbers of the involved nuclei do. Hence, the
Hydrogen (H) and Helium (He) isotopes seem to be the more suitable nuclei for a fusion power

plant.

Within all possibilities, it has been concluded that the best fusion process is that involving
the two heavier isotopes of H (D and T), since this reaction is the producing more energy and

with the highest cross section at achievable energies, as shown in Figure 2.2 [5].
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Figure 2.2. Experimental cross sections for different fusion reactions as a function of energy [6].
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Tritium

Deuterium

Figure 2.3. D-T fusion reaction scheme [7].

Figure 2.3 shows a typical D-T fusion reaction scheme where each reaction releases 17.6
MeV of energy distributed between a He nucleus/alpha particle (3.5 MeV) and a free neutron
(14.1 MeV of kinetic energy) [7].

It is that energy of the neutron which is used for energy production but, on the other
hand, the release neutron is responsible for the damage to reactor materials. In addition to this,
neutrons not only cause structural damage to the materials, but also the transmutation into
radioactive materials (radioactive waste after the shutdown). Furthermore, the presence of T,
which is radioactive, suggests that this fusion reaction is not the optimal from an environmental
point of view. Nevertheless the D-D reaction produces less energy (3-4 MeV) and is less likely,

as it has been said before so all efforts are focused on the D-T reaction [8].

In order to ensure that the fusion reaction occurs, repulsion between nuclei need to be
avoid overcoming the Coulomb barrier, guarantying that these nuclei are able to get close
enough so they can merge almost simultaneously. This goal is reached by maintaining the gas
composed by the required nuclei (fuel) confined under the necessary high conditions of
temperature and pressure (to increase the energy of the nuclei in the fuel) to produce fusion,

for a long time.

Under these extreme conditions (over 100 million °C) the electrons are no longer trapped
in their orbits and the plasma state is obtained. The plasma confinement is also necessary to
prevent both the structural materials from damage and the particles from coming into contact
with the walls as their heat would dissipate slowing them down. Meanwhile, the released alpha
particle in the D-T reaction remains in the plasma and delivers its energy to it, which is
essential for the plasma heating and helps to compensate the energy losses. To achieve this
confinement, two main approaches are being studied: magnetic confinement fusion (MCF) and
inertial confinement fusion (ICF) [2], [9].
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The basis for the first method (MCF) is that since the plasma consists of charged particles
it can be controlled by a magnetic field. The toroidal configuration is the most effective
configuration, doughnut-shaped, in which the magnetic field is curved around to form a closed
loop. For a proper and best confinement, a perpendicular field (poloidal field) is also needed.
There are several types of systems based on MCF, highlighting the tokamaks, stellarators and
Reversed Field Pinch (RFP) devices. The International Thermonuclear Experimental Reactor

(ITER) and the Joint European Torus (JET) are representative facilities of this approach.

The ICF consists of compressing and heating a small pellet containing fusion fuel to
extremely high densities using lasers or particle beams pulses reaching the plasma state, when
the fusion reaction is produced. The National Ignition Facility (NIF), at the Lawrence Livermore
Laboratory, built in 2009 is the most important ICF facility [4], [8], [9].

Regarding the availability of the necessary nuclei for the fusion reaction, D, which is
present in natural hydrogen (in a 1:6000 ratio), can be easily extracted from water (30 g/m?)
which makes it very abundant compared to other energy resources. However, T is not a stable
isotope and has a half-life of around 12 years; hence, it must be obtained from Lithium (Li) by a
nuclear reaction. Li is found in large quantities (30 parts per million) in the Earth's crust and, in
lower concentrations, in the sea. The neutron released in the D-T reaction can be used for this
purpose, through the following reactions (equations 2.1 and 2.2) which take place in the

Breeding Blanket® (BB) surrounding the reactor’s VV and also produces He [4], [8], [10].
®Li+n—>T+ *He (2.1)
‘Li+n—>T+ *He+n (2.2)

A Fusion Power Plant (FPP) will consist of a series of structures contained one inside other
as shown in Figure 2.4. The burning plasma forms the core of the reactor, covered by the first
wall. The BB is behind, surrounding the core and followed by a neutron shield, the VV, the
magnetic coils of toroidal and poloidal field, and another shield (the biological shield or
bioshield) which role is to reduce radiation at the required levels to ensure the safety of
personnel working nearby. The divertor, which duty is to evacuate hot gases (unburned He, D

and T) extracting them from the plasma, is located inside the VV and below the plasma.

3 In most of the breeding module designs, Li appears as a Li based ceramic (Li,O, LisSiOs, Li;TiOs, Li,ZrOs) next to
a neutron multiplier (Be, BeTi, LiPb). In the LiPb case, it acts as a T generator and a neutron multiplier at the same

time.
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Figure 2.4. Fusion Power Plant scheme [11].

Thus, the generated neutrons in the D-T fusion reaction will be absorbed in the blanket,
which contains Li. The Li is then transformed into T (which is used to fuel the reactor) and He,
as it has been described before. It is important to note that the blanket must be thick enough
(about 1 m) to slow down the high-energy (14 MeV) neutrons. The kinetic energy of the
neutrons is absorbed by the blanket, leading it to heat up. Afterwards, the heat energy is
collected by the coolant (water, He or LiPb eutectic) flowing through the blanket, transferred to

heat exchangers and finally, by means of steam, is used to produce electricity conventionally

(7], [8].

Three key steps are required to reach a commercial fusion plant based on the tokamak
concept. The first step is to demonstrate that fusion is feasible from a scientific point of view.
This first step has been achieved with three large tokamaks: JET (Europe), TFTR (United
States) and JT-60 (Japan), built in the 1970s. JET succeeded in generating 70% of input power,

the current record for energy release [12].

The second step is to prove that fusion is technically feasible. Thus, a larger machine, such
as ITER, where many of the necessary techniques for a power plant will be tested, is required.
The aim of the third and last step (DEMO) is to prove that fusion is commercially viable and is

the previous point for a commercial FPP.

Figure 2.5 shows a comparison between JET, ITER and DEMO in terms of power output

and size. Furthermore, defining Q as the ratio of fusion power produced in a nuclear fusion
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reactor to the power required to maintain the plasma in steady state, this value is/pretended to
be ~1 for JET, 10 for ITER and 25 for DEMO. A roadmap to fusion energy is described in Figure
2.6 where it is plain to see that ITER is the key facility in it. From then, the plan is to start the
construction of a DEMO by 2030, in order to allow the start of operation in the early 2040s and
reaching the goal of fusion electricity in the grid by 2050 [13].

JET ITER
&0’ 800 m’ ~ 1000 - 3500 ¥’
~16 MW,, ~ 500 MW, ~ 2000 - 4000 MW,,

Figure 2.5. Cutaways of JET, ITER, and DEMO reactors for comparison [14].
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Figure 2.6. Roadmap to fusion energy [12].
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3. ITER

The ITER, is a large-scale scientific experiment that aims to prove the feasibility of nuclear
fusion as an energy source (i.e. producing more power than it consumes), as well as to provide
the necessary knowledge for the design and subsequent operation of the first electricity-

producing fusion power plant.

It is actually the world’s largest and most advanced fusion experiment and is currently
under construction in Cadarache (south of France), although some components and systems
are still being designed [7], [15]. ITER Organization (IO) is the legal entity responsible for
building, operating, exploiting and deactivating ITER.

A simplified 3D CAD sketch of ITER with the most important components can be seen in
Figure 2.7. Aside from the named components, ITER is provided of multiple types of measuring
instruments that constitute the diagnostics systems (about 60). The aim of these systems is to
provide accurate measurements of the plasma behavior and its confinement. These
measurements are necessary both for the protection and the basic operation of the device, and
for the advanced plasma control and physics studies. The diagnostic systems will be placed in

the VV, cryostat, ports (upper and equatorial), divertor cassettes, etc. [16].

Toroidal Field Coils

Vacuum Vessel

Poloidal Field Coils

e TR T v

Figure 2.7. ITER components.,
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Since the achievement of fusion energy fully depends on ITER's success, the vast majority
of resources from Horizon 2020 are dedicated to its construction. ITER is developed in the
framework of an international cooperation between the European Union (EU), China, India,
Japan, Korea, Russia and the United States (US) [17]-[18].

The main goal of ITER is to reach a factor greater than or equal to 10 between the power
needed for the reactor and the produced power. Specifically, ITER will produce 500 MW of
fusion power from 50 MW input power (which means a fusion gain Q=10.) and ~10% neutrons.
These values are higher than those of JET (100 and 10° times, respectively) but also lower than
in a fusion power plant (10 and 100 times, respectively) [18]-[19]. Besides this, other ITER
challenges are [18],[20]:

= Demonstrate the integrated operation of technologies for a FPP, since ITER is the key
step between today's smaller-scale experimental fusion devices and the demonstration
FPP of the future.

= Achieve a D-T plasma in which the reaction is sustained through internal heating. The
idea is that the ITER plasma produces a lot of fusion energy but also remains stable for

longer periods of time.

= Demonstrate the feasibility of producing T within the vacuum vessel, since the world

supply would be not enough to cover the needs of the future FPP.

= Demonstrate the safety characteristics of a fusion device with the control of the plasma

and the fusion reactions with negligible consequences to the environment.

Moreover, ITER is supposed to demonstrate the feasibility of T production within the
vacuum vessel since the world supply is not enough to cover the needs of future FPP [21]. For
this purpose, different DEMO BB, called Test Blanket Modules (TBMs), will be included and
tested within the ITER reactor in three equatorial ports that directly faced the plasma [22].

It is supposed that on 2025 the first plasma will be achieved. It will also be the first
opportunity to verify the correct functioning of the machine's magnetic fields and systems
(electrical supply, cryostat, cooling water, cryogenics, etc.). The first production of fusion power

is expected for the middle of the following decade [23].
4. DEMO

After ITER, a Fusion Energy DEMOnstration Reactor, commonly called DEMO, will be built.
DEMO will resemble as much as possible to a commercial FPP. Thus, developed and tested

technologies for ITER will be also relevant for DEMO, so the development of DEMO needs to
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start following a parallel process to ITER, to make the transition between the two stages as
smooth as possible. DEMO is intended to demonstrate the large scale production of electrical
power and it is designed to produce at least four times the ITER fusion power continuously
(2000 to hopefully 4000 MW of thermal output).

Although DEMO is being studied in different regions around the world (E.U., Japan, Korea,
India, Russia and other countries) and its objectives vary slightly from on geographical area to
another, there is a consensus about the DEMO must demonstrate the commercial practicality of

fusion power. There is also agreement about the top level goals, which are the following [21]:
= Demonstrate T self-sufficiency and a closed T fuel cycle.
= Demonstrate attractive safety and environmental impact:
v" No evacuation plan required.

v Only Low and Intermediate Level radioactive Waste (LLW and LILW,

respectively).
v" No disturbance of the public’s day-to-day activities.
v No worker risk or exposure higher than other power plants.

= Demonstrate simultaneous power extraction at high temperature and efficient T

extraction and control.
» Demonstrate acceptable Reliability/Maintainability/Availability/Inspectability (RAMI):
v" Remote maintenance of fusion core with acceptable repair/replacement time.
v Routine operation with minimum number of unscheduled shutdowns per year.
v' Achieve an availability >50% and extrapolate to commercially practical levels.
= Demonstrate potential for economic competitiveness.

Within the Power Plant Physics and Technology (PPPT) Eurofusion Programme, four
breeder blanket (BB) concepts for DEMO (Figure 2.8) are being considered, namely HCLL
(Helium-Cooled Lithium-Lead), HCPB (Helium Cooled Pebble Bed), WCLL (Water-Cooled
Lithium-Lead), and DCLL [21], [24].
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Figure 2.8. 3D view of PPPT DEMO [24].

HCLL. In this concept, He is used as coolant (300-500°C at 8 MPa), LiPb as breeder

material. The T extraction from LiPb is located outside the reactor. Figure 2.9 shows a
scheme for this concept.

PbLi
inlet

o
2
Lo
Q
a

Figure 2.9. Sketch of the HCLL blanket design. (a), general view; (b), LiPb flow path) [25].

HCPB. This concept is characterized by using He gas as coolant (300-500°C at 8 MPa),
Li,SiO4 or Li;TiO3 as breeder, and beryllium (Be) as a neutron multiplier in order to
ensure sufficient T breeding to meet the T self-sufficiency. Both Li,SiO4 or Li;TiO; and

Be are in form of a pebble bed. The T extraction is carried out in blanket with purge
gas. A detailed sketch can be seen in Figure 2.10.
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Figure 2.10. Sketch of the HCPB blanket design [25].

WCLL. In this case the liquid alloy LiPb is used as breeder and neutron multiplier while
water is needed as coolant (PWR condition: 285-325°C at 15 MPa). The T extraction

from LiPb takes place outside the reactor. Figure 2.11 represents a sketch of this
blanket design.
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Figure 2.11. Sketch of the WCLL blanket design [25].

= DCLL. In this concept, both He and LiPb are used as coolant. The high-temperature
LiPb alloy flows slowly (~10 cm/s) in large poloidal ducts to remove the heat and
produce T, while the He (~300-400°C at 8 MPa) is used to remove the surface heat flux
and to cool blanket structures including the first wall to temperatures under 550 ©C.
Furthermore, the Flow Channel Inserts (FCI) are used for electrical and thermal
insulation, due to the magneto-hydrodynamic (MHD) and thermal-hydraulic effects. The
T extraction system is outside the reactor. Figure 2.12 shows a sketch of the DCLL

blanket design.

He-cooled

First Wall

Figure 2.12. Sketch of the DCLL blanket design [25].

Finally, Figure 2.13 presents a diagram regarding the temperature and pressure conditions

above-described for each of the blanket concepts.
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Figure 2.13. Temperature and pressure conditions of the four different blanket concepts for DEMO [24].
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Chapter 3
Methodology

This chapter describes the methodology for the nuclear analysis, naming the available

codes and tools but emphasizing those codes and methods that are used along this document.

1. Introduction

The methodology followed in the nuclear analysis can be divided into four major steps:
geometry, radiation field characterization, activation simulation, and residual radiation field
characterization. Although the geometry step might be considered part of the transport, a
separated category has been given in this chapter, given its complexity, which will be detailed
in Section 2. Depending on the response function to be predicted it is necessary to go through
some or even all the steps. For example, for operation quantities the last step is not carried out

while, for instance, it is needed for SDDR calculations.

Figure 3.1 depicted a scheme of this methodology, pointing out these four major steps as
well as the main inputs and outputs of each of them. The following bullets shortly describe each

of the steps.

= The first step (geometry) consists of obtaining a suitable model for the neutronic

simulation.

= The second step is the radiation field characterization. For this purpose, the neutronic
model obtained in the first step is used. This radiation field characterization means
carrying out the radiation transport simulation for the neutron and gamma fluxes
calculation (as well as associated nuclear responses such as damage or deposited

energy) during the operation phase of the reactor.

= The third step is the determination of the evolution of the isotopic inventory (as well as
associated nuclear responses such as decay heat) for the materials that have been
subjected to the neutron radiation. For this purpose, and activation simulation is

performed using the neutron fluxes previously obtained in the step 2.

= The last step is the residual radiation field characterization due to the decay of the
activated materials and, once again, the associated magnitudes such as doses. In order

to perform this last step, the decay gamma source coming from step 3 is needed.
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Nuclear data, which describe the way in which radiation interacts with matter, are the

fundamental input data for both transport and activation simulations, i.e. for steps 2 — 4.

The following sections describe with more detail these steps as well as the different codes
and programs that can be used, specifying the ones chosen for the development of this thesis.
The structure is: geometry (Section 2), nuclear data (Section 3) radiation transport (Section 4)

and activation ones (Section 5). Finally, Section 6 deals with the coupling of both transport and

activation codes.

3D CAD engineering
detailed model

Step 1
Geometry

Step 2
Radiation transport simulation

Step 3
Activation simulation

Step 4
Radiation transport simulation

Geometry > MCNP neutronic model
Transport Radiation transport Neutron &/or
libraries simulation gamma source
Flux
Irradiation
scenario
Activation simulation f¢— A_ctlvapon
libraries
Materials
A 4 l
Decay gamma source Isotopic inventory

Radiation transport
simulation

Figure 3.1. Scheme of the methodology followed in nuclear analysis.

2. Geometry

The first part of this section is devoted to describe the geometry process as well as the

different necessary codes and tools to carry it out (Section 2.1). The second subsection (Section

2.2) is dedicated to the standard reference models used along the thesis.
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2.1. The geometry process

The geometry process represented in Figure 3.2* starts with the detailed engineering 3D
geometry model in CAD and continues until getting a valid 3D neutronic model for nuclear
analysis. As it will be seen, this includes both changes that allow the model to be appropriate
for nuclear analysis, and to convert these CAD models so that it can be readable by the chosen
transport code. Moreover, sometimes, the model for a component (hereinafter called local
model) is later integrated into the model for another component or larger system, or even in

one corresponding to the whole reactor.

The geometry process consumes most of the time of the nuclear analysis because, as it
will be seen, depending on the complexity of the model, and considering that the process is far
from being fully automatic, an iterative process as well as manual corrections are sometimes
required until a satisfactory neutronic model is achieved. Thus, the user’'s experience is

fundamental for carrying this process out.

As shown in Figure 3.2, this geometry process, in turn, is divided into five steps:
simplification, CAD-MCNP (Monte Carlo N-Particle) conversion, local model verification, set of
the materials, and integration and final verification. All these steps as well as the different
programs and tools to be used are described in the following subsections. Taking into account
that some of the steps might be performed using different tools, the different options are
explained in detail as well as the advantages and disadvantages of doing them in one or the

other.

* The programs and tools used along this thesis to perform the geometry process are indicated with brackets.
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2.1.1. Model preparation

This first step aims at adapting the engineering 3D model, usually designed using the
CATIA (Computer Aided Three-dimensional Interactive application) software [1], for being
translated into a readable and valid format in MCNP. For this purpose, four are the sub-steps to
be followed: correction of the model (Section 2.1.1.1), simplification (Section 2.1.1.2), voids

definition (Section 2.1.1.3), and interferences checking (Section 2.1.1.4).

The different required actions in each of the hereunder described sub-steps, can be
performed with different CAD programs, including CATIA or SpaceClaim 3D CAD-modeling
software [2], among others. For the geometry processes performed in this work, 2014 version

of SpaceClaim was selected since it is a fairly intuitive, easy to use and user-friendly program.

2.1.1.1. Model corrections

First of all, it is necessary to underline that this step is not really considered as part of the
process for the model preparation, since the need of these corrections depends on the state of

the original engineering model.

Taking into account that some problems are often detected when receiving these
engineering models, it is considered convenient to explain them. These problems are two: i) the
presence of bodies which are not correctly defined, and ii) interferences. In the following lines,

these two problems are described with more detail.

= Not well defined bodies. As an example, when any of the components in CAD is not

defined as a volume but as a set of surfaces, it is necessary to transform this set into a
solid (Figure 3.3). Otherwise, there will be problems on step 2 (Section 2.1.2 CAD-

MCNP conversion®).

Figure 3.3. Example of a change of surfaces by volumes.

> When converting the model from CAD format to MCNP (step 2), the translation software will ignore this

component.
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Interferences. In reality, two bodies can not coincide in the same space. However,
when working with CAD tools, they can and, although it is not correct, it is not pointed
out as an error. For this reason, it is advisable to check these interferences since the
MCNP transport code [3] will identify these mistakes (whose result will be reflected in

lost particles, as it will be seen later).

For this purpose, SpaceClaim has an Interference tool to point out where this occurs.
However, when trying to automatically correct the interferences, SpaceClaim sometimes
presents problems that appear to be random. In any case, since the automatic way of
fixing the interferences does not always coincide with what is needed, it is advisable to
arrange such problems manually. Aside from SpaceClaim, SuperMC/MCAM [4] (which
will be the tool used later for translating the model to a MCNP format) also includes this

Interference tool. Nonetheless, the results do not always match those of SpaceClaim.

2.1.1.2.  Simplification actions

Once the original engineering 3D model is correct, the next step to get a neutronic model

is to carry out some simplification actions. These simplification activities can be broken down

into the following categories:

| 32

Removal of irrelevant details for radiation transport. This is aimed at reducing the

complexity of the model since these models usually contain a high level of detail, which
is unnecessary for transport calculations. Thus, this group of simplification activities is

done in order to allow a fast nuclear analysis.

Removal of surfaces not supported by MCNP. This kind of simplifications are often

needed due to the restrictions that the transport code MCNP has to the geometry
definition, which make it impossible to carry out the nuclear analysis. MCNP, as many
Monte Carlo (MC) codes, is based on Constructive Solid Geometry (CSG). This means
the use of Boolean operations; that is, intersections, unions and complements. In
addition, geometric regions (called cells) are constructed using supported surfaces

(those up to second order equations: planes, cylinders, etc.) [5].

Therefore, these simplification actions are devoted to avoid complex curves such as
splines® and general tori’, since MCNP can not support them. For illustration, a spline

simplification is seen in Figure 3.4 where the spline is replaced by several planes.

® Function that is piecewise-defined by polynomial functions of n7 degree [6].



Chapter 2

Nuclear fusion and magnetic fusion devices

Figure 3.4. Example of replacement of splines by planes.

= Simplification of complex bodies. This simplification is needed due to two different

reasons:

v' The cell definition is too large, i.e. contains a high number of surfaces which
results in a slowdown of the nuclear calculations, even if none of these surfaces is
really complex. Therefore, some bodies might be split into simpler ones in order to
obtain cells with a low number of surfaces for their definition. Figure 3.5 shows an
example of this kind of simplification: modification of soft corners to achieve

components with a lower number of surfaces.

() (b)

Figure 3.5. Example of simplification for corners: (a), origibnal model; (b), simplified model.

v Some complex cells can not been translated by the conversion code. Thus, they
must be split into several cells. Note that, although the action is the same (splitting
cells) the reason is different since this problem is not related to the length of the

cell description, but to the translation capability of the conversion code.

Lastly, it is worth noting that these simplifications should be done taking into account that
the physical information relevant for the nuclear analysis should be preserved in the simplified
geometry. This procedure requires both experience and judgement. Furthermore, these

modifications must be done trying to keep the volume of the components, in order to avoid

7 Tori which axis coincides with one of the x, y or z axes can be translated, but no any other tori.
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having to adjust the densities of the materials later (step 4). Specifically, these changes must
not represent more than 2% of difference in the volume of the component and, if possible, less

than 0.1% [7], in order to preserve the optical thickness.
2.1.1.3. Void definition

The void definition is also a key point of the geometry process, since the engineering 3D
models usually take into account only those bodies filled with a material. The problem with not
representing the voids appears when working with transport codes such as MCNP, in which is
mandatory to define all the space, including this void one. Otherwise, the code fails when

tracking the particles along the simulation.

The void definition, can be defined either in CAD, by creating new solids, or later in the
conversion program, since translation tools had been forced to develop void filling methods in

order to improve their capabilities and respond to this need.

= Defining voids in CAD seems more awkward and requires user’s experience, although
the necessary experience is the same as the one required for performing other
geometry actions such as the simplification tasks. The main advantage is that, with this
option, the user has a greater control over the model and, therefore, an experienced
user will be able to generate a much optimized model from a transport calculation point
of view. On the contrary, the main disadvantage is that this option requires more user

time.

= For defining voids in SuperMC/MCAM, the implemented basic void filling method
consists of a description of the voids by means of complementary descriptions of the
parts that intersect the void region. One can see that the main disadvantage of this
method is that each void definition contains many other geometry descriptions. As a
consequence, void definition are complex, leading to a final model which is not
optimized for transport simultions [4]. On the other hand, the main advantage is that
for some geometry models this can be a fast way to generate a neutronic model

requiring lower spent time by the user and resulting in a lower lost particle rate.

The choice of one method or another depends on the case. For the geometry processes
performed throughout this thesis, voids were defined using the abovementioned SpaceClaim

software (as shown in Figure 3.2).
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2.1.1.4. Interference checking

As it has been previously commented, besides having to define all the space, it is also
required to avoid two components coinciding in the same space. In this sense, it should be
checked up that the performed simplifications do not lead to any interference. For this purpose,

the same tools as in Section 2.1.1.1 are used.
2.1.2. CAD-MCNP conversion

Once the model is appropriately prepared, i.e. all the needed activities from the step 1
(Section 2.1.1 Model preparation) are finished, the next action is to convert the CAD model into

a suitable model in MCNP, in order to continue simulating the particle transport.

This step requires specific programs. Among them, the MCAM version 4.8% geometry
conversion tool [4] developed by the FDS team is selected in this work. Besides it, there are
other programs than can be used for this purpose, such as McCAD [8] or Geomit [9]. However,
at present, SuperMC/MCAM is the only software able for dealing with very large models as
those from ITER, and it is the main reason for choosing it for the translations needed along this
thesis [5]. It supports 6 types of surfaces in the CAD model, namely plane, sphere, cylindrical
surface, cone surface, torus and ellipse torus. However, SuperMC/MCAM is not able to translate

splines®.

It is worth mentioning that a very useful option of SuperMC/MCAM is that for entering
comments for each of the selected cells. This is important because it allows the user to have
additional information from each of the cells (such as, for instance, to which component
belongs each of the cells), even once translated, and it is especially useful when the model is

composed by a high number of cells.

When converting the CAD model into an MCNP one, it can happen that the translation fails
(for instance because splines are included in the model or complex cells). In such cases it will
be necessary to return to the step 1 and, specifically, to the simplification actions. Nonetheless,
the program does not detect errors like left space without definition or interferences (unless it is
specifically requested). In the same way, as it has been anticipated, when surfaces are required
to be translated, MCAM ignores them, converting the rest of the model but avoiding those

bodies defined as surfaces.

8 During the last times of the thesis, SuperMC version 5.2 was used.

° FDS team is trying to get a version with deals with splines but, at present, it can not work with them [10].
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2.1.3. Local model verification

Once the CAD-MCNP conversion has been done, it is necessary to verify the generated
local neutronic model. Even if the conversion is apparently properly done, it is advisable to
verify that the generated cells are simpler enough, since the size of the cells converted is a

relevant aspect in terms of demanding time in the further calculations, as seen in Section 2.1.1.

Furthermore, for a successfully geometry conversion, the imposed criteria for this thesis is
that when running in void mode the neutronic model in MCNP, with 10° histories and a well
spread source (guarantying that the neutron source is such that all the born particles enter the
geometry), there should be no lost particles in the output'®. It is worth underlining that the
chosen origin points for the particles should never match with boundary surfaces of the model

because this produces artificial losses not due to geometry errors.

In case the model loses particles, the display of the point where it does, by using the
MCNP plotter, allows the identification of what needs to be corrected (Figure 3.6). The
coordinates where particles are lost can be identified in the MCNP output. In addition,
SuperMC/MCAM also has the capability to identify and show the coordinates where particles are
lost (in fact, it shows their whole track). There are two possible reasons for the loss of particles,

either it is because there is undefined space, or there are overlapping cells.

Either in the cases where cells are found to be larger than desired and/or particles are lost,
it will be necessary to return to the initial step of simplification or otherwise, repair the
problems “by hand” in MCNP (the feasibility of this option depends on the corrections to be

done).

a ‘ zm‘sz
"m’wm——m Toosas_
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e
e

Figure 3.6. Example of a geometry error (red).

10 Generally, it is commonly accepted a lost particle rate in void less than 107 [7].
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2.1.4. Set of materials

Upon achieving a suitable simplified model, materials and densities for the different cells,
the composition definition for such pure or homogenized materials, and the nuclear data to be

used (according to the given specifications for each case), are included.

The definition of the composition for the materials can be either done in MCNP or using
SuperMC/MCAM. In this thesis, the chosen options was defining the materials directly in MCNP
but taking advantage of the mentioned option of SuperMC/MCAM for entering comments. Thus,
before converting (step 2, Section 2.1.2) comments regarding the name of the corresponding

material can be included, saving time in the present step.

It is worth noting that, depending on the simplifications made, the density value for some
cells might need to be corrected since, as it has been said in Section 2.1.1, the optical thickness
must be preserved. It is recommended to avoid homogenization of materials having different
neutronic properties. When homogenization is necessary, it must be done by following the

procedure described in [11].

Once the materials are included, the neutronic model in MCNP format may be run again
without the void mode for checking. As in step 3 (Section 2.1.3), the imposed criterion is that
when running in void mode with 10° histories and a well spread source, there should be no lost

particles in the output.
2.1.5. Integration and final verification

As a last step, the achieved local neutronic model for a given system/component might be
integrated into another larger model (such as the current standard reference neutronic model
for ITER, C-lite), if needed.

After the integration, the new model should be displayed in the MCNP plotter and cut by
several planes in order to check, at a first glance, that the introduced model does not intersect

at all. If any interference is detected, it should be corrected “by hand” in MCNP.

Then, the achieved integrated MCNP neutronic model must be run again in order to
corroborate the achievement of a successfully integrated model. The criterion for validating the
model is similar as that of the step 3 (local model verification): when running with 10° histories
and a well spread source, there should be no additional lost particles in the output. This means
that the lost particles in the integrated model can not be due to the generated local model, and
only those that were already lost in the reference model (in which the local is integrated) can

be lost.
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It is worth mentioning that the integration step can be performed either before or after
step 4 (set of materials), i.e. one might define the materials previously to the integration, or
after it. Moreover, materials could even be defined after the first verification checking, i.e.

before the simulation for checking lost particles.

2.2. Reference models

Having reliable models where the reality is faithfully written on, becomes a need in order
to make the results believable and realistic. Furthermore, since different teams and research
groups are working jointly in the different fusion projects, it facilitates the creation of a common
framework so the different assessments and analysis are all referred to the same model, and
therefore, comparable. Moreover, the fact of having reference models to work with also
maximizes the efficiency of nuclear analysis and helps in the maintenance of traceability.
Reference models include geometry, material definition (in terms of both composition and

nuclear data) and plasma sources [12]-[13].

In ITER this policy was developed from 2007. ITER IO develops and maintains the «lite»
series of models. The «lite» series are based on a 40° sector of the tokamak representing all
components up to the bioshield, centered on an equatorial port and with periodic boundary
conditions toroidally applied. It has one complete and two half ports at the upper and equatorial
levels and either one complete or two half lower ports. It contains materials specifications for
transport and activation calculations. The idea behind the «lite» series is to provide the basis for
the nuclear analysis of ITER and to allow the rapid development of detailed models for specific

systems as the port plugs [7], [12]-[13].

The A-lite model [14] was the first model of the «lite» series, released in 2008. It was an
MCNP model with more than 4800 cells, 3000 surfaces and 31 materials [12]. This model was
followed by B-lite which, in addition to MCNP, was also in CAD format [15]. The current ITER

standard reference neutronic model, C-lite [16] was the one with was worked with.

Regarding reference models for DEMO, under the Eurofusion Programme, the generation
of computational models for nuclear analysis of each of the blanket concepts is being
performed. As a first step, within the Breeder Blanket Work Package (WPBB) of the PPPT
Programme, the KIT (Karlsruhe Institute of Technology) developed a generic reference
neutronic model of DEMO “EU DEMOI model/ 2014" [17] to be used as the basis for the
integration of the different blankets [18]. In 2015, a new generic neutronic DEMO model was
developed by P. Pereslavtsev (from KIT) [19]. Logically, within this thesis the used models were
those corresponding to the DCLL, specifically the models developed during 2014 [20] and 2015

[21], based on the named generic neutronic DEMO models.
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3. Nuclear data

Nuclear data are required as input data for both transport and activation simulations. It is
worth mentioning that the validity of the results (either related to transport or activation)
greatly depends on the accuracy degree of the nuclear data used in the calculation. Transport
nuclear data are relevant for the appropriate estimation of the fluxes and associated
magnitudes while activation nuclear data are essential for the reliability of nuclear inventory and

the decay source.

These data provide the information needed to simulate the physical processes of
interaction between radiation and matter. These data are given as cross sections which are
grouped into libraries containing the nuclides used and a wide range of energies, including
those relevant for the contributions collected in this document. There are different libraries that

are being continuously updated due to either new experiments or to a better assessment.

In this thesis the libraries used for neutron transport are Fusion Evaluated Nuclear Data
Library (FENDL 2.1 and FENDL 3.0) [22] and Joint Evaluated Fusion File (JEFF-3.1.1) [23] while
for photon transport are: MCNPLIBO4P!! [3] and MCNPLIB84. These libraries are recommended
for ITER and, also, in the Eurofusion framework [24]-[25].

For activation purposes, cross sections libraries and decay constants libraries used are
grouped in EAF-2007 0-0. EAF-2007 libraries are also the reference activation libraries within
both Eurofusion Programme and ITER [24]-[25].

An important question that arose in this thesis, was the status of these activation cross
sections. In that sense, it is important to mention that one chapter of the thesis (Chapter 4) has
been devoted to look into the status of part of them. In particular, those that are determinant
for the calculation of the SDDR in ITER.

4. Radiation transport

The radiation transport simulation is needed for the neutron and gamma fluxes calculation
(as well as associated nuclear responses) during the operation phase of the reactor, as well as

for the residual radiation field characterization.

11 At present, it is now known that this library gives rise to some errors in the MCNP calculations MCNP due to its
format. This fact was unknown at the time of the transport simulations carried out in this thesis. Nevertheless, it is

believed that the results are not significantly affected.
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These radiation transport simulations often demand a high detailed spatial distribution of
neutron and gamma fluxes or some derived quantity. This implies long computer time and,

hence, parallel computations and acceleration algorithms are often required.

Different codes are used to simulate the radiation transport problem based either on

deterministic or on stochastic methods.

Deterministic methods use different techniques to break the physical system into several
subregions wherein a coupled system of linear equations is generated and solved, leading to
detailed results and being computationally efficient [28]. The major disadvantage of these
methods is their difficulty handling complex geometries. Thus, their results include uncertainties
associated with the discretization of the independent variables (e.g. space, energy and angle)
of the transport equation. Also, they allow solutions that might not be valid such as negative
fluxes [29]. ATTILA [30] is one of the codes based on deterministic method most widely used

for fusion applications.

On the other hand, the stochastic MC method is more accurate, especially when dealing
with complex geometries. It has the capability to deal with complex variation in spatial and
energy variables. Furthermore, since it is a statistical method, results are given accompanied by
the associated relative errors. The number of source histories should be increased in order to
minimize these relative errors, which lead to larger computing times. Nevertheless, variance
reduction (VR) techniques are developed to avoid this enormous increase of computing time for
obtaining good statistics. In other words, they improve the computational efficiency of a certain
simulation by increasing the number of successful particle contributions to a given tally. Some
transport codes using this method are MCNP [23], Serpent!? [31], PHITS® [32] and TRIPOLIY
[33].

Other relevant issue when delaing with radiation transport problems is the acceleration
techniques needed for most of the calculations which, as has been abovementioned, in the case

of MC are known as VR techniques. These techniques can be classified into local or global

12 SERPENT a three-dimensional continuous-energy MC reactor physics burnup calculation code, developed at VTT

Technical Research Centre of Finland since 2004.

13 PHITS (Particle and Heavy Ion Transport code System) is a general purpose MC particle transport simulation

code developed between JAEA, RIST, KEK and several other institutes.

14 1t is the generic name of a MC radiation transport codes family dedicated to shielding, reactor physics with
depletion, criticality safety and nuclear instrumentation. It was developed by the Service d’Etudes des Réacteurs et de
Mathématiques Appliquées (SERMA) at CEA Saclay [34].
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(GVR) ones, depending on the extension of the region of interest. In addition, they can also be

categorized according to the way for obtaining the input needed:

= From a deterministic code. These methods are also known as hybrid methods [29].

Examples of these hybrid methods are the Consistent Adjoint Driven Importance
Sampling (CADIS) [35], which is a local one, and Forward Weighted CADIS (FW-CADIS)
[36], which is a global one. Both methods have been implemented in the ADVANTAG
code [37].

= From MC. The method to be used for MC codes is known was proposed by n Cooper
and Larsen [38] and has different implementations, such as the Method of Automatic
Generation of Importances by Calculation (MAGIC) [39], developed by A. Davis and A.
Turner from CCFE (Culham Centre for Fusion Energy) and GVRUNED [40].

The MCNP5 code is the chosen code for the simulation of the radiation transport along this
thesis, as it has been anticipated in the previous section by saying that the suitable neutronic
model for calculation is obtained in MCNP format. It is selected since it is the reference code for
ITER calculations [24].

The radiation transport simulations carried out in this work implied transporting neutrons
and photons (neutral particles), without fission processes and time dependence, with high
energy dependence, multiple materials and 3D complex geometric models. No VR techniques
were required. However, these calculations could not be approached in an analytical way and,
therefore, it was necessary to use computational tools. The calculated response functions and

nuclear responses were fluxes, nuclear heating, and absorbed doses.

5. Activation

Activation calculations determine the temporal evolution of the isotopic inventory and the
associated responses functions. These calculations are very important as an input for safety and

radioprotection issues or when analyzing radioactive waste as it has been said in Chapter 1.

The necessary data for the activation codes to calculate the time evolution of materials

under irradiation and through radioactive decay are:

= The flux of particles that induce activation (neutrons for cases addressed herein) with

sufficient energy resolution.
= The composition of the activated material.

= Activation cross sections and decay data.
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= The irradiation scenario under which the material is exposed.

Activation calculations of this thesis have been performed using the ACAB code [41], which
was developed by J. Sanz" and subjected to a validation study under the IAEA supervision
[42], which concluded that ACAB and FISPACT [43], being the last the reference in Europe,

were the only codes suitable and satisfactory for fusion calculations.

In addition to this, ACAB has been and is being used in international fusion facilities such
as NIF, ITER and EFDA/Eurofusion since it was specially conceived for fusion applications. The
numeric algorithm that ACAB uses to solve the Bateman equations is the same as the ORIGEN

code [44], on which it is based.

In this thesis the calculated radiological responses were activity, decay heat, contact dose

rate and waste management ratings.
6. Coupling of transport and activation codes

Coupling transport and activation calculations is a great challenge in fusion neutronics. It
implies obtaining the neutron flux with a detailed spatial and energy distribution so activation
calculations can be carried out afterwards, getting the decay gamma source that, sometimes, is

again transported for the final estimation of the doses.

The fact that there is no code to carry out both transport and activation simulations lead to
a need of finding ways for coupling the different codes, avoiding errors and time involved when

carrying out this coupling manually [12].

For the analysis performed in this thesis, a domestic computed system was used. These
scripts had been developed by F. Ogando, one of the researchers belonging to TECF3IR.
Generally speaking, these scripts consist in that, having generated a generic input of ACAB,
different inputs are created (as many as activated cells) and each of them is automatically filled
using information provided by the user and the data obtained in the previous transport
simulation. Afterwards, all these inputs are run. The necessary files, with their given name and
a brief description are presented in the following points. For the sake of clarity, Figure 3.7

shows a flowchart regarding the process and where each of the files takes part.

15 Principal Investigator of the TECF3IR research group from UNED.
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(matData.py)
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Step 3
Activation calculation

Particular ACAB input

Figure 3.7. Process to be followed for massive transport-activation calculations and where the scripts used

are involved.

= jnpbase. It is a generic ACAB input, which is common to all the activation cases that are
going to be run. Therefore, it has the shared information among all the cases, i.e.
information regarding the irradiation scenario, response functions required, etc. In
addition, some gaps are left blank to be filled by main.py using the specific information
for each of the particular case, regarding the activated volume, flux and composition of

the activated material.

= main.py. It is the main program. In short, the function of this program is to create
different folders (as many as activation cases) and, in each of them, to copy the generic
input /npbase, filling it with its particular data. In order to fill the left gaps in each of the

inputs for the different cases, this main program calls readMCNP.py and matData.py.

For this purpose, it is necessary to indicate the route where the output of MCNP, from

which the volumes will be read®, is located (i.e. where readMCNP.py is going to be

16 Since, in this thesis, calculation of the volumes for the materials and voids is performed using the stochastic

volume determination method in MCNP. Another option would have been reading them from MCAM.
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run), as well as the one corresponding to the fluxes. Likewise, it is required to select
which cells will be activated, as well as the source factor and the activation volume
percentage (which is particularly useful when dealing with homogenized cells with

several materials, and it is desired to activate each one separately).

= readMCNP.py. This program read the MCNP outp/s, in order to find the needed data

regarding volumes and fluxes which are used to complete each of the ACAB inputs.

= matData.py. This program contains the information about the different materials used
for activation along all the calculations. The user must introduce the involved material
numbers (as numbered in MCNP transport calculations) and, for each of them, density
and composition in percentage by weight (the element is indicated by the value of Z).
In addition, the program is designed to normalize the compositions in the case that
these do not add up to 100%. Note that, in case the isotopic composition is not the
natural one, no change is included here, but the decay library should be modified

accordingly.

= runAcab.sh. This program runs each ACAB input in each of the folders. It also contains
links to all the required activation libraries (user should remove or include a particular

library depending on the response function desired).

The calculations dealing with the DCLL model and collected in this thesis have helped to

the development of these scripts and their verification.

For completeness, it is worth underlining that the general coupling scheme ends when the
decay gamma source obtained in the activation calculation is transported to obtain the residual
radiation field. This methodology is known as R2S (Rigorous 2-Step) but no more attention will

be dedicated to it since was not used in this thesis.

7. Conclusions

This chapter describes the methodology proposed and applied throughout the thesis for
MCF analyzed reactors (ITER and DEMO), both during the operation and the cooling period.
This methodology is based on three steps: geometry, radiation field characterization and
activation simulation. Along the chapter, special emphasis has been paid to those aspects from
the geometry, transport and activation calculations that are considered most relevant for the

comprehension of this document.

Taking into account the high degree of detail that the CAD geometry models have, the

geometry step is arduous and consumes most of the time of the nuclear analysis since it is not
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automatic, often involving iterative processes and manual corrections. This process is
challenging and requires a significant degree of insight and expertise by the user. Despite these
disadvantages, thanks to the CAD tools, very complex models can now be analyzed, something
that would have been impossible without them. Given the importance of this process, the

complete followed procedure has been detailed, pointing the critical steps out.

For a complete nuclear characterization of a MCF device, the use of both tools that
simulate the transport of radiation and the activation and its corresponding coupling is needed.
The radiation transport simulations carried out in this work implied neutron and photon
transport, with high energy dependence, multiple materials and 3D complex geometric models.
These calculations can not be approached in an analytical way and, therefore, it is necessary to
turn to computational tools. Fluxes, nuclear heating, and absorbed doses were calculated in this
work. For activation simulations, the calculated radiological responses were activity, decay heat,
contact dose rate and waste management ratings. In addition, some domestic computed

system is used for coupling transport and activation calculations.

To sum up, in this thesis SpaceClaim and MCAM were the required software for carrying
the geometry process out, MCNP5 was chosen as transport code while ACAB was selected for
activation calculations. Regarding the reference models, C-lite was the one used when dealing
with ITER, while DEMO1-EU DCLL models from 2014 and 2015 were those for the DCLL
analysis. Finally, the chosen libraries for neutron transport simulations are FENDL (2.1 and 3.0)
and JEFF-3.1.1, whereas MCNPLIBO4P and MCNPLIB84P are selected for photon transport. For
activation purposes, cross sections libraries and decay constants libraries used are grouped in
EAF-2007.

8. References

[1] CATIA. Shape the world we live in. Available: http://www.3ds.com/products-services/catia/
[Accessed 8 November 2016].

[2] SpaceClaim. Available: http://www.spaceclaim.com/ [Accessed 8 November 2016].

[3] X-5 Monte Carlo Team. MCNP — A General Monte Carlo N-Particle Transport Code Version
5. LA-CP-03-0245, Los Alamos National Laboratory (2005).

[4] Y. Wu. CAD-based interface programs for fusion neutron transport simulation FDS Team.
Fusion Engineering and Design, Vol. 84, pp. 1987 - 1992 (2009). Doi:
http://dx.doi.org/10.1016/j.fusengdes.2008.12.041

45 |


http://www.3ds.com/products-services/catia/
http://www.spaceclaim.com/
http://dx.doi.org/10.1016/j.fusengdes.2008.12.041

Chapter 2

Nuclear fusion and magnetic fusion devices

[5] Y. Shengpeng, C. Mengyun, S. Jing, L. Pengcheng, H. Ligin. Convex-based void filling
method for CAD-based Monte Carlo geometry modeling. Annals of Nuclear Energy, Vol. 85,
pp. 380 — 385 (2015). Doi: http://dx.doi.org/10.1016/j.anucene.2015.04.029

[6] S. Wold. Spline functions in data analysis. Technometrics, Vol. 16, n® 1, pp. 1 — 11
(1974).

[71 R. Pampin. Quality document. Note on F4E provisions for nuclear analysis management.
FAE_D_26NR86 v2.1 (2015).

[8] L. Lu, U. Fischer, P. Pereslavtsev. Improved algorithms and advanced features of the CAD
to MC conversion tool McCad. Fusion Engineering and Design, Vol. 89, pp- 1885 — 1888
(2014). Doi: http://dx.doi.org/10.1016/j.fusengdes.2014.05.015

[9] H. Nasif, F. Msuda, H. Morota. H. Iida, S. Sato, C. Konno. Development of CAD-MCNP
Interface program GEOMIT and its applicability for ITER neutronics design calculations.
Nuclear Technology, Vol. 180, n° 1, pp. 89 — 102 (2012).

[10] FDS team. MCAM. Frequently Asked Questions. Available:
http://fds.org.cn/english/mcam/mcam_faq.html#4 [Accessed 21 April 2016].

[11] A. Kyrieleis. Development of MCNP Models of In-vessel Components in Blanket Rows 1-6
and the Divertor. FAE_D_24XRLK v1.1 (2016).

[12] R. Pampin, A. Davis, J. Izquierdo, D. Leichtle, M.]J. Loughlin, J. Sanz, A. Turner, R. Villari,
P.P.H. Wilson. Developments and needs in nuclear analysis of fusion technology. Fusion
Engineering and design, Vol. 88, pp. 454 - 460 (2013). Doi:
http://dx.doi.org/10.1016/j.fusengdes.2013.03.049

[13] M. Loughlin. C-model Terms of Use. ITER Memorandum/Note. ITER IDM location:
https://user.iter.org/?uid=TR7YME (2016).

[14] M. Loughlin, E. Polunovskiy. ITER neutronic model: A-lite (2009). ITER IDM location:
https://user.iter.org/?uid=2NEZZS

[15] E. Polunovskiy, A. Serikov, A. Suarez. ITER neutronic model: B-lite v.3 R121217 (2012).
ITER IDM location: https://user.iter.org/?uid=9KKVQR

[16] E. Polunovskiy. ITER neutronic model. C-lite v.1, R.131031 (2013). ITER IDM location:
https://user.iter.org/?uid=M2TKBE

| 46


http://dx.doi.org/10.1016/j.anucene.2015.04.029
http://dx.doi.org/10.1016/j.fusengdes.2014.05.015
http://fds.org.cn/english/mcam/mcam_faq.html#4
http://dx.doi.org/10.1016/j.fusengdes.2013.03.049
https://user.iter.org/?uid=TR7YME
https://user.iter.org/?uid=2NEZZS
https://user.iter.org/?uid=9KKVQR
https://user.iter.org/?uid=M2TKBE

Chapter 2

Nuclear fusion and magnetic fusion devices

[17] C. Bachmann. DEMO Generic MCNP model 11.25° degree (2013). EUROFusion IDM
location: https://idm.euro-fusion.org//?uid=2MK5CV

[18] J.C. Jaboulay, F. Damian, G. Aiello, D. Taylor, S. Zheng, B. Bienkowska, K. Drozdowicz, G.
Tracz, U. Fischer, C. Bachmann. Monte Carlo tools evaluation for nuclear analyses of the
European DEMO. Fusion Engineering and Design, Vols. 98 — 99, pp. 1800 — 1803 (2015).
Doi: http://dx.doi.org/10.1016/j.fusengdes.2015.06.083

[19] P. Pereslavtsev. 2015 Generic DEMO Model for MCNP neutronic simulations 2L6H]7
(2015). EUROFusion IDM location: https://idm.euro-fusion.org/?uid=2AQ6EF

[20] I. Palermo, D. Rapisarda, I. Fernandez. DEMO2014_DCLL_MCNP_model/ 2KZTEM (2014).
EUROFusion IDM location: https://idm.euro-fusion.org/?uid=2AQ6EF

[21] 1. Palermo, D. Rapisarda, I. Fernandez. DEMO2015 DCLL _MCNP_mode/ 2LNT7C (2016).
EUROFusion IDM location: https://idm.euro-fusion.org/?uid=2AQ6EF

[22] D. Lépez Aldama, A. Trkov. FENDL-2.1 Update of an evaluated nuclear data library for
fusion applications. INDC(NDS)-467 Distr. FE. IAEA (2004).

[23] A. Santamarina, D. Bernard, Y. Rugama. 7he JEFF-3.1.1 Nuclear Data Library. JEFF Report
22, ISBN 978-92-64-99074-6 (2009).

[24] M. Loughlin. Guidelines  for  Nuclear  Analyses. ITER  IDM location:
https://user.iter.org/?uid=R7XRXB (2015).

[25] U. Fischer. Guidelines for Neutronic Analyses v1.5 (2016). EUROFusion IDM location:
https://idm.euro-fusion.org/?uid=2L8TR9

[26] R.A. Forrest, J. Kopecky, J.-Ch. Sublet. 7he European Activation File: EAF-2007 neutron-
induced cross section libraries. UKAEA FUS 535 report (2007).

[27] R.A. Forrest. EAF-2007 decay data library. UKAEA FUS 537 report (2007).

[28] S.T. Keller. Modeling the Oregon State University TRIGA Reactor Using the Attila Three-

Dimensional Deterministic Transport Code. Thesis. Oregon State University (2007).

[29]J.C. Wagner, D.E. Peplow, S.W. Mosher, T.M. Evans. Review of Hybrid
(Deterministic/Monte Carlo) Radiation Transport Methods, Codes, and Applications at Oak
Ridge National Laboratory. Progress in Nuclear Science and Technology, Vol. 2, pp. 808 -
814 (2011).

47 |


https://idm.euro-fusion.org/?uid=2MK5CV
http://dx.doi.org/10.1016/j.fusengdes.2015.06.083
https://idm.euro-fusion.org/?uid=2AQ6EF
https://idm.euro-fusion.org/?uid=2AQ6EF
https://idm.euro-fusion.org/?uid=2AQ6EF
https://user.iter.org/?uid=R7XRXB
https://idm.euro-fusion.org/?uid=2AQ6EF

Chapter 2

Nuclear fusion and magnetic fusion devices

[30] The Attila Software Suite. Productive enhancing solutions for radiation transport
simulations (2014).
Available:https://www.varian.com/sites/default/files/resource_attachments/AttilaBriefFinal_
0.pdf [Accessed 23 September 2016].

[31] Serpent. A Continuous-energy Monte Carlo reactor physics burnup calculation code.
http://montecarlo.vtt.fi/index.htm [Accessed 10 August 2016].

[32] PHITS. Particle and Heavy Ion Transport code System. http://phits.jaea.go.jp/index.html
[Accessed 10 August 2016].

[33] TRIPOLI-4 Project Team. 7RIPOLI-4 version 8.1, 3D general purpose continuous energy
Monte Carlo Transport code. Available: http://www.oecd-nea.org/tools/abstract/detail/nea-
1716/ [Accessed 8 August 2016].

[34] E. Brun, F. Damian, C.M. Diop, E. Dumonteil, F.X. Hugot, C. Jouanne, Y.K. Lee, F. Malvagi,
A. Mazzolo, O. Petit, J.C. Trama, T. Visonneau, A. Zoia. TRIPOLI-4®, CEA, EDF and AREVA
reference Monte Carlo code. Annals of Nuclear Energy, Vol. 82, pp. 151 — 160 (2015).
Doi: http://dx.doi.org/10.1016/j.anucene.2014.07.053

[35] J.C. Wagner, A. Haghighat. Automated variance reduction of Monte Carlo shielding
calculations using the discrete ordinates adjoint function. Nuclear Science and Engineering,
no 128, pp. 186 — 208 (1998).

[36] J.C. Wagner, E.D. Blakeman, D.E. Peplow. Forward-Weighted CADIS method for global
variance reduction. Transactions of the American Nuclear Society, n® 97, pp. 630 — 633
(2007).

[37] S.W. Mosher, et al. ADVANTG, An Automated Variance Reduction Parameter Generator.
ORNL/TM 2013/416 Rev. 1. Oak Ridge National Laboratory (2015).

[38] M.A. Cooper, E.W. Larsen. Automated Weight Windows for Global Monte Carlo Particle
Transport Calculations. Nuclear Science and Engineer, n® 137 (2001). Doi:
http://dx.doi.org/10.13182/NSE00-34

[39] A. Davis, A. Turner. Applications of novel global variance reduction methods to fusion
radiation transport problems. International Conference on Mathematics and Computational
Methods Applied to Nuclear Science and Engineering (M&C), Rio de Janeiro. ISBN 978-85-
63688-00-2 (2011).

| 48


https://www.varian.com/sites/default/files/resource_attachments/AttilaBriefFinal_0.pdf
https://www.varian.com/sites/default/files/resource_attachments/AttilaBriefFinal_0.pdf
http://montecarlo.vtt.fi/index.htm
http://phits.jaea.go.jp/index.html
http://www.oecd-nea.org/tools/abstract/detail/nea-1716/
http://www.oecd-nea.org/tools/abstract/detail/nea-1716/
http://dx.doi.org/10.1016/j.anucene.2014.07.053
http://dx.doi.org/10.13182/NSE00-34

Chapter 2

Nuclear fusion and magnetic fusion devices

[40] L. Pérez. Optimization of stochastic global variance reduction techniques for Monte Carlo
neutron transport with applications to the ITER geometry. Thesis dissertation. Universidad
Nacional de Educacién a Distancia (UNED) (2016).

[41]]. Sanz, O. Cabellos, N. Garcia-Herranz. ACAB. Inventory code for nuclear applications.

User's manual (2008).

[42] E.T. Cheng, R.A. Forrest, A.B. Pashchenko. Report on the second international activation
calculation benchmark comparison study. International Nuclear Data Committee-INDC
(NDS)-300, TSIR-21 (1994).

[43] R. A. Forrest. FISPACT 2007 user manual. UKAEA FUS 534 report (2007).

[44] A.G. Croff. A User’s Manual for the ORIGENZ2 computer code. ONRL /TM-7175 (1980).

49 |






Chapter 4
Reliability of activation cross sections for
estimation of shutdown dose rate in the ITER

port cell and port interspace

This chapter provides relevant information about the quality of available activation cross
section data for accurate SDDR prediction in the PC and PI areas, where different maintenance
activities are foreseen, since the reliability of the SDDR calculation strongly depends on the

quality of the activation cross section data used.

1. Introduction

During the shutdown periods in ITER, some manual maintenance activities are expected to
be carried out. These activities are scheduled both in the PC and PI areas (Figure 4.1), where
dose limits for worker access are 10 pSv/h 1 day after shutdown in the PC and 100 pSv/h at 10°
seconds (~12 days) for the PI [1]-[2].

The feasibility of these manual maintenance operations is based on the compliance of
some imposed SDDR limits to be applied in each working area. The fulfillment of these target
values is an ongoing challenge. Therefore, it is crucial to trust the SDDR calculations and, for

that reason, validation of the activation cross section used is essential.

Figure 4.1. ITER PC and PI areas [3].
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The activation cross section data contained in the different libraries are assembled from
many data sources. Thus, for some reactions the cross section is well measured, while for
others, there might be no experimental data and therefore, the cross section data are produced

only by model code calculations.

Significant efforts have been carried out in order to obtain reliable neutron activation cross
sections data for fusion applications (ITER, JET, IFMIF, DEMO). As a consequence, nowadays
there are different available libraries to be used for activation purposes, including EAF
(European Activation File), ENDF (US Evaluated Nuclear data Library), FENDL (Fusion Evaluated
Nuclear Data Library), JEFF (Joint Evaluated Fission and Fusion File) and TENDL (TALYS-based

Evaluated Nuclear Data Library), among others.

These libraries have been developed considering all the expected materials (several kinds
of steels, alloys, etc.) to be placed in fusion facilities. Furthermore, validation activities have
been undertaken using both D-T and D-D fusion spectra in order to provide an experimental

data base for validation purposes [4]-[7].

However, despite having been created considering fusion applications, these libraries have
not been developed taking into account the specific neutron spectra in the different

components of an advanced 3D-geometric model for ITER.

In this chapter, the quality of the cross sections for some libraries typically used in fusion is
evaluated for its specific use in the ITER SDDR prediction, since geometric model and specific
materials in the different areas are currently clearly established and, therefore, the neutron
spectra for the major components responsible of the SDDR can be obtained. Additionally, some
other materials (such as barite and L2N concretes) that are being studied as candidates to be
placed in ITER were also considered [8]. This information about activation and SDDR in ITER
PC and PI is currently available in different papers and reports carried out within the framework
of ITER [8]-[16].

EAF activation libraries were selected to evaluate the reliability of the relevant activation
cross sections contributing to the SDDR in the PC and PI. This selection was based on the fact
that the EAF libraries have more than 20 years of history and is the reference and
recommended activation libraries within EUROFusion Programme and ITER [17]. Specifically,
EAF-2007, which is typically used for the determination of the SDDR in ITER [8]-[16], as well as
the last EAF version (EAF-2010) were assessed.

Aside from EAF, TENDL library was evaluated especially in those cases where EAF does not

provide a reliable cross section. The reason for TENDL consideration is due to European Union

| 52



Chapter 4
Reliability of activation cross sections for estimation of shutdown dose rate in the ITER port cell and port interspace

is focused on its development and it is yearly updated since 2008. The latest versions: TENDL-

2013, TENDL-2014 and the very recent release from 2015 were used for the current study.

It is worth mentioning that much of the work developed in this chapter of the thesis has

been published [18] and, another part, is pending acceptance for publication [19].

Methodology followed to address this work is shown in Section 2. Section 3 is devoted to
collect major radionuclides contributing to SDDR and their pathways from both literature and
own calculations. The quality classification of the identified relevant activation cross sections is
presented in Section 4. Finally, Section 5 shows conclusions highlighting those activation cross
sections that should be improved and, also, recommendations on the selection of the cross

section activation library to be used in the prediction of the SDDR in ITER are provided.
2. Methodology

The methodology followed in this work is described by a flowchart in Figure 4.2. As it can
be seen, the first step starts with the selection of the components and materials to be studied.
In this work, Tritium Breeding System (TBS), divertor, vacuum vessel, cryostat and bioshield
plug, among others, were selected. Analyzed materials were, therefore, several functional
materials that are part of these components and which will contribute significantly to the SDDR
at the PC and PI areas of ITER: SS316LN-IG, SS304, Eurofer, Inconel718, A660, XM-19,
CuCrZr-IG, copper (Cu), tungsten (W), LiPb and conventional concrete (used in B-lite ITER
model). In addition to this, other concretes candidates to be part of the bioshield pulg (L2N and
barite) were studied. For the activation calculations compositions of the different materials with

impurities were considered, as provided by official documents.

For each of these materials, major radionuclides responsible of SDDR were identified

according to the following criteria:

= Criterion #1: Radionuclides which contribute more than 1% to the SDDR produced by

the activation of each particular material.

A value of 1% is fixed since it ensures that the sum of the different radionuclide
contributions to the SDDR in any material or component is higher enough: at worst
more than 93% and in most of the cases above 98%. Also, it was verified that in case
of taking into account radionuclides contributing less than 1%, new pathways appear,

but their contribution to the SDDR is not significant enough.

= Criterion #2: Total SDDR produced by the sum of the radionuclide contributions is

higher than 20% of the applicable limit. The reason for considering a SDDR value quite
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lower than the applicable limit is based on the fact that this total value might have been
calculated using unreliable activation cross sections for pathways; therefore, the
subsequent improvement of these cross sections can cause the total SDDR to be higher
than the limit.

Once dominant radionuclides were identified according to the foregoing criteria, pathways

contributing more than 1% to the production of each radionuclide were collected.

Criteria:
Criteria:
- Radionuclide contribution > 1%

o - Pathway contribution > 1%
- Total SDDR > or close to the limit

Own activation

Step 1: Major radionuclides and pathways identification

calculations
(EAF-2007)
Dominant nuclides » Relevant pathways
Reports and
papers

(EAF-2007)
c
o
S A A
g .
5 EAF-2007 quality EAF-2010 quality
o evaluation evaluation
=
©
3
o
(%]
5 ——><_Trustworthy? ><———~
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Figure 4.2. Flowchart description of the methodology (— ; starts and ends of processes; D,

process/actions; J , criteria; £7 , data; <> , question/decision).
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This information concerning both dominant radionuclides and pathways is taken from two

complementary sources:

= The assessment and analysis section of recent available reports/papers devoted to
calculate SDDR due to the activation of relevant materials at different ITER locations
[8]-[16].

= Own activation calculations carried out in order to complete the information of those
materials partially or not analyzed in those reports. For this computational analysis
ACAB code [20] was used.

The merger of the data from both approaches ensures information enough to determine
the main cross sections involved in the SDDR calculation at the PC and PI of ITER in a reliable

way.

Next, in a second step, the quality of the cross section for each reaction was analyzed
following the EAF procedure used for validating and testing the successive EAF versions since
2001 [21]-[23]. This procedure consists of comparing different integral results for experiments
carried out for relevant materials in nuclear facilities with different neutron spectra (including a
characteristic D-T fusion spectrum, up to 14 MeV), as well as differential experiments (cross
sections at particular energies rather than averaged over a neutron spectrum), with the EAF
data. Validation requires that both integral and differential data are consistent with the EAF
data. Specifically, reference [24] is focused on the quality of the EAF-2007 cross sections and it
was used as the main reference to check the status of the identified relevant cross sections.
Furthermore, EAF-2010 was used to check updating in the cross section qualities compared to
EAF-2007 version.

In a last step (step 3), data from TENDL library (2013, 2014 and 2015 versions) were used
both to:

= Compare to experimental data taken from EXFOR (Experimental Nuclear Reaction Data
Library) in order to obtain an estimation of the quality of cross sections for reactions of

interest from this library.

= Assess possible improvements in TENDL when compared to EAF libraries, especially in
those cross sections reactions with a poor or not provided quality in the above-

mentioned reference [24].

This comparison was done using the JANIS (Java-based Nuclear Data Information System)

display software (version 4.0) [25].
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3. Dominant radionuclides to SDDR and pathways

This section deals with the identification of major radionuclides for SDDR in the PC and PI
of ITER as well as the associated production pathways. This information was taken from two
complementary sources: literature (Section 3.1) and own activation calculations (Section 3.2).
Finally, Section 3.3 is devoted to set the list of the relevant activation cross section reactions to

be evaluated, considering all the information from Sections 3.1 and 3.2.

3.1. Review of the literature for determination of main radionuclides and

pathways contributing to SDDR

Several reports and papers related to the assessment of SDDR at different locations (PC
and PI included) in ITER can be found in the literature. However, only some of them performed

an analysis on major radionuclides and, very few, on their production pathways.

This section focuses on those reports in which major radionuclides for SDDR at relevant
cooling times were analyzed [8]-[16]. All these works (excluding [14]) use 3D neutronic models
of ITER (A-lite [26], B-lite [27] and C-lite [28]) with the standard SA2 irradiation scenario [29]
and the EAF-2007 activation library.

In each of the reports, all the materials whose activation induces a relevant SDDR were
considered. The composition of these materials was defined in the own references [8]-[16].
Then, dominant radionuclides and the production pathways for these radionuclides (when
reported) were collected. Taking into account that the contribution of each radionuclide to
SDDR is not specified in all of the reports, the following criterion was applied: in cases in which
these contributions were given, only those radionuclides with a contribution to the SDDR above
1% are selected; and for the remaining, the complete list was included. The same reasoning
applies for the pathways, also considering a minimum contribution of 1%. All this information is
collected in Table 4.1 and Table 4.2.

Table 4.1 shows major radionuclides for SDDR produced by neutron activation for each of
the considered materials. It is worth noting that in some cases such as [8], Contact Dose Rate
(CDR) for a semi-infinite slab was evaluated instead of SDDR. The shown cooling times are
those of interest for maintenance activities in the PC and PI areas. Furthermore, another
maintenance activity defined for ITER was also taken into account, namely the transfer of
components (blanket first wall modules, TBMs, divertor cassette, diagnostic port plug) in the
transfer cask to be carried to the Hot Cell Facility (HCF). This maintenance task requires a

maximal dose rate on contact with the transfer cask of 430 Sv/h at 21 days cooling [11].
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One can see that results regarding the cask transfer to be carried to the HCF do not

include new nuclides compared to the results for the same materials in other reports related to

PC and PI.
Table 4.1. Major radionuclides for SDDR from the literature.
Reference  Responsible material Dominant radionuclides etlnaptine e
(days) pathways
Conventional concrete (B-lite) Na
[8] Barite concrete Na, *Fe, 1*'Ba,'*Ba 1 No
L2N concrete %Na, %°Co, **Fu
*Na 1
Concrete
%Mn, *Fe 12
51Cr 54Mn GOCO 124Sb 182Ta 1
Eurofer d d d d d
1Cr, *Mn, *°Fe, %°Co, 'Sb, 12
[9] No
icr,  *Mn, *Fe, Co, 1
SS316LN-IG
51Cr, 5*Mn, >°Fe, %8Co, *®*Ta 12
106mAg 110mAg 203Pb 187W 1
LiPb d L
GSZn, 106mAg, 110mAg, IZSSb, 12
[10] SS316LN-IG 51Cr, >*Mn, *Fe, %Co, °Co, 12 Yes
CuCrzr 80Co, 82Ta
SS316LN-IG %*Mn, %8Co, %Co, ¥Ta
SS316L %4Mn, 8Co, %°Co, ¥?Ta
XM-19 %4Mn, 8Co, %°Co, ¥?Ta
[11] 21 Yes
A660 %8Co, %°Co, ¥2Ta
Inconel 718 %8Co, %°Co, ¥?Ta
Eurofer97 %Mn, ¥2Ta
W 18273
SS316LN-IG, SS316LN-cryogenic
[12] ved Co, ¥2Ta 12 Yes
steel, SS304/304L
[13] SS316LN-IG 51Cr, %*Mn, *Fe, *Co, ®°Co, 12 No
42Kl 24Na, l3lBa,l33Ba, l35mBa 1
Barite concrete
13lBa,133Ba 12
24 54 59 60 134
[14] Na, >*Mn, *°Fe, *'Co, ~"Cs, 1 Yes!”
152EU, 154EU, 160Tb, 182Ta
L2N concrete
54Mn, nge, GOCO, 134CS, ISZEu,
154EU 160Tb 182Ta 12
[15] SS304L, Inconel-718, SS316LN-IG %Mn, >°Fe, %8Co, ®Co, *?Ta 12 No
[16] SS316L(N)-IG+H,0, CuCrzr-IG 51Cr, 5*Mn, >°Fe, %8Co, ®Co 12 No

7 Only for the most contributing radionuclides.
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On the other hand, Table 4.1 shows slight differences in terms of major radionuclides for
SDDR for the same materials, depending on the considered reference. These differences are
due to differences in the composition and spectrum, considered cooling times and the fact of
considering CDR or SDDR in either case. Table 4.1 also reflects that pathways for the

production of major radionuclides are not defined in references [8], [9], [13], [15] and [16].

Table 4.2 collects the pathways, when given. A pathway means the chain of reaction and
decays from the parent nuclide to the daughter. Although there were not provided pathways in
reference [15], it is based on [30], which reported those pathways. As it can be seen, for each

radionuclide, provided reactions from the different authors are practically the same.

Table 4.2. Relevant pathways for SDDR from the literature.

Reference Dominant Pathways Reference Dominant Pathways
nuclide nuclide
%Mn(n,2n)>*Mn 81Ta(n,g)®*Ta
*Mn [11] 18214
**Fe(n,p)**Mn 82W(n,p)*¢Ta
iy 0Cr(n,g)*Cr 121 %Co %Co(n,g)®°Co
52Cr(n,2n)*'Cr 18213 81Ta(n,g)**Ta
ope 8Fe(n,g)*°Fe Na(n,g)*Na
%Co(n,p)>°Fe 2Na 2Mg(n,p)**Na
1ol ssco %Co(n,2n)*8Co ZAl(n,a)*Na
BNi(n,p)**Co [14] 2K “K(n,g)"K
%Co(n,g)®Co Co ¥Co(n,g)*Co
Co Ni(n,p)®°Co 131g5 130Ba(n,g)"*'Ba
*Cu(n,a)*Co 133gg 132Ba(n,g)'**Ba
%Ta ®'Ta(n,g)'*Ta 5Mn S*Fe (n,p)**Mn
_- **Fe(n,p)**Mn %Co %8Ni(n,p)**Co
*Mn(n,2n)**Mn %9Co(n,g)®Co
soco ¥Co(n,2n)*Co [30) e 59Ni(n,p)®°Co
[11] *Ni(n,p)**Co 81T3(n,g)*?Ta
*Co(n,g)*Co e 182\(n,p)'*Ta
Co Ni(n,p)®°Co

Cu(n,a)®°Co
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3.2. Activation calculations for determination of main radionuclides and
pathways contributing to SDDR

This section is devoted to identify major radionuclides and pathways for SDDR in the PC
and PI areas, built from own activation simulations. These calculations were performed in order
to complete the information obtained in the previous section regarding not identified pathways.
In addition to the considered materials of the previous section, Cu was included since it is

expected to be present in the ITER PC and PI areas.

The simulations were performed using the ACAB activation code [20] with the EAF-2007
activation library. It is worth noting that ACAB provides the CDR for a semi-infinite slab that is
composed of the radionuclide inventory produced by the neutron activation at each cooling
time. This is in contrast with most of the cases of Section 3.1 where SDDR was given; that is,
dose rate at any location but considering the transport of the residual photon source. However,
despite not carrying out a residual photon transport calculation, the ACAB approach allows the

perfect identification of major radionuclides and pathways.

As it has been previously said, the activated materials were those whose presence is
assumed in ITER and will contribute to the SDDR at the PC and PI areas, namely: LiPb (with
impurities, as defined in [31]-[32]), SS304L (0.2% weight Co, 0.05% weight Ta), SS316LN-IG
(0.05% weight Co, 0.01% weight Ta), Eurofer (as defined in [9]), Cu (with impurities, following
[33]). Furthermore, some concrete candidates for ITER bioshield plug (conventional used in B-

lite model, L2N and barite concretes, all with impurities, as defined in [8]) were also studied.

Aside from that, irradiation scheme SA2 [29] was used and 1 day and 12 days cooling
times were selected, according to times of interest for maintenance operations in the PC and PI,

respectively.

The neutron spectra used for activation were computed with MCNP5 [34] in specific
locations of interest for each material: i) for the LiPb, spectrum used is that from the TBM [31]-
[32] with a total neutron flux of 1.04:10'* n/cm?'s, and ii) for the remaining materials results
for 1 day cooling were obtained using spectrum from PC (in the last 5 cm of the bioshield plug
frame) with a total neutron flux of 1.65-10° n/cm?'s while results for 12 days cooling were
obtained using spectrum from PI (in the closure plate of the port plug) with a total neutron flux:
6.06°10% n/cm?*'s (Figure 4.3).
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Figure 4.3. Neutron flux per energy interval used for activation calculations [18].

Table 4.3. Major radionuclides and contribution (%) to CDR from ACAB+EAF-2007 activation simulations.

Responsible Major radionuclides (%)
material 1 day cooling 12 days cooling
CS3L6LNLG %0Co (70.6), °Fe (8.8), S'Cr (8.6), *Mn 50Co (44.5), Co (24.3), *2Ta (15.4), *Mn (10.8),
(4.0), ¥2Ta (3.9), %8Co (1.8), **Cu (1.3) 9Fe (2.9), SiCr (1.0)
cs304L 50Co (85.3), ¥2Ta (5.9), 5ICr (2.8), ¥Fe 50Co (60.2), 1¥2Ta (27.6), Co (6.5), 5*Mn (4.1),
(2.8), 5Mn (1.3), %*Cu (1.3) 9Fe (1.1)
Eurof 18273 (46.0), 187W (24.8), ©°Co (11.9), Fe ~ '*Ta (88.2), *Mn (4.6), “’Co (3.4), '**sb (1.8),
urofer
(10.2), 5'Cr (3.9), **Mn (1.1) %9Fe (1.6)
w 17y (100) 187y (93.3), 1®2Ta (3.7), '*'W (2.8)
Cu 54Cu (99.8) 0Co (96.6), 1°mAg (2.6)
LiPb 23pp (62.0), **Na (14.7), *Co (7.9), **Mn 58Co (35.6), **Mn (31.2), 2%Pb (10.4), *°Co (9.3),
[
(6.4), W (2.0), ©Co (1.9) 1omag (3.3), %Zn (3.2), *"Nb (1.9), "Ag (1.9)
Conventional 2Na (55.3), **Mn (28.4), *Fe (11.1), “Ca (3.0),

*Na (98.7)

concrete (B-lite)

0K (1.1)

L2N concrete

50Co (69.3), “Na (12.7), '5%Eu (7.9), *Fe
(3.3)

$0Co (81.6), Mn (5.9), ®Ta (2.7), ®Fe (2.2),
12Ey (1.9), *°Tb (1.8), 13Cs (1.6), 'S*Eu (1.2)

13183 (69.0), ®Fe (15.0), 1**Ba (8.9), *Na

Barite concrete

(3.0), **Mn (1.7), *™Ba (1.1)

13183 (60.4), *°Fe (21.0), 1**Ba (14.7), *Mn (2.7)
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As a result of these calculations, Table 4.3 summarizes dominant radionuclides in each of
the materials and their contribution to the CDR computed in the present section, both at 1 and
12 days of cooling time. Major radionuclides appearing in Table 4.3 which come from the
activation of L2N concrete at 1 day cooling were not taken into account in the following since
the total SDDR was much lower than the applicable limit to the PC. The same reasoning was
applied in the cases of conventional (B-lite) and barite concrete at 12-days cooling period, when

the total computed SDDR was about a factor of 50 lower than the required limit.

Table 4.4 - Table 4.11 list pathways for the production of major radionuclides shown in
Table 4.3, for each particular material. For each material major nuclides are sorted by atomic
number and, for each of the major radionuclides, cooling times are listed from a single time to
more than one, and from lowest to highest. Finally, for a given time important pathways are
displayed. Furthermore, these relevant pathways are sorted from highest to lowest contribution

to the total production of the radionuclide in each material.

Table 4.4. Pathways for radionuclides of interest from ACAB+EAF-2007 activation simulation for SS316LN-

1G.
Major radionuclide Half-life Cooling time (days) Relevant pathways and contribution (%)
1 %Cr(n,g) (99.9)
%Cr(n,qg) (75.7)
Sicr 27.7d
12 52Cr(n,2n) (22.1)
SFe(n,a) (2.2)
**Fe(n,p) (67.5)
%Mn 312.1d 12
>Mn(n,2n) (32.5)
Mn 2.6h 1 >Mn(n,g) (99.9)
1 8Fe(n,g) (100)
Fe 44.5d ®Fe(n,g) (98.1)
12
®Ni(n,a) (1.5)
1 S8Ni(n,p) (99.8)
8Co 709d
12 8Ni(n,p) (99.6)
1 *Co(n,g) (99.8)
%Co 53y *Co(n,g) (93.6)
12
*Ni(n,p) (6.3)
Cu 12.7 h 1 Cu(n,g) (100)
1 81Ta(n,g) (99.9)
18274 114.7d
12 81Ta(n,g) (99.9)
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Table 4.5. Pathways for radionuclides of interest from ACAB+EAF-2007 activation simulation for LiPb.

Major radionuclide Half-life Cooling time (days) Relevant pathways and contribution (%)
2Na 149 h 1 277l(n,a) (100)
>Mn(n,2n) (94.8)
1
*Fe(n,p) (5.2)
%Mn 312.1d
>Mn(n,2n) (94.8)
12
>*Fe(n,p) (5.2)
Ni(n,p) (82.9)
70.9d 1
¥Co(n,2n) (17.1)
58CO
*Ni(n,p) (82.9)
70.9d 12
¥Co(n,2n) (17.1)
*Co(n,g) (78.1)
1
Ni(n,p) (21.8)
Co 53y
¥Co(n,g) (78.1)
12
Ni(n,p) (21.8)
%zn(n,g) (72.5)
%57n 243.8d 12
Zn(n,2n) (27.5)
%BNb(n,2n) (84.3)
92MNb 10.2d 12
*2Mo(n,p) (14.9)
1 17Ag(n,2n) (100)
106mp g 8.3d
12 107Ag(n,2n) (100)
1 105Ag(n,g) (99.9)
Homag 249.8d
12 105Ag(n,g) (99.9)
187y 23.8h 1 186\\(n,g) (100)
1 204p(n,2n) (100)
203pp 519 h
12 209ppy(n,2n) (99.5)

Table 4.6. Pathways for radionuclides of interest from ACAB+EAF-2007 activation simulation for Cu.

Major radionuclide Half-life Cooling time (days) Relevant pathways and contribution (%)
%Co 53y 12 8Cu(n,a) (100)
Cu 12.7h 1 83Cu(n,g) (100)
Hompg 249.8d 12 109Ag(n,g) (100)
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Table 4.7. Pathways for radionuclides of interest from ACAB+EAF-2007 activation simulation for

conventional concrete.
Major radionuclide Half-life Cooling time (days) Relevant pathways and contribution (%)
#Na 149 h 1 Na(n,g) (99.6)

Table 4.8. Pathways for radionuclides of interest from ACAB+EAF-2007 activation simulation for barite

concrete.
Major radionuclide Half-life Cooling time (days) Relevant pathways and contribution (%)
#*Mg(n,p) (33.6)
*Na 149h 1
Zpl(n,a) (66.3)
%Mn 312.1d 1 *Fe(n,p) (100)
Fe 44.5d 1 58Fe(n,g) (100)
131Ba 11.5d 1 130Ba(n,g) (99.9)
132Ba(n,g) (97.1)
133Ba 106y 1
13%Ba(n,2n) (2.7)
13%Ba(n,g) (58.6)
135mBa 22.7h 1 135B3(n,n") (32.5)

136Ba(n,2n) (8.9)

Table 4.9. Pathways for radionuclides of interest from ACAB+EAF-2007 activation simulation for Eurofer.

Major radionuclide Half-life Cooling time (days) Relevant pathways and contribution (%)
Sicr 27.7d 1 %Cr(n,g) (99.9)
%*Fe(n,p) (89.5)
**Mn 312.1d 12
%Mn (n,2n) (10.4)
*Mn 2.6 h 1 *Mn(n,g) (100)
1 8Fe(n,g) (100)
Fe 445d
12 8Fe(n,g) (99.9)
1 %Co(n,g) (100)
50Co 53y
12 %Co(n,g) (99.9)
124g}, 60.2 d 12 13gh(n,g) (100)
187y 23.8h 1 186\(n,g) (100)
1 *¥1Ta(n,g) (100)
18214 114.7d
12 81Ta(n,g) (100)

63 |



Chapter 4

Reliability of activation cross sections for estimation of shutdown dose rate in the ITER port cell and port interspace

Table 4.10. Pathways for radionuclides of interest from ACAB+EAF-2007 activation simulation for LZN

concrete,
Major radionuclide Half-life Cooling time (days) Relevant pathways and contribution (%)

%Fe (n,p) (94.3)
%Mn 312.1d 12

*Mn (n,2n) (5.7)

8Fe(n,g) (98.8)
Fe 44.5d 12

*Co(n,p) (1.2)
%Co 53y 12 %Co(n,g) (100)
134Cs 2.1y 12 133Cs(n,g) (100)
152gy 135y 12 151Ey(n,g) (100)
ey 8.6y 12 133Ey(n,g) (100)
160Th 72.3d 12 1%Tb(n,g) (100)
18214 114.7 d 12 81Ta(n,g) (100)

Table 4.11. Pathways for radionuclides of interest from ACAB+EAF-2007 activation simulation for W.

Major radionuclide Half-life Cooling time (days) Relevant pathways and contribution (%)
82(n,p) (98.3)
18213 114.7 d 12
18W(n,D) (1.2)
**W(n,g) (50.6 )
181y 121.2d 12
182(n,2n) (49.4)
1 18W(n,g) (100)
187\ 23.8h
12 **5W(n,g) (100)

One can see that no new pathways appeared for radionuclides listed in Section 3.1 (Table
4.1 and Table 4.2). On the other hand, it is worth mentioning that the current design of ITER
(C-lite) uses a slightly different composition of concrete in terms of percentage contributions, as
the constituent isotopes are the same. Therefore, activation calculations performed for this C-

lite concrete has given very similar results to B-lite ones.
3.3. Summary of considered reactions for cross section quality analysis

This section is devoted to list and justify the relevant pathways whose cross section quality
will be assessed in Section 4.

This list of relevant pathways was built taking into account data provided by both Sections
3.1 and 3.2 are taken into account. Despite having detected some differences between both

sections in terms of dominant radionuclides, these differences are always found in those
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radionuclides that are less important (those with a lower contribution). These discrepancies are
may due to these facts: i) different spectrum used for different positions for the same material,
ii) differences in composition for the same material, iii) cooling times compared are not the
same, iv) considering CDR in Section 3.2 while in Section 3.1 calculation of SDDR is done or v)
percentage selected for considering major radionuclide in Section 3.2 (1%) compared to Section
3.1, where the contribution percentage of the major radionuclides in some cases was not

known.

In any case, taking into account that differences are not very significant and preserving a
conservative approach, all the information from both sections was taken into account.
Therefore, considering both sources of data, 27 relevant radionuclides are identified: 2*Na, *K,
51Cr’ 54Mn, SGMnI 59Fe, 58C0’ GOCOI 57Ni, 64CU, GSZn’ 92mNb, 106mAg, 110mAg, 124Sb, 1255b, 134CS, 13lBa,

133Ba, 135mBa, 152EU, 154EU, 160Tb, 182Ta, 181W, 187W, and 203Pb-

= 19 of them are relevant for the SDDR analysis at the ITER PC, namely: *Na, *K, °!Cr,
54Mn, 56Mn, 59Fe, 58Co, GOCOI 57Ni, 64CU, 106mAg, 110mAg/ 124Sb, 13lBa, 133Ba, 135mBa, 182Ta,

187\, and 2%3pb.

= 20 of them are related to the SDDR at the PI area, namely: *K, >!Cr, >*Mn, *°Fe, *®Co,
GOCO, GSZn’ 92mNb, 106mAg/ 110mAg, 124Sb, IZSSb, 134C5, 152Eu’ 154EU, 160Tb, 182Ta, 181W/ 187W

and 2°3pb.

= In the case of the cask transfer to be carried to the HCF, only 4 are relevant: >*Mn,

*8Co, %°Co and ¥Ta.

It is worth mentioning that some of these radionuclides come from neutron activation of
candidate materials, but not in the components of the current design of ITER. This is the case
of *Cs, >2Eu, *Eu, and %°Tb that come from the L2N concrete or *’K, *'Ba, 1**Ba, and **"Ba

which are produced by neutron activation of barite concrete.

Regarding the production of these radionuclides, all the relevant pathways were identified
considering the information provided in both Sections 3.1 and 3.2. Thus, it is considered that all

the relevant pathways involved in the SDRR at PC and PI locations were identified.

Table 4.12 provides a list of all the considered pathways for the production of each major
radionuclide, which are sorted by atomic number. This table also indicates the material from

which each of the radionuclides comes from, as well as their half-lives.

Therefore, to sum up, when assessing the quality of the cross sections, the considered
radionuclides and pathways were taken from both previous sections. Only some major

radionuclides (and therefore their pathways) of Section 3.2 were discarded because the total
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SDDR, produced by the activation of the responsible material, is considerably lower than the
applicable limit. That was the case of dominant radionuclides for the conventional (B-lite) and
barite concrete at 12 days of cooling time and for the L2N at 1 day cooling. However, **Na and
%Co (nuclides relevant at 1 day for L2N concrete) were an exception and are hereafter
considered since according to reference [14] activation of this concrete produce a SDDR
exceeding applicable limit in the PC (10 pSv/h). Moreover, although some radionuclide was
rejected for those reasons, the same nuclide could have been taken into account in other
materials or cooling times. As an example, **Mn is a dominant radionuclide in the conventional
concrete (B-lite) at 12 days cooling and therefore it was rejected, but it is also given as major
nuclide in the SS316LN-IG or LiPb, so it was considered in the two last cases. In brief, when
there were discrepancies in the criteria to be followed, the most conservative option was

chosen for the subsequent analysis.

Furthermore, it was analyzed whether the radionuclides of interest (which are almost all
from 1-step reactions) come from the activation of intendent elements or impurities. In this
regard it is noteworthy that the fact of considering impurities or not does not vary dominant
nuclides in the cases of Cu and W whereas in the remaining cases some differences were
appreciated. On the other hand, it is worth mentioning that '**Sb appears as a relevant
radionuclide in the Eurofer activation, coming from the Sb impurity while activation of a

different Eurofer composition'® without Sb, would not lead to this major radionuclide.

Additional points must be taken into consideration. On the one hand, in the cases of
Section 3.1 where a relevant nuclide appear and did not in Section 3.2, pathways for the
production of this radionuclide were identified using ACAB, as those radionuclides also appear in
Section 3.2 but with a lower percentage of contribution. The same applies if a major
radionuclide is given in both sections but at different cooling times: ACAB was used to identify
all possible pathways at all the cooling times included in both subsections. An example is the
case of >'Cr which in Section 3.2, for the Eurofer, was only important at 1 day cooling while

literature said (Section 3.1) it is relevant both at 1 and 12 days.

In addition to this, major radionuclides and pathways found in this work were corroborated
using a handbook focused on general activation calculations [35]. This handbook reports the
expected radionuclides and pathways coming from the neutron activation of different materials,
taking the neutron spectra into consideration. No discrepancies were detected between the

handbook data and the radionuclides and pathways considered in this chapter.

18 Such as the one used in this thesis for the activation of the DEMO DCLL (see Chapter 6).
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Table 4.12. Summary of considered pathways.

Nuclide Half-life Relevant Material Main Pathways Pathway obtained from
#Na 1495 h LiPb, conventional, L2N and ZNa(n,g)**Na [14], ACAB
barite concrete #Mg(n,p)*Na [14], ACAB
Z7pl(n,a)*'Na [14], ACAB
2K 12.4 h Barite concrete *“K(n,g)PK [14], ACAB
sicr 27.7d Eurofer, SS316LN-IG, SS304L, 50Cr(n,g)*'Cr [10], ACAB
CuCrzr-1G S2Cr(n,2n)*Cr [10], ACAB
%Fe(n,a)*'Cr ACAB
*Mn 312.1d LiPb, conventional, L2N and 3Mn(n,2n)>*Mn [10], [11], ACAB
barite concretes, Eurofer, S*Fe(n,p)**Mn [10], [11], ACAB
SS316LN-IG, SS316L, SS304L,
XM-19, Inconel 718, CuCrZr-IG
*Mn 2.6 h Eurofer, SS316LN-IG, SS304L *Mn(n,g)**Mn ACAB
SFe 44.5 d Eurofer, conventional, L2N and 8Fe(n,g)*°Fe [10], ACAB
barite concretes, SS316LN-IG, %Co(n,p)*Fe [10]
SS304L, Inconel 718, CuCrzr-IG 52\j(n,a)*Fe ACAB
58Co 70.9 d LiPb, SS316LN-IG, SS316L, 59Co(n,2n)*Co [10], [11], ACAB
Inconel 718, XM-19, A660, 58Ni(n,p)°sCo [10], [11], ACAB
CuCrzr-IG,
Co 53y LiPb, Cu, L2N concrete, Eurofer, %Co(n,g)*°Co [10], [11], [12], ACAB
SS316LN-IG, SS304/316L, Ni(n,p)®Co [10], [11], ACAB
Inconel 718, XM-19, A660, 63Cu(n,a)*°Co [10], [11], ACAB
CuCrzr
SNi 35.6h SS316LN-IG 8Ni(n,2n)>’Ni ACAB
5Cu 12.7 h Cu, SS316LN-IG, SS304L 83Cu(n,g)*Cu ACAB
57n 243.8d LiPb 547n(n,g)*Zn ACAB
867Zn(n,2n)%zn ACAB
2MNb 10.2d LiPb “Nb(n,2n)**™Nb ACAB
92Mo(n,p)**™Nb ACAB
106mp g 8.3d LiPb 107pg(n,2n)1%mAg ACAB
HomAg 249.8 d LiPb, Cu 109Ag(n,g)'1°mAg ACAB
124gh 60.2 d Eurofer 1235h(n,g)'**sb ACAB
1255 9.6 d LiPb 1245n(n,g)1255n(B")2Sb ACAB
B34cs 2.1y L2N concrete 133Cs(n,g)**Cs ACAB
131gg 11.5d Barite concrete 13983(n,g)**'Ba [10], ACAB
1333 106y Barite concrete 132B3(n,9)***Ba ACAB
134Ba(n,2n)'*Ba ACAB
135mBa 22.7h Barite concrete 13%Ba(n,g)'**™Ba ACAB
135Ba(n,n’)**™Ba ACAB
136Ba(n,2n)!*™Ba ACAB
152y 135y L2N concrete BiEy(n,g)**%Eu ACAB
ey 8.6y L2N concrete 133Eu(n,g)*>*Eu ACAB
160Th 72.3d L2N concrete 15Th(n,g)'*°Tb ACAB
1823 114.7d W, L2N concrete, Eurofer, 81Ta(n,g)®*Ta [101, [11], [12], ACAB
SS316LN-IG, SS304L/316L, 182y(n,p)"*2Ta
Inconel 718, XM-19, A660,
CuCrzr
oy 121.2d w 180\(n,g) 81W ACAB
w7y 23.8h LiPb, W, Eurofer 8owW(n,g)e’W ACAB
203pp 519h LiPb 204pp(n,2n)*°Ph ACAB
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4. Quality assessment of the activation cross sections pathways

This section assesses the quality of the main activation cross section, according to the
previous section. In this sense, efforts had already been carried out by EAF in order to evaluate
its quality, providing specific reports from 2001 version [21]-[24], [36]-[37] as it has been
mentioned in Section 2. This evaluation was done validating cross sections against integral and

differential data. This validation work results in a quality score (QS) for each of the reactions.

The QS magnitude is a value from 0 to 6 indicating the degree to which the EAF data are
backed up by experimental data (Table 4.13). Besides the numerical score, sometimes brackets
and asterisk are used, where * indicates that the score differs from the value given in the
distributed EAF file due to new experimental data obtained after the library release or errors in
the concerned EAF (updated score), and scores in (brackets) indicates score for total cross

section.

Following this approach, the current section is divided into four parts. The first (4.1) shows
the QS of the EAF-2007 cross sections for the considered reactions. Subsection 4.2 provides a
quality comparison between EAF-2007 and EAF-2010 versions, to check possible updates.
Subsection 4.3 is focused on those cross sections not validated according to the explained
criteria, providing a comparison among EAF (2007 and 2010), TENDL (2013-2015) and
experimental data from EXFOR, in order to have a first overview of TENDL quality. Finally,
Subsection 4.4 is devoted to provide recommendation about the activation library to be used for
the estimation of the SDDR in ITER.

Table 4.13. QS description [23].

QS Description

0 No experimental data exists

1 Limited differential data which disagrees with the library (weak disagreement)

2 Limited differential data which agrees with the library (weak agreement)

3 Differential data which disagrees with the library (strong disagreement)

4 Differential data which agrees with the library (strong agreement)

5 Both differential and integral data exist or only integral data exist and these are not in agreement with the

library

50 Differential data are missing and unsatisfactory agreement with integral data

5: Unsatisfactory agreement with differential and integral data

5, Satisfactory agreement with differential and unsatisfactory agreement with integral data

53 Differential data are missing and satisfactory agreement with integral data

54 Unsatisfactory agreement with differential and satisfactory agreement with integral data

6 Both differential and integral data exist and they are in agreement with the library (validation)
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4.1. Quality classification of the EAF-2007 activation cross sections data for main

pathways

This section is devoted to provide a quality classification of the total activation cross
sections from EAF-2007 for the relevant pathways previously identified. In order to qualify
these reactions, reference [24] was used, which provides QS for 470 reactions of EAF-2007.
Table 4.14 shows major radionuclides and pathways justified as relevant in Sections 3.1 and 3.2

as well as the corresponding QS (taken from [24]).

As can be seen in Table 4.14, 27 reactions are scored as: 6, 6%, (6), 5, (5), (5)* and 18
reactions are not included in this reference [24]. Q=6 indicates that the reaction is validated
(differential and integral) and QS=(6) signifies total cross section validated. Reactions with
QS=5, 5% or (5)* means: ‘"reactions that should be considered for new measurements by
experimentalists”. It is important to note that for reactions classified with 5 additional scores
are available. In this case, all reactions with QS=5 are classified at the same time with 5,,
which implies “satisfactory agreement with differential and unsatisfactory agreement with
integral data” [23].

Table 4.14. QS for main cross section reactions for SDDR calculation (-, not included in [24]).

Pathway QS Pathway QS Pathway QS
#Na(n,g)**Na (6) **Co(n,g)*Co (6) 132Ba(n,g)!**Ba -
“'Mg(n,p)*Na G #Ni(n,p)*Co (6) 1348a(n,2n)'*Ba -
#Al(n,a)*'Na (6) 83Cu(n,a)®Co (6) 134Ba(n,g)*>"Ba .
K(ng)"K 6* ENi(n, 2n)Ni 6 135Ba(n, ') 3"Ba i
0Cr(n,g)*Cr - 83Cu(n,g)*Cu 5 136Ba(n,2n) 1**"Ba 6
2Cr(n,2n)*'Cr 6 84Zn(n,9)%Zn - B1Eu(n,g)**Eu -
>*Fe(n,a)*'Cr 6 %Zn(n,2n)*Zn - 1598y (n,g) Eu ]
Mn(n,2n)*"Mn 6 #Nb(n, 2n)**"Nb 6 159Th(n,g)"**Tb .
“Fe(n,p)”Mn 6 #Mo(n, p)™*"Nb 6 #1Ta(n,g) *Ta )
#Mn(n,g)**Mn 6 17Ag(n,2n)*"Ag - 152(n,p)!Ta ©)
“Fe(ng)Fe 6 Ag(n,g) "*"Ag - 152y(n,D)**Ta i
**Co(n,p)*Fe 6 1235h(n,g)'2Sb - 180y (n.g) 81w ;
“Ni(n,a)*Fe 6* 28n(n,g) **Sn(B")'*Sb - 182y(n,2n) W 6
*Co(n,2n)**Co ©) 133Cs(n,g)**Cs - 186\\(n,g) W 6
*Ni(n,p)**Co (6) "**Ba(n,g)"*'Ba - 24ph(n,2n)2%Pb )

69 |



Chapter 4

Reliability of activation cross sections for estimation of shutdown dose rate in the ITER port cell and port interspace

Regarding reactions appearing in Table 4.14 without any reported QS, it is necessary to
underline that most of them are pathways for radionuclides coming from the activation of L2N

or barite concrete, which presence in ITER is not defined yet and are only a possible option.

4.2, Quality scoring comparison between EAF-2007 and EAF-2010 for split and
total reactions

Once the QS for EAF-2007 cross section provided by reference [24] had been seen, the
question of whether this qualification is improved in the next version of EAF (EAF-2010) arose.
In this case, there is not an EAF-2010 report providing QS for the total cross section, but one
providing QS for the split reactions [37]; that is, each of the reactions that produce the same
daughter nuclide but with different isomeric state. This report has an analogous one for EAF-

2007 [36]. This section is devoted to compare both qualifications.

Table 4.15 provides a comparison of the QS for total reactions (taken from [24]) with
those for the split ones (taken from [36]-[37]). This information can be misunderstood for that
very reason, because some scores are referred to partial reactions and others to the total and,
therefore, scores from [36] and [37] are sometimes different from those provided by [24]. This
section also justifies which score (total or split) is the most convenient to be taking into account

for each reaction.

Table 4.15. QS for EAF-2007 and EAF-2010 cross sections [24], [36]-[37] (-, not included in [24]).

) . Cooling time of Total cross
Reaction Product Half-life i EAF-2007 . EAF-2010
interest section
Cr(n,g) 'cr 27.7d 1, 12 days 4 - 4
%zn(n,9) %zn  243.8d 12 4 - 4
%7n(n,2n) 7n  243.8d 12 4 - 4
17pg(n,2n) l6mpg - 8.3d 1, 12 days 4 - 4
105Ag(n,q) Homag  249.8 d 1, 12 days 4 - 4
12496 60.2d 4 4
1256h(n,g) 124mgh 935 1, 12 days 2 - 2
124gh  20.2 min 2 2
12950 9.6d 2 2
1295n(n,g)'**Sn(B") 12 days - -
125mgn 9.5 min 4 4
%9cs 2.1y 4 4
133Cs(n,g) 1, 12 days - -
13¥mCs  2.9h 3 3
13193 11.5d 2 2
130Ba(n,g) 1 day _ -
13imB3  14.6 min 2 2
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) . Cooling time of Total cross
Reaction Product Half-life . EAF-2007 . EAF-2010
interest section

13983 106y 2 2
132Ba(n,q) 1 day -

133m3 389 h 2 2

13%9B3 106y 3 3
13%Ba(n,2n) 1 day -

133m3 389 h 6 6
134Ba(n,g) 13%mBa  22.7 h 1 day 4 - 4
135Ba(n,n’) 13%mBa  22.7h 1 day 2 - 2

129y 135y 2 - 2
BiEu(n,g) 12mEy 9.3 h 12 days 5 5 5

132'Ey 96 min 2 - 2

BYEy 86y 4 4
153Eu(n,g) 12 days -

I3MEY  46.3 min 0 0
1Th(n,q) %0TH  72.3d 12 days 4 - 4

82913 114.7d 0 0
183\W(n,D) 1®mTa 283 ms 12 days 0 - 0

T3 15.8 min 0 0
180\W(n,g) By 121.2d 12 days 4 - 4

249Na 15.0 h 0 0
**Mg(n,p) 1 day (5)*

#"Na  20.2ms 0 0

%89Co  70.9d 2 2
%Co(n,2n) 1, 12, 21 days (5)

8mCo  9.1h 5 6
83Cu(n,g) $cy 12.7h 1 day 5 5 5

2%9Na 15.0 h 2 2
#Na (n,g) 1 day (6)

#"Na  20.2ms 2 2

29Na 15.0 h 2 2
ZAl(n,a) 1 day (6)

2MNa  20.2 ms 2 2

09Co 1925.3d 0 0
59Co(n,g) 1,12, 21 days (6)

0mMCo  10.47 min 5 5

%9Co  70.9d 4 4
Ni(n,p) 1, 12, 21 days (6)

%MCo  9.1h 4 4

05Co 1925.3d 4 4
0Ni(n,p) 1, 12, 21 days (6)

0mMCo  10.47 min 6 6

%9Co 1925.3d 3 3
8Cu(n,a) 12, 21 days (6)

80mco 10.47 min 4 4

82973 114.7d 6 6
81Ta(n,g) 1, 12, 21 days (6)

82mTa 283 ms 2 2

71 |



Chapter 4

Reliability of activation cross sections for estimation of shutdown dose rate in the ITER port cell and port interspace

Reaction Product Half-life Cooling time of EAF-2007 Total cross EAF-2010
interest section

820Ta  15.8 min 5 6

829Tg  114.7d 2 2
82W(n,p) 82mTa 283 ms 12, 21 days 4 (6) 4

820Ta  15.8 min 4 4

23ph  519h 2 2
204ph(n,2n) wmpy 625 1, 12 days 5 (6) 5

2050ph 480 ms 2 2
“K(n,g) 2K 12.3h 1 day 4 6% 6
52Ni(n,a) YFe  44.5d 12 days 5 6% 6
2Cr(n,2n) 'cr 27.7d 12 days 6 6 6
*Fe(n,a) 'cr 27.7d 12 days 6 6 6
*Mn(n,2n) *Mn 312.1d 1, 12, 21 days 6 6 6
*Fe(n,p) *Mn 312.1d 1, 12, 21 days 6 6 6
>Mn(n,g) *Mn 26h 1 day 6 6 6
®BFe(n,g) YFe  44.5d 1, 12 days 6 6 6
¥Co(n,p) YFe  44.5d 12 days 6 6 6
8Ni(n,2n) Ni  356h 1 day 6 6 6
SNb(n,2n) 2mNb 10,2 d 12 days 6 6 6
2Mo(n,p) 2mNp  10.2d 12 days 6 6 6
136Ba(n,2n) 13%mBa  22.7h 1 day 6 6 6
182\\/(n,2n) By 121.2d 12 days 6 6 6
18\W(n,q) W  24.0h 1, 12 days 6 6 6

All metastable isotopes of Table 4.15 decay by isomeric transition to ground state at least
in 99.76% (except in the '**™Sb case, 75%). The only exceptions are **™Sn and *°™Eu, which
do not decay to the ground, and only the split cross section reaction for the ground state (and
to the second metastable in the '>°Eu case) should be studied. Additionally the decay process

for these radionuclides does not emit photons.

Comments regarding reactions with QS not included in [24] are given in the following

paragraphs:

= 30Cr(n,g)*!Cr: there is not production of metastable states. This reaction cross section
has a score of 4 on both EAF-2007 and EAF-2010; that is, there are differential

experiments which are in agreement with the library, despite having no integral data.
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The same occurs for #*Zn(n,g)**Zn, ®Zn(n,2n) *zn, 1¥Ag(n,2n)!%®"Ag, *Ag(n,g)*'*"Ag,

5%Tb(n,g)'*°Tb, and *¥°W(n,g)*'W cross sections.

= 1233gh(n,g)!**sb: three final states (ground and metastable) are produced. Both EAF-
2007 and EAF-2010 provide the same QS for the three split reactions, i.e. 4 for the one
leading to the ground state and 3 for the two leading to both metastable isotopes. On
the other hand, taking into account that the half-lives for the metastable isotopes are
very low (on the order of seconds and minutes), at the cooling times considered in this
chapter (from 1 day to largest cooling times) it would only be necessary to consider the
total cross section, which as can be seen, does not have any QS provided. This situation
is analogous to that for *3Cs(n,g)***Cs or *°Ba(n,g)**'Ba. In these last cases, two final
states (ground and metastable) are generated and both EAF-2007 and EAF-2010 give
the same QS for both cross sections leading to the two states. Moreover, as happened
with the cross section for the 2*Sb(n,g)'?*Sb reaction, taking into account the involved
half-lives for the metastable states, and the cooling times of interest (1 and 12 days

and even 21 days) it would only be needed to consider the total cross section.

= 12%5n(n,g)!**Sn: two final states are produced. However, as it has been previously said,
the ®™Sn do not decay to the ground, and only the split cross section reaction for the

ground state should be considered, which has a QS of 2 in both EAF libraries.

= !32B3(n,g)!**Ba: two final states (ground and metastable) are produced. The QS for split
reactions is 2 in both EAF-2007 and EAF-2010. Taking into account that '*Ba is a
relevant nuclide at 1-day cooling period and the fact that the half-life for ***Ba is 38.9
hours, it is necessary to have both cross sections for split reactions very accurate, not
only in the total one. Something similar occurs in the '**Ba(n,2n)**Ba reaction.
However, for this last reaction, cross section for the metastable split has a QS of 6 while
cross section for the reaction leading to the ground state has a poor rating (3) in both
EAF libraries.

= BlEy(n,g)'>%Eu: three final states are generated. Taking into account that the **™Eu do
not decay to the ground state, only the split cross section reaction for the ground and
second metastable production should be studied. These can be considered grouped

since the half-life of the second metastable is very low.

= 13Eyu(n,g)**Eu: two final states appear and, for each of them, the QS provided in both
EAF is the same (4 for the production of the ground state and 0 for the metastable).
Considering the low half-life of the **"Eu (46.3 min) compared to the cooling time of

interest, only the total cross section should be taken into account.
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= 8W(n,D)'®Ta: three final states are produced and the three split cross section
reactions have the same QS (i.e. 0) in both EAF versions. Once again, taken into
account the half-lives of the metastable state and the fact that their isomeric transition

to the ground state is almost 100%, only the total cross section must be considered.
Regarding not validated cross section reactions (QS=5, (5) and (5)* according to [24]):

= 2Mg(n,p)*’Na. There are two products: **Na and **"Na. EAF-2007 and EAF-2010
provide a score of 0 (no experimental data exit) for the cross section of both split
reactions. In any case, as the half-life of **"Na is milliseconds, it is not necessary to
take into account the status of the split reaction, and the only important QS is that for
the total reaction. This QS for the total reaction is scored as QS=(5)* according to [24]
and specifically, with a 5,, which means: satisfactory agreement with differential and
unsatisfactory agreement with integral data. This statement refers to the total cross
section as the QS included parentheses. Also, by having an asterisk, it is known that

there has been an upgrade in the later EAF version (2010).

= Co(n,2n)*®Co: both ground and metastable states are produced. However, although
Co58m decays to the ground state, its half-life (~9 hours) is relevant compared to
some of our cooling times of interest (1 day cooling), so the split reactions cannot be
disregarded towards the total. In this case, split reaction for the production of the
ground state has QS=2; that is, there are limited differential data in agreement with the
library. The QS for the split reaction leading to the metastable state has been improved
from 5 (EAF-2007) to 6 (EAF-2010). Hence, some work should be done in both EAF in

order to improve the split reaction producing the ground state.

= %Cu(n,g)®Cu: a single reaction appears leading to the ground state. The QS provided
by EAF-2007 and EAF-2010 for the cross sections of this reaction are the same as

reference [24]: 5 and, specifically, 5.

With regard to the reactions qualified with (6) in reference [24]; that is, total reaction
validated, for all of them ground and metastable states are produced. Considering that in all
cases (except for *®Ni(n,p)>®Co reaction) the half-lives of the metastable nuclides are very small
compared to the analyzed cooling times and these metastable nuclides decay to the ground
state, it is not necessary to distinguish between the reaction leading to the ground state and
that leading to metastable states. Therefore, it is only necessary to consider the total one and

those are validated.

For the reaction *®Ni(n,p)>®Co, QS for the two isomeric states are given. Furthermore, as it

has been said, **™Co has a relevant half-life compared to our times of interest. Total reaction
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score (validated) should be considered for all the reports and calculations which deal with
cooling times of 12 days (PI) and 21 days (HCF). For one day cooling time, split reactions need
to be considered and these are scored as QS=4 in the EAF-2007 as well as in EAF-2010

libraries.

Regarding the reactions with QS=6 according to reference [24], no metastable states are
produced for any of them and both EAF libraries (2007 and 2010) provide the same rating.

Therefore, all the cross sections for these reactions are considered validated.

In the case of *K(n,g)*’K reaction, scored as 6%, EAF-2007 gave a QS=4 and, as expected,
EAF-2010 had improved this score to a 6. This improvement is due to new integral experiments
available for the validation of the EAF-2010 library. Cross section for the ®*Ni(n,a)*°Fe reaction is

also improved in the EAF-2010 from the previous version (EAF-2007) where the QS was 5.
4.3. Status of TENDL library for considered pathways

This section is devoted to assess the status of the TENDL library (namely 2013, 2014 and

2015 versions) for those cross sections pathways selected as relevant in Section 3.3.

It is important to highlight that TENDL also started making efforts in order to provide some
cross section quality in the 2009 version [38]. For later versions, specifically TENDL-2012 and
TENDL-2013, there are benchmarks focused on safety. Additionally, for TENDL-2012 there is a
validation report for decay heat [39]. However, for 2013, 2014 and 2015 TENDL versions there

are not validation works found as relevant for maintenance activities in ITER.

For this analysis two subsections have been considered: one for the evaluation of those

cross sections qualified as validated in EAF library and the second one for the remaining.
4.3.1. Status of TENDL library for those pathways validated in EAF library

This subsection is devoted to assess the status of the TENDL library (2013, 2014 and 2015
versions) for those cross sections with QS of 6 in the EAF library, in order to provide conclusions
about the status of TENDL when compared to the mentioned EAF library (both versions). For
this analysis, cross sections as a function of neutron energy are plotted and the different
libraries are compared among themselves as well as with differential experimental data from
EXFOR using the JANIS display software (version 4.0) [25].

In 20 of 25 validated cross section reactions, the use of any of the considered libraries
would lead to similar results (therefore, no graph is provided). However, some differences are
found between EAF and TENDL, whatever is the version used, in five of the pathways. For

these cases, EAF libraries are preferred since some problems are detected in TENDL libraries:
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= **Fe(n,a)’'Cr (Figure 4.4). For this reaction resonances are not included in any of the
TENDL versions.

= *Mn(n,2n)**Mn (Figure 4.5). In this case cross section reactions differences between
EAF and TENDL are found to be in a factor of ~2.

= ®Ni(n,p)*®Co (Figure 4.6). For this cross section, differences at low energy values are
detected among the EAF and TENDL libraries.

100000
EXFOR (,A)24-CR-51WMannhart+, 2004 DATA
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Figure 4.4. Cross section for ”"Fe(n,a) Cr reaction.
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Figure 4.5, Cross section for *°Mn(n,2n)*Mn reaction.
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Figure 4.6. Cross section for **Ni(n,p)**Co reaction.

100000
EXFOR Ta181(,G)73-TA-182 J A Miskel+, 1962 DATA
<) EXFORTa181(G)73-TA-182 S.S Malik+, 1970 DATA
10000 (B EXFORTa181(G)73-TA-182 W P Poenitz, 1975 DATA
[ EXFORTa181(G)72-TA-182 MLindner+, 1976 DATA
—— TENDL-2015 Total cross section
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Figure 4.7, Cross section for ¥ Ta(n,q )% Ta reaction (FAF-2007 and EAF-2010 are superimposed,).

= 873(n,q)!*Ta (Figure 4.7). In this case both EAF versions are coincident while TENDL
versions provide significant differences among the three versions, being TENDL-2015

much lower than any of the former.

» “K(n,g)”K (Figure 4.8). TENDL-2013 provides lower values than any of the other
libraries in the 1/v energy range. This range is especially important since **K comes
from the L2N concrete which is a bioshield plug candidate and, thus, it is exposed to
low energy neutrons. For energies higher than 1 MeV EAF-2010 presents discrepancies
from other libraries. However, as already mentioned, this energy range is less important

from the point of view of the studied application.
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Figure 4.8. Cross section for *K(n,g)*K reaction.

Status of TENDL library for those pathways with a poor or not provided QS in
EAF library

The aim of this section is to give a first approach to the status of those cross sections not
validated in the EAF library, in the 2013, 2014 and 2015 TENDL versions. To achieve this goal,

the same procedure as in the previous section was followed: graphs for cross sections are

plotted (Figure 4.9-Figure 4.32) and compared using the JANIS display software (version 4.0).

Comments on Figure 4.9-Figure 4.32 are the following:
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#*Ma(n,p)**Na, scored as (5)* (Figure 4.9): there are certain discrepancies between the
EAF-2007 and experimental data in some energy ranges (~6.5-7 and ~8-13 MeV).
However, these differences are corrected in the updated libraries EAF-2010, TENDL-
2013, TENDL-2014 and TENDL-2015, which perfectly fit the experiments. Therefore, it

is not necessary to work on improving the total cross section for this reaction.

Co(n,2n)*®Co, scored as (5) (Figure 4.10): Both EAF are coincident and both have
slight discrepancies with all the TENDL versions (2013, 2014 and 2015), which provide
the same values. However, these differences between EAF and TENDL libraries are not
significant compared to experimental data. With regard to the need of more differential
experiments, for the total cross section is not necessary according to this figure.
However, as the score provided was 5, (see Section 4.2), it is advisable to provide more

integral experiments [24].

On the other hand, and according to Section 4.2, it would be useful additional

experiments for the ground state split reaction since it has a QS of 2 in both EAF
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libraries and its contribution to the total production of *®Co is relevant (around 30%). In
order to corroborate this necessity, Figure 4.11 represents the cross section for the
production of the ground state. As it can be seen, experimental values are lower than
EAF and TENDL libraries. Furthermore, differences are appreciated between the

different versions of TENDL as well as between EAF and TENDL libraries.
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Figure 4.9. Cross section for **Mg(n,p)*Na reaction: (5)* (TENDL-2013, TENDL-2014 and TENDL-2015 are

superimposed) [18].
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Figure 4.10. Cross section for *’Co(n,2n)**Co reaction: (5) (EAF-2007 and EAF-2010 are superimposed;
TENDL-2013, TENDL-2014 and TENDL-2015 are superimposed) [18].
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Figure 4.11. Cross section for *°Co(n,2n)** Co reaction (EAF-2007 and EAF-2010 are superimposed) [18].

1000000
EXFOR (G)29-CU-64 G.G Zaikin+, 1968 DATA
() EXFOR (G)29-CU-84 G.DKim+, 2007 DATA
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Figure 4.12. Cross section for ®*Cu(n,g)’’Cu reaction: 5 (EAF-2007 and TENDL-2013 are superimposed;
TENDL-2014 and TENDL-2015 are superimposed) [18].

= %Cu(n,g)*Cu, scored as 5: Figure 4.12 shows that there are few measurements above
5 MeV. Also, for energies higher than 3 MeV there are differences between EAF-2007,
EAF-2010 and TENDL-2014 (TENDL-2015 coincides with TENDL-2014). Furthermore
TENDL-2013 matches EAF-2007 in the whole range of energies up to 20 MeV, adjusting
better to the experimental data above 3 MeV than EAF-2010 and TENDL-2014 (and

thus TENDL-2015) do. In conclusion, additional experimental data are recommended.

Regarding reactions with no QS provided by reference [24], it is worth mentioning that in

most of the cases, they are reactions for the production of radionuclides such as *3Cs, *!Ba or
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180Th, which come from the activation of candidate materials to be part of the shielding, and

only a few are for the production radionuclides, such as *'Cr, coming from the activation of

materials that are currently in the ITER model. The following comments are underlined for

these reactions:

Cross-section (b)

» Cr(n,g)°'Cr. Figure 4.13 shows that EAF-2007 and EAF-2010 are coincident while

TENDL-2013 and TENDL-2014 differ from 0.8 MeV and 4 MeV, respectively. TENDL-
2015 perfectly matches TENDL-2014. Worth mentioning that both EAF-2007 and EAF-
2010 are not even in the band of standard deviation for TENDL-2013 but all libraries
are included in the band of standard deviation for TENDL-2014. On the other hand,
there is a good agreement with data lower than 1 MeV and significant uncertainties in
experiments. There is a lack of experimental data for energies higher than 1 MeV.

Therefore, it is advisable to work on improving this cross section.
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Figure 4.13. Cross section for *°Cr(n,g)"*Cr reaction (EAF-2007 and EAF-2010 are superimposed; TENDL-

2014 and TENDL-2015 are superimposed) [18].

= %Zn(n,g)*Zn. It is plain to see in Figure 4.14 that EAF (both versions) and TENDL

(2013-2015 versions) provide similar values until 1.3 MeV, value from which libraries
start to differ, providing TENDL higher rates. Despite available experiments are in
agreement with all the libraries, no experimental data are found for energies higher
than 1 MeV, making difficult to draw any conclusion about the best evaluated cross

section.

8Zn(n,2n)*°Zn. In this case Figure 4.15 reveals that both EAF are coincident from 12
MeV onwards. Meanwhile all TENDL versions are coincident and provide lower values

for this cross section than EAF does. Regarding the available experiments, they are
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= - [EAF-2007 Total cross section
o 10
-3
o
b
& Ly
1
2
© 0,1+
0,01+
0,001+
1E4 + + + + + + + + +
1E8 1E7 1E6 1ES 1E4 0,001 0,01 01 1 10

enough and in agreement with the libraries. However, since some of them fit better to
one library than to another and vice versa, they are not conclusive when it comes to
decide which is better.

Incident energy (MeV)

Figure 4.14. Cross section for *Zn(n,q)?Zn reaction (EAF-2007 and EAF-2010 are superimposed; TENDL-
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Cross-section (b)

2013, TENDL-2014 and TENDL-2015 are superimposed).

EXFOR (,2N)30-ZN-65 Lu Hanlin+, 1991 DATA
EXFOR (,2N)30-ZN-65 M.Wagner+, 1990 DATA
EXFOR (,2N)30-ZN-65 J.Araminowicz+, 1973 DATA | {
EXFOR (,2N)30-ZN-65 A.Ercan+, 1991 DATA
EXFOR (,2N)30-ZN-65 J.Csikai+, 1968 DATA
EXFOR (,2N)30-ZN-65 C.Konno+, 1988 DATA
EXFOR (,2N)30-ZN-65 A.Paulsen+, 1975 DATA
EXFOR (,2N)30-ZN-65 N.Ranakumar+, 1968 DATA
TENDL-2015 Total cross section + Std. deviation ]
TENDL-2014 Total cross section + Std. deviation
TENDL-2013 Total cross section + Std. deviation
EAF-2010 Total cross saction

- EAF-2007 Total cross section

| I | | |‘ = Jle"l X

S
P
e —

T |
g |

Incident energy (MeV)

Figure 4.15. Cross section for ®Zn(n,2n)’>Zn reaction (TENDL-2013, TENDL-2014 and TENDL-2015 are
superimposed,).

= 197Ag(n,2n)!%MAq. Figure 4.16 shows both EAF are coincident from 10.3 MeV onwards

while EAF-2007 and TENDL-2013 are coincident in all the energy range. There are
differential experimental data at all energies but, those below 13 MeV, are few and

lower than the values provided by the library.
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..........
EXFOR (2N)47-AG-106-M Junhua Luo+, 2009 DATA
EXFOR (,2M)47-AG-106-M JW.Meadows+, 1995 DATA
EXFOR (2N)47-AG-106-M B.P Bayhurst+, 1875 DATA
EXFOR (2N)47-AG-106-M 22205.003.1 DATA
EXFOR (2N)47-AG-106-M 32501.002 DATA
EXFOR (2N)47-AG-106-M 41240.046 DATA
EXFOR (2M)47-AG-106-M 22637.046 DATA
EXFOR (2N)47-AG-106-M 12877.021 DATA
EXFOR (2N)47-AG-106-M 11504.012 DATA
EXFOR (,2M)47-AG-106-M 10536.018 DATA
TEMDL-2015 Cross section for Ag106m
TEMDL-2014 Cross section for Ag106m
TEWDL-2013 Cross section for Ag106m

EAF-2010 Cross section for Agl 06m
1T EAF-2007 Cross section for Ag106m

[ [=1 Jetee ]

Cross-section (b)
[1]e

14 15 16 17 18 19 20
Incident energy (MeV)

85 10 1" 12 13

Figure 4.16. Cross section for ' Ag(n,2n)°"Ag reaction (EAF-2007 and TENDL-2013 are superimposed).

= 1%Ag(n,g)!°MAg. Figure 4.17 exposes that in general, TENDL-2013 is the library with
the lowest values for this cross section, except at 5 MeV and around values, when
TENDL-2014 (and 2015) replaces it. On the other hand, both TENDL-2014 and 2015
give the highest values in the range 0.01-3 MeV. Experiments in the 1/v area show
better agreement with all the libraries but TENDL-2013 while there are not experiments

in the resonance area. For higher energies experiments are not concluding.

1000000
[l EXFOR (G)47-AG-110-M G.P.Lamaze+, 1988 DATA
1000004 Il EXFOR (G)47-AG-110-M 31542.004 DATA
(B EXFOR (G)47-AG-110-M 30248.004 DATA
100004+ A EXFOR (G)47-AG-110-M 22833.002 DATA
EXFOR (,G)47-AG-110-M 20306.004 DATA
EXFOR (,G)47-AG-110-M 20791.013 DATA
1000+ —— TEMDL-2015 Cross section for Ag110m production
—_ =——— TEMDL-2014 Cross section for Ag110m production
=) 100+ = TEMDL-2013 Cross section for Ag110m production
= =—— FEAF-2010 cross section for Ag110m production
;g 10+ EAF-2007 Cross section for Ag110m production
33
» 1
@
o 0,11
5]
0,01+
0,001+
1E4-
1E6 t t t t t t t t t
1E8 1E-7 1E6 1E6 1E4 0,001 0,01 01 1 10

Incident energy (MeV)

Figure 4.17. Cross section for *“Ag(n,g)"*°"Ag reaction (TENDL-2014 and TENDL-2015 are superimposed).

= 125h(n,q)!**Sb. Figure 4.18 indicates that there is practically no difference among the
libraries. With regard to the experimental data, a need of additional differential
experiments for energies higher than 3 MeV is detected since there is only one, with a
much higher value. The remaining experiments are in good agreement with the
libraries.

83 |



Chapter 4
Reliability of activation cross sections for estimation of shutdown dose rate in the ITER port cell and port interspace

Cross-section (b)

1000000
EXFOR (,G)51-SB-124 J.Csikai+, 1967 DATA
1000004 I EXFOR (6)51-SB-124 TB.Ryves, 1971 DATA
T @ EXFOR (,6)51-5SB-124 RP.Schuman+, 1970 DATA
() EXFOR (6)51-SB-124 W.S.Lyon+, 1959 DATA
10000+ (@ EXFOR (,6)51-SB-124 M.Sriramachandra Murty+, 1973 DATA
A EXFOR (/6)51-SB-124 F Farina Atbocco+, 2014 DATA
10004 EXFOR (,G)51-SB-124 VA Tolstikov+, 1969 DATA
w TENDL-2015 Total cross section + Std. deviation
—— TENDL-2014 Total cross section + Std. deviation
100+ ——— TENDL-2013 Total cross section + Std. deviation
~—— EAF-2010 Total cross section
104 ~ EAF-2007 Total cross section
1 -
0.1 Sl
0,014
0,001+
1E4 + t t t + t + + +
1E8 1E-7 1E86 1ES 1E4 0,001 0,01 01 1 10

Incident energy (MeV)

Figure 4.18. Cross section for *°Sb(n,q)'?*Sb reaction (TENDL-2014 and TENDL-2015 are superimposed,).

Cross-section (b)

10000

12%6n(n,g)'*°Sn (for subsequent B- to produce '*°Sb). As it has been previously
commented (see Section 4.2), only the cross section for the production of the ground
state should be considered since the 125mSn do not decay to the ground state. Figure
4.19 shows that there are limited differential data and that the higher differences

among the different libraries are located for energies higher than 1 MeV.

<) EXFOR (,G)50-SN-125-G ALakshmana Rao+, 1970 DATA
10004 (P EXFOR (,G)50-SN-125-G F Farina Arbocco+, 2014 DATA
—— TENDL-2015 Cross section for Sn125g production
TENDL-2014 Cross section for Sn125g production
100 —— TENDL-2013 Cross section for Sn125g production
—— EAF-2010 Cross section forSn125g production
104 —— EAF-2007 Cross section forSn125g production
14
o1t —
0014
0,001+
1E-44
//
1E5 MV
1E6
1E7 + I I I I I I I I I + I
1E-11 1E-10 1E-9 1E8 1E7 1E6 1ES 1E-4 0,001 0,01 01 1 10

Incident energy (MeV)

Figure 4.19. Cross section for *2*Sn(n,q)*?*Sn reaction (TENDL-2014 and TENDL-2015 are superimposed).
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» 3Cs(n,g)'*'Cs. The plot given in Figure 4.20 shows that there is no appreciable

differences among all the libraries until an energy value of 1 MeV. From then on, EAF-
2010 is the library presenting the highest values, up to 7 times higher. The available
differential experiments are in agreement with the libraries but, however, they do not

make possible to discern what is the best library when they begin to give different
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values (from 1 MeV) because the only two experiments at 14 MeV are one in perfect
agreement with the EAF-2010 and, the other one, with the TENDL-2015.

1000000
B EXFOR (,G)55-CS-134 JuP Popov+, 1962 DATA
1000004 @ EXFOR (,6)55-CS-134 R.P.Schuman+, 1970 DATA
(P EXFOR (,6)55-CS-134 F.Rigaud+, 1971 DATA
Fd EXFOR (,G)55-CS-134 Ma Hui-Fang+, 1982 DATA
10000+ A EXFOR (,6)55-CS-134 V.ATolstikov+, 1968 DATA
EXFOR (,G)55-CS-134 J.Voignier+, 1987 DATA
1000+ [ EXFOR (,6)55-CS-134 D.Kompe, 1969 DATA
~— TENDL-2015 Total cross section + Std, deviation
9"‘_ — TENDL-2014 Total cross section + Std. deviation
= 100 —— TENDL-2013 Total cross section + Std. deviation
S —— EAF-2010 Tofal cross secfion
S 10 EAF-2007 Total cross section
w
s
01 ¥ 1
001+ \/\
NS
0,001+ N
1E4 - : : - : . . : } ;
1E9 1E8 1E7 1E$6 1E6 1E4 0,001 0,01 0,1 1 10

Incident energy (MeV)

Figure 4.20. Cross section for *>Cs(n,g)***Cs reaction (TENDL-2014 and TENDL-2015 are superimposed).

13%Ba(n,g)"*!Ba. Limited data are shown in Figure 4.21, with satisfactory agreement
between ~ 10®° and ~5-10" MeV. Furthermore, a lack of experimental data for higher
energies is observed. EAF-2007 and EAF-2010 are coincident and, in addition, TENDL
(2013, 2014 and 2015) shows lower values in the 1/v energy range, having a good

agreement with one of the experiments at these energies.

For energies higher than 10 keV there is only one experiment and libraries overestimate
by far that value. There are not experiments neither for the production of split reactions
nor for the total reaction around this energy. Furthermore, for the energy of this
experiment (1 MeV), discrepancies between both EAF (2007 and 2010) and TENDL
(2013, 2014 and 2015) can be observed, being the EAF values lower than those from
TENDL. Moreover, TENDL-2014 and TENDL-2015 are identical and at this range TENDL-
2013 provides slight lower values. Therefore, in case the barite concrete is expected to
be used in ITER, it would be necessary to work in the production of additional

experiments for the improvement of this cross section.
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100000

10000

001

0,001

1E-4

.BA-131 S F Mughabghab, 2006 DATA
.BA-131 L E Baghian+, 1949 D
-BA-131 B.L Berman+
cross section
cross section + Std. deviation
ross section + Std. deviation
Total cross section

1E8

1E7 1E6 1ES 164 0,001 0,01 0,1 1 10
Incident energy (MeV)

Figure 4.21. Cross section for **°Ba(n,qg)**! Ba reaction (EAF-2007 and EAF-2010 are superimposed;

TENDL-2014 and TENDL-2015 are superimposed) [18].

32Ba(n,q)***Ba (Figure 4.22). There are very few experiments and only for the ground
or the metastable state, not for the total. Furthermore, all of them are in the 1/v area.
Metastable values are much lower than ground ones. Furthermore there are differences
among all the libraries except for TENDL-2014 and TENDL-2015 which are coincident.
From that resonance area, TENDL-2013 fits best to EAF-2010, while EAF-2007
disagrees and shows higher values; TENDL-2014 (and thus TENDL-2015) differs from
TENDL-2013 (and therefore with EAF-2010) and EAF-2007 and considers intermediate
values between them until 3 MeV where it begins to have the lowest values. Therefore,
if barite concrete is used in ITER, it would be necessary to dedicate extended effort for

the improvement of this cross section.

Taking into account that it is necessary to consider split reactions separately due to the
half-life of **™Ba (see Section 4.2), although both reactions have a QS of 2, it is
specially necessary to work on improving the cross section producing the ground state

since its contribution to the total production of **Ba is around 98%.
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10000
1000+

100+

o

0014

00014

1E-4

1E9

3

EXFOR (5)56-BA-133-MF Farina Arbocco+, 2013 DATA
EXFOR (G)56-BA-133-M S F Mughabghab, 2006 DATA
@ EXFOR (,G)56-BA-132-G S.F Mughabghab, 2006 DATA
—— TENDL-2015 Total cross section + Std. deviation
—— TENDL-2014 Total cross section + Std. deviation
—— TENDL-2013 Total cross section + Std. deviation
—— EAF-2010 Total cross section
EAF-2007 Total cross section

1E8 1E7 1E6 1E5 1E-4 0,001 0,01 0,1 1 10
Incident energy (MeV)

Figure 4.22. Cross section for *Ba(n,q)**’Ba reaction (TENDL-2014 and TENDL-2015 are superimposed)

[18].

= 13Ba(n,2n)***Ba (Figure 4.23). Both EAF and TENDL libraries in any of the versions give

very similar values for the cross section for this reaction with little discrepancies in the
range of 10-14 MeV. The experimental data for the total cross section are higher than

those of the libraries.

Considering the information of the previous section; that is cross section for the
metastable split in both EAF has a QS of 6, while cross section for the reaction leading
to the ground state has a poor rating (3), work should only be done for the cross
section of the reaction producing the ground state, taking also into account that the
split reaction producing the ground state contributes between 47-76% to the total
production of **Ba. This is confirmed by Figure 4.24, where some differences between

libraries and experiments are observed.

13%Ba(n,g)**™Ba. From the plot of Figure 4.25 comes out that there are differences
regarding the libraries for this cross section reaction. EAF provides higher values at low
energies while TENDL (all versions) does at higher ones. The lack of experiments is
noted; those available at high energies seem to fit better with the TENDL-2014 and
TENDL-2015. However, it is important to keep in mind that this reaction is important in

the barite concrete case and, therefore, reliability is particularly needed at low energies.
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Activation cross-section (b)
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2,
EXFOR (,2N)56-BA-133 Kong Xiangzhong+, 1997 DATA
24 <p EXFOR (2N)56-BA-133 LuHanlin+, 1992 DATA
! [l EXFOR (2N)56-BA-133 C.Konno+, 1993 DATA
(P EXFOR (2N)56-BA-133 JCsikai+, 1991 DATA
22 — TENDL-2015 Total cross section + Std. deviation
—— TENDL-2014 Total cross section + Std. deviation
2 —— TENDL-2013 Total cross section + Std. deviation
Il EAF-2010 Total cross section
2 EAF-2007 Total cross section
181
16+
14+
12+
14
08+
06+
0,41
02+
oy | | | | | 4 | | |
9 92 9597 10 " 12 13 14 15 16 7 18 19 20

Incident energy (MeV)

Figure 4.23. Cross section for ***Ba(n,2n)**’Ba reaction (EAF-2007 and EAF-2010 are superimposed;
TENDL-2014 and TENDL-2015 are superimposed) [18].

12
[ EXFOR(2N)56-BA-133G, B. Strohmaier, 1978 DATA
114 (@ EXFOR (2N)56-BA-133-G E Holub+, 1976 DATA
’ —— TENDL-2015 cross section for Ba-133 ground state production
—— TENDL-2014 cross section for Ba-133 ground state production
1 —— TENDL-2013 cross section for Ba-133 ground state production
—— EAF-2010 cross section for Ba-133 ground state production
09 EAF-2007 cross section for Ba-133 ground state production
08+
07 e -
=
S
L a =
06 o e AN
" \
05+ =
a
°
0,41
03+
0,2
011
0 I e + ; ; ; + | 4 |
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Figure 4.24. Cross section for **Ba(n,2n)***Ba reaction [18].
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1000
s <} EXFOR (G)56-BA-135-M B.Strohmaier, 1978 DATA
EXFOR {,G)56-BA-135-M F. Mughabghab, 2006 DATA
100+ EXFOR (,G)56-BA-135-M F.Farina Arbocco+, 2014 DATA
F —— TEMNDL-2015 Cross section for Ba135m production
=——— TENDL-2014 Cross section for Ba1 35m production
10+ = TEMNDL-2013 Cross section for Ba135m production
r =——— EAF-2010 Cross section for Ba135m production
~— EAF-2007 Cross section for Ba135m production
1 4
0.1+
0,01
0,001
1E4 T
1ES t t t t t t t t t
1E8 1E7 1E6 1ES 1E4 0,001 0,01 01 1 10
Incident energy (MeV)
Figure 4.25. Cross section for ***Ba(n,q)*>*" Ba reaction (EAF-2007 and EAF-2010 are superimposed;
TENDL-2014 and TENDL-2015 are superimposed).
= 3Ba(n,n)**Ba. As it is shown in Figure 4.26, there are significant differences in the
values provided by each library up to 10 MeV. Furthermore, a need for additional
differential experiments is detected.
10000 —— — T
Fd EXFOR (INL)56-BA-135-M 30338.005 DATA
1000+ (B EXFOR (INL)56-BA-135-M 10497,039 DATA
X A EXFOR (INL)56-BA-135-M 30183.004 DATA
EXFOR (INL)56-BA-135-M 22191.009 DATA
100+ ~— TENDL-2015 Cross saction for Ba135m production + Std. deviation | |
L = TENDL-2014 Cross section for Ba135m production + Std. deviation | |
e TENDL-2013 Cross section for Ba135m production + Std. deviation
10+ ~— EAF-2010 Cross section for 8a135m production |
L EAF-2007 Cross section for Ba135m production ]
1 //"""-’-7 =—r—— @
’_,/\
01
0,01+
0,001 1
164 + t t

Incident energy (MeV)

Figure 4.26. Cross section for **°Ba(n,n’)*>*"Ba reaction (TENDL-2014 and TENDL-2015 are

superimposed).

» 1Fy(n,g)"™*Fu. As it has been said, for the purpose of this chapter, only the split
reactions leading to the ground and the second metastable states of *’Eu need to be
taken into account, leaving the cross section for the production of the first metastable
to one side. Therefore, the total reaction Figure 4.27 shows the cross section for the
production of the ground sate and Figure 4.28 for the production of the second
metastable.
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Generally speaking, it can be seen in all these figures that TENDL-2013 is more
different to the other versions of TENDL than the 2014 or 2015 one. From Figure 4.27,
one can see that differences among EAF and TENDL libraries are appreciated for energy
values higher than 1 MeV. Furthermore, there are data in all the energy range and all
the libraries provide lower values than those achieved by experiments. For what
concerns to the second metastable production, it is plain to see that few experimental
data are found and, also, differences among the EAF and TENDL libraries are detected,

providing the EAF ones lower results.

13Eu(n,g)***Eu. Figure 4.29 reveals that all the libraries are very similar but TENDL (all
versions) has a largest resonance area since it ends at higher energies. From 0.5 MeV
onwards, libraries begin to diverge, especially appreciating this in the 2.5-10 MeV
range. In this area TENDL-2013 provides the highest values.

100000

v —— TENDL-2015 Cross section for Eu152g
10000+ ¥ — TENDL-2014 Cross section for Eu152g
4 o k: —— TENDL-2013 Cross section for Eu152g

", —— EAF-2010 Cross section for Eu152g
\
i
:

1000

014

001

100

EXFOR (G)63-EU-152 R W Hockenbury+, 1974 DATA
EXFOR (G)63-EU-152F Widder, 1975 DATA
EXFOR (G)83-EU-152-G V1002.213 4 DATA

EAF-2007 Cross section for Eu152g

1ES

1E8 1E7 1E6 1E5 1E4 0,001 001 04 1 10
Incident energy (MeV)

Figure 4.27. Cross section for 1> Eu(n,g)**? Eu reaction (EAF-2007 and EAF-2010 are superimposed).
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40000

EXFOR (,G)63-EU-152-M2 V1002213 2 DATA
I EXFOR (G)63-EU-152-M2 41104.005 DATA
= EXFOR (,G)63-EU-152-M2 30234 020 DATA
—— TENDL-2015 Cross section for Eu152n
—— TENDL-204 Cross section for Eu152n
—— TENDL-2013 Cross section for Eu152n

10001

100+ - —— EAF-2010 Cross section for Eu152n
—— EAF-2007 Cross section for Eu152n

1+
01+
001+
00011
B4+
1ES
1E-1 1E-10 1E9 2 3 1E-6 1ES
Incident energy (MeV)
Figure 4.28. Cross section for > Eu(n,g)**?"Eu reaction (EAF-2007 and EAF-2010 are superimposed).
1E10
" EXFOR (G)63-EU-154 F Widder, 1975 DATA
1E9+ | () EXFOR (G)63-EU-154 M.S.Basunia+, 2014 DATA
168+ | ] EXFOR (G)63-EU-154 VAKonks+, 1968 DATA
(P EXFOR (G)63-EU-154 M.Mizumoto+, 1979 DATA
10000000 + | @ EXFOR (G)63-EU-154 M.C.Moxon+, 1976 DATA
g EXFOR (G)63-EU-154 R.L.Macklin+, 1987 DATA
1000000 + | A EXFOR (G)63-EU-154 Xia Yijun+, 1994 DATA
| EXFOR (/G)63-EU-154 Yu Waixiang+, 1993 DATA
100000 EXFOR (,G)63-EU-154 RW.Hockenbury+, 1975 DATA
+ | == TENDL-2015 Total cross section + Std. deviation
—— TENDL-2014 Total cross saction + Std. deviation
10004 | == TENDL-2013 Total cross section + Std. deviation
—— EAF-2010 Total cross section
1007 |~ EAF-2007 Total cross section
10
1 — =3
0,1
0,01+
0,001 1
1E4 t + t t + t + t t +
1ES 1E8 1E-7 1E6 1ES 1E4 0,001 0,01 01 1 10

Incident energy (MeV)
Figure 4.29. Cross section for *>Eu(n,q)*>*Eu reaction (EAF-2007 and EAF-2010 are superimposed).

= Th(n,g)!**Tb. In this case (Figure 4.30) there are many experiments and in
agreement with the libraries. Major differences between the libraries are observed from
1 MeV onwards, although these differences are not notable until 12 MeV, where EAF
(both versions) provides higher values which are in agreement with the only available

experiment at that energy.
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1000000
EXFOR (,G)65-TB-160 M.V.Bokhovko+, 1996 DATA
B EXFOR (,6)65-TB-160 N.Dzysiuk+, 2015 DATA
100000+ @ EXFOR (G)65-TB-160 F.Rigaud+, 1972 DATA
e EXFOR (,G)65-TB-160 W.P.Poenitz, 1982 DATA
10000+ A EXFOR (6)65-TB-160 R.C Block+, 1961 DATA
(P EXFOR (,G)65-TB-160 J.H.Gibbons+, 1961 DATA
1000+ EXFOR (,G)65-TB-160 S.S.Malik+, 1970 DATA
= TENDL-2015 Total cross section + Std. deviation
= ~—— TENDL-2014 Total cross section + Std. deviation
< 100+ =~ TENDL-2013 Total cross section + Std. deviation
.—°_. \\ — EAF-2010 Total cross section
S 10+ S — EAF-2007 Total cross section
w
w
g 7
o
01T
0,01+
0,001+
164 + t + t t + + + +
1E8 1E7 1E6 1ES 1E4 0,001 0,01 01 1 10

Incident energy (MeV)
Figure 4.30. Cross section for *°Tb(n,q)'*°Tb reaction (EAF-2007 and EAF-2010 are superimposed).

= BWw(n,D)!®Ta. As can be seen in Figure 4.31, there are not differential data in the
energy range of interest, as expected from Section 4.2. TENDL-2013 is the library
providing higher values along the whole energy range.

200

—— TENDL-2015 Total cross section
—— TENDL-2014 Total cross section

180 Il EAF-2010 Total cross section

[l  EAF-2007 Total cross section

1680 —— TENDL-2013 Total cross section

120

100

80

Cross-section (ub)
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0 + y t T i T + + + + + + +
105 10,76 " 11,25 15 11,76 12 12,25 125 12,75 13 13,25 13,6 13,76 14
Incident energy (MeV)

Figure 4.31. Cross section for *>W(n,D)**?Ta reaction (FAF-2007 and EAF-2010 are superimposed; TENDL-
2014 and TENDL-2015 are superimposed).

= 3%W(n,g)!®'W. One can see in Figure 4.32 that there are differences among the libraries
in the 1/v area and that experiments in that zone are in agreement with the EAF library.
On the other hand, there is a lack of experiments in the high energy area from 500 keV
onwards. From then to 3 MeV, TENDL-2013 is the library with the highest values. On
the contrary, TENDL-2014 and TENDL-2015 provides the lowest. From 3-14 MeV, EAF

library (both versions, as they are coincident) shows the lowest values.
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100000 - -
A EXFOR (G)74-W-181 SF.Mughabghah, 2006 DATA
10000+ EXFOR (.G)74-W-181 MV Bokhovko+, 1987 DATA
EXFOR (,G)74-W-181 W.G.Kang+, 2007 DATA
~—— TENDL-2015 Total cross saction + Std. deviation
1000 —— TENDL-2014 Total cross section + Std. deviation

= TENDL-2013 Total cross section + Std. deviation
—— EAF-2010 Total cross section
EAF-2007 Total cross section

100+

Cross-section (b)

0,001

1E4 t t t + t t t t t
1E8 1E7 1E6 1ES 1E4 0,001 0,01 01 1 10

Incident energy (MeV)

Figure 4.32. Cross section for **W(n,g)"** W reaction (EAF-2007 and EAF-2010 are superimposed; TENDL-
2014 and TENDL-2015 are superimposed).

4.4. Recommendation on the activation library to be used for SDDR prediction in
ITER

Three different sets of relevant cross sections were found using the EAF validation

procedure:

= Not validated but with satisfactory agreement with differential and unsatisfactory

agreement with integral data (QS=5,).

= Validated: both differential and integral data exist and they are in agreement with the
library (QS=6).

= QS not provided.

With regard to the first set (3 reactions), that is reactions with QS=5,, no significant

differences between EAF and TENDL versions were found.

For those validated reactions, that is QS=6, in most of the cases (20 reactions out of 25)
the use of any of the considered libraries would lead to similar results. However, differences

were found in 5 reactions between EAF and TENDL whatever is the version used.

Regarding those reactions without provided QS (a total number of 18), a considerable lack
of experimental data was found. In cross sections via (n,g) reactions, this lack of data is
detected in the high energy area, precisely where the libraries differ most among themselves
and, therefore, no recommendation can be provided between EAF and TENDL libraries. It is
worth noting that most of these reactions are related to the activation of potential materials for

ITER, which are not currently included in the model. In this sense, for instance, some slight
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differences would be expected when using EAF libraries instead of TENDL in the activation of

the barite concrete, producing the former higher values.

As a conclusion, the use of any of the analyzed EAF and TENDL libraries would lead to

similar results in the SDDR calculation in ITER with slight discrepancies.
5. Summary and conclusions

The feasibility to carry out manual maintenance activities in ITER requires that certain
SDDR limits are met in different areas. Also, an accurate estimation of SDDR requires reliable

activation cross sections.

This chapter provides relevant information about the quality of available activation cross
sections data for maintenance activities in ITER, mainly in the PC and PI areas as well as for the
cask transfer transportation. For this purpose, EAF-2007 and 2010 versions, that are the

reference activation libraries within ITER and the EUROFusion Programme, were explored.

In order to assess the quality of activation cross sections, relevant materials that will be
placed in ITER and producing most of the SDDR in the PC and PI areas were selected, as well
as some other concrete candidates for the bioshield plug (L2N and barite concretes). Then,
major radionuclides and related pathways were found. This information comes both from
previous works as well as own calculations, all of them using EAF-2007 and ITER SA2 irradiation

scenario.
As a conclusion, a total number of 27 radionuclides were found as relevant.

= 19 of them are relevant for the SDDR analysis at the ITER PC, namely: **Na, *K, °!Cr,
54Mn, 56Mn, 59Fe, 58CO, GOCOI 57Ni, 64CU, 106mAg/ 110mAQ, 124Sb, 13lBa, 133Ba, 135mBa, 182Ta,

187\ and 2°3pb.

= 20 of them are related to the SDDR at PI, namely: *’K, >'Cr, >*Mn, *°Fe, **Co, ®°Co, %Zn,
92mNb, 106mA9, 110mAg, 124Sb, IZSSb, 134Csl 152Eu, 154EU, 160Tb, 182Ta, 181W, 187W and 203Pb.

In the case of the cask transfer to be carried to the HCF, only 4 are relevant: **Mn, *Co,
®Co and '®Ta. Furthermore, it is necessary to highlight that **Cs, **Fu, **Eu and **°Tb were
taken into account only in the case that L2N concrete is used in ITER. The same happened for

42K, 131Ba, 1¥3Ba and 1**™Ba and the barite concrete.

A total number of 45 pathways appear for the production of these dominant radionuclides.
For these pathways the quality of the cross sections involved can be break down into the

following categories:
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25 cross section reactions are differential and integral validated. Hence, no further work
is needed for them. Herein are most of the cross section reactions which give rise to
those nuclides that contribute most to the SDDR. For these reactions, EAF and TENDL
libraries provide similar results, except for 5 of them where some discrepancies were
detected.

20 cross section reactions are not validated and should be considered for betterment
since a lack of integral experimental data, and also of differential data in some cases, is
detected. Also, slight discrepancies among the EAF (2007 and 2010) and TENDL are
found for some cross sections, but it is not clear which one fits better with the available
differential experiments, or the differences are found in the energy range without
experiments. This fact makes difficult any conclusion about the best evaluated cross
section library to be used for the SDDR estimation in ITER, indicating that further work

to determine their reliability degree is needed, priorized as follows:

v Efforts on improvement should be focused on *°Co(n,2n)*®Co, %Cu(n,g)%*Cu and
*%Cr(n,g)°!Cr cross section reactions as these production pathways appear for
radionuclides contributing more and/or in the activation of more than one

material.

For *Co(n,2n)*®Co and ®3Cu(n,g)*'Cu reactions additional integral experiments
are needed. Furthermore, for ®3Cu(n,g)®*Cu differential experiments for energies
higher than 3 MeV would be useful since discrepancies have been found among
the analyzed libraries. Also, for °°Co(n,2n)*®Co integral and differential
experiments are recommended. In the case of °°Cr(n,g)*'Cr reaction, no
experimental data are found for energies higher than 1 MeV which are suggested

to be carried out.

v 8 more cross sections require further work (less priority): %*Zn(n,g)*Zn,
GGZn(nlzn)GSZn, 107Ag(n,2n)106mAg, 109Ag(n,g)110mAg, 1235b(n,g)1245b,
1245n(n,g) 2Sn(B-)'2Sb, *3W(n,D)!*2Ta and **w(n,g)'*'w.

v' If L2N and barite concretes are used in ITER some other cross section reactions
require betterment, especially at low energies since these materials should not
be exposed to the neutrons produced in the high energy range of the D-T fusion

spectrum:

- For the L2N concrete case: *Cs(n,g)**'Cs, '*'Eu(n,g)**Eu, '**Eu(n,g)'**Eu
and °Tb(n,g)**°Tb.
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- For the barite concrete case: !*°Ba(n,g)"'Ba, *’Ba(n,g)'*Ba,

3*Ba(n,2n)'*Ba, **Ba(n,g)**"Ba and **Ba(n,n")"**"Ba.

In conclusion, to date, without any further work and considering radionuclides and
pathways with contributions higher than 1%, the calculated CDR (produced by the activation of
each of the materials) with EAF validated cross sections is, at least: SS316LN-IG (91%), SS304L
(97%), Eurofer (95%), LiPb (85%), W (98%), conventional concrete from B-lite (98%), and
L2N concrete (94%).

This indicates that most of the cross sections involved in the ITER SDDR calculation are
validated and therefore, the safety factors that should be taken into account may be minimum.
However, it should be noted that the SDDR coming from the Cu activation is not overall
trustworthy. Thus, validation work is recommended for those cross section involved in the
SDDR coming from Cu. Regarding the potential candidate materials studied, only the cross
sections related to the barite concrete are found to be not validated. In this sense, if the barite

concrete is finally used in ITER, validation work is suggested too.
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Chapter 5
Impact of ITER in-vessel diagnostic systems
on the radiation loads of the vacuum vessel

and toroidal field coils

This chapter describes the analysis of the impact of some in-vessel diagnostic systems
(reflectometry, NAS, FWS and bolometers) on the radiation loads on the VV and the TFCs of the
ITER reactor. These radiation loads correspond to nuclear heating and neutron induced damage
on different components that can endanger the appropriate functioning of the VV and TFCs by

different ways.

1. Introduction

The diagnostic systems to be installed in ITER are needed to provide the necessary tools to
control, evaluate and optimize the plasma performance. They are also needed to help in the
understanding of the plasma physics. These systems include measurements of temperature,

density, concentration, particle impurities and energy confinement times.

ITER will have a set of approximately 60 diagnostics to ensure a controlled operation of
the tokamak [1]-[2]. The diagnostics design for ITER is currently under development in
Cadarache, France. This progress is a challenge due to the harsh conditions they must tolerate,

strict engineering requirements and the need for high reliability in measurements.

The in-vessel diagnostics, which are the focus of this chapter, cut the BSMs system out
due to their position and, in some cases, because they require special cutouts in the BSMs in
order to meet the measurement requirements [3]. As a result, two effects are produced. On the
one hand, the shielding material is removed and, on the other hand, streaming paths are
generated. These effects concern both to TFCs and the VV, since both share the BSMs as a

radiation barrier.

As it has been commented in Chapter 1, during the operation of ITER reactor the VV and
the TFCs are under high levels of neutron and gamma radiation. This radiation can endanger
their appropriate functioning and, consequently, the plasma confinement. Specifically, the

power deposited by this radiation, commonly known as nuclear heating, on the superconducting
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TFCs has to be under the limits imposed by the capacity of the cryogenic cooling system
designed for ITER and the quenching of the superconductor state. In addition, the radiation
damage induced by neutrons on the winding pack insulator has to be in such levels that
guarantee the preservation of its insulating capacity. Finally, thermal stresses due to a non-
uniformly nuclear heating on the VV impose also limits to this magnitude. All these issues are
evaluated by a set of radiation loads which limits will be described further (Section 3.2.1). On
the other hand, there is some concern within ITER IO, since the analyses carried out some
years ago reflected radiation load values very close to the design limits, or even above [4].

Therefore, any contribution leading to an increase of these radiation loads must be studied.

This is where the diagnostic systems come into play, since the modification of the BSMs
due to the diagnostics needs to be evaluated. The measurement of these radiation loads
considering the inclusion of diagnostics is a major task for ITER, since if the required limits are
not met the diagnostics have to be redesigned. Thus, previous works on B-lite model,
evaluating the impact of the cutouts necessary for the in-vessel bolometer cameras in the

nuclear shielding of the VV and TFC, can be found in the literature [5].

This chapter collects a series of nuclear analyses carried out to evaluate the full impact of
different ITER in-vessel diagnostic systems on the radiation loads of the VV and the TFCs.
Specifically, Reflectometry, NAS, FWS and bolometers diagnostics are studied. In order to
measure the impact of these diagnostics a case without diagnostics (the current ITER reference
model for neutron analysis, C-lite) was used as a baseline case and compared to those cases
where the different diagnostics were included. This work, during the development of the thesis,
has given rise to several reports within the ITER framework [6]-[10] and there is also a

prepared publication, which at present is under the ITER review [11].

The most relevant features for the neutronic analysis of the studied diagnostics, with
special focus on the geometry, are described in Section 2. The computational procedure and
assumptions as well as the criteria used for the radiations loads are described in Section 3.
Finally, the results were breakdown following the different analyzed radiation loads and are

detailed in Section 4 and Section 5 is devoted to summarize the main conclusions.
2. Description of the in-vessel diagnostic systems

This section describes the studied diagnostic systems and their location in the reactor. For
the sake of clarity, Figure 5.1 shows a Y-cut of the neutronic reactor model displaying the
numeration of the blankets, so the position of each diagnostic system can be easily identified.
As can be seen, blankets are numbered clockwise from #1-#18, starting from the one close to
the divertor following the inboard (#1-#8) and then downwards along the outboard (#9-#18).
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Figure 5.1. Y-cut of the C-lite model [11].
2.1. Reflectometry

In order to measure the density profile in the main plasma and the plasma position and
shape in ITER, the reflectometry diagnostic will be used, providing a reference for the magnetic

diagnostic in long pulses [12].

Five of the nine sectors (40°) in which the ITER tokamak is divided contain reflectometry
antennas. However, not all antennas from the different sectors are identical, but there are three
different types (Figure 5.2): a single inboard antenna (contained in three sectors), a double
inboard antenna (contained in one sector) and a single outboard antenna (contained in one
sector). Although there are three different types of sectors, the CAD model is very similar for all

cases. Figure 5.3 shows this CAD model and its cutout.
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Figure 5.2. Different types of reflectometry antennas inside the ITER tokamak [11].

(a) (b)

Figure 5.3. 3D CAD model of the reflectometry diagnostic: (a), the diagnostic components; (b) its cutout.
2.2. Neutron Activation System (NAS)

The NAS is part of the category of «neutron diagnostic» category. It uses a pneumatic
tube system for transporting a material sample within a capsule to the VV, where it is irradiated
by the reaction neutron flux. Then, the sample is returned to a counting station where its
radioactivity is measured and thus, the incident neutron flux is determined [13]. Hence, this
diagnostic system (NAS) provides time integrated measurements of the neutron fluence at the

first wall and evaluates total fusion power from ITER plasma [14]-[15].

The NAS diagnostic is placed in two of the nine tokamak sectors. In each of the sectors, it
is located in the inboard region and it consists of three measurement points located in the
vertical gaps of blankets #1, #4 and #8 (see Figure 5.1) as can be seen in Figure 5.4.
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(a) (b)

Figure 5.4. (a), Location of the measurement points of NAS diagnostic; (b), NAS diagnostic model.
2.3. First Wall Samples (FWS)

FWS are a one of the plasma facing components in ITER. The primary role for FWS is to
measure erosion. Additionally, dust accumulation, deposition effects and T retention are also
measured by this diagnostic [16].

There are two types of FWS located in the slots between blanket module blocks of ITER
(Figure 5.5, Table 5.1). The first type (L) is the most critical one since it goes completely
through the blanket FW. The type S only removes some material in the plasma facing zone of
the blanket FW having, therefore, lower impact than the type L in the reduction of the shielding
capability of the blanket.
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Figure 5.5. FWS location in ITER [17].

Table 5.1. Location of the FWS by type.

# Blanket FWS # Blanket FWS
1 3L 11 2L
2 3L 12 0
3 3S 13 3L
4 3S 14 2S
5 3S 15 2S
6 3L 16 5S
7,8,9 9s 17 5S
10 0 18 41, 1S

Figure 5.6 shows the 3D original CAD model for both type of FWS (L and S). Materials
defined for the FWS are shown in Figure 5.7.

(a (b)

Figure 5.6. 3D original CAD model for the FWS: (a), type L; (b), type S [11].
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Figure 5.7. Materials used for the FWS [11].

2.4. Bolometers

Bolometers (Figure 5.8) are one of the basic diagnostics in all fusion devices. Bolometers
provide measurement of the plasma radiation. The radiation power loss measured using them is

crucial to the understanding of power balance of the plasma and its spatial distribution [3],[18].

Bolometers are located at sectors #1, #3, #4, #6, #8 and #9 (see Figure 5.1), even
though each of these sectors contains a different number of them and with different cutout
widths, as reported in Table 5.2. Figure 5.9 shows the CAD model for bolometers including the

space reservation used to make the customized cutout on the blanket.

(a) (b)

Figure 5.8. (a), Bolometer complete assembly; (b), exploded view [19].
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Table 5.2. Bolometers location [11].

# Sector # Blanket Bolometers Cutout width (cm)

1 2 14 and 30
5 1 30

1 7 1 30
8 1 30
18 1 30
1 1 30

3 8 1 20
18 1 20
1 1 30

4
18 1 20
8 1 20

6 9 1 20
18 1 20
1 1 30

8 8 1 20
18 1 30
1 1 30

9 7 2 20 and 30

9 1 30

Figure 5.9. Bolometer diagnostic model [11].
3. Procedure, computational tools and assumptions

This section is devoted to describe the procedure and computational tools used for the
evaluation of the impact of the four considered in-vessel diagnostics in the shielding capability
of the blanket. Subsections are dedicated to the computational procedure, radiation loads

criteria, and geometry simplification process.
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3.1. Computational procedure
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Figure 5.10. Flowchart for the methodology procedure (“— ; starts and ends of processes; D,

process/actions; &7 , data; < , question/decision).

The different steps followed in the computational procedure are represented by a flowchart

in Figure 5.10 and they are described in the following lines.

The procedure starts with a 3D geometric model in CAD format provided by the ITER
Technology & Diagnostics division design engineers, for each of the four diagnostic systems. In
a first step each of the four mentioned models must be simplified, according to the
methodology for the geometry process described in Chapter 3'°. Most of the needed
simplifications had to do with splines and one solid defined as a surface. All these simplification
actions are performed using the SpaceClaim2014 3D CAD-modeling software [20] and
subsequently the model is translated using MCAM 4.8 [21].

Upon achieving a suitable neutronic model, materials and densities for the diagnostics are
included using FENDL 2.1 [22] and MCNPLIB04P [23] as cross section libraries for neutron and

gammas respectively. Then, MCNP is run again without the void mode. Afterwards, the

19 In Figure 5.10 this Step 1: geometry has been simplified for the sake of clarity. The complete description can
be found in Chapter 3, Section 2.1.
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neutronic models in MCNP format are introduced in the current ITER standard neutronic model

(C-lite) obtaining an integrated model.

In a second step, different radiation (neutron and gamma) transport calculations, mainly
focused on energy deposition and radiation damage, using MCNP5 code are carried out in order
to obtain the radiation loads results needed to be compared to the defined criteria in Section

3.2.1. Finally, for the last step, Paraview 4.1 visualization tool [24] is used to obtain maps.
3.2. Computational assumptions

This section deals with the computational assumptions that have been made in the nuclear
analyses performed to evaluate the impact of the different diagnostic systems on the radiation
shielding of the VV and the TFCs.

3.2.1. Radiation load criteria

The radiation load limits, related to the VV and TFCs, required for ITER are exposed in
Table 5.3. As it can be seen, within the six imposed criteria, five of them are linked to the

different components of the TFC (Figure 5.11) and only one to the VV.

Table 5.3. Radiation load limits for the VW and TFC in ITER [11], [25].

Radiation Load Limit
Nuclear heating on the VV surface 0.6 W/m?
Integral TFC nuclear heating 14 kW
Maximal nuclear heating in the conductor/winding pack 1 kw/m?
Maximal nuclear heating in the coil case 2 kw/m?
Peak of absorbed dose in coil insulator 10 MGy
Peak of neutron fluence in coil insulator 10% n/m?
TFC casing

TFC ground insulation ILIS plates TFC front ground insulation

TFC casing

TFC front ground
insulation

TFC winding pack
TFC front casing

TFC winding pack

ILIS plates
(@ (b)

Figure 5.11. (a) TFC components; (b) front ground insualtion.
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3.2.2. Geometry correction factors/tally definition

In this paper, all the results related with the TFC are given for the inboard straight leg
(blankets #1-#6 corresponding to segments #1-#20) shown in Figure 5.12, except for the

integral nuclear heating of the TFC in the FWS and bolometers cases, where the outboard
segments (#21-#44) have been also considered.

On the other hand, it is important to note that, for all these results related with TFCs

(except for those corresponding to neutron fluence, Section 4.6) several correction factors are
used in order to take into account simplifications in the geometry [5]:

Factor of 1.05 for taking into account the steel-water heterogeneity in blanket shield
block.

Factor of 1.10 for considering the void space inside the housings for the blanket
flexible.

Factor of 1.20 in order to consider the steel-water heterogeneity in the inner-wall shield
between VV shells.

In summary, the total correction factor to be used is 1.3992.

wJ

%{/4\\ NN

/7/
Y,

{
g

connsee 3o

Figure 5.12. Tally segmentation of the TFC [11], [26].
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3.3. Neutronic models

Each of the 3D models in CAD for the in-vessel diagnostic systems (Section 2) was
simplified according to the procedure described in Section 3.1. This section is devoted to
provide information about the simplified neutronic models used to perform the transport

calculations.
3.3.1. Reflectometry

For this system, taking into account that there are three types of antennas (Section 2.1),

three different neutronic models to simulate each type of sector are required.

Furthermore, for the inboard antennas (single and double cases), after the simplification
process and before introducing the diagnostic model into the C-lite reference model, some parts
of C-lite have been modified since they interfere with the diagnostic. Specifically, the first wall
(FW) of blanket #4 (see Figure 5.1) was modified increasing the cutout from 10 mm to 40 mm.
This modification can be appreciated in Figure 5.13, where the original C-lite model is compared
with the one containing the diagnostic. Figure 5.14 compares the neutronic model of a single
inboard antenna with the one with double. Regarding the diagnostic materials, the
reflectometry system is made of SS316L(N)-IG.

Figure 5.13. MCNP plotter view corresponding to py=8 cut of C-lite model: (a), without diagnostic; (b),

with diagnostic.
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Figure 5.14. C-lite view at plane Z=52 cm for the (a), single and (b), double reflectometry diagnostic case.

3.3.2. Neutron Activation System

For this diagnostic, a single neutronic model was needed since the two sectors that include
this diagnosis are identical. Figure 5.15 shows the simplified model used in the radiation

transport calculation. The material used for this diagnostic is SS316L(N)-IG.

Figure 5.15. 3D CAD simplified model of NAS dliagnostic.
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3.3.3. First Wall Samples

For the FWS, the neutronic model used in this paper only contemplates the cutouts due to
the type L of the FWS. In addition, these cutouts are considered completely empty, as it is a

most conservative case.
3.3.4. Bolometers

In this case, as there are six sector with this diagnostic included an each of them with
different cutout and number of bolometers, six different neutronic models have been used, one
for each sector. Furthermore, for this diagnostic a homogenized material (SS316LN-IG, 48.9%;
Mo, 14.8% and void, 36.3%) was used.

4. Radiation load results and analysis

This section is devoted to provide the results achieved in this work for each of the four
diagnostic systems. These results are displayed in six different subsections corresponding to the
six different radiation loads limits exposed in Section 3.2.1. In each subsection, the results
obtained for the different radiation loads are compared between a baseline case, consisting in
C-lite without any modification, and the four diagnostic cases in which the respective

diagnostics were included in the C-lite model.

Furthermore, for the bolometers case, except for the TFC nuclear heating, results are only
provided for sector #1, which is the most critical one since, as it has been shown in Table 5.2,

it is the sector with the highest number of bolometers and worse positions.
4.1. VV nuclear heating

The results corresponding to nuclear heating on the VV surface are shown in Figure 5.16
and Figure 5.17 for the baseline and the different diagnostic cases. The calculations were
performed using a mesh of around 1.5 cm x 1.5 cm on the surface and 0.5 cm in depth inside
the VV for the inboard straight leg, and a rectangular mesh with 2 cm x 2 cm x 2 cm for the
outboard region in order to simulate the superficial nuclear heating. Neutron and gamma

contributions were taken into account.

In the inboard region (Figure 5.16) the design limit of 0.6 W/m? was fulfilled for the all the
analyzed cases. In the case of nuclear heating due to neutrons the worst region corresponds to
the interblanket gaps due to the direct streaming while, in the case due to photons, the worst

region coincides with that behind the manifold cutouts as already reported in [5].
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0344
00195

Figure 5.16. Volumetric nuclear heating in the VWV for the baseline (a and e), reflectometry (single: b and f;

(h)

double: ¢ and g) and bolometers (sector #1) cases due to photons (a, b, ¢ and d) and neutrons (e, f, g

and h). Regions enclosed in a black circle correspond to the zone just behind diagnostics [11].
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Figure 5.17. Volumetric nuclear heating in the VV for the baseline case for the outboard around the
equatorial port due to: (a), neutrons; (b), photons [11].

In the outboard region (Figure 5.17) the baseline case is already above the required design
limit. For the FWS case, the calculated volumetric nuclear heating in the surface of the VV is
very similar to the baseline case and thus, it does not fulfillthe required limit. This high value in
the outboard region is due to the current design of the blankets and thus, FWS has no

noticeable impact on the VV nuclear heating.

The maximum error obtained in these calculations is close to a 10% that is the limit
considered for a reliable calculation for this kind of tally in MCNP. In the regions with higher

nuclear heating this error is below of a 5%.
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4.2. Integral TFCs nuclear heating

In this section the integrated nuclear heating on the TFC in the baseline and the different
diagnostic systems is compared. For the evaluation of the integrated nuclear heating the

contributions of steel casing, winding pack and ground insulator were taken into account.

For the reflectometry diagnostic, the total nuclear heating in the inboard leg (that is
considering the three single and the double antenna sectors) is 9.01 kW, while the total nuclear
heating for the baseline case is 8.77 kW (Figure 5.18). Therefore, the difference for the inboard
region is 240 W. The highest differences are found in those segments located around the level
of blanket #4. On the other hand, the single outboard antenna has an impact of less than 8 W.

Thus, the total increment for the whole reactor due to this diagnostic is close to 250 W.

The total nuclear heating in the inboard straight leg due to the NAS system (located in two
tokamak sectors) is 8.79 kW (Figure 5.18). Therefore, the inclusion of the NAS diagnostic
produces 15 W of increment (around 0.2% of increment) in this magnitude.

Regarding the impact of the FWS, Figure 5.18 and Figure 5.19 show the nuclear heating
for the whole reactor in the inboard straight leg and outboard segments, respectively. The total
nuclear heating for one sector is 1.931 kW for the baseline, while for the FWS it is 1.934 kW.

Therefore, the additional nuclear heating is 2.37 W per sector and 21.3 W for the entire reactor.
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Figure 5.18. Nuclear heating in the TFC inboard straight leg segments for the baseline, reflectometry, NAS
and FWS cases [11].
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Figure 5.19. Nuclear heating in the outboard TFC segments for the baseline and FWS cases [11].

Figure 5.20 displays the total nuclear heating for the whole reactor for both baseline and
bolometers cases. The total nuclear heating for the bolometers case is 17.39 kW and, therefore,

their inclusion implies about 20 W of increment in the nuclear heating of TFC.
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Figure 5.20. Nuclear heating in the outboard TFC segments for the baseline and bolometers cases [11].
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Table 5.4. Increment in the integral TFC nuclear heating of the diagnostics systems compared to the

baseline [11].
Reflectometry NAS FWS Bolometers
250 W 15W 21.3W 20W

Table 5.4 provides a summary about the difference in the integral TFC nuclear heating
when including each of the diagnostics systems, compared to the baseline. On the other hand,
the integral nuclear heating for the baseline is 17.37 kW, which is higher than the design limit
of 14 kW.

4.3. Volumetric heating of the TFCs windings

This section is devoted to supply volumetric nuclear heating data in the whole winding
pack of the inboard straight leg of the TFC, for the 7 mm situated closer to the plasma, for one
tokamak sector. Figure 5.21 shows the volumetric nuclear heating for the baseline,
reflectometry (single and double antenna), NAS, FWS and bolometers cases. As expected, the
NAS, FWS and bolometers cases do not provide significant differences from the baseline case,
while the reflectometry case induces a higher nuclear heating. Furthermore, all the different

bolometers cases (depending on the considered sector) provide similar results.
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Figure 5.21. Volumetric nuclear heating for the winding pack (for the 7 mm situated closer to the plasma)
of the inboard straight leg of the TFC for the baseline, reflectometry (single and double antennas), NAS,
FWS and bolometers (sector #1) cases [11].
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4.4. Volumetric heating of the TFCs casing

The volumetric nuclear heating for the front steel casing of the inboard straight leg of the
TFC can be seen in Figure 5.22 for the baseline, reflectometry, NAS, FWS and bolometers
cases. The differences between the values for each of the diagnostic cases compared to the
baseline case are equal than in section 4.3. Hence, the highest difference is found for the
reflectometry case around the segment #12. As a conclusion, the target design limit of 2
kW/m? is not reached in any case.
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Figure 5.22. Volumetric nuclear heating to the front casing of the inboard straight leg of the TFC for the

baseline, reflectometry (single and double antennas), NAS, FWS and bolometers (sector #1) cases [11].

4.5. Dose in TFCs ground insulator

In Figure 5.23 the absorbed dose in the ground insulator of the inboard straight leg of the
TFC is shown for all the diagnostic systems cases contrast with the baseline. As it can be seen,
the differences among all the cases compared to the baseline are also slight, following the
behavior shown in the other magnitudes. Appreciable differences are only detected for the

reflectometry case in segments #11-#13. The target design value for this magnitude (10 MGy)
is fulfilled in all the studied cases.
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Figure 5.23. Absorbed dose in the TFC frontal ground insulator for the baseline, reflectometry (single and
double antennas), NAS, FWS and bolometers (sector #1) cases [11].

4.6. Neutron fluence in the TFCs ground insulator

Although the radiation load limit regarding the neutron fluence in the TFC ground insulator
is referred to the total value, in this section the fast (E>0.1 MeV) neutron fluence in the front
ground insulator of the inboard straight leg of TFC is also calculated since it is an important
magnitude regarding material damage. As it has been commented, for these calculations the

correction factors are not used.

Figure 5.24 and Figure 5.25 show the fast and total neutron fluence in the front ground
insulator of the inboard straight leg of TFC for the baseline, reflectometry, NAS and FWS and
bolometers cases. The relative differences between all the cases for both fast and total neutron
fluence are equal to the other magnitudes. The target limit of 10% n/m? is fulfilled for either

case.
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Figure 5.24. Fast neutron fluence in the front insulator of the inboard straight leg for the baseline,

reflectometry (single and double antennas), NAS, FWS and bolometers (sector #1) cases [11].
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Figure 5.25. Total neutron fluence in the insulator of the inboard straight leg for the baseline,
reflectometry (single and double antennas), NAS, FWS and bolometers (sector #1) cases [11].
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5. Summary and conclusions

In this chapter the impact of reflectometry, NAS, FWS and bolometers in-vessel diagnostics
on the radiation loads on the VV and TFC was evaluated. For this purpose, a baseline case (C-
lite model without any diagnostic system included) and four different cases (each one with each
of the diagnostics included) were compared. Results revealed that all the studied radiation loads

present a similar behavior for all the cases.

The NAS, FWS and bolometers systems present a negligible impact on the radiation loads
when compared to the baseline case. However, the reflectometry system has a maximum
difference of 35% on the radiation loads on the TFC (located at segment #12 of the TFC
inboard straight leg) compared to the baseline case, corresponding with the region where the
double antenna is situated. For the remaining segments, there are no significant differences
(none above 5%) except for the two adjacent segments (i.e. segments #11 and #13, where
differences are 13% and 25% respectively). To give a figure of this impact, in the case of the
integral nuclear heating in the TFC the impact of the inclusion of the NAS, bolometer and FWS
systems in one ITER sector is ~20 W while the impact of reflectometry system is one order of
magnitude higher (~250 W).

With regard to the compliance of the radiation limits, the obtained results are summarized
in Table 5.5 where it can be seen that, all the radiation loads except the nuclear heating on the

outboard VV surface and the integral nuclear heating in the TFC are under the design limits.

The contribution of the in-vessel systems to the integral nuclear heating on the TFC is
aroundt 2% of the target limit (~2800 W above the baseline case). The nuclear heating on the
VV surface the excess is found in the outboard region, where all the systems provide almost the
same values than the baseline case. Hence, these results rule out that the analyzed systems are
the cause of overcoming the limits. In fact, the excess on nuclear heating in both cases, already
present in the baseline case, is a well-known problem for the current configuration of the

blankets system of ITER, which modification is part of the ongoing ITER design tasks.

Table 5.5. Summary of the radiation loads limits compliance of the in-vessel diagnostic systems [11].

Reflectometry NAS FWS Bolometers

Nuclear heating on the VV surface Outboard/Inboard [V xfv %[V x|V
Integral TFC nuclear heating X X x x
Maximal nuclear heating in the TFC winding pack v v v v
Maximal nuclear heating in the TFC casing v v v v
Peak of absorbed dose in TFC ground insulator v v v v
Peak of neutron fluence in the TFC ground insulator v v v 4

v means that the limit is met, and x means that the limit is not fulfilled.
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Under these conditions and taking into account that the reconfiguration of the blankets is

going to improve their shielding capability, the contribution of the in-vessel diagnostics systems

to the VV and TFC radiation loads seems not critical for these components.
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Chapter 6
Characterization of the DCLL DEMO model for

safety and environment purposes

This chapter is intended to characterize the DCLL DEMO breeder blanket for safety and
environment purposes, on the basis of using the 3D neutronic models developed during 2014
and 2015. Additionally, a comparison among the four BB concepts is done. Finally, radioactive
waste management assessment was carried out focused on the analysis of the needed

impurities mitigation for disposing these wastes in El Cabril near-surface facility.

1. Introduction

The main goal of the DEMO reactors is to demonstrate the commercial viability of a power
plant based on magnetic confinement fusion. A DEMO reactor is conceived to be the step
between ITER and a commercial reactor. The DEMO construction is planned to begin by 2030,
in order to allow the start of operation in the early 2040s and reaching the goal of fusion
electricity in the grid by 2050 [1].

Currently four BB concepts are being considered: HCPB, HCLL, WCLL and DCLL (see
Chapter 2, Section 4). Due to the differences in materials and construction of the four BB
concepts, differences in nuclear responses when exposed under neutron irradiation are
detected. This is of particular importance to safety, maintenance or waste management
calculations. In particular, activity inventories are fundamental for decommissioning and waste
disposal since higher activities and longer lived isotopes affect the disposal route for irradiated
material, while the decay heat values are particularly important for safety analysis where the
amount of decay heat will play an important role in the assessment of Loss Of Coolant
Accidents (LOCA) and or determining the cooling needs. In this frame, the aim of this chapter is

to characterize the DEMO DCLL for further safety and/or environment assessments.

DCLL is basically characterized by the use of self-cooled breeding zones with the liquid
metal LiPb serving as T breeder, neutron multiplier and coolant. He is used for cooling the FW
and other supporting structures made of the ferritic-martensitic steel Eurofer-97. Taking into
account that the LiPb flows at a higher velocity than it does in other blankets that use is, such

as HCLL or WCLL (but lower than self-cooled LiPb), it extracts most of the reactor power while
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the He cooling extracts the remaining. In addition, FCI are used for thermal and electrical
insulation since the intense magnetic field causes important MHD and thermal-hydraulic effects.
Figure 6.1 presents a scheme for the equatorial outboard model (in the 2014 DCLL model
design) [2].

Figure 6.1. DCLL equatorial outboard scheme [2].

This chapter presents the results of performed calculations to ascertain the decay heat and
activity for both the entire reactor and from each blanket module separately, as well as for the
entire manifold/Back Supporting Structure (BSS). These calculations were carried out in the
SAE-2.17.1-T01-D04 task during the 2015 and 2016 years, with the 2014 and 2015 models,
respectively, under the Eurofusion programme. Within these activities, and in the framework of
this thesis, part of the work described in this chapter for the 2014 model has given rise to a
report [3] and two papers [4]-[5], and one more report colleting the results obtained for the

2015 model is also being prepared.

Previously to this work, there was a participation within the WP13-SYS-02-T08 task of
EFDA related to activation calculation in the HCLL model [6]. This task was especially important
in order to learn how to deal with this kind of work and the obtained results turned out to be

part of a publication [7].

The organization of the present chapter is as follows. First, the analysis corresponding to
2014 model (and therefore performed during 2015) is collected in Section 2. Section 3 is
devoted to provide the update corresponding to the model of 2015 (carried out during 2016).
This two mentioned sections, in turn, are subdivided in the same way: description of the model,

computational assumptions and methodology and results. Section 4 compares the results for
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the 2014 DCLL to other BB concepts, since analogous calculations were carried out for the other

three BB concepts® in the framework of Eurofusion?..

On the other hand, it is known that one of the main presuppositions for the global interest
in nuclear fusion is that it should be cleaner and safer compared to traditional nuclear
technology. This implies, among other considerations, that the produced radioactive waste in a
fusion power plant is expected to be categorized as LLW after no more than 100 year of cooling
time. In fact, it is desired to fulfillthis goal at 50 years, in the effort to reduce the radiological
impact of fusion energy as soon as possible, on the road to be not a burden for future
generations. For this reason, Section 5 is devoted to determine the composition limits for
different materials to minimize the radiological impact of waste and achieve the LLW at the
mentioned cooling time. It is worth mentioning that previous work on radioactive waste for a
DCLL model was performed in [8]. Finally, Section 6 highlights the main conclusions of this

chapter.
2. Analysis on the 2014 DEMO DCLL model

This section is devoted to provide the description and results of the activation analysis
performed on the 2014 DEMO DCLL model. For this purpose, Section 2.1 describes the
generation and characteristics of the model. Section 2.2 is devoted both to describe the
neutronic model used, specifying materials as well as the irradiation scenario selected, and to
explain the calculation methodology followed. The last subsection (2.3) shows the achieved

activation results.

Aside from the calculations to obtain the decay heat and activity both from the blanket
modules for the entire reactor, each blanket module separately, and the entire manifold, an
additional analysis on the equatorial outboard module was done in order to i) study the
contribution from the different components to both activation responses (decay heat and
activity) and ii) identify major radionuclides contributing to the decay heat in the different

components.

20 CCFE is in charge of the HCLL, KIT of the HCPB, and the Lithuanian Energy Institute (LEI) of the WCLL concept.

2 For 2015, a similar comparison is expected. However, at the time of presentation of this thesis the results

corresponding to the other models were not yet widespread.
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2.1. Description of the 2014 DEMO DCLL model

Under the Eurofusion Programme, the process for generation of computational models for
neutron transport and transmutation analyses is being undertaken. As a first step, a generic
neutronic model of DEMO (Figure 6.2) was developed by KIT within the Breeder Blanket Work
Package (WPBB) of the PPPT Programme as the basis for the integration of the different
blankets [9]-[10].

Table 1 summarizes some of the related machine and plasma parameters that were used
for the generation of the model. According to the fusion power, the neutron source for the total
reactor is 5.580°10% n/s.

Poloidal Field Coils

Vacuum Vessel plasma

OB segment B segment divertor Toroidal Field Coils

Figure 6.2. 2014 DEMO CAD generic model [2].

Table 6.1. DEMO parameters [11].

Parameter Value
Major radius (m) 9.0
Minor radius (m) 2.25
Plasma elongation 1.56
Plasma triangularity 0.33
Plasma peaking factor 1.7
Fusion power (MW) 1572
Net electric power (MW) 500
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2249 mm
Ww gzgy

(© (d)

Figure 6.3. (a), Neutronic CAD DEMO generic model; (b), Complete neutronic 2014 DEMO DCLL model,
(c), Detailed neutronic model of the DCLL blankets segment (hiding lateral walls and BP); (d), Dimensions
for the DCLL equatorial outboard [5].

The geometric modelling of the different blankets and their integration into the DEMO
generic neutronic model is also being accomplished by different institutions. Spain, and more
specifically CIEMAT, is leading the development of a DCLL BB within the agreement between
European institutions for the period 2014-2018, under the mentioned Eurofusion Programme
[2],[12]. As a result, the 2014 3D DEMO DCLL reactor neutronic model was produced [13].
Figure 6.3 shows the CAD model (generic and for DCLL), the module’s segmentation inside a

sector and the main dimensions for the equatorial outboard module.

Regarding the blanket description, the generic model can be divided into 32 sectors of
22.5°, However, since every inboard sector can be divided into two segments (of 11.25°) and

every outboard into three, the blanket is composed of 48 outboard and 32 inboard segments

[2].
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Each of the blanket modules in the model has a similar structure but with different
dimensions, containing the following components (Figure 6.4): armour (coating of the first
wall), first wall (FW), side, top and bottom walls, stiffenings, LiPb, inner collector and Back Plate
(BP). FCI were not yet included in this neutronic model. The material compositions for each of

the components are displayed in Table 6.2.

Side wall

Inner collector

W amour
Stiffenings

Top wall

]

Bottom wall

First Wall

LiPb channels

Back Plate

Figure 6.4. Components of the blanket modules in the DCLL neutronic model.

Table 6.2. Material composition for the components of the blanket modules in the DCLL neutronic model.

Composition (% vol.)

Component Eurofer He LiPb w
FW coating 100
FW
FW 85.54 14.46
1%, 2" and 3™ radial stiffening 91.33 8.67
Breeder zone+ LiPb channels 100

Helium collector He

53 47
Eurofer walls
Side walls 85.54 14.46
Top Wall 85.54 14.46
Walls
Bottom Wall 85.54 14.46
BP 85.54 14.46
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2.2. Computational assumptions and methodology for decay heat and activity

calculations

This section is devoted to describe the computational model (2.2.1), the irradiation
scenario (2.2.2), and the methodology followed for the calculations, including computational

assumptions and material compositions (2.2.3).
2.2.1. Computational model: blanket description

An MCNP model of the fusion power DEMO reactor with DCLL blanket modules was used
for the activation calculations. The MCNP model consists of a DCLL torus sector of 11.25° and

includes blanket modules, manifolds, shields, vacuum vessel, coils and divertor (Figure 6.5).

Blanket modules in the model are numbered anti-clockwise from 1 to 15 (Figure 6.5),
starting from the one close to the divertor following the inboard (1-7) and then downwards
along the outboard (8-15). Since the torus sector is 11.25° (not 22.59) it includes one complete
module for those numbered 1-7 and one and a half modules for those named 8-15. Therefore,
the complete model consists of 224 inboard modules and 384 outboard modules, giving rise a

total number of 608 modules.

Figure 6.5. MCNP plot of 2014 DEMO DCLL model with numbered blanket modules (vertical cut).
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2.2.2. Irradiation scenario and cooling times of interest

The assumed irradiation scenario for the activation calculations is based on the first DEMO
operation phase: Continuous operation over 5.2 years (CY) minus 10 days at 30% of the
nominal fusion power followed by 10 days pulsed operation with 48 pulses of 4 hours at full
power and 1 hour dwell time in between (Figure 6.6). The after shutdown times considered for
the calculation of the activity inventories and the decay heat are the following: 1 s, 5 min, 30
min, 1 hr, 3 hr, 5 hr, 10 hr, 1 day, 3 days, 1 week, 2 weeks, 4 weeks, 8 weeks, 6 months, 1
year, 10 years, 100 years, 300 years and 1000 years. 300 years of cooling time is considered as
it is a fixed time to fulfillrequirements for El Cabril Spanish near surface facility for the disposal

of radioactive wastes [14].

1.2 5.2 %ears

1 = B B e — )
48 pulses

0s (10 d)

0,6

’ (...)
5.2y-10d

0,4

0,2 ‘
0 Ll -

Figure 6.6. Irradiation scenario [14].

2.2.3. Calculation methodology

Firstly, the structure of the blanket modules was simplified into five components (Figure
6.7): W armour, FW, caps (both side/lateral walls as well as the top and bottom walls; i.e. the
casing without the FW and BP), breeder module (the whole interior of the blanket module; i.e.

stiffenings, LiPb channels and inner collector) and BP.

Secondly, the volume averaged neutron flux spectra were calculated for each of these
components in each blanket module, after some slight adaptation of the reference neutronic
model provided by CIEMAT. Finally, the activation calculations were performed for each
component using the obtained average neutron flux and an average representative material
defined from the volume fractions of the materials and voids in the component. Table 6.3
describes the material composition (in volume fraction) used for each of the components of the

blanket modules.
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W armour

First Wall

Caps

Back Plate
Breeder Module

Figure 6.7. Components used in the activation calculations for each of the blanket modules.

Table 6.3. Material composition for activated components.

Volume (%) Eurofer LiPb (90% °Li)  Tungsten Void (He @ 80bar) Total
W armour (W) (2mm) 100 100
FW (t=20mm) 85.54 14.46 100
Breeder module 17.85 73 9.15 100
Caps 85.54 14.46 100
BP 85.54 14.46 100
Manifold 51.29 44.36 4.35 100

The material elemental compositions used to perform activation calculations contain
impurities as it can be seen in Table 6.4, and were taken from [15]-[17]. It is worth noting that
in the LiPb there is a SLi enrichment of 90%.

The simulation procedure starts with the calculation of the volumes for the materials and
voids using the stochastic volume determination method. Afterwards, average neutron fluxes
were computed with MCNP5 code [23] in each of the material cells; i.e. five cells in each
blanket module corresponding with each of the components, and two cells in the manifold: one
corresponding to the inboard (behind the inboard modules 1-7) and the second one

corresponding to the outboard (behind the outboard modules 8-15).
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Table 6.4. Elemental composition of the materials in the 2014 DEMO DCLL reactor blanket [15]-[17].

Element % welght
Tungsten Eurofer LiPb
H 0.0005 - -
Li - - 0.620
- 0.001 -
0.003 0.105 -
0.0005 0.04 -
0.002 0.001 -
Na 0.001 - -
Mg 0.0005 - -
Al 0.0015 0.004 0.010
Si 0.002 0.026 0.010
P 0.002 0.002 -
0.0005 0.003 -
K 0.001 - -
Ca 0.0005 - -
Ti 0.0005 0.001 -
\Y - 0.2 0.005
Cr 0.002 9.0 0.005
Mn 0.0005 0.550 0.005
Fe 0.003 88.821 0.005
Co 0.001 0.005 -
Ni 0.0005 0.01 0.005
Cu 0.001 0.003 0.001
Zn 0.0005 - 0.001
As 0.0005 - -
Zr 0.0005 - -
Nb 0.001 0.005 0.001
Mo 0.01 0.003 0.005
Pd - - 0.001
Ag 0.001 - 0.001
Cd 0.0005 - -
Sn - - 0.020
Ba 0.0005 - -
Ta 0.002 0.12 -
w 99.9595 1.1 0.020
Pb 0.0005 - 99.265
Bi - - 0.020
Density (g/cc) 19.24 7.87 9.54
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The DEMO neutron source used is represented in a FORTRAN source routine that is
compiled with the MCNP code and the model was run for 10° source neutrons. Once the

volumes and fluxes are obtained, activation is accomplished.

The complete simulation procedure is carried out automatically for all the cells belonging to
the blanket which are a total of 75 complete material zones for the 11.259 torus sector, as well
as for the two cells of the manifold. For automatized calculation some coupling schemes
developed by F. Ogando were used (see Chapter 3, Section 6). It is worth noting that although
in the outboard (blanket modules 8-15) the 11.25° torus sector contains 1.5 blanket modules,
the contribution of these halves modules was estimated multiplying the values obtained for the
complete ones by 0.5. Finally, in order to obtain the activity and decay heat for all the blanket
modules and manifold for the entire reactor (360°), results for the 11.25° torus sector were
multiplied by 32.

Library used for transport is the JEFF-3.1.1, according to the “Guidelines for Neutronic
Analyses” recommendations [14]. Nevertheless, for a very limited number of nuclides FENDL
(3.0 and 2.1) which is also recommended, is used when no data for these nuclides are found in
the JEFF library, namely **C, '#0, W, sulphur and tin. Average neutron fluxes are obtained in
the standard VITAMIN-J 175 group structure and then activation calculations are carried out
with the ACAB code [19], using EAF-2007 library.

Library used for transport is the JEFF-3.1.1, according to the “Guidelines for Neutronic
Analyses’ recommendations [14]. Nevertheless, for a very limited number of nuclides FENDL
(3.0 and 2.1) which is also recommended, is used when no data for these nuclides are found in
the JEFF library, namely **C, 80, W, sulphur and tin. Average neutron fluxes are obtained in
the standard VITAMIN-J 175 group structure and then activation calculations are carried out
with the ACAB code [19], using EAF-2007 library.

Finally, it is worth to underline that for the additional calculations on the equatorial
outboard module #12 (Sections 2.3.3 and 2.3.4), materials of the breeder module (i.e. Eurofer,

LiPb and He) were considered separately.
2.3. Activation results and analysis

The results presented in this section are divided into five parts. The first four compile the

results related with the blanket modules and the last one to the manifold.

Section 2.3.1 shows the computed volumes and neutron fluxes over the blanket
components that will be used for the activation calculations. The second section (2.3.2) displays

the results of decay heat and activity in the blanket modules. The third one (Section 2.3.3) is
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devoted to provide component contribution to the decay heat and activity in the equatorial
outboard module (#12) while Section 2.3.4 identifies major radionuclides contributing to decay
heat in each of the components of the blanket module. The last section (2.3.5) presents the

decay heat and activity results in the manifold.

It is important to mention that a complete irradiation of the LiPb during the entire
operation phase was considered. Since the LiPb is moving in and out of the blankets, it would
be exposed to a lower flux. The assumption of the remaining LiPb inside the blankets during the
full reactor operation is not very realistic and, therefore, the obtained results are conservative
but, however it is reasonable considering the current state of DEMO design. Regarding T

produced as a consequence of the LiPb activation, it is excluded from all the following results.
2.3.1. Volumes and neutron fluxes over the blanket components

Table 6.5 summarizes the volumes over all the blankets modules in the reactor (360°),
separated into components. The statistical error for all the volumes sampling is below 0.3%.
Neutron fluxes computed for all the 5 component of the 15 different blanket modules are
shown in Table 6.6. The statistical error of calculation in the vast majority of the energy groups

is lower than 1%.

Table 6.5. Volumes for the components in the blanket modules for the entire reactor (cn’).

# Blanket Modules w FW Caps Breeder BP Total
1 1.48:10° 1.41-10° 1.88:10° 3.10°107 1.31-10° 3.57°10’
2 1.48°10° 1.42-10° 1.88'10° 3.09:107 1.31-10° 3.57°10’
3 1.48:10° 1.41-10° 1.89:10° 3.10°107 1.31-10° 3.57-107
4 5.34'10* 5.04:10° 1.20-10° 1.18:10’ 5.54:10° 1.42:10
5 8.79-10* 8.41'10° 1.54-10° 2.07-107 9.85'10° 2.41-107
6 9.54:10* 9.12:10° 1.63-10° 2.27-107 1.10-10° 2.65°107
7 5.93:10* 5.62:10° 1.40-10° 1.41-10 7.05:10° 1.68:10’
8 7.89-10* 7.46°10° 3.52-10° 4.02:10 1.1510° 4.57-107
9 1.15°10° 1.09:10° 4.10-10° 5.59:10’ 1.53-10° 6.2810’
10 1.51-10° 1.45:10° 4.61-10° 7.15-107 1.90-10° 7.96°107
1 1.85:10° 1.77°10° 5.13:10° 8.84:107 2.36°10° 9.79-107
12 2.52:10° 2.52:10° 5.79-10° 1.19-108 3.22:10° 1.31-10°
13 1.87°10° 1.80-10° 5.09-10° 8.75:107 2.29-10° 9.68°107
14 1.72:10° 1.65:10° 4.78'10° 7.77-10° 1.99-10° 8.63'10’
15 1.4410° 1.37°10° 4.35'10° 6.42:107 1.64:10° 7.17:107
Total (cm®) 2.02-10° 1.95:10 4.88:107 7.67-10° 2.34:107 8.60-10°
Total (m®) 2.02:10° 1.95:10! 4.88°10! 7.67°10° 2.34:10 8.60°10?
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Table 6.6. Total average neutron fluxes over the different components (10" n/cn?’'s).

# Blanket Module w FW Caps Breeder BP
1 7.67 7.58 4.52 4.86 2.10
2 9.02 9.18 6.46 6.67 3.12
3 9.37 9.53 6.70 6.90 3.23
4 9.07 9.06 5.97 6.05 2.72
5 8.96 8.93 5.64 5.94 2.66
6 8.93 8.93 5.63 5.93 2.68
7 8.99 8.96 5.66 5.85 2.70
8 9.00 8.96 3.65 3.78 0.66
9 9.12 9.13 3.98 4.13 0.77
10 9.31 9.38 4.18 4.40 0.83
11 9.47 9.59 4.31 4.58 0.87
12 9.57 9.72 4.38 4.77 0.89
13 9.50 9.73 4.52 4.81 0.91
14 9.01 9.20 4.34 4.53 0.87
15 8.43 8.57 3.56 3.87 0.66

2.3.2. Decay heat and activity in the blanket modules for the entire reactor

This section summarizes the decay heat and activity results for all the blanket modules and
the entire reactor. Results do not include T produced by the activation of the LiPb in the
breeder module since it is assumed to be continuously drained.Table 6.7 shows the decay heat
(W) in the each of the blanket modules for the entire reactor (360°). As it can be seen, the
total decay heat falls as the decay time increases, being 22.5 — 11.7 MW up to 1 hour; just
below 1 MW at 2 months and about 0.3 MW up to ~ 1 year; then it drops to 4.5 W at 100 years

and it finally reaches around 3 W after 1000 years of cooling.

Furthermore, module #12 (equatorial outboard) shows the highest values (in W) with a
difference, depending on the cooling time, up to 1 order of magnitude with the lowest module
#4 (inboard module just close and above equatorial inboard #3). However, analyzing
volumetric values (W/cc), module #3 (equatorial inboard) is the one with highest value of

decay heat (module #12 is about 63% of module #3 in specific values).
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Figure 6.8. Contribution of LiPb to the decay heat in the equatorial outboard module (#12).

Figure 6.8 shows the contribution of the LiPb (as said, with T excluded) to the decay heat
in a single complete equatorial outboard module (#12). As it is shown, the LiPb contribution is
especially relevant after 100 years of cooling time, as well as at the time immediately after the

shutdown (1 second of cooling time).

Table 6.8 shows activity results in the blanket modules for the entire reactor (3600°). As it
is shown, total activity is between 1.3-10'* and 1.1-10'> MBq up to 10 years; 1.6:10% MBq at

100 years and then it drops to ~107 for longer cooling times.

On the other hand, as in the case of the decay heat, module #12 (outboard equatorial)
shows highest values (in Bq) with around one order of magnitude difference with lowest
module value. However, analyzing volumetric values (Bg/cc), module #3 (equatorial inboard) is
the one with highest values of activity (module #12 is about 60% of module #3 in specific

values).
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Table 6.7. Total decay heat (W) from the blanket for the entire reactor separated into the individual blanket modules (excluding T from activated LiPb).

Time Blanket module (360°) Total Total
(years) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 w) (Mw)
3.17:10%  1.05-10° 1.44:10°  1.45-10°  4.51-10° 7.73:10°  8.81°10°  5.82:10°  8.78:10°  1.33:10°  1.84'10°  2.39:10°  3.35-10°  2.48:10°  2.07-10°  1.53-10°  2.25'10  2.25-10!
9.51'10°  7.26°10°  8.82:10°  8.77°10°  2.94'10°  4.88'10° 5.49-10° 3.64'10° 5.67'10°  8.53-10°  1.16'10°  1.47-10°  2.03°10°  1.52:10°  1.30°10°  9.97°10°  1.41-107 1.41-10!
5.71-10°  6.69'10°  7.99'10°  7.92'10°  2.66°10°  4.43'10°  4.99°'10°  3.3010°  5.15°10°  7.74'10°  1.05°10°  1.33-10°  1.84'10°  1.37-10°  1.18'10°  9.08'10°  1.28'107 1.28-10!
1.1410*  6.24'10°  7.33'10°  7.24'10°  2.45'10°  4.07°10°  4.59°10°  3.03'10°  4.73'10°  7.12°10°  9.62'10°  1.22'10°  1.69:10°  1.26'10°  1.08'10°  8.38'10° 1.17°10"  1.17°10'
3.42:10%  4.90°'10°  5.41-10° 529'10°  1.81'10°  3.04'10°  3.43'10°  2.25710°  3.53'10°  5.30°10°  7.13'10°  9.02°10°  1.24'10°  9.24'10°  8.04'10°  6.34'10°  8.71°10°  8.71'10°
571:10%  4.07°10°  4.25°10°  4.12'10°  1.43-10°  2.41°10°  2.72'10°  1.78'10°  2.79'10°  4.2010°  5.62:10°  7.08'10°  9.69'10°  7.22'10°  6.34'10°  5.08'10°  6.88'10°  6.88:10°
1.14'10%  3.02:10°  2.90°10°  2.76°10°  9.83:10*  1.67°10°  1.89°10°  1.23:10°  1.94'10°  2.91°10° 3.87'10° 4.83'10° 6.56°10°  4.89'10°  4.36'10°  3.60'10°  4.74'10°  4.74'10°
2.74'10%  2.07°10°  1.95°10°  1.8510°  6.68'10*  1.13:10°  1.28:10°  8.26:10*  1.32'10°  1.98'10°  2.63'10°  3.28'10°  4.44'10°  3.31°10°  2.97°10°  2.47-10°  3.22:'10°  3.22:10°
8.21-10%  1.01-10°  1.08'10°  1.05:10°  3.77°10*  6.25°10*  6.9810*  4.52:10*  7.48'10*  1.12°10°  1.49:10°  1.88'10°  2.56'10°  1.92:10°  1.68'10°  1.35°10°  1.80'10°  1.80-10°
1.92'102  6.50°10*  7.61-10*  7.63°10*  2.75:10*  4.45:10*  4.92'10°  3.19:10* 54510  8.1810*  1.09'10°  1.37-10°  1.88:10°  1.41'10°  1.22:10°  9.5810*  1.30°10°  1.30-10°
3.84'10%  5.69-10*  6.83:10*  6.89-10*  2.49-10*  4.01-10*  4.42-10*  2.87°10°  4.96:10*  7.43-10*  9.90-10*  1.25:10°  1.70°10°  1.28-10° 1.10°110°  8.63:10*  1.17-10° 1.17:10°
7.67°102  5.1010*  6.18'10°  6.26'10*  2.26'10*  3.64'10°  4.01-10*  2.61-10*  4.50'10°  6.75-10*  8.99-10*  1.13:10°  1.55-10°  1.17°10°  1.00°10°  7.81°10*  1.07°10°  1.07'10°
1.53-10'  4.31-10* 527100 5.33:10°  1.92:10*  3.09'10*  3.41-10*  2.22:10*  3.82:'10°  5.73'10°  7.64'10*  9.64'10*  1.32°10°  9.91-10°  8.50°10*  6.62:'10*  9.06°10°  9.06°10™
5.01-100  2.20'10*  2.81-10*  2.85:10°  1.00°10*  1.62:10* 17910  1.18'10*  1.98'10%  2.98'10*  3.99'10*  5.06°10*  6.94'10*  5.22:10*  4.44-10°  3.43'10* 4.75'10° 4.75'10"
9.99'10%  1.00-10*  1.37°10°  1.40°10* 4.74'10°  7.67°10°  8.55'10°  570'10°  9.24'10°  1.39:10*  1.88'10°  2.40°10*  3.31-10*  2.49-10*  2.10°10*  1.58'10*  2.25'10°  2.25'10°
9.99'10°  3.41°10°  4.00°10°  4.08'10*>  1.58'10>  2.50°10>°  2.75'10>  1.76°10°  3.37'10*>  5.12'10>  6.73'10°  8.46'10>  1.1510°  8.67°10°  7.50'10>  5.68'10>  7.71-10°  7.71:10°
9.99'10'  1.8410"  2.46:10%  2.53:10%' 896102 145107  1.64'10"  1.04'10"  1.90-10%  2.85:10"  4.14'10%  4.59'10%'  6.82:10"  5.14:10%  3.86'10%  3.10'10"  4.43-10°  4.43-10"*
3.00'10°  1.55-10%  2.03:10*  2.09-10%  7.45-10%  1.23-10% 13510  8.49-10° 1.61-10" 2.43-10' 3.26'10"  4.15-10' 5.73-107  4.29:'10"  3.64'10%  2.60:10"  3.76:10°  3.76:10°®
9.99-10°  1.29:10%  1.67-10'  1.72:10"  6.26'10%  1.03'10%  1.12-10'  7.06°10%  1.35-10%  2.03'10%  2.71-10"  3.44-10%' 4.73:10'  3.55-10%  3.02:10"  2.1610'  3.12:10°  3.12-10°
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Table 6.8. Total activity (Bq) from the blanket for the entire reactor separated into the individual blanket modules (excluding T from activated LiPb).

Time Blanket module (360°) Total Total
(years) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 (Bq) (MBq)
3.17°10%  6.85°10"®  8.48'10®  8.42°10® 2.67-10® 4.56°10® 5.17-10*®  3.38'10® 5.04:10*®  7.63°10®  1.05-10"° 1.35°10“  1.88'10"  1.40°10“  1.18-10  9.02'10®  1.30-10®  1.30-10%"
9.51-10° 5.10°10® 5.81-10® 5.71-10® 1.91-10"®  3.20°10®  3.60-10"®  2.36'10®  3.58-10"®  5.38-10%®  7.29-10'®  9.27-10"®  1.28:10  9.54'10"®  8.25-10'®  6.44'10"®*  9.03°10°  9.03-10%
5.71°10°  4.90-10"®  5.53-10® 54310  1.82:10"® 3.05710"®  3.43:10"®  2.25'10'®  3.41-10® 5.12°10® 6.94-10"®  8.82:10®  1.22:10" 9.07°10®  7.86°10"®  6.15°10®®  8.60-10"  8.60'10%°
1.14'10*  4.75'10®  5.3410®  5.23:10®  1.75°10®  2.94:10®  3.31-10® 2.17-10®  3.28'10®  4.93-10"® 6.68'10®  8.49-10® 1.17-10* 8.73-10® 7.57-10® 5.93-10®  8.28'10°  8.28'10%®
3.42:10%  4.31°10%  4.75:10%  4.65'10%®  1.56°10®  2.62:10® 2.96:10®  1.93:10® 2.91-10® 4.38:10® 593-10® 7.52:10®  1.04'10*  7.72:10®  6.71-10® 5.30'10®  7.36'10*°  7.36'10%
5.71°10*%  4.00°10"®  4.37-10®  4.27°10'®  1.43-10"®  2.41°-10® 27210  1.77°10®  2.67-10"®  4.02°10'® 543-10° 6.89'10®  9.51-10®  7.07°10®  6.16°10"®  4.87°10®  6.76°10°  6.76°10%
1.14'10°  3.52:10®  3.85:10"®  3.75-10%®  1.26°10®  2.12-10"®  2.39:10'®  1.56°10"®  2.34'10'®  3.51-10® 4.75:10®  6.02:10"® 8.31'10®  6.18'10"® 539-10"® 4.26°10®  592-10"°  5.92:10%
2.74°10%  2.85°10"®  3.24'10"®  3.19-10'®  1.06°10®  1.77°10"®  1.99-10"®  1.30°10'®  1.94-10"®  2.92°10'®  3.96'10"° 5.04'10®  6.98'10°  5.19:10®  4.49-10"®  3.52:10®  4.94:10°  4.94-10%
8.21°10° 19110  2.45-10"®  2.46°10'®  7.98-107  1.31°10®  1.47-10® 9.66°107  1.43-10"®  2.14'10'®  2.94-10"® 3.78'10®  5.27-10®  3.93:10®  3.34:10"®  2.52:10®  3.67°10°  3.67-10%
1.92:102  1.54'10®  2.11-10"®  2.14-10® 6.87°10Y  1.12-10%®  1.24:10'® 82210  1.21°10'®  1.83-10"®  2.51-10®  3.24-10"®  4.53:10®  3.38:10"®  2.84-10"®  2.11-10®  3.13-10°  3.13'10°
3.84'10%  1.40-10"®  1.96°10"®  2.00°10®  6.42:10Y  1.0410®  1.16°10"® 7.66°10Y  1.14-10®  1.70-10"®  2.34-10"®  3.02°10®  4.23-10®  3.16'10"®  2.65-10"®* 1.96°10®  2.92-10°  2.92-10%
7.67°10%  1.28'10"®  1.82'10"®  1.85°10®  5.93-10Y  9.65'107  1.07°10®  7.10°10Y  1.05°10'®  1.57-10®  2.17-10"®  2.80°10®  3.92-10'®  2.93-10® 2.45-10® 1.80°10®  2.70-10*  2.70-10%
153101  1.12:10®  1.61-10®  1.64'10®  5.23-10Y  8.50'10Y  9.46'10Y  6.30'10Y  9.27-10Y  1.3910®  1.92-10'®  2.48-10®  3.48:10® 2.60-10®  2.17-10®  1.59-10®  2.39-10°  2.39:10%
5.01°10%  7.34'10Y  1.12°10*®  1.15°10®  3.58'107 5.85'107  6.50°'107  4.43'10Y  6.44:10Y  9.61°10Y 1.34'10®  1.74'10®  2.4510®  1.83:10® 1.51-10"®  1.09°10®  1.66°10°  1.66°10%
9.99:10%  5.28:10Y  8.47-10Y  8.70'10Y  2.65:10Y  4.32:10Y  4.8510Y  3.31-10Y  4.82:10Y  7.17:10Y  1.00-10®  1.31-10®  1.84:10®  1.38-10®  1.13-10®  8.07'10Y  1.24:10°  1.24:10%®
9.99:10°  4.64'10®  7.60°10'®  7.81-10'®  2.38:10'®  3.88'10'®  4.36°10'®  3.02:10'®  4.30:10'®  6.47-10'®  9.02:10'®  1.23-10Y  1.67-10Y  1.25'10Y  1.02-10Y  7.26'10'®  1.12-10®  1.12:10%
9.99:10  7.94'10'?  8.64'10'?  5.48:102  2.05'10  3.27°10?  6.84'102 5.67:10"  8.62:10'?  1.04'10“  7.29'10%2  5.71-10“®  1.22:10“  9.28'10%  8.01-10%  1.18-10! 1.64:10" 1.64'108
3.00'102  3.41-102?  4.60°10?  4.73°10  1.63-10%  2.7010'2  2.99-10?  1,94-10 3.26710  4.88'10?  6.59-10"?  8.41-10  1.16°10“  8.71-10'*  7.33-10? 542:10%  7.82:10° 7.82:10’
9.99-10>  2.71-102?  3.64'10?  3.75°10%  1.30710%  2.1510**  2.37-10?  1.,55-10 2.5810  3.85'10? 5.18'10?  6.61°10  9.13-10"  6.84'10? 5.76°102 4.27°10%  6.17°10° 6.17-10’
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2.3.3. Contribution of the different components to decay heat and activity

A single complete blanket module #12 in a torus sector of 11.25° (located in the equatorial
zone of the outboard and therefore where the blanket receives highest neutron fluxes of all
outboard modules) was selected for a further study. In this analysis, the contribution of the 5
different components to the activation responses (decay heat and activity) was assessed.
Furthermore, the breeder module component was broken down in the different materials that

compose it: Eurofer, LiPb and He.

Figure 6.9 shows the total decay heat for the equatorial outboard module (#12) as well as the
contribution of the components. Contribution of the He in the breeder is not shown since its values

are several orders of magnitude lower than those corresponding to other components.

It is important to note that LiPb contribution is given again excluding the contribution of T.
Had it been considered, LiPb would have been the main contributor both at 1 second after
shutdown and from 1 year cooling. Without T considered, LiPb is the main contributor both at the
time of the shutdown and after 100 years of cooling time. At the remaining times listed, Eurofer
from the breeder module is the component with the highest values of decay heat. As it would be
expected, the BP is the component with the lowest contribution to decay heat in almost all the
considered times. As it can be seen some differences are detected between the caps and the FW, in

terms of time evolution. This is due to the effect of the spectrum in the production of radionuclides.
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Figure 6.9. Decay heat for equatorial outboard blanket module (#12): Total and contribution from W, FW,

caps, BP components and breeder module materials.
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Figure 6.10. Activity for equatorial outboard blanket module (#12): Total and contribution from W, FW, caps,

BP components and breeder module materials.

A similar figure (Figure 6.10) is given for the activity response. Contribution of He in the
breeder was again excluded, as it is negligible. LiPb contribution is also given excluding the T. If it
had been considered, LiPb would have been the main contributor at all the cooling times. However,
without T, LiPb is only the main contributor both at the time of the shutdown and at 100 and 300
years of cooling time. As it happened in the decay heat, in the remaining times listed, Eurofer from
the breeder module (coming from both stiffenings and inner collector) is the component with the
highest values. Finally, BP is the component with the lowest contribution to activity up to one year

and after 100 years. At intermediate times, W armour is the one with the lowest contribution.
2.3.4. Main radionuclides contributing to the decay heat in the blanket components

The main radionuclides contributing to decay heat were identified using the same single
complete equatorial outboard blanket module #12 as reference. Once again, results for the breeder
module component were separated into materials. Figure 6.11-Figure 6.16 represent the major

contributors in each of the components.

= W armour (Figure 6.11). ¥W (half-life 24 h) is dominant up to 3 days, when W (half-life
75.1 days) turns into the largest contributor until a year. At the end times, impurities
determine the critical radionuclides. So, at 10 years ®Co (half-life 1925.3 days) is the main
contributor. From 100 years, and until 300 years, 3°Ar (half-life 269 years) becomes the

most relevant isotope and, in the last period, **Nb (half-life 2.0-10* years) replaces it.
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Figure 6.11. Main radionuclides for decay heat in the W armour.

= FW (Figure 6.12). It can be seen that **Mn (half-life 2.6 h) is dominant up to 10 hours of
cooling time. After this time, >*Mn (half-life 312.1 days) is the main contributor until 1 year
after shutdown, when °Co (half-life 1925.3 days) replaces it as main contributor to decay
heat until 10 years. In the last period **Nb (2.0-10* years) is dominant.
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Figure 6.12. Main radionuclides for decay heat in the FW.
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= Caps (Figure 6.13). **Mn (half-life 2.6 h) is dominant up to 5 hours of cooling time. After
this time, W (half-life 24 h) is the main contributor until 10 hours after shutdown. Then,
182T3 (half-life 114.7 days) becomes the major radionuclide up to 6 months. Immediately
>Mn (half-life 312.1 days) replaces it until 1 year. °Co (half-life 1925.3 days) is the major
contributor at 10 years and **Nb (half-life 2.0-10* years) from then to 100 years.
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Figure 6.13. Main radionuclides for decay heat in the caps.

= Eurofer from the breeder (Figure 6.14). In this case **Mn (half-life 2.6 h) is the main

contributor to decay heat up to 5 hours of cooling. Then, *¥W (half-life 24 h) is dominant

until 10 hours when, *Ta (half-life 114.7 days) replaces it until one year. At 10 years of
cooling time ®Co (half-life 1925.3 days) is the major contributor. Finally, **Nb (half-life

2.0°10% years) is the main contributor from 100 years of cooling time.

= LiPb from the breeder? (Figure 6.15). In this case, **’"Pb (half-life 0.8 seconds) is the

major radionuclide at the time close to the shutdown (1 second). Immediately after, *Pb

(half-life 51.9 h) is the main contributor up to one week, when %'°Po (half-life 138.4 days) is
dominant (until 1 year). 2*Tl (half-life 3.8 years) replaces it as major radionuclide at 10
years while *Nb (half-life 2.0-10" years) is the main contributor up to 1000 years of cooling

time.

22 Note that T has not been taken into consideration.
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Figure 6.14. Main radionuclides for decay heat in the Eurofer breeder.

0% fm_n s Sa An fm fmsm e s ot ot

$ do O Q\k Qb‘ 5 DO P LS DS PSS

S NN S U~ SN NI NP NN RGN
SN RO R g N &«:‘ cha‘ QQ«B‘ qogd‘

LT T AT S
G A W0 A g o o g o S
2 4a- YONT A 97 o 2T g

q,» .\v Ibv /\ b r»» (,Jw qv
Cooling time (years)

MAG108M mAG110M
mNB 94 W Other

mW185
P0O210

® MN 56 m PB203
= PB207M mTL204

mPB20S
= BI208

SB125
= W187

Figure 6.15. Main radionuclides for decay heat in the LiPb breeder.

= BP (Figure 6.16). Dominant radionuclides are almost the same as in the case of the caps.

The only difference is found in regard to **Mn (half-life 2.6 h), which in this case is only

dominant until 3 hours, instead of 5 hours.
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Figure 6.16. Main radionuclides for decay heat in the BP.

2.3.5. Decay heat and activity in the manifold

Table 6.9 shows volumes for the two regions in which the manifold has been divided (inboard
and outboard), for the entire reactor (360°) and fluxes calculated for the two regions in which the

manifold has been divided (inboard and outboard).

Table 6.10-Table 6.11 display the evolution of the decay heat and activity responses for the
two regions, as well as for the whole manifold. For decay heat, total values are between 5.9-10°
and 1.2:10% kW up to 1 day; about 10 kW up to 1 year and finally, it drops to 2.8-10"* kW at 1000
years. In the case of activity, total value is 2.8:10'%-1.2:10' MBq up to 1 day; just over 2.7-10"
MBq at 1 year and then it drops to 3.8:10° MBq at 1000 years of cooling. As it can be seen the
inboard area shows, in the vast majority of the times, higher values than the outboard with the

only exception for the decay heat for 10 and 100 years of cooling times.

Regarding major radionuclides contributing to decay heat are: **Mn up to 5 hours (half-life 2.6
h), ¥Ta up to one year (half-life 114.7 days), ®°Co up to 100 years (half-life 1925.3 days) and **Nb
for larger cooling times (half-life 2.0-10* years).
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Table 6.9. Volume (cn7’) and total neutron flux for the manifold (10% n/cr?-s).

Manifold Volume Total neutron flux
Inboard 1.48:10° 29.8
Outboard 3.02:108 7.64

Total 4.51-10%

Table 6.10. Total decay heat from the manifold for the entire reactor (T excluded).

Time (years) Inboard (W) Outboard (W) Total (W) Total (kW)
3.17:10°® 3.51'10° 2.38:10° 5.88-10° 5.88°10?
9.51-10° 3.12:10° 2.15°10° 5.27°10° 5.27-10?
5.71:10° 2.79:10° 1.93:10° 4.72°10° 472107
1.14-10" 2.55'10° 1.77°:10° 4.31-10° 431107
3.42:10* 1.85:10° 1.29:10° 3.15°10° 3.15'10?
5.71-10" 1.4410° 1.0110° 2.45'10° 2.45-10?
1.14'10° 9.82:10° 6.94:10* 1.68:10° 1.68°10?
2.74:10° 7.32:10* 5.22:10* 1.25:10° 1.25:10?
8.21:107 5.63'10* 4.05'10* 9.67-10* 9.67-10!
1.92:10% 4,99-10* 3.61:10* 8.60-10* 8.60-10!
3.84:107 4.72-10* 3.43:10* 8.15-10* 8.15°10!
7.67-107 4.30-10* 3.14:10* 7.44:10* 7.44:10!
1.53-10! 3.58-10* 2.65°10* 6.24:10* 6.24'10!
5.01'10 1.67-10* 1.34-10 3.01-10* 3.01-10!
9.99-10" 6.29:10° 6.26'10° 1.26°10* 1.26:10*
9.99-10° 2.7910° 1.41-10° 1.69:10° 1.69-10°
9.99-10! 1.95:10 7.76°10° 7.96-10° 7.96'107
3.00°10? 1.8310 1.1410" 2.98'10 2.98'10™
9.99:10° 1.70-10% 1.06'10 2.76°10 2.76:10™
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Table 6.11. Total activity from the manifold for the entire reactor (T excluded).

Time (years) Inboard (Bq) Outboard (Bq) Total (Bq) Total (MBq)
3.17:10° 1.71-10%® 1.11-10% 2.81-10' 2.81-10"
9.51:10°® 1.53-10% 1.00-10® 2.53:108 2.53:10%
5.71:10° 1.43-10% 9.38-10" 2.36:10"® 2.36°10%
1.14-10* 1.36:10% 8.91-10Y 2.25'10' 2.25'10"
3.42:10° 1.16:10% 7.59:10" 1.92:10% 1.92:102
5.71'10% 1.04:10%® 6.77°10" 1.72:10% 1.72:102
1.1410° 8.90-10" 5.75'10Y 1.46:10% 1.46°102
2.74'10° 7.58-10Y 4.8510Y 1.24:10% 1.24-102
8.21:10° 6.11-107 3.85:10Y 9.96°10" 9.96-10"
1.92107 5.54:10 3.46'10Y 8.99-10Y 8.99-10"
3.84'10% 5.22:10Y 3.27:10Y 8.48-10Y 8.48-10"
7.67°10% 4.80-10Y 2.98:10Y 7.78:10Y 7.78-10%
1.53-10" 4.10-10Y 2.53:10Y 6.62:10" 6.62:10"
5.01-10 2.53:10Y 1.50-10Y 4,03-10Y 4,03-10"
9.99-10™ 1.73-107 9.82:10' 2.71-10Y 2.71-101
9.99-10° 1.54-10% 8.32:10% 2.37E°10% 2.37-10%
9.99-10* 3.20°10% 2.31-10% 5.51°10" 5.51-10°
3.00°10? 3.05°10" 1.60-10% 4.64:10" 4.64'10°
9.99-10? 2.55-10% 1.30-10% 3.85°10% 3.85'10°

3. Analysis on the 2015 DEMO DCLL model

This section is devoted to provide the description and results of the activation analysis
performed on the 2015 DEMO DCLL model. For this purpose, Section 3.1 describes the generation
and characteristics of the model. Section 3.2 is devoted both to describe the neutronic model used,
specifying materials as well as the irradiation scenario selected, and to explain the calculation

methodology followed. The last subsection (3.3) shows the achieved activation calculations.
3.1. Description of the 2015 DEMO DCLL model

As a continuation of the work carried out during 2014 for the development of a generic DEMO
model and the resultant particular models for each of the concepts, during 2015, a new generic

neutronic DEMO model was developed by (KIT) [20]. Table 6.12 summarizes some of the machine
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and plasma parameters that were used for the generation of the model. According to the fusion

power, the neutron source for the total reactor is now 7.323:10%° n/s.

Based on the new generic model, the corresponding models for the specific blanket concepts,
including DEMO were developed too [21]. In this frame, this Section 3 is intended to continue the
activation characterization of the DCLL breeder blanket, which was begun last year. Calculations
and analysis were performed to obtain the decay heat and activity both from the blanket modules
for the entire reactor and from each blanket module separately, as well as for the entire manifold.
Results are provided for a range of decay times of interest for maintenance activities, safety and
waste management assessments. In addition, nuclear heating is also provided, which was not

calculated for the former 2014 model.

It is important to remember that the previous model (used in the 2015 task) had 1572 MW
fusion power (5.581°10% n/s), with a plasma major radius of 9 m, minor radius of 2.25 m and an
elongation of 1.56 (see Section 2.1). These differences can be appreciated in Figure 6.17.
Furthermore, in the 2014 model the torus was divided into 16 sectors of 22.59, each having 3
outboard and 2 inboard blanket segments, although for neutronic purposes, an 11.25° half-sector

was used. In addition, each sector contained 15 blanket modules.

However, in the 2015 configuration the torus is divided into 18 sectors of 20°. However, as in
the previous model, every inboard sector can be divided into two segments (of 10°) and every
outboard into three; thus, the blanket is composed of 54 outboard and 36 inboard segments. The

total number of blanket modules per 10° sector is 16.

Table 6.12. DEMO parameters of the 2015 baseline configuration [14], [22].

Parameter Value
No of TF coils 18
Major radius (m) 9.072
Minor radius (m) 2.927
Aspect ratio 3.1
Plasma elongation 1.59
Plasma triangularity 0.33
Fusion power (MW) 2037
Average neutron wall loading (PROCESS code) 1.05
Net electric power 500

151 |



Chapter 6
Characterization of the DCLL DEMO model for safety and environment purposes

17500

20620

Baseline Design 2014: Blue
Baseline Design 2015: Red

Figure 6.17. 2014 vs. 2015 DEMO generic models [23].

Moreover, the current model is quasi-heterogenized (except for the equatorial OB module,
which is fully heterogenized) but even so, it is important to note that it already includes the FCI (in
the homogenized composition), which were not taken into account in the previous model from
2014.
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Figure 6.18. FCI scheme [2].
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In this sense, FCI need to be made of composites or ceramic structures in order to ensure a
proper thermal and electrical insulation. In the last years, DCLL used to have FCI made of silicon
carbide (SiC). Nonetheless, in the 2015 design, a Eurofer — alumina (Al,Os) — Eurofer sandwich was
proposed for FCI (Figure 6.18). The main advantage from the former is that the cost is reduced
but, however, corrosion problems may appear, especially in those zones with high LiPb
temperatures. Hence, depending on its final design, corrosion barriers may also be considered.
However, since the velocity of the LiPb in the DCLL is high, low concentration of T is predicted and

therefore, T permeation to He is not expected so barriers could not be necessary [2], [24].

Regarding the blanket description, each of the blanket modules considered in the model has a
similar structure but with different dimensions. Each of them contains the following components
(Figure 6.19): armour (coating of the first wall), FW, lateral walls, stiffenings, breeder zone general

(which corresponds to the LiPb, FCI and Eurofer) and BP. The material compositions for each of the

| Lateral walls

Breeder zone general Back Plate

components are displayed in Table 6.13.

|

First Wall

Stiffening

Figure 6.19. Components of the blanket modules in the 2015 DEMO DCLL neutronic model.
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Table 6.13. Material composition for the components of the blanket modules in the DCLL neutronic model.

Composition (% vol.)

Component Eurofer He LiPb w Al,O;
FW coating/armour 100
FW
FW 70.5 29.5
Stiffenings 100
Breeder zone
Breeder zone general 10.9 1.5 87.4 0.2
Lateral walls 100
Walls
BP 88.5 11.5

3.2. Computational assumptions and methodology for decay heat and activity

calculations

This section is devoted to describe the computational model (3.2.1), the irradiation scenario
(3.2.2), and the methodology followed for the calculations, including computational assumptions

and material compositions (3.2.3).
3.2.1. Computational model: blanket description

An MCNP model of the fusion power demonstration reactor with DCLL blanket modules was
used for the activation calculations. As it was previously mentioned, the MCNP model consists of a
DCLL torus sector of 10°. Blanket modules in the model are numbered clockwise from 1 to 16
(Figure 6.20), starting from the one close to the divertor following the inboard (1-8) and then

downwards along the outboard (9-16).

The torus sector of 10° includes one complete module for those numbered 1-8 and one and a
half modules for those named 9-16. Therefore, the complete model consists of 288 inboard

modules and 432 outboard modules, giving rise to a total number of 720 modules.

| 154



Chapter 6
Characterization of the DCLL DEMO model for safety and environment purposes

Figure 6.20. MCNP plot of DCLL DEMO blanket model (vertical cut).
3.2.2. Irradiation scenario and cooling times of interest

The assumed irradiation scenario for the activation calculations is the same as for the 2014
DEMO DCLL model, i.e. continuous operation over 5.2 years (CY) minus 10 days at 30% of the
nominal fusion power followed by 10 days pulsed operation with 48 pulses of 4 hours at full power
and 1 hour dwell time in between (see Figure 6.6). However, aside from the considered cooling
times in the mentioned model, for the 2015 two more are taken into account, namely, 0 s (i.e.

shutdown) and 50 years.
3.2.3. Calculation methodology

The calculation methodology is basically the same as the exposed in Section 2.2.3. The only
difference is that the structure of the blanket modules is divided into six components (instead of
five), according to Figure 6.21: W armour, FW, top and bottom walls (separated from the FW),
lateral walls, breeder module (the whole interior of the blanket module; i.e. breeder zone and
stiffenings) and BP. Hence, the average representative material defined from the volume fractions

of the materials is quite different too and for these calculations corresponds to Table 6.14.

The manifold was divided into two cells, as in the 2014 model: one corresponding to the
inboard (behind the inboard modules 1-8) and the second one corresponding to the outboard
(behind the outboard modules 9-16).
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Figure 6.21. Components used in the activation calculations for each of the blanket modules.

Table 6.14. Material composition for activated components.

Composition (% vol.)

Component Eurofer He LiPb w AlLO;
FW coating/armour 100
FW 70.50 29.50
Top and bottom walls 70.50 29.50
Lateral walls 100
Breeder module 13.31 1.46 85.04 0.19
BP 88.50 11.5
Manifold Inboard 49.63 9.49 40.88
Manifold Outboard 52.72 4.86 42.43

The material elemental compositions used to perform activation calculations are the same as
those used to carry out the calculations on the 2014 DEMO DCLL model (see Table 6.4), which
means that impurities are considered for W, LiPb and Eurofer. Note that, once again, there is a °Li

enrichment of 90% in the LiPb. However, the Al,O5; was considered pure.
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Libraries and codes used were exactly the same as those mentioned in Section 2.2.3 (libraries:
JEFF-3.1.1, FENDL-3.0 and FENDL-2.1 for transport simulations and EAF-2007 for activation; codes:
MCNP5 for transport and ACAB for activation), according to the recommendations provided in the
“Guidelines for Neutronic Analyses” [14]. Also, the DEMO neutron source used was again
represented in a FORTRAN source routine that is compiled with the MCNP code and the model was

run, as in the 2014 model, for 10° source neutrons.

In the same way, the contribution of the halves modules for the outboard was estimated
multiplying the values obtained for the complete ones by 0.5. Finally, in this case, for obtaining the
response functions results in all the blanket modules and manifold for the entire reactor (360°),

results for the 10° torus sector are multiplied by 36.

Finally, it is worth to underline that for the additional calculations on the equatorial outboard
module #13 (Sections 3.3.3, 3.3.4 and 3.3.5), materials of the breeder module (i.e. Eurofer, LiPb,

Al,03 and He) were considered separately.
3.3. Activation results and analysis

The results of this work are presented in six sections. The first five collect the results related

with the blanket modules and the last one to those for the manifold.

The first one shows the computed volumes and neutron fluxes over the blanket components
that will be used for the activation calculations (section 3.3.1). The second one (section 3.3.2)
displays the results of decay heat and activity in the blanket modules. The third one (section 3.3.3)
is devoted to provide component contribution to the decay heat and activity in the equatorial
outboard module (#13) while Section 3.3.4 identifies major radionuclides contributing to decay
heat in each of the components of the blanket module. Section 3.3.5 provides the radial decay heat
profile across the blanket for different components, hamely breeder module, top and bottom walls
and lateral walls. The last section (3.3.6) presents the decay heat and activity results for the

manifold.

Regarding the irradiation of LiPb, a complete irradiation during the entire operation phase has
been considered. The fact is that the LiPb is exposed to a lower flux and thus, lower results are
expected, since it is moving in and out of the blankets. The assumption of the remaining
LiPb inside the blankets during the full reactor operation is not a very realistic estimation and,
therefore, the obtained results are conservative but, however it is reasonable considering the

current state of DEMO design.
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Moreover, it is important to underline that, as in the case of results coming from the 2014
model, hereafter T coming from the activation of LiPb was removed from all the results, since it will
be extracted from the breeder material throughout the blankets life time. Note that LiPb is present,

aside from the breeder module, in the FW, top and bottom wall and BP, as well as in the manifold.
3.3.1. Volumes and neutron fluxes over the blanket components

Table 6.15 summarizes the volumes over all the blankets modules in the reactor (360°),
separated into the different components. In all the component volumes, the statistical error for the

volume sampling is lower than 0.3%.

Neutron fluxes computed for all the 6 component of the 16 different blanket modules are
shown in Table 6.16. The statistical error of calculation in the vast majority of the energy groups is

lower than 1%.

Table 6.15. Volumes for the components in the blanket modules for the entire reactor (cn?’).

# Blanket Top and Breeder
w FW Lateral walls BP Total

Modules bottom walls module
1 1.55°10° 1.93-10° 8.15-10° 1.81-10° 2.99-107 3.43-10° 3.80°107
2 1.46°10° 1.83-10° 7.36°10° 1.80-10° 2.73:107 3.21-10° 3.50°107
3 1.46°10° 1.82°10° 7.24°10° 1.74'10° 2.65°107 3.03:10° 3.40°107
4 1.46°10° 1.82°10° 7.25°10° 1.74'10° 2.65°107 1.96:10° 3.29:107
5 8.05'10* 1.01-10° 7.55-10° 1.03-10° 1.56°107 1.96°10° 2.04:107
6 7.56'10* 9.44:10° 8.26°10° 9.65°10° 1.52:107 1.68-10° 1.97°107
7 1.00°10° 1.26°10° 9.72°10° 1.27-10° 2.27°107 2.92:10° 2.93-107
8 1.29-10° 1.62-10° 1.23-10° 1.46-10° 3.12:107 3.16°10° 3.88:107
9 8.65'10* 1.09-10° 1.50-10° 2.30°10° 2.72:107 2.67°10° 3.48:107
10 1.86:10° 2.33-10° 1.83-10° 3.77:10° 5.57:107 4.97-10° 6.88:107
11 2.25'10° 2.83:10° 2.17-10° 3.86°10° 6.85°107 6.07-10° 8.37:107
12 2.48:10° 3.11-10° 2.40-10° 3.87:10° 7.61:107 6.70°10° 9.24:107
13 3.3610° 4.21-10° 2.51-10° 5.15:10° 1.05-108 9.24:10° 1.26:108
14 3.16°10° 3.96°10° 2.34:10° 5.09:10° 9.72:107 8.52:10° 1.17-108
15 2.69:10° 3.36:10° 1.96-10° 4.92-10° 7.91-107 6.80-10° 9.64:10’
16 2.12:10° 2.66°10° 1.55-10° 4.82'10° 6.07:10’ 5.2410° 7.52:107

Total (cm?) 3.35'10° 41910’ 2.64°107 5.15:107 8.62'10° 8.22:10’ 9.43'10°

Total (m?) 3.35'10° 4.19:10! 2.64°10! 5.15-10* 8.62'10% 8.22:10! 9.43'10%
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Table 6.16. Total average neutron fluxes over the different components (10" n/cn? 's).

# Blanket Module w FW Top and bottom walls Lateral walls Breeder module BP
1 9.59 9.63 5.60 6.25 6.33 2.49
2 9.91 9.89 6.52 6.59 6.68 2.74
3 10.64 10.75 7.52 7.57 7.70 3.31
4 10.66 10.75 7.46 7.50 7.63 3.27
5 10.26 10.21 6.65 6.70 6.76 2.78
6 10.19 10.16 6.14 6.43 6.53 2.40
7 10.28 10.27 6.04 6.43 6.57 2.52
8 10.38 10.42 5.68 6.24 6.46 2.16
9 10.47 10.49 5.50 5.15 5.64 1.47
10 10.63 10.69 5.57 5.35 5.99 1.55
11 10.81 10.91 5.86 5.50 6.25 1.65
12 10.96 11.10 6.07 5.63 6.47 1.73
13 11.08 11.26 6.01 5.73 6.61 1.77
14 11.07 11.26 6.09 5.81 6.65 1.78
15 10.69 10.88 6.09 5.65 6.38 1.70
16 9.75 9.80 5.08 4.82 5.32 1.33

3.3.2. Decay heat, activity and nuclear heating in the blanket modules for the entire

reactor

This section summarizes the decay heat, activity and nuclear heating results for all the blanket
modules and the entire reactor. Results for the decay heat and the activity do not include T
produced by the activation of the LiPb in the breeder module since it is assumed to be continuously

drained.
2.3.2.1. Decay heat in the blanket modules for the entire reactor

Table 6.17 shows the decay heat (W) in the blanket modules for the entire reactor (360°). As
it can be seen, total decay heat is 47.9 — 14.7 MW up to 1 hour; around 1 MW at 2 months and
around 0.3 MW up to ~ 1 year; then it drops to 7 W at 100 years and it finally reaches 4.6 W after
1000 years of cooling.

Module #13 (equatorial outboard) shows highest values (in W) which are around 6 times

higher than those of the module with the lowest values (#6). However, analyzing volumetric values
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(W/cc), modules #3 and #4 are those with highest values of decay heat (module #13 is about

76% of module #3 and #4 in specific values).

Table 6.18 shows activity results in the blanket modules for the entire reactor (360°). As it is
shown, total activity is between 2.4:10'* and 1.7-10'* MBq up to 1 year; 5.1:10® MBq at 50 years
and then it drops until 10" at 1000 years.

On the other hand, as in the case of the decay heat, module #13 (equatorial outboard) shows
highest values (in Bq) which are around 6.5 times higher than those of the module with the lowest
values (#6). Once again, analyzing volumetric values (Bg/cc), it is found that modules #3 and #4
are those with highest values of activity (module #13 is about 70% of module #3 and #4 in

specific values).
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Table 6.17. Total decay heat (W) from the blanket for the entire reactor separated into the individual blanket modules (excluding T from activated LiPb).

Time Blanket module (360°) Total Total

(years) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 (w) (MW)

0.00-10°  1.68:10° 1.78:10° 2.39:10° 2.31-10°  1.02:10° 9.59-10°  1.22:10°  1.89:10° 1.45-10° 3.13'10° 4.10°10° 4.83-10° 6.86:'10° 6.44'10° 4.94-10° 2.86'10°  4.79:107 4.79:10*
3.17°10%  1.16°10°  1.22'10°  1.58'10° 1.53-10° 7.07°'10° 6.58'10° 8.15°10° 1.26'10° 9.84'10°  2.08'10° 2.69'10°  3.14'10° 4.42:10° 4.16'10° 3.24'10° 1.96'10°  3.16'10’ 3.16°10
9.51:10°  7.03'10° 7.34'10° 8.90'10° 8.71-10° 4.32:10° 4.00°10° 4.71-10° 7.17°10° 5.90°10° 1.19-10° 1.50-10°  1.72:10° 2.38-10° 2.26:10°  1.81-10° 1.19-10°  1.79-107 1.79-10!
5.71-10°  6.35'10°  6.62°10°  7.99'10° 7.82:'10° 3.90°10° 3.61°10° 4.29'10° 6.46'10° 5.31°10° 1.07°10° 1.35'10° 1.54'10° 2.14'10° 2.02-10° 1.63:10° 1.07°10°  1.61'10’ 1.61-10*
1.14'10%  5.82'10° 6.06'10° 7.27°10° 7.12'10° 3.57°10° 3.3010° 3.96'10° 5.90°10° 4.85:10° 9.80°10° 1.23'10°  1.40°10° 1.94'10° 1.84'10° 1.48'10° 9.8010°  1.46°10’ 1.46'10*
3.42:10%  4.30°10° 4.43°10° 5.21°10° 5.12°10° 2.61°10° 2.42'10° 3.00°10° 4.29'10° 3.51'10° 7.09'10° 8.84'10° 1.01°10° 1.39-10° 1.31'10° 1.06'10° 7.16°10°  1.06'10’ 1.06°10!
57110%  3.38'10° 3.45-10° 3.97°10° 3.91°10° 2.03'10° 1.89:10° 2.42-10° 3.32°10° 2.71'10° 5.46'10° 6.78:10° 7.68:'10° 1.06'10° 9.99:10°  8.14:10° 5.57°10°  8.13-10° 8.13:10°
1.14'10%  2.31°10°  2.32°10°  2.58-10° 2.55°10° 1.37°10°  1.28'10°  1.73'10° 2.21-10° 1.80°10° 3.61°10° 4.44'10° 4.99'10° 6.82°10° 6.4510° 5.31'10° 3.75:10°  5.35'10° 5.35'10°
2.74'10°  1.58'10° 1.58'10° 1.72'10° 1.71°10° 9.30°104 8.69'10* 1.21°10° 1.5010° 1.22'10° 2.44'10° 2.99:10° 3.35:10° 4.57'10° 4.32'10° 3.57°10° 2.55°10°  3.61'10° 3.61°10°
8.21-10%  9.22:10* 9.31-10* 1.04'10° 1.03'10° 5.53-10* 5.14'10° 7.07-10* 8.95'10° 7.45:10* 1.4810° 1.82'10° 2.05°10° 2.81'10° 2.66°10°  2.18'10°  1.53:10°  2.19'10° 2.19:10°
1.92:102  6.89'10° 7.0010*  7.93'10* 7.83-10* 4.1910* 3.87°10° 5.29'10* 6.77°10* 57410 1.13:10° 1.40°10° 1.58'10° 2.16'10° 2.04'10° 1.67°10° 1.16°10°  1.67°10° 1.67:10°
3.84'10% 6.30°10*  6.40-10* 7.25'10* 7.16-10* 3.83:10* 3.55:10* 4.83-10* 6.19-10* 5.28:10* 1.04-10° 1.28:10° 1.44'10° 1.98'10° 1.87°10° 1.53'10° 1.0610°  1.53-10° 1.53-10°
7.67:10% 5.73-10* 5.82-10* 6.61°10* 6.52:10° 3.49-10* 3.23:10* 4.38'10° 5.64'10* 4.82:10* 9.4610* 1.17-10° 1.32°10° 1.80-10° 1.71-10° 1.39:10° 9.69-10°  1.39-10° 1.39:10°
1.53:107  4.84'10* 4.9410* 5.63:10° 5.55'10* 2.9610° 2.73:10* 3.68'10° 4.78:10* 4.09'10* 8.04'10* 9.92:10° 1.12°10° 1.54'10° 1.45'10° 1.19°10° 8.21°10°  1.18:10° 1.18-10°
5.01-10"  2.48-10* 2.56'10* 3.00°10*  2.95-10*  1.53:10* 1.41-10° 1.82-10* 2.50-10* 2.13-10° 4.21-10* 5.23'10* 5.93-10° 8.17:10* 7.74'10* 6.27°10° 4.24'10*  6.22:10° 6.22:10™
9.99'10%  1.14:10* 1.20°10* 1.47-10* 1.44'10* 7.16'10° 6.60°10°  7.92°10° 1.18:10*  1.00°10*  2.00°10* 2.51-10* 2.87'10* 3.97°10° 3.77-10*  3.02'10* 1.9710*  2.97-10° 29710
9.99:10°  3.96'10*> 3.98'10° 4.35°10° 4.31'10*> 2.44'10° 2.28'10° 3.33'10*> 3.92'10> 3.55'10° 6.77'10° 8.25'10> 9.20'10*> 1.25'10° 1.18'10° 9.77°10* 6.97°10° 9.74'10° 9.74'10°3
5.00-10'  2.07°10°  2.04-10°  2.12:10° 2.1610° 1.26'10°  1.18:10° 1.80-10°  2.03:10°  1.84'10° 3.50-10° 4.25:10° 4.72:10° 6.39-10° 6.02:10° 5.01-10° 3.63:10°  5.00-10' 5.00-10°
9.99'10'  2.64'10"  2.60°10% 2.63'10" 2.90°107 1.54'107" 1.44-10" 2.06'10% 2.74'10" 2.22:107 4.60'10% 5.81-10" 6.63'107 9.22°107 8.63'10" 6.86'107 4.56°10"  6.71-10° 6.71:10°°
3.00'10°  2.24-10%  2.18-10" 2.16:10% 2.39-10% 1.30:10" 1.21-10% 17610 2.29'10" 1.88-10% 3.86:10"' 4.84'10" 5.49-10% 7.61-10" 7.13:10% 5.70-10' 3.86'10"  5.59-10° 5.59-10°¢
9.99'10> 1.88-10" 1.82'10% 1.76°10" 1.97-10" 1.09°107  1.02:10" 1.48'10% 1.90°10" 1.57-107 3.20°10% 4.00°10" 4.52:107 6.24'107 5.84'10" 4.70°10% 3.23'10"  4.62'10° 4.62:10°
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Table 6.18. Total activity (Bq) from the blanket for the entire reactor separated into the individual blanket modules (excluding T from activated LiPb).

Time Blanket module (360°) Total Total
(years) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 (Bq) (MBq)
0.00:10° 87010 9.17°10®  1.19°10® 1.1510" 5.27'10%® 4.84'10'® 6.71°10"® 9.43'10® 71710  1.54'10"° 2.01-10"  2.3510" 3.32'10° 3.12:10"° 2.42:10"° 1.4510°  2.37'10% 2.37°10%
3.17:10%  6.65°10% 6.97°10'® 8.73:10"®* 8.50'10® 4.03:10"® 3.67°10"® 4.98'10® 6.9510® 537°10%® 1.1410Y 1.46'10° 1.69°10®° 2.37:10° 2.24'10 1.76'10®° 1.10'10*  1.73-10% 1.73-10%
9.51:10°  4.56'10%® 4.7410® 5.66'10'® 5.55°10"® 2.76:10%® 2.49-10'® 3.28:10"® 4.56°10"® 3.63:10® 7.45:10® 9.37-10%®  1.7-10®°  1.49-10 1.41-10"° 1.13-10®° 7.49-10®  1.12-10%® 1.12-10%
571-10°  4.34'10"* 4.50'10® 53610 5.26°10" 2.62:10'° 23610 3.12:10"® 4.33'10'® 3.44-10"°* 7.07'10® 8.87°10'® 1.02:10* 1.41-10® 1.33-10" 1.07°10* 7.11°10'®  1.07-10% 1.07-10%
1.14'10%  4.18'10"® 4.34'10® 5.15'10® 5.06:10"® 2.53-10"® 2.27-10"® 3.00'10® 4.16°10"® 3.30'10"® 6.79-10"® 8.53:10"® 9.75'10® 1.35°10“ 1.28:10® 1.03'10° 6.84'10®  1.02'10% 1.02-10%
3.42:10%  3.72'10**  3.85'10® 4.55°10'®  4.47-10" 2.24'10® 2.0110'* 2.66°10® 3.68:10' 2.91-10" 5.98'10® 7.5010'* 8.57-10" 1.19°10® 1.12:10" 9.06'10"  6.05:10'®  9.03'10% 9.03-10%
5.71:10*%  3.41°10'® 3.53'10® 4.16'10"® 4.09'10"® 2.05'10® 1.83'10" 2.44'10"® 3.37°10"® 2.65-10"® 5.47'10"® 6.85°10'® 7.82:10"® 1.08'10® 1.02:'10" 8.28'10"® 5.54'10"®  8.26°10% 8.26:10"
1.14'10°  3.00°10"® 3.10'10® 3.66'10"® 3.60°10"® 1.80-10"® 1.60-10® 2.13:10® 2.95'10"® 2.32:10"® 4.78'10"® 6.00'10"® 6.85'10® 9.48:10'® 8.97°10® 7.25'10"® 4.85:10"®  7.24'10% 7.24:10°
2.74'10%  2.54'10"*  2.64'10®  3.15°10'®  3.09-10"  1.53-10'® 1.35-10'° 1.80-10% 2.51°10' 1.97-10" 4.08'10® 5.13-10'® 5.87-10" 8.15°10"® 7.71-10'® 6.21°10"® 4.12:10"  6.18'10% 6.18:10"
8.21-10%  1.95'10'®  2.06°10"® 2.53-10"® 2.47-10"® 1.19'10"® 1.03°10"® 1.37°10"® 1.96°10"® 1.54-10"® 3.20'10"® 4.05°10"® 4.67°10"® 6.52:10"® 6.17'10"® 4.93:10"® 3.19'10"®  4.88-10%° 4.88:10"
1.92'102  1.69:10®  1.80-10'  2.24-10%®  2.18'10'®  1.05°10" 8.90°10Y  1.18:10' 1.72-10® 1.35:10" 2.81-10"* 3.57'10® 4.12°10'® 5.76'10"® 5.46:10® 4.35:10'° 2.79'10%®  4.30-10%° 4.30-10%
3.84:102  1.59-10®  1.69:10"® 2.11-10"® 2.06:10® 9.81-10Y 8.31-10 1.10-10® 1.61-10® 1.27:10"® 2.64'10"® 3.36:10'® 3.88:10"® 5.42:10"® 5.14-10" 4.09:10"® 2.62:10®  4.04-10“ 4.04-108
7.67°102  1.46:10"® 1.56'10'® 1.96'10'°* 1.91-10® 9.07'10Y 7.63:107 1.01°10® 1.49-10'® 1.18'10"® 2.45-10® 3.11-10"® 3.60°10"® 5.04'10'® 4.78'10"° 3.80°10® 2.42:10'®  3.75:10Y 3.75:10°
1.53-10%  1.28:10"® 1.38-10"® 1.74-10® 1.69:10"® 7.99-10 6.64:10Y  8.82:107  1.32°10"® 1.04-10'® 2.17:10'® 2.76°10"® 3.20-10® 4.48:10'® 4.25-10"® 3.37-10"® 2.13:10"®  3.32-10% 3.32-108
5.01°10%  8.54:107 9.34'10Y  1.22'10"* 1.18'10® 5.42:10Y 4.31°10Y 57510 9.07:10Y  7.27°10Y 1.51-10*  1.93-10"® 2.25:10%® 3.17°10® 3.01'10"® 2.37°10® 1.45:10'®  2.31-10Y 2.31°108
9.99-10%  6.22:107  6.88-10Y  9.21:10Y 8.90°10"  4.00-10Y  3.03:10Y  4.09-10Y  6.75:107 5.45-10Y  1.13:10"® 1.46-10%® 1.71-10® 2.40-10"® 2.28:10"® 1.79-10® 1.07-10®  1.73-10% 1.73-10%
9.99-10°  5.5410 6.15-10'® 8.31°10' 8.02-10'® 3.58-10' 2.70:10'°® 3.65°10  6.07-10 4.92:10' 1.02:10Y  1.32:10Y  1.54'10Y 2.18:10Y7 2.07-10Y 1.62:10Y 9.64'10®  1.56-10" 1.56:10%
5.00-10'  1.99°10®  2.03-10® 2.42-10® 2.38'10° 1.20°10“® 9.13'102 1.24'10® 2.0810" 1.71-10® 3.49:10® 4.39:10® 5.02:10® 7.36'10® 6.58'10" 5.23:10® 3.38'10®  5.14-10" 5.14-108
9.99-10'  7.37-10%  7.40-10" 8.79:10 8.64'10 4.36:10" 3.31°10* 4.50-10" 7.78:10% 6.20°10 1.29:10" 1.6510Y® 1.89-10® 2.66°10" 2.48-10° 1.95-10® 1.25:10®  1.90-10" 1.90-108
3.00°10>  4.52'10?  4.52:10% 5.2510' 5.18'10 2.68'102 2.49'10? 3.47°10% 4.68-10% 3.78'10? 7.77-10% 9.80'10 1.12:10* 1.55°10" 1.46'10" 1.16'10"* 7.57°10%  1.15-10% 1.15:10°
9.99:10>  3.57°10% 3.57°10% 4.13°10* 4.08'10" 2.13-10 1.97°10“% 2.73'10" 3.67°102 2.99-10 6.09'10 7.66'10" 8.71-10"% 1.21°10® 1.14-10® 9.07°10" 5.94'10"  8.98:10" 8.98:107
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2.3.2.2. Nuclear heating in the blanket modules for the entire reactor

Nuclear heating due to neutrons, for the different components of the blanket and the total
is shown in Table 6.19, whereas Table 6.20 collects analogous results, but due to photons.
Table 6.21 summarizes the total nuclear heating, taking into account both contributions. One

can see that the contribution of photons is higher than the corresponding to neutrons.

As it can be seen, module #13 is the one with the highest values, which are around 6.5
times higher than those of the module with the lowest values (#6). With regard to volumetric
values, values for module #13 are about 78% of those for modules #3 and #4, which are those

with the highest values.

Table 6.19. Nuclear heating due to neutrons for the different components in the blanket modules for the

entire reactor (W).
# Blanket Top and Lateral Breeder Total Total
Modules w FW bottom walls walls module BP W) (MwW)
1 6.60°10" 2.22:10° 1.96:10° 6.06'10° 1.24'107  9.27'10° 1.64107 1.64:10!
2 7.21-10* 2.46°10° 2.36'10° 6.68'10° 1.21°107  9.46°'10° 1.64107 1.64:10!
3 8.83-10* 3.19-10° 3.10°10° 8.9510° 1.39:10°  1.06:10° 1.94107 1.94-10!
4 8.64:10" 3.10-10° 3.02:10° 8.67°10° 1.37°10°  6.81'10° 1.88:107 1.88:10!
5 4.09-10* 1.38:10° 2.47-10° 3.80°10° 6.97-10° 5.89:10° 9.61-10°  9.61-'10°
6 3.65-10" 1.24:10° 2.36°10° 3.45'10° 6.61-10°  4.38:10° 8.90-10°  8.90-10°
7 4.83-10" 1.67-10° 2.94:10° 4.66°10° 9.90-10°  7.92:10° 1.32:107 1.32:10!
8 6.33-10" 2.25-10° 3.83:10° 5.38'10° 134107 7.41°10° 1.74'107 1.7410!
9 4.31-10* 1.57-10° 4.66°10° 6.89'10° 1.04'107  4.43'10° 1.36:107 1.36°10!
10 9.69:10° 3.57°10° 5.20°10° 1.25'10° 2.26°10  8.58'10° 2.89:10  2.89-10*
11 1.24:10° 4.65°10° 6.65°10° 1.38:10° 2.92:107 1.11-10° 3.71:107 3.71-10
12 1.44:10° 5.48:10° 7.88:10° 1.46°10° 3.35107 1.27:10° 4.27°107 4.27°10!
13 2.04:10° 7.82:10° 8.32:10° 2.02:10° 4.74:107 1.79:10° 6.00°10’ 6.00-10!
14 1.93:10° 7.44:10° 7.84:10° 2.01-10° 4.42-107 1.66°10° 5.62:10’ 5.62:10!
15 1.52:10° 5.80°10° 6.21°10° 1.80-10° 3.43:107 1.27:10° 4.40°107 4.40-10*
16 9.65°10* 3.50°10° 3.76:10° 1.29:10° 2.18'10°  7.93-10° 2.78:10’ 2.78:10!
Total (W) 1.56°10°  5.74°10’ 7.25-10° 1.67°107  3.32°10%8  1.54'107  4.3110°  4.31'10?
Total (MW) 1.56:10° 5.74:10* 7.25:10° 1.67°10! 3.32:10°  1.54°10! 4.31°10° -
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Table 6.20. Nuclear heating due to photons for the different components in the blanket modules for the

entire reactor (W).

# Blanket = Top and Lateral Breeder oS Total Total

Modules bottom walls walls module w) (MW)
1 3.29:10° 7.37°10° 1.06-10° 2.92:10° 2.95°107 1.07-10° 4.52:10"  4.52:10*
2 3.29:10° 7.60°10° 9.49-10° 3.13-10° 2.96°107 1.07-10° 45710  4.57'10*
3 3.72:10° 9.11'10° 1.18-10° 3.89-10° 3.80°107 1.22:10° 5.71-10’ 5.71-10!
4 3.69:10°  8.93-10° 1.15-10° 3.80°10°  3.69-10’ 7.78'10°  5.53'10  5.53'10*
5 1.87:10° 4.31'10° 9.89-10° 1.81:10° 1.70-107 6.6410° 2.66°107 2.66°10!
6 1.75-10° 3.97-10° 9.56°10° 1.64:10° 1.60-107 4.87'10° 2.48:107 2.48:10!
7 2.3710°  5.40°'10° 1.14°10° 2.19'10°  2.40°10  8.89'10° 3.60°10  3.60°10!
8 3.13'10° 7.21'10° 1.45-10° 2.50'10° 3.27°107 8.23'10° 4.78'107  4.78'10*
9 2.15'10° 5.03'10° 1.77:10° 3.28'10° 2.44°107 4.90'10° 3.71:107 3.71-10!
10 4.74+10° 1.12:107 2.05-10° 5.80'10° 5.35'107 9.19'10° 7.82:107 7.82:10!
11 5.94:10° 1.42:107 2.60°10° 6.29'10° 7.00°107 1.18:10° 1.00°108 1.00°10%
12 6.74'10° 1.63:107 3.01-10° 6.57'10° 8.17:107 1.3510° 1.16°108 1.16°10%
13 9.31'10° 2.28:107 3.16°10° 9.01'10° 1.16°108 1.90°10° 1.62:108 1.62:10%
14 8.73'10° 2.15'107 3.00:10° 8.99-10° 1.09-108 1.76°10° 1.53-108 1.53-10%
15 7.01-10° 1.71-107 2.44:10° 8.18'10° 8.30°107 1.3510° 1.19-108 1.19:10%
16 4.82:10° 1.12:107 1.84-10° 6.35°10° 4.92-107 8.69'10° 7.42:107 7.42:10*

Total (W) 7.2510’ 1.73:108 2.88-10’ 7.64:107 8.10-108 1.68:107 1.18:10° 1.18-10°

Total (MW) 7.25:10! 1.73:10% 2.88-10! 7.64:10! 8.10-10? 1.68-10! 1.18:10° -
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Table 6.21. Nuclear heating for the different components in the blanket modules for the entire reactor

w).
# Blanket Top and Lateral Breeder Total Total
w FW BP
Modules bottom walls walls module W) (Mw)
1 3.35'10°  9.59-10° 1.25°10° 3.53-10° 4.19:107 2.00'10° 6.16°10"  6.16°10*
2 3.36'10°  1.01°107 1.19:10° 3.80°10° 417107 2.01'10° 6.21°10"  6.21°10*
3 3.81-10°  1.23-107 1.49:10° 4.79:10° 5.19'107 2.28'10° 7.66°10"  7.66°10*
4 3.7710°  1.20:10 1.45-10° 4.67°10°  5.06'10"  1.46'10° 7.40°10"  7.40°10'
5 1.91°10° 5.69'10° 1.24°10° 2.19-10° 2.39'107 1.25:10° 3.62'10 3.62°10!
6 1.78:10°  5.21'10° 1.19:10° 1.99-10° 2.26'107 9.25°10° 3.37°10" 3.37°10!
7 2.41-10° 7.08:10° 1.44°10° 2.65°10° 3.39'107 1.68:10° 4.92:'10 4.92°10!
8 3.20°110°  9.46'10° 1.83-10° 3.04:10° 4.61'107 1.5610° 6.52:10"  6.52:10!
9 2.19:10°  6.60°10° 2.24:10° 3.97:10° 3.48:10’ 9.33:10° 5.07°10’ 5.07-10*
10 4.84'10° 1.47-107 2.57°10° 7.05:10° 7.61:107 1.78:10° 1.07°10%  1.07-10°
11 6.06:10°  1.88-107 3.26:10° 7.66°10° 9.91:107 2.29:10°  1.37-10°  1.37°10°
12 6.88:10°  2.18'107 3.80°10° 8.03-10° 1.15-108 2.62:10° 1.58-10° 1.58-10°
13 9.51°10°  3.06°107 3.99:10° 1.10-107 1.64:108 3.69:10°  2.22:10°  2.22°10?
14 8.92:10°  2.90-107 3.79:10° 1.10-107 1.53:108 3.43°10°  2.09-10°  2.09-10?
15 7.16°10°  2.29-107 3.06°10° 9.99:10° 1.17-108 2.62:10° 1.63:10° 1.63-10?
16 4.91-10° 1.47°10’ 2.21-10° 7.64:10° 7.09:107 1.66°10°  1.02:10° 1.02:10°
Total (W) 7.41-107  2.30°10° 3.60°107 9.30°107 1.1410° 3.22'107  1.61°10° 1.61-10°
Total (MW) 7.41-100  2.30°10° 3.60°10* 9.30-10* 1.1410° 3.22:'100  1.61°10° -

3.3.3. Contribution of the different components to decay heat, activity and nuclear

heating

A complete blanket module #13 in a torus sector of 10° (located in the equatorial zone of
the outboard and, therefore, where the blanket receives highest neutron fluxes of all outboard

modules; see Figure 6.20) was selected for a further study.

In this analysis, the contribution of the 6 different components to the activation responses
(decay heat and activity) is assessed. Furthermore, the breeder module component is broken

down in the different materials that compose it: Eurofer, LiPb, Al,Os, and He.

Figure 6.22 shows the total decay heat for the equatorial outboard module (#13) as well
as the contribution of the components (considering the breeder module separated into

materials). Contribution of the He in the breeder is not shown since its values are several orders
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of magnitude lower than those corresponding to other components. It is important to note that

LiPb contribution in all the components is given again excluding the contribution of T.

As it can be seen, LiPb is the main contributor both at the time of the shutdown and after
100 years of cooling time. At the remaining times listed, Eurofer from the breeder module is the
component with the highest values of decay heat. The Al,O; from the FCI is the component
with the lowest contribution to decay heat at all the considered times, followed by the BP. As it
can be seen some differences are detected between the values corresponding to both top and
bottom walls and the FW (which are the two components with the same composition). This is

due to the effect of the spectrum in the production of radionuclides.

A similar figure (Figure 6.23) is given for the activity response. Once again, contribution of
the He in the breeder is excluded as it is negligible. LiPb is only the main contributor both at the
time of the shutdown and from 50 years of cooling time. At the remaining times listed, Eurofer
from the breeder module and FW are the components with the highest values. Finally, as

happened with the decay heat, Al,Os is the material with the lowest contribution.

With regard to the nuclear heating, Figure 6.24 shows that the breeder module is the

component contributing most while the BP is the one with the lowest contribution.
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Figure 6.22. Decay heat for equatorial outboard blanket module (#13): Total and contribution from
components (W, FW, top and bottom walls, lateral walls and BP) and breeder module materials.
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Figure 6.23. Activity for equatorial outboard blanket module (#13): Total and contribution from

components (W, FW, top and bottom walls, lateral walls and BP) and breeder module materials.
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Figure 6.24. Contribution of the different components to the nuclear heating.

3.3.4. Main radionuclides contributing to the decay heat in the blanket components

The main radionuclides contributing to decay heat have been identified using the same
complete equatorial outboard blanket module #13 as a reference. As in the case of the previous
section, the breeder module component is divided into its materials. Figure 6.25 - Figure 6.32

shows the major contributors in each of the components.

= W armour (Figure 6.25). W (half-life 24 h) is dominant up to 3 days of cooling time
when W (half-life 75.1 days) turns into the largest contributor until a year. In the end
times, impurities determine the critical nuclides. So, at 10 years ®°Co (half-life 1925.3
days) is the main contributor. However, from 100 years and until 300 years *Ar (half-
life 269 years) becomes the most relevant isotope and in the last period, **Nb (half-life

2.03:10 years) develop into the most relevant isotope to decay heat.
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Figure 6.25. Main radionuclides for decay heat in the W armour.

= FW (Figure 6.26). It can be seen that **Mn (half-life 2.6 h) is dominant up to 10 hours
of cooling time. After this time, >*Mn (half-life 312.1 days) is the main contributor until
1 year after shutdown. Then, **Fe (half-life 2.7 years) replaces it as main contributor to
decay heat up to 1 year, At 10 years, ®Co (half-life 1925.3 days) is the radionuclide
contributing most to this response while, in the last period **Nb (2.0-10* years) is

dominant.
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Figure 6.26. Main radionuclides for decay heat in the FW.
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Top and bottom walls (Figure 6.27). **Mn (half-life 2.6 h) is dominant up to 5 hours of

cooling time. After this time, ¥’W (half-life 24 h) is the main contributor until 10 hours
after shutdown. Then, '®Ta (half-life 114.7 days) becomes the major radionuclide up to
6 months. Immediately >*Mn (half-life 312.1 days) replaces it until 1 year. ®°Co (half-life
1925.3 days) is the major contributor up to 50 years and *Nb (half-life 2.0-10* years)
from then to 100 years.
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Figure 6.27. Main radionuclides for decay heat in the top and bottom walls.

Lateral walls (Figure 6.28). **Mn (half-life 2.58 h) is dominant up to 5 hours of cooling
time. After this time, W (half-life 24 h) is the main contributor until 1 day after
shutdown. Then, '®?Ta (half-life 114.7 days) becomes the major radionuclide up to 6
months. At 1 year, >*Mn (half-life 312.1 days) replaces it. ®°Co (half-life 1925.3 days) is
the major contributor up to 50 years and **Nb (half-life 2.0-10* years) from then to 100

years.

Eurofer from the breeder (Figure 6.29). In this case, **Mn (half-life 2.6 h) is the main
contributor to decay heat up to 5 hours of cooling. At 10 hours, *¥’W (half-life 24 h) and

18213 (half-life 114.7 days) replace it, with practically the same contribution. Then, #*Ta
remains dominant up to 6 months. >*Mn (half-life 312.1 days) appears as the major
contributor at 1 year and, both at 10 and 50 years of cooling time ®Co (half-life 1925.3
days) is dominant. Finally, *Nb (half-life 2.0:10* years) is the main contributor from

100 years of cooling time.
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Figure 6.28. Main radionuclides for decay heat in the lateral walls.
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Figure 6.29. Main radionuclides for decay heat in the Eurofer from the breeder.

LiPb from the breeder (Figure 6.30). 2’™Pb (half-life 0.81 seconds) is the major

radionuclide at the time close to the shutdown (1 second). Immediately after, ***Pb
(half-life 51.9 h) is the main contributor up to one week, when ?°Po (half-life 138.4
days) is dominant (until 1 year). 2*TI (half-life 3.8 years) replaces it as major
radionuclide at 10 years while **Nb (half-life 2.0-10 years) is the main contributor up to

1000 years of cooling time.
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AlL,O5 from the FCI (Figure 6.31). At the shutdown (and at 1 second of cooling time),
2| (half-live 2.2 minutes) is dominant. Since then, **Na (half-life 15 h) becomes the
main contributor up to 1 week, when T (half-life 12.3 years) replaces it up to 50 years.
At the end timed (from 100 years) 2°Al (half-life 7.2-10° years) is the main contributor.
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Figure 6.30. Main radionuclides for decay heat in the LiPb from the breeder.
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Figure 6.31. Main radionuclides for decay heat in the Al,Os from the breeder.
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Figure 6.32. Main radionuclides for decay heat in the BP.

= BP (Figure 6.32). This case is similar to the top and bottom walls. Thus, *®Mn (half-life
2.6 h) is dominant up to 5 hours of cooling time, while W (half-life 24 h) is the main
contributor until 10 hours. Then, '®Ta (half-life 114.7 days) becomes the major
radionuclide up to 6 months, when >*Mn (half-life 312.1 days) replaces it until 1 year.
8Co (half-life 1925.3 days) is the major contributor up to 50 years and **Nb (half-life
2.0°10* years) from then to 100 years.

3.3.5. Radial profile across the blanket for decay heat and nuclear heating

responses

The aim of this section is to provide a radial decay heat profile across the blanket in order
to see if there is a significant difference when compared to the calculated homogenized value.
In other words, results of activation calculations using radial fluxes are compared to activation

results when using the volume averaged flux.

This radial assessment was performed for different components, namely: top and bottom
walls, lateral walls and breeder. For this purpose, components are radially split into ten equally
spaced slices. Figure 6.33 shows this division and the assigned number for each of the slices, in
the breeder case. For the other components (top and bottom walls, and lateral walls), the
division is made using the same planes (in fact, Figure 6.33 shows, aside from the breeder
division, the top and bottom one), resulting the same numbering for the slices: slice #1 is that

closest to the plasma and slice #10 the farthest.
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Figure 6.33. Breeder division into 10 slices.
2.3.2.3. Decay heat radial profile

The following figures show the decay heat evolution across the slices for the breeder
(Figure 6.34), top and bottom walls (Figure 6.35), and lateral walls (Figure 6.36) from the
module #13. These figures reveal that the importance of considering different slices, instead of
an only one, is more important at short times. In addition, the difference between the
shutdown decay heat value and the value at 1000 years is different for each of the slices, being

precisely conditioned by the difference of these values at short times.
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Figure 6.34. Decay heat radial for the different slices of the breeder from equatorial outboard module
(#13).
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Figure 6.35. Decay heat radial for the different slices of the top and bottom walls from equatorial outboard
module (#13).
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Figure 6.36. Decay heat radial for the different slices of the lateral walls from equatorial outboard module
(#13).

Regarding to the comparison with the decay heat obtained with a homogenized flux for the
whole volume (H) of the component, one can see that, for the breeder case, the H value is
located in the first half of the slices (between #1-#5, depending on the considered cooling
time), i.e. closer to the plasma than the average. For the top and bottom walls, the H value is
located, except at the shutdown, between the values corresponding to slices #7 and #8.

Finally, for the lateral walls, the H value is similar to those obtained for the #4 and #5 slices.

To be more specific, the differences between considering specific slices (where the decay

heat was calculated using the corresponding flux) or H, using the following formula:
Diff(%) = % -100 (6.1)

Where # is referred to a specific slice number. The following tables (Table 6.22 - Table
6.24) summarize these differences considering three values for #, namely: the closest to the

plasma (#1), an intermediate one (#5), and the farthest (#10).
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Table 6.22. Differences between considering slices or a whole volume, for the breeder module from

equatorial outboard module (#13).

Cooling time (years) % diff with # 1 % diff with # 5 % diff with # 10
0.00:10° 377.2% -54.9% -92.8%
3.17°10°® 343.1% -48.1% -88.2%
9.51°10°¢ 214.8% -22.7% -71.1%
5.71-10° 211.0% -22.0% -70.5%
1.1410* 206.9% -21.2% -70.0%
3.42:10* 189.4% -17.9% -67.9%
5.71-10* 171.8% -14.5% -65.7%
1.14:10° 136.7% -7.7% -61.2%
2.74'10° 116.5% -4.0% -58.4%
8.21°1073 118.4% -4.8% -58.4%
1.92:10° 104.0% -2.3% -56.4%
3.84:102 95.8% -0.9% -55.2%
7.67:102 97.5% -1.3% -55.4%
1.53-10* 104.3% -2.7% -56.4%
5.01-10" 140.1% -9.6% -61.4%
9.99-10* 192.0% -19.5% -68.9%
9.99-10° 61.1% 7.4% -50.0%
5.00-10* 47.5% 11.1% -48.0%
9.99-10! 121.5% -1.9% -58.7%
3.00°10° 81.5% 3.2% -55.5%
9.99:10? 61.2% 7.3% -53.0%
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Table 6.23. Differences between considering slices or a whole volume, for the top and bottom walls from

equatorial outboard module (#13).

Cooling time (years) % diff with # 1 % diff with # 5 % diff with # 10
0.00-10° 238.0% -31.1% -79.3%
3.17:10°® 216.8% -26.5% -76.6%
9.51'10°° 193.9% -21.5% -73.7%
5.71-10° 188.8% -20.4% -73.1%
1.14-10* 183.7% -19.4% -72.5%
3.42:10% 161.6% -14.6% -69.9%
5.71-10% 137.7% -9.5% -67.0%
1.1410° 87.9% 1.1% -61.0%
2.74'10° 59.0% 6.9% -57.2%
8.21-107 75.7% 2.8% -58.6%
1.92107 84.0% 0.7% -59.3%
3.84'10% 85.4% 0.3% -59.3%
7.67°10% 88.2% -0.5% -59.6%
1.53-10" 94.4% -1.7% -60.4%
5.01-10 126.2% -8.5% -64.7%
9.99-10™ 173.3% -18.3% -71.2%
9.99-10° 44.7% 11.0% -54.7%
5.00-10* 14.1% 17.6% -51.0%
9.99-10" 62.3% 7.4% -58.1%
3.00°10? 51.4% 9.0% -57.1%
9.99-10? 46.1% 10.2% -56.5%
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Table 6.24. Differences between considering slices or a whole volume, for the lateral walls from equatorial

outboard module (#13).

Cooling time (years) % diff with # 1 % diff with # 5 % diff with # 10
0.00:10° 212.8% -23.4% -72.7%
3.17°10°® 212.9% -23.5% -72.8%
9.51°10°¢ 210.6% -23.0% -72.4%
5.71-10° 204.6% -21.8% -71.7%
1.1410* 199.1% -20.7% -71.1%
3.42:10* 174.2% -15.7% -68.2%
5.71-10* 147.4% -10.3% -65.1%
1.14:10° 91.7% 0.8% -58.6%
2.74'10° 59.7% 6.9% -54.6%
8.21°1073 79.1% 2.2% -56.3%
1.92:10° 90.0% -0.3% -57.4%
3.84:102 92.2% -0.9% -57.5%
7.67:102 95.3% -1.6% -57.9%
1.53-10* 101.8% -2.9% -58.7%
5.01-10" 135.7% -9.6% -63.2%
9.99-10* 185.6% -19.4% -69.9%
9.99-10° 48.3% 8.8% -53.0%
5.00-10* 13.4% 15.7% -49.0%
9.99-10! 50.1% 9.1% -55.6%
3.00°10% 48.1% 9.6% -55.2%
9.99:10° 47.1% 9.7% -55.0%

From these tables it can be deduced that, when comparing the values for H with the
values obtained for slice #1, in all cases and times the H values are lower, whereas when
compared with slice #10, the opposite happens: values obtained for H overestimate those for
slice #10. When compared with slice #5, depending on the considered cooling time the values
for the H case are higher or lower than those of this slice. So, generally speaking, when
calculating H, we are underestimating the real value in those areas closer to the plasma,

whereas, zones located farther will be overvalued.

However, if the total decay is considered (instead of volumetric decay heat) there is no
difference between taken into account the whole breeder (with its corresponding average flux)
or several slices of this volume (each one with each own average flux). Therefore, it can be

affirmed that, when the component will be treated as a whole (for example in the lateral walls
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case), homogenization calculations will lead to enough accurate results, without no difference
compared to radial-dependence estimations. On the contrary, if the whole volume will be
treated as several parts (for example, separating in the breeder module the stiffenings from the
LiPb), results will be overvalued in those areas farthest from the plasma, and underestimated in

zones close to the plasma.

This can be verified by comparing, on the one hand, the results of the decay heat data
obtained for the lateral walls in block (i.e. with a volume averaged neutron flux) in the
equatorial outboard module #13, with those obtained from the sum of the 10 slices (in W) and,
on the other hand, those corresponding to the FCI in the equatorial outboard module #13, with
the average flux for the homogenized breeder and those if the FCI decay heat is calculated as
the sum of the result of its different parts (see Figure 6.37) in which the activation of each of

these parts is performed with its own characteristic flux.

As can be seen in Figure 6.38, for FCI differences are in the range of 75-95%, while for

the lateral walls these differences are minimum, being the maximum found under 0.5%.

Figure 6.37. Division for the FCI component in the equatorial outboard module (#13).
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Figure 6.38. Differences between homogenized calculations and radial ones for the lateral walls and FCI

components.
2.3.2.4. Nuclear heating radial profile

With regard to the nuclear heating, Figure 6.39-Figure 6.40 represent the total value due
to both neutrons and photons, as well as the total for the different slices (see Figure 6.33) of
the breeder (Figure 6.39), top and bottom walls (Figure 6.41), and lateral walls (Figure 6.40)
from the equatorial outboard module #13, and 360°.

These figures show that the maximum difference (applying the same equation #1)
between the slice #1 and #10 is found to be 239%. This increment is slightly higher for the
breeder module compared to the top and bottom walls (233%) which, at the same time, have a

slightly higher increase than the corresponding to the lateral walls (224%).

These increases are caused specially for the difference (in absolutely values) in the nuclear
heating due to photons. The difference between slice #1 and #10 due to photons is especially
relevant in the case of the breeder, where is found to be about 298.4%. However, the
increases for the other two cases are less significant (222% for the top and bottom walls and
213% for the lateral walls).In the case of the nuclear heating due to neutrons the differences
between the slice #1 and #10 are: 96% for the breeder, 276% for the lateral walls and 274%
for the top and bottom walls.
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Figure 6.39. Total nuclear heating for the different slices of the breeder from module #13.
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Figure 6.40. Total nuclear heating for the different slices of the top and bottom walls from module #13.
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Figure 6.41. Total nuclear heating for the different slices of the lateral walls from module #13.

3.3.6. Decay heat, activity and nuclear heating in the manifold

Table 6.25 shows volumes for the two regions in which the manifold has been divided

(inboard and outboard), for the entire reactor (360°). The corresponding calculated fluxes are

also presented in the same Table 6.25.

Table 6.26 and Table 6.27 display the evolution of the decay heat and activity responses
for the two regions, separated into materials, as well as for the whole manifold. Note that the T
contribution to the LiPb has been excluded in both tables. For decay heat, total values are
between 1.2-10% and 1.3:10% kW up to 2 months; just over 1 kW up to 10 years and finally, it
drops to 4.8:10™ kW at 1000 years. In the case of activity, total value is 6.3:10'%-1.4-10'> MBq
up to 2 months; around 4.5-10'° MBq at 10 years and then it drops to 7.3:10° MBq at 1000

years of cooling. As it can be seen the outboard area shows, at all the considered times, higher

values than the inboard region.

Table 6.25. Volume (cr’) and total neutron flux for the manifold (10 n/cn?/s).

Manifold Volume Total neutron flux
Inboard 1.53-10% 12.12
Outboard 6.52:10° 3.64

Total 8.05°10°
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Table 6.26. Total decay heat from the manifold for the entire reactor (T excluded).
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Inboard (W) Outboard (W)
Time (years) Total (W) Total (kW)
Eurofer LiPb He Total Eurofer LiPb He Total
0.00°10° 5.06°10° 3.51-10* 4,10°10° 5.41-10° 6.01°10° 3.47°10* 2.51°10° 6.36°10° 1.18-10° 1.18'10°
3.17°10°% 5.05°10° 2.02-10* 4,10°10° 5.25:10° 6.00°10° 2.11-10* 2.51°10° 6.21°10° 1.15-10° 1.15-10°
9.51-10°® 4.74'10° 6.94'10° 4.10°10° 4.81-10° 5.59:10° 8.23:10° 2.51-10° 5.67°10° 1.05-10° 1.05-10°
5.71:10° 4.32°10° 5.93-10° 4,10°10° 4,38:10° 5.08:10° 6.9810° 2.5110° 5.1510° 9.53'10° 9.53:10%
1.14-10* 4.00°10° 5.45-10° 4.10°10° 4.0610° 4.73:10° 6.42:10° 2.51-10° 4.79:10° 8.85:10° 8.85'10%
3.42:10* 3.09°10° 4,17°10° 4,10°10° 3.1310° 3.68:10° 4,93'10° 2.5110° 3.73'10° 6.86°10° 6.86°10%
5.71-10* 2.53°10° 3.37°10° 4,10°10° 2.56°10° 3.0410° 3.99:10° 2.5110° 3.0810° 5.64°10° 5.64°10%
1.14-1073 1.88:10° 2.36°10° 4.10°10° 1.90°10° 2.29-10° 2.79'10° 2.51'10° 2.31-10° 4.21°10° 4,21-10%
2.74:1073 1.41-10° 1.47-10° 4,10°10° 1.43-10° 1.73:10° 1.73-10° 2.5110° 1.75°10° 3.18:10° 3.18:10%
8.21°10° 9.80-10* 5.75°10? 4.09:10° 9.85°10* 1.20°10° 6.69:10? 2.51-10° 1.21-10° 2.1910° 2.19:10?
1.92:102 8.28'10* 2.55'10? 4.0910° 8.31-10* 1.01°10° 2.97°10? 2.51'10° 1.01°10° 1.85'10° 1.85°10?
3.84'10% 7.82:10% 1.98:10? 4.0910° 7.84-10* 9.55-10* 2.35-10? 2.51-10° 9.58-10* 1.7410° 1.74:10%
7.67°10 7.13:10* 1.76°10? 4.08°10° 7.15'10* 8.72:10* 2.10°10? 2.50°10° 8.74:10* 1.59'10° 1.59-10?
1.53-10% 5.96-10* 1.50-10? 4.0610° 5.98-10* 7.28-10* 1.79:10? 2.49-10° 7.30-10* 1.3310° 1.33-10?
5.01-10 2.79:10* 8.07-10! 3.98:10° 2.80-10* 3.39-10* 9.69:10! 2.44:10° 3.40°10* 6.20°10* 6.20°10"
9.99-10 1.05°10* 3.85-10* 3.87°10° 1.05-10* 1.25-10* 4.6310* 2.38°10° 1.26:10* 2.31-10* 2.31-10*
9.99-10° 5.32:10? 7.17-10* 2.34'10° 5.33:10? 5.88-10? 8.26:10 1.43-10° 5.89:10? 1.12-10° 1.12-10°
5.00-10* 2.87°10° 6.48:102 2.46°10°° 2.94-10° 3.19-10° 8.13'10% 1.51-10°® 3.27-10° 6.20°10° 6.20°10°
9.99-10* 1.90-10% 5.88'10% 1.49-107 2.48-10 2.42:10 7.40°10% 9.13-10°8 3.16°10! 5.65°10! 5.65'10"
3.00-10% 1.81-10% 4.98:102 1.94-1012 2.31-10" 2.32:10 6.28:10% 1.19:10%2 2.95-10! 5.26:10! 5.26'10"
9.99-102 1.75+10% 3.83'10 1.64:10% 2.13:10! 2.24'10! 4.81-1072 1.01:10% 2.73'10! 4.8610" 4.86'10*

183 |



Cha

Characterization of the DCLL DEMO model for safety and environment purposes

pter 6

Table 6.27. Total activity from the manifold for the entire reactor (T excluded).

Inboard (Bq) Outboard (Bq)
Time (years) Total (Bq) Total (Mbq)
Eurofer LiPb He Total Eurofer LiPb He Total
0.00-10° 2.66°10'° 1.92:10Y 4.48:10% 2.85'10% 3.25:10% 2.04-107 2.75°10° 3.45:10' 6.3110' 6.31-10%
3.17°10° 2.64°10'° 1.35'10Y 4.48:10% 2.78:10% 3.23-10% 1.52:10Y 2.75°10° 3.38:10'® 6.1610' 6.16°10%
9.51'10° 2.45:10% 7.91-10% 4.48'10" 2.5310% 2.99:10% 9.69:10% 2.75:10% 3.08:10% 5.61:10% 5.61°10%2
5.71+10° 2.32:10% 71110 4.48:10% 2.39:10% 2.83:10% 8.69:10' 2.75:10%° 2.92:10' 5.31-10% 5.31-10%
1.14:10* 2.23:10% 6.60°10% 4.48-10" 2.3010% 2.73:10% 8.06'10% 2.75°10% 2.81°10% 5.11-10%® 5.11-102
3.42:10° 1.97-10% 5.13+10% 4.48:10% 2.210%® 2.42:10% 6.22:10' 2.75:10%° 2.49:10'® 4,51-10% 4.51-10%
5.71+10"* 1.79:10% 4.15:10' 4,48:10% 1.84'10% 2.22:10% 5.00-10% 2.75:10%° 2.27°10'® 4,11-10% 4.11-10%
1.14-10° 1.55'108 2.85°10% 4.48'10% 1.58-10% 1.94-10% 3.38:10% 2.75:10% 1.97-10% 3.56°10' 3.56°10%
2.7410° 1.27°10% 1.75'10% 4.48:10% 1.29-10% 1.60°10% 2.04:10% 2.75:10%° 1.62:10% 2.91-10'® 2.91-10
8.21:1073 9.08'10Y 8.05°10% 4.48'10% 9.16°10Y 1.15-10% 9.23:10% 2.75:10% 1.16°10% 2.07°10" 2.07-10%
1.92:102 7.75:10 4.33'10%° 4.47-10" 7.80°10Y 9.85'10" 5.01:10% 2.75°10% 9.90°10" 1.77:10'® 1.77-10%
3.84:10° 7.30-10Y 3.37-10% 4.47-10% 7.33-10Y 9.30-10Y 3.97-10% 2.74:10% 9.34-10Y 1.67-10%® 1.67-10%
7.67°10? 6.66°10" 2.88-10% 4.46'10% 6.69:10" 8.51°10Y 3.40°10% 2.74:10% 8.54:10Y 1.52:10% 1.52:10%
1.53-10" 5.68-10Y 2.27-10" 4.44-10% 5.70-10Y 7.27-10Y 2.69-10% 2.73-10% 7.30-10Y 1.30-10%® 1.30-10%
5.01-10" 3.38:107 8.92:10" 4.36'10% 3.39-107 4.42:10Y 1.06-10% 2.67°10% 4.43:10Y 7.82:10Y 7.82:10"
9.99:10 2.19:107 3.17:10" 4.23:10% 2.19-107 2.93-10" 3.7510" 2.60°10% 2.94:10Y 5.13-10" 5.13-10
9.99-10° 1.89-10% 1.41-10% 2.55-10% 1.89:10% 2.57-10' 1.65-10" 1.57-10% 2.58-10' 4.47-10% 4.47-10%
5.00-10* 1.38:10° 2.01-10% 2.69-10° 1.59-10% 1.64'108 2.53-10% 1.65°10° 1.89-10% 3.48:10° 3.48:10
9.99-10! 4.14-10% 1.30-10* 1.63-108 5.44:10" 5.25-10% 1.66°10" 9.99-107 6.91-10" 1.24-10% 1.24:10’
3.00-107 3.13-10% 7.37-10" 2.12:10° 3.86:10" 3.96:10" 9.59-10" 1.30-10° 4.92-10% 8.78-10" 8.78-10°
9.99:10% 2.70°10% 5.25-10" 1.79-10" 3.22:10% 3.41-10% 6.89-10" 1.10-10" 4.10°10% 7.32:10"% 7.32:10°
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Table 6.28. Nuclear heating (kW) for the manifold.

Manifold Due to neutrons Due to photons Total

Inboard 7.12:10° 3.67:10* 4.38:10"
Outboard 8.88'10° 3.83:10* 4.71-10*
Total 1.60-10° 7.50-10* 9.10-10*

On another note, major radionuclides contributing to decay heat are: **Mn up to 3 hours
(half-life 2.6 hours), followed by *¥W (half-life 24 h), which develops into the first contributor at
5 hours; then, ¥2Ta becomes the main contributor up to one year (half-life 114.7 days), *°Co is
dominant up to 50 years (half-life 1925.3 days) and *Nb for larger cooling times (half-life
2.0°10* years).

Table 6.28 summarizes the nuclear heating results. As it can be seen, the total nuclear
heating due to photons is higher than the one due to neutrons. Also, nuclear heating in the

inboard region is slightly lower than in the outboard area.
4. Comparison between DCLL and other BB concepts

The focus of this section is to compare the activation results obtained for the DCLL
(summarized in [3]) and those collected for the other three blanket module concepts [25]-[27].
As it has been previously commented, since the different BB concepts differ in layout,
construction and materials, their associated nuclear responses under neutron irradiation will
differ. This causes differences in the amounts of activation, damage and decay heat which

could be crucial when performing radioactive waste management or safety analysis.

This assessment was performed based on the results of the calculations performed on
2015, using the 2014 DEMO model®® and was presented at the 29" edition of the Symposium
on Fusion Technology (SOFT 2016) hold in Prague (Czech Republic), from 5 to 9" September
2016, and there is a submitted paper for considering its publication in Fusion Engineering and
Design [4].

For what concerns to codes and libraries, in the calculations carried out by each of the
groups for the other three BB, MCNP was used to calculate the neutron flux and energy spectra
across each of the blanket components, and cross section libraries were the agreed in the

corresponding guidelines, i.e. JEFF-3.2 and FENDL-2.1. However, FISPACT was chosen to

2 For 2015, a similar comparison is expected. However, at the time of presentation of this thesis the results

corresponding to the other models were not yet widespread.
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sections, EAF-2007 and EAF-2010 were used.

As anticipated, the neutron spectra differ considerably among the BB concepts, due to the
differing material compositions. For all blanket module concepts (see Figure 6.42), as would be
expected, the 14.1 MeV peak is higher in the first wall when compared to the breeder material.
As the neutrons pass through the FW and interact with the material some lose some of their

energy and some are absorbed. As a result, the 14.1 MeV peak is lower 14.1 MeV in the areas

deeper within the blanket.
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Figure 6.42. Neutron spectra for the FW (up) and breeder (down) each of the four blanket concepts [4].

| 186

1011 ¢

HCLL ———
g DCLL
L WCLL
HCPB ———

Energy (MeV)

10!

102

HCLL
DCLL
WCLL —

| H\C:PB |

0% 107 10° 105 10% 103 102 101 10° 10! 107

Energy (MeV)



Chapter 6
Characterization of the DCLL DEMO model for safety and environment purposes

The HCLL and DCLL concepts have similar high energy spectra in both the FW and breeder
material. However the HCLL blanket has significantly lower low energy tails to the spectra for
both the FW and breeder material. This is maybe due to the fact that the DCLL concept
contains a larger fraction of Eurofer and He coolant compared to the HCLL and these are likely
to be better moderator than the LiPb, leading to greater numbers of lower energy neutrons.
The WCLL blanket concept has the most thermalized spectrum in both the FW and breeder
material, mainly due to the presence of water as coolant. The HCPB has fewer very low energy
neutrons and a greater number of neutrons in the range 1-10 MeV, compared to the other
three concepts. Despite it is not clear why this might be, one possibility may be the reactions
and scattering cross sections for beryllium when compared to lead (which is used in the other

three concepts).

The decay heat against decay time for each of the reactor concepts can be seen in Figure
6.43. It is important to note that the given decay heat values do not contain the corresponding
values for the T generated by the activation of the breeding material, since, as happens with
the DCLL, for all blanket concepts T will be constantly extracted and therefore, it will not
contribute to the blankets decay heat®.

All of the blanket module concepts have decay heats in the tens of MW in the seconds
after shutdown. The HCLL blanket has the lowest decay heat for short decay times (below 10°
s) with 17.5 MW predicted 1 second after shutdown. This is approximately 17-22% lower than
predicted for the other blanket concepts of 21.5-22.7 MW, 1 second after shutdown. For all
concepts this is a significant amount of decay heat which will require dissipating in order to not
over heat or melt components. At longer decay times (i.e. higher than 10° s) the HCPB concept
generates the least decay heat of all concepts. This is followed by the HCLL. The DCLL and
WCLL have decay heats which are 2-3 orders of magnitude higher for times longer than 10° s.
This may mean that cooling for the DCLL and WCLL can be required for longer after shutdown.
The DCLL has the highest decay heat up to decay times of ~10® s and the WCLL has the
highest for cooling times higher than 10® s. For all concepts the greatest amount of decay heat
is generated in the breeder material region of the blanket modules. Although this area does not
have the greatest decay heat density, it does have significantly more mass than any other
region. The areas towards the back of the blanket modules such as the BP and manifold tend to
have the lowest contribution to the decay heat as they are in regions of relatively low neutron

flux leading to lower activation and have relatively little mass.

24 In reality there will be a steady state level of T in the blanket module which will contribute to the decay heat

however this will only be a minor contribution.
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Figure 6.43. Decay heat for all blanket modules in the DEMO reactor for each concept [4].

In order to ensure adequate cooling is supplied to all blanket components a study into
which components generate the highest decay heat density has been performed. The decay
heat density (averaged over all blanket modules) for the different elements of each of the
blanket concepts can be seen in Figure 6.44. Although there is some poloidal variation in the

decay heat density the general trends are the same as the average.

As it would be expected, due to the high neutron flux, the highest decay heat density (for
decay times lower than 10® s for the HCLL, HCBP and DCLL, and 10° s for the WCLL) occurs for
the W armour for all blanket concepts. The dominant nuclides in the W armour at shorter decay
times are W isotopes; mainly W with a 23.9 hour half-life. At decay times longer than 10
years the products of the minor impurities in the W such as ®Co and *°Ar dominate the decay
heat. It is therefore important to ensure they are minimized, where possible. The decay heat
density at short decay times for the W armour is slightly higher for the WCLL and DCLL than for
the HCLL and HCPB. The production of the dominant *¥W via (n,g) reaction with '*W has the
highest cross section at low neutron energies. As can be seen from Figure 6.44 the WCLL and
DCLL have greater neutron moderation in the first wall area which leads to higher production of

8\W and, therefore, a higher decay heat density.

The other blanket areas have similar decay heat densities between concepts, apart from
the manifold for the HCLL. For the HCPB, WCLL and DCLL the manifold has the lowest decay
heat density. However, for the HCLL the decay heat density for the manifold is above that of
the BP and breeder mixture for most decay times. This is likely due to the limited shielding that
is offered by the HCLL blanket module design, which leads to higher neutron flux in the region

of the manifold. As a result, more activation and subsequent decay heat is found for the HCLL.
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Figure 6.44. Decay heat density for each of the four blanket concepts: (a), HCLL, (b), HCPB; (c), WCLL,
(d), DCLL [4].

5. Radioactive waste assessment for 2014 DEMO DCLL model

In large fusion machines, as the foreseen DEMO, the high energy neutrons produced will
cause the transmutation of the interacting materials which become a source of radioactive
waste. Beside the main constituents that could transmute but which presence is essential, the
impurities either naturally occurring or accidentally, or inevitably added during the production

process, often give rise to significant additional activation compared to the base material.

The goal of this section is to determine the composition limits for the considered DCLL
materials in order to minimize the radiological impact of waste. Furthermore, the viability from
the manufacturing and industrial point of view for reducing the suggested impurities was also

assessed. The analyzed materials are those considered to be the main sources of radioactive
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waste: the W coating, the Eurofer structure, and the LiPb breeder®. This assessment was
performed based on 2014 DEMO DCLL model and was also presented at the SOFT 2016.
Moreover, there is a submitted paper for considering its publication in Fusion Engineering and
Design [5].

Searching for conservative results neutron fluences were calculated at different radial and
poloidal positions (Figure 6.45) within the structures of the two most exposed equatorial
inboard (#3) and outboard (#12) blanket modules for the different materials. The highest
neutron fluences founded in the positions closest to the plasma, and assumed for the activation
calculation of the three materials, are: 7.7004:10%* n/cm? at the FW of blanket #12,
7.5898:10' n/cm? in the W coating of blanket #3, and 5.3248-10* n/cm? for the radial zone 1
of LiPb (see figure Figure 6.45) of blanket module #12.

To date, some internationally accepted criteria exist for the characterization of the
radiological impact that the disposal of radioactive wastes has (e.g. dose limits for the most
exposed individual of the public). However, the derived limits expressed in CDR, specific
activities or total activities, show considerable discrepancies because of different country-
specific waste management and disposal strategies. Nevertheless, there is a tendency to divide
nuclear waste into three categories, namely High Level Waste (HLW), MLW/ILW

(Medium/Intermediate Level Waste), and LLW. However, significant differences in the

i Middle near

;
|

classification are appreciated from country to country.

Radial 3

Down near

Stiffening
plates

(a) (b)

Figure 6.45. DEMO DCLL detailed outboard equatorial module scheme for neutron fluences calculations.
(a), global scheme; (b), LiPb zones.

% LiPb could be also reused, after purification, in other reactors. Nevertheless, its management as radioactive

waste is also here studied.
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In Europe, the waste classification and management policies are coordinated at a national
level. Nevertheless, in general, most of the countries are following the IAEA categorization [28]
into low and intermediate level waste, LILW-SL and LILW-LL (SL and LL refer to short lived and
long lived respectively, being the limit between both at 30 years half-life), and HLW. Some
countries like Spain, France, Finland, and Sweden are also introducing the concept of VLLW
(Very Low Level Waste) for materials above the clearance level, but not requiring as much

protection and engineering as the LILW.

There is no a currently operational disposal facility for HLW in Europe. Most spent fuel and
fuel-reprocessing waste are stored either on the power plant site (dry or wet storage) or in
centralized national storage. On the other hand, there are LILW repositories currently
functioning in France (CSA), Spain (El Cabril), Sweden (SFR), United Kingdom (Drigg), and

Finland (at each nuclear power plant site).
5.1. Waste classification and management criteria

In this section, the proposed criteria from the IAEA are followed [28]. That means a decay
heat limit value of 2 kW/m> between LILW and HLW, and an alpha activity of 4000 Bg/g to
separate between LILW-SL and LILW-LL (Table 6.29). Activated material from the PPCS fusion
reactor models were categorized according to the SEAFP-2 classification system [29] (see Table
6.30). These are in line with the recommendations of ICRP 90 [30] and the older IAEA 96 [31].
Being more restrictive than the IAEA decay heat limits, and also considering CDR limits, the
SEAFP-2 criterion is applied in the following assessments. According to [29], CRM corresponds
to MLW while SRM does to LLW. Hence, hereinafter the acronym LLW is used instead of SRM.

Table 6.29. IAEA radioactive waste classification system [28].

Waste classes Typical characteristics and disposal options Disposal options

Activity levels < clearance levels - Annual dose to No radiological restrictions

Exempted Waste (EW) .
public < 0.01 mSv

Low and Intermediate Level Activity levels > clearance levels & termal power < 2
Waste (LILW) KW/m?

Short Lived Waste (LIWL-SL) Restricted long lived radionuclide concentrations Near surface or deep
(limitation of long lived alpha emitting radionuclides to underground disposal facility
4000 Bg/g in individual packages)

Long Lived Waste (LILW-LL) Long lived radionuclide concentrations > LILW-SL Deep underground disposal
facility

Thermal power > 2 kW/m?® and long lived radionuclide Deep underground disposal

High Level Waste (HLW) . o
concentrations > LILW-SL facility
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Table 6.30. Radiological complexity of operation based on handling.

Activated material classification CDR @50y (mSv/h) Decay heat @50y (W/m?)

PWD (Permanent Disposal Waste), not recyclable >20 >10

CRM (Complex Recycle Material), recyclable with complex RH 2-20 1-10

procedures

SRM (Simple Recycle Material), Recyclable with simple RH 5 )

< <
procedures Hand on recycling for D < 10 pSv/h
NAW (Non Active Waste), to be cleared <0.001 <1

Furthermore, the possibility of disposal in El Cabril (Cordoba, Spain) has been evaluated. El
Cabril near-surface facility for the disposal of VLLW and LILLW is in operation since 1992.
There, the primary waste package is normally package in 200 L drums. Before disposal the
primary waste is stabilized with concrete or by super compaction. El Cabril is divided into two
areas: one for VLLW and other one for LILW. This second zone, at the same time, has two
levels. Waste with activity values for: i) total alpha, ii) total beta-gamma and iii) specific limits
for certain nuclides is defined as El Cabril Level 1. Acceptance criteria for El Cabril Level 2 are

also specific activity limits (above Level 1) for certain nuclides and total alpha activity [32].
5.2. Results for original compositions

Considering the previous explained conditions the decay heat, CDR, total alpha, total beta-
gamma and specific activity for different nuclides have been analyzed with reference to the

SEAFP-2 standards and to the specific regulations of El Cabril.

The total values of decay heat, CDR and beta-gamma activity at 50, 100 and 300 years are
shown in Table 6.31 for W, Eurofer, and LiPb and displayed in Figure 6.46 along all the cooling
time, as well as the corresponding limits. The alpha activity (not displayed) is several orders of

magnitude below the limit for El Cabril in the three cases.

It is plain to see that activity is one of the most crucial parameters. In fact, while the limit
of SRM is already fulfilled at 50 years for W, Eurofer, and LiPb, and the limit of LLW is respected
since 100 years for W and Eurofer, and already at 50 years for LiPb, the limit on the total
activity for Level 1 of El Cabril is not achieved even after 300 years for W and Eurofer, and only

since 300 years for LiPb.
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Material Response 50 years 100 years 300 years Limit
Decay heat 5 s s B
5 1.83-10° 8.42:10° 3.49-10° SRM < 1°10°
(W/cm?)
Tungsten
CDR (Sv/h) 3.95'107 1.49-10° 8.60°10™ LLW < 2°10°
Activity (Bg/g) 1.59'10° 7.96'10* 4.55-10* Level 1 < 3.7:10°
Decay heat " o o
4.55-10 6.73-10 5.64-10 SRM < 1°10°
(W/cm?®)
Eurofer
CDR (Sv/h) 7.54.10° 5.11-10" 4.92.10* LW < 2°107
Activity (Ba/g) 1.19-10° 1.3810° 6.65-10° Level 1 < 3.7°10°
Decay heat
7.32:107 4.92:10°% 3.09107 SRM < 1-10°
(W/em?)
LiPb
CDR (Sv/h) 6.94'10* 4.37:10* 2.84:10™ LW < 2:10°
Activity (Bg/g) 8.28'107 5.02-10° 6.75'10° Level 1 < 3.7:10°

Values above the limits are highlighted in bold.

Contact Dose Rate Specific Activity

Decay Heat

—*— Specific Activity Eurofer
——— Specific Activity Tungsten —*— CDR Tungsten
—*— Specific Activity PbLi

Specific Activity Tritium

10'
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10 10
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5 ]
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time (s)

+— CDR Eurofer

—*— CDR PbLi

—=— DH Eurofer
—&— DH Tungsten
—&— DH PbLi

10

7

—¥— DH Tritium

LLW limit (W/cm3)
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-+ El Cabril L1 (Ba/g)

Figure 6.46. Global activation responses along the cooling time for W, Eurofer and LiPb [5].
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The results of the contribution of each daughter nuclide to each of the responses are also
shown in Table 6.32-Table 6.38 for W, Eurofer, and LiPb respectively, at 50 and 100 years since
shutdown and separating the contributions in more than 0.1%, more than 1%, and more than
10%. As it can be seen, for the decay heat, contributors and percentages are similar to those
given in Section 2.3.4 but with slight differences. Also, it is important to highlight that, unless
there are many contributors for each response, most of them come from the main constituent
nuclide. This is the case of 7*™Hf come from W itself or *°Fe which is intrinsic to Eurofer.
Hence, these constituents can not be reduced. At other times, these contributors are not

considered harmful because the limit for the global response is not overpassed.

Table 6.32. Contributfon of activation products of W to the decay heat [5].

50 years 100 years
178sHf 29.8% BAr 28.0%
178mpyf 26.3% lo8mpg 23.6%
>10%
>10% SAr 14.6% 178sHf 21.2%
108mag 11.8% 178mpf 18.7%
Co 11.1% 186Re 2.4%
>1%
BmNp 1.2% %“Nb 2.2%
186Re 1.1% “Nb 1.0%
>1%
13mcq 1.0% 186mpe 0.9%
%Nb 1.0% 1087 0.8%
“Nb 0.5% EELINT 0.5%
>0.1%
186mRe 0.4% B3Nj 0.2%
108pg 0.4% 1smcd 0.2%
>0.1%
3H 0.3% “c 0.1%
133g3 0.2% SMo 0.1%
63N 0.1%
Table 6.33. Contribution of activation products of W to the CDR [5].
50 years 100 years
Co 42.1% 108mAg 69.3%
>10%
>10% 108mag 28.5% 178mpe 22.8%
178mp e 26.3% >1% %Nb 7.2%
>1% %Nb 2.7% *Nb 0.2%
>0.1% 1333 0.2% >0.1% Co 0.2%
108pg 0.1%
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Table 6.34. Contribution of activation products of W to the activity [5].

50 years 100 years
PAr 25.0% PAr 43.9%
>10%
>10% 3H 19.5% Nb 18.1%
BMNb 14.5% 178mpyg 5.6%
Nb 9.5% 178spf 5.6%
178mpye 8.6% SMNb 5.5%
178sHf 8.6% 108mpg 4.9%
53Ni 3.0% &Ni 4.2%
>1%
108mAg 2.7% Mo 2.8%
>1%
1smcd 2.1% H 2.3%
Co 1.6% 186Re 2.3%
SMo 1.4% 186mRe 2.3%
186Re 1.2% 4c 1.0%
186mpe 1.2% 108pg 0.4%
4c 0.5% >0.1% %“Nb 0.4%
108pg 0.2% 13mcq 0.4%
>0.1%
%“Nb 0.2%
133Bg 0.2%
Table 6.35. Contribution of activation products of Eurofer to the decay heat [5].
50 years 100 years
0cCo 65.4% e 44.6%
>10% >10%
3H 10.9% %“Nb 37.9%
SMNb 7.1% 93m\p 5.8%
4c 6.6% >1% 3H 4.5%
>1%
%“Nb 5.6% &Ni 3.5%
Fe 2.6% %INb 1.0%
&Ni 0.7% 178sHf 0.7%
178s4¢ 0.3% 178myf 0.7%
>0.1%
178myyf 0.3% >0.1% Co 0.6%
INb 0.2% Mn 0.3%
SMo 0.1%
B 0.1%
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Table 6.36. Contribution of activation products of Eurofer to the CDR [5].

50 years 100 years
>10% %cCo 92.4% >10% %“Nb 96.1%
>1% *“Nb 6.5% Co 1.9%
>1%
Fe 0.7% 178mpyg 1.0%
>0.1%
178mpyg 0.2% Nb 0.4%
5] 0.3%
>0.1%
SMn 0.1%
SMNb 0.1%
Table 6.37. Contribution of activation products of Eurofer to the activity [5].
50 years 100 years
3H 67.6% 4c 40.7%
>10% >10%
Fe 16.4% 3H 35.3%
SMNb 8.1% &Ni 9.2%
>1% 4c 4.7% 93m\p 8.5%
>1%
ONi 1.5% %INb 2.3%
0co 0.9% S2mMn 2.3%
*INb 0.3% %“Nb 1.0%
>0.1%
52"Mn 0.3% >0.1% SMo 0.4%
*Nb 0.1% *Ni 0.2%
Table 6.38. Contribution of activation products of LiPb to the decay heat [5].
50 years 100 years
>10% 3H 98.7% >10% 3H 88.6%
>0.1% 108mAg 0.4% 108mag 4.9%
207gj 0.3% 207g; 1.6%
>1%
121gp 0.2% 12ign 1.4%
BMNb 0.1% %Nb 1.1%
208B; 0.7%
12imgp 0.6%
205pp 0.5%
>0.1%
SmMNb 0.2%
1087 0.2%
&N 0.1%
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Table 6.39. Contribution of activation products of LiPb to the CDR [5].

50 years 100 years
207 38.2% 108mAg 51.6%
>10%
108mAg 35.3% 207 20.4%
>10%
Co 8.9% 208; 14.0%
>1% 208; 8.8% %Nb 13.7%
*“Nb 8.6% >0.1% 5| 0.2%
>0.1% ] 0.1%
Table 6.40. Contribution of activation products of LiPb to the activity [5].
50 years 100 years
>10% 3H 100% >10% H 99.6%

5.3. Impurities assessment: maximum concentrations allowed for LLW

classification and El Cabril near surface disposal

Table 6.41 details the pathways for the production of some critical radionuclides broken
down into responses, specifying the main impurity parent which content must be reduced to

fulfillthe limits, as explained in the following discussion.

Table 6.41. Relevant cross section pathways and contributions for radioactive waste [5].

Material Response function Pathway and contribution (%)
Co(n,g)®Co (96.0)
CDR
Ni(n,p)®°Co (1.6)
3K(n,p)*°Ar (96.3)
W 93Nb(n,g)*Nb (93.7)
Activity 92Mo(n,np)*'Nb (76.0)
*2Mo(n,g)**Mo (64.1)
%Mo(n,2n)*Mo (35.9)
%Co(n,g)*°Co (96.9)
CDR
Eurofer Ni(n,p)®°Co (2.5)
Activity “Nb(n,g)*Nb (99.5)
LiPb Activity “Nb(n,g)*Nb (98.9)
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Table 6.42. Specific activity for certain nuclides considered in the recommendations for storage unit in

Level 2 of El Cabril [5].
Activity (Bq/g) @100y
Nuclide
w Eurofer LiPb El Cabril Level 2
3H 1.87-10° 4.87'10* 5.00-10° <1.010°
%Nb 3.40°10 1.36°10° 2.06°10° <1217

Values above the limits are highlighted in bold.

As it has been seen in the previous section, both W and Eurofer can not be classified as
LLW until 100 years of cooling time. In order to achieve LLW since 50 years, a reduction of the
produced ®°Co is required. Since **Co is the main precursor of ®Co (Table 6.41), a reduction
from the initial 10 ppm of Co content to 5.1 ppm should be implemented on the W composition
and from 50 ppm to 6.8 ppm on the Eurofer composition. Moreover, if the Eurofer composition
had less than 20 ppm of Co, the Eurofer from the FW would change from HLW to ILW in only
36 years.

Regarding the possible disposal of W waste in El Cabril facility, for being stored in Level 1
after 100 years, the **Mo specific activity should be diminished from 2.22-10° to its specific limit
for the mentioned Level 1 (3.7°10° Bg/g). This value can be achieved by reducing the Mo
content from 100 to a maximum of 16.6 ppm. Most important, the total activity should be
lowered almost to the half (from 7.96-10* to 3.7-10% limit, Table 6.31) implying that the activity
coming from **Ar and ®'Nb (which sum about 60% of the total value) should be almost zeroed.
This could be done by eliminating completely *°K and *>Mo which, according to the pathways
analysis (Table 6.41), are the precursors of the two daughter nuclides. Since it is a very strict
option the alternative of disposal in Level 2 is affordable only if the Nb content is set from 10 to
3.5 ppm, so the specific activity of **Nb is reduced from 3.4-10% Bg/g (contribution ~0.4%) to
the limit required limit for this level (1.2:10? Bq/g, Table 6.42).

With regard to the Eurofer, it seems very difficult to dispose the waste in the Level 1 of El
Cabril (see Table 6.31). Nonetheless, after a 100-year cooling period it can be storage in Level
2 if a reduction of the Nb impurity content from the initial 50 ppm to 4.4 ppm is carried out and
therefore, the specific activity on *'Nb is lowered from 1.36-10° to the limit of 1.2:10? Bq/g for
this radionuclide (see Table 6.42).

For the LiPb case, being difficult to reach the limit for storage in El Cabril Level 1, the
option of Level 2 would be possible but only with a Nb reduction from 10 to 5.82 ppm in order
to lower the **Nb specific activity from 2.06°10%to 1.2-10% Bq/g (see Table 6.42). Furthermore,
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having taken into account in the responses all the T produced inside the breeder, a minimum T
extraction requirement can be given in view of a feasible disposal in Level 2. According to the
specific activity of T (see Table 6.42), a factor 5 of reduction should be applied, meaning that at

least 80% of T extraction should be achieved by the T extraction system (TES).
5.3.1. Total amount of waste management

The total amount of waste produced by the activation of the W, Eurofer and LiPb materials
inside the DEMO DCLL reactor is calculated applying conservatively the results to the rest of
zones inside the modules, and to the rest of modules inside the reactor (Table 6.43). Thus, with
the previous assumptions on impurities, 39 tons of W, 3513 tons of Eurofer, and 7242 tons of
LiPb could be disposed (at least) in El Cabril LILW Level 2. Nevertheless, a dedicated

assessment for the manifold could lead to lower waste level (Level 1).

Table 6.43. Volume and mass of W, Eurofer, and LiPb in the reactor.

Component W (m?3) Eurofer (m?) LiPb (m3)
FW 2.02 16.65

BP + Caps 61.73

BB 136.86 559.71
BSS 231.09 199.87
total (m?) 2.02 446.33 759.58
mass (tons) 38.97 3512.66 7241.65
% of the reactor weight (41600 tons) 0.093% 8.4% 17.4%

5.3.2. Industrial and manufacturing viability in the reduction of impurities

One of the main challenges is to determine if the suggested reduction of impurities for the
materials is viable from the manufacturing and industrial point of view. There is no much
information about this issue but, considering some inputs received from the WPMAT group,
interesting information regarding new possibilities of treatment on Eurofer®® (on how to reduce
the amount of radiologically undesirable impurities) is found. The information was based on
EFDA contracts 05/1244 and 06/1910 [33]. Unfortunately, results are not referred here too
much in detail because of the confidentiality agreement with industry. This study showed that

4.7 ppm of Nb were achieved for Eurofer (specifically, Eurofer-97-3) but, however, the price

% Not for W and LiPb.
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could be increased by a factor 2-4. As a conclusion, Eurofer from the DCLL is very near from

being considered as LILW to be disposed in Level 2 of El Cabril (4.4 ppm vs. 4.7 ppm).
5.3.3. Preliminary assessment on cross section quality

With regard to the reliability of the results, a preliminary assessment about the quality of
the cross section reactions leading to the critical radionuclides coming from impurities was also
performed. For this purpose, the procedure for validating and testing the successive EAF

versions described in [34] was followed, as previously applied Chapter 4 for ITER reactor.

As a result, Table 6.44 collects, besides the pathways, the QS for the total cross section
and the split ones, for EAF-2007 and EAF-2010 cross section activation libraries, taken from
[34] - [36]. One can see that there are not differences, in terms of QS, between the QS given in
the EAF-2007 and that corresponding to EAF-2010.

Table 6.44. QS of relevant cross section pathways for radioactive waste.

. Response  Pathway and . . Qs
Material i o Nuclide Half-life
function contribution (%) EAF-2007 Total cross section EAF-2010
%9Co 1925.3d 0 0
*Co(n,g) (96.9) (6)
emco 10.5 min 5 5
CDR
%9Co 1925.3d 4 4
Eurofer Ni(n,p) (2.5) (6)
80mCo 10.5 min 6 6
%9Nb 2.1:10%y 4 4
Activity %Nb(n,g) (99.5) -
%4mNb 6.3 min 6 6
%9Co 1925.3d 0 0
*Co(n,g) (96.0) (6)
emco 10.5 min 5 5
CDR
_ %9Co 1925.3d 4 4
*Ni(n,p) (1.6) - (6)
80mCo 10.5 min 6 6
3 (n,p) (96.3) A 269y 2 - 2
%9Nb 2.1:10%y 4 4
%Nb(n,g) (93.7) -
W %4mNb 6.3 min 6 6
919Nb 6.8:10%y 1 1
Mo92(n,np) (76.1) -
Activity SImNp 60.9d 6 6
99Mo 4.0'10°y 1 0
Mo92(n,g) (64.1) -
9mMo 6.9h 3 3
B9Mo 4.010%y 2 2
Mo094(n,2n) (35.9) -
%mMo 6.9 h 4 4
%SNb 2.1E+4y 4 4
LiPb Activity Nb93(n,g) (98.9) -
%4mNb 6.3 min 6 6
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Considering that all the metastable isotopes decay by isomeric transition to the ground
state (99.6% at least), and that the half-lives of the metastable states are negligible compared
to the cooling times of interest (i.e. times higher than 50 years), it is only needed to take into

account the total cross section.

As shown, only two total cross section reactions are validated: *°Co(n,g)*°Co and
Ni(n,p)*°Co. For the remaining, no QS is provided for the total reaction, but a comparison
between the EAF-2007 and differential experimental data from EXFOR [38] shows that in most
of the cases there are enough differential experiments, and they agree with the EAF-2007 data.
This is especially important for the *>Nb(n,g)**Nb cross section which, as has been said, is the
reaction that gives rise to the isotope that compromises the wastes disposal in El Cabril, Level
2: *Nb. The only case in which limited differential experiments (with weak agreement) were
found is for the **K(n,g)*°Ar cross section. For ensuring validation, additional differential
experiments for the last cross section reaction, and integral experiments for the un-validated

cross section would be useful.
6. Summary and conclusions

This chapter deals with the characterization of the DCLL breeder blanket for safety and
environment purposes, on the basis of using the 3D neutronic model developed for the DEMO
DCLL reactor.

For this objective, DEMO DCLL models corresponding to 2014 and 2015 were used.
Differences between both models are found in terms of fusion power (1572 MW and 2037 MW
for the 2014 and 2015 models, respectively), plasma major and minus radius and elongation.
Furthermore, in the 2014 model the torus was divided into 16 sectors of 22.59, each having 3
outboard and 2 inboard blanket segments, and 15 blanket modules; whereas in the 2015 model
configuration the torus was divided into 18 sectors of 209, each having 3 outboard and 2

inboard blanket segments, and 16 blanket modules.

Using each of these models, the decay heat and activity from the blanket for the entire
reactor, as well as for the individual blanket modules arranged around the plasma chamber,
were calculated at a large number of cooling times after the reactor shutdown. In addition,
activation calculations were also performed for the entire manifold. Thus, these results can be
helpful for further safety and waste management assessments since the calculated magnitudes

are a necessary input for the mentioned assessments.

It is worth mentioning that these calculations were obtained without considering the

LiPb flow and that T coming from the activation of the LiPb (regardless of which component is
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located in) was removed from the obtained results, since it will be extracted throughout the
blankets life time. Hence, in the following summaries, as well as in the rest of the chapter, this

contribution is avoided.
6.1. Summary for the blanket results

Results shown that the decay heat from the blanket modules for the entire reactor
(excluding T from the activated LiPb) falls, as the decay time increases. More specifically, for
the 2014 model values are the following: 22.5 — 11.7 MW up to 1 hour; just below 1 MW at 2
months, about 0.3 MW at 1 year; 4.5 W at 100 years and, finally, around 3 W after 1000 years
of cooling time. For the 2015 model, there is not much difference, being 47.9 — 14.7 MW up to
1 hour; around 1 MW at 2 months and around 0.3 MW up to ~ 1 year; 7 W at 100 years and,
finally, 4.6 W after 1000 years of cooling time.

With regard to activity values, for the 2014 model, total activity is between 1.3:10** and
1.1-10' MBq up to 10 years; 1.6:10® MBq at 100 years and then it drops to ~10’ for longer
cooling times. Results for the 2015 model are: 2.4-10** and 1.7-10* MBq up to 1 year; 5.1-108
MBq at 50 years and then it drops until 10” at 1000 years.

The equatorial outboard blanket module is the one with the highest total values both in
activity and decay heat in the two analyzed models. In this equatorial outboard module,
precisely, is focused the following analyses. On the one hand, the contribution of the activation
of each of its components to the decay heat and activity was assessed. On the other hand,
major radionuclides contributing to the decay heat in each of the components were identified.
For this analysis in the equatorial outboard module, materials of the breeder module (i.e.
Eurofer, LiPb and He in the 2014 model and Eurofer, LiPb, Al,O; and He in the 2015 one) were

taken into account separately.

With regard to the contribution of the different components to the decay heat, LiPb is the
main contributor both at shutdown and after a 100-year cooling period. In the remaining times
Eurofer from the breeder module shows the highest values of decay heat while the Al,O3 (in the
2015 model) and BP (in the 2014 model) are those with the lowest contribution.

In the case of activity, LiPb is the main contributor both at shutdown and from 50-100
years of cooling time. At the remaining times, Eurofer from the breeder module (as well as from
the FW in the case of results coming from the activation of the 2015 model) is the component
with the highest values. Finally, as happened with the decay heat, (Al,Os in the 2015 model)
and BP (in the 2014 model) are the components with the lowest contribution, although with the

2014 model W armour is also the one contributing less at times ranging from 1-100 years.
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Regarding major radionuclides contributing to the decay heat, it is importante to remark
that compositions for the different components vary from one model to the other. Nonetheless,

a brief summary is given in the following lines.

= For the W armour (in both models) ¥w, ¥w, %Co, *Ar and *Nb are the main

contributors in at least one of the considered cooling times.

= For the FW, **Mn, >*Mn, ®°Co and **Nb are dominant (in both models, although for the
2015 *°Fe also appears). For the LiPb breeder (in both models) 2’Pb, 2%Pb, 2°Po, 2*TI

and **Nb are the major radionuclides.

= In the case of the Eurofer in the breeder module (in both models) **Mn, ¥w, ¥Ta,
%Co and **Nb appear as relevant. Calculations performed with the 2015 model reveals
that these are also the major radionuclides for decay heat in the top and bottom walls,
as well as the lateral walls and the BP. However, in the 2014 model, dominant
radionuclides contributing most to the caps and the BP are **Mn, W, 18Ta, 5*Mn, %Co
and **Nb.

* Finally, for the Al,05; from the FCI in the 2015 model, 2®Al, **Na, *H and *°Al are the

main contributors to the total decay heat.

It is worth underlining that the differences in the evolution of Eurofer placed in different
components are due to the different major radionuclides appearing, which is due to the effect

of the neutron spectrum.

To sum up, all the obtained results are similar between 2014 and 2015 models, being the
differences due to the changes in both the generic DEMO design and the DCLL DEMO model.

Beyond these results, additional calculations were carried out based on the 2015 model but
not on the 2014 one. This includes the nuclear heating calculation in the whole blanket, which
reaches 1.610> MW, with a major contribution due to photons and being the breeder module

the component contributing most, and the BP the lowest.

Furthermore, a radial assessment for the decay heat and nuclear heating was carried out
based on the 2015 model. For the decay heat, it was found that calculations using a volume
averaged flux lead to similar results than if performing several activation calculations with
several radial fluxes. However, as would be expected, the decay heat spatial distribution will
differ. Worth mentioning, this spatial distribution is different depending on the studied
component. Therefore, given the current design stage for DEMO, it seems that the volume

averaged fux approach is good enough, considering that the aim is to characterize the model, in
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total terms. Decisions about which components worth the calculation considering radial fluxes,

may be taken later when the design is in @ more advanced state.
6.2. Summary for the manifold results

In regard to the manifold, for the 2014 model, the total decay heat is between 5.9-10% and
1.2:10% kW up to 1 day; about 10 kW at 1 year and finally, it drops to 2.8:10"* kW at 1000
years. For the 2015 model, the total decay heat is between 1.2:10° and 1.3:10° kW up to 2
months; just over 1 kW up to 10 years and finally, it drops to 4.8:10 kW at 1000 years. On the
other hand, the dominant radionuclides identified for the decay heat of this component are
almost the same in both models, namely: *®Mn, #Ta, %°Co, **Nb and, for the 2015 model, *'Ww,

too.

For what concerns to the activity, results based on 2014 model are 2.8:10'>-1.2:10'* MBq
up to 1 day; around 2.7-10'! MBq at 1 year and then it drops to 3.8:10° MBq at 1000 years of
cooling. Whereas for the 2015 model, total activity value is 6.3:10'*-1.4:10"* MBq up to 2
months; around 4.5-10*° MBq at 10 years and then it drops to 7.3-10° MBq at 1000 years of

cooling.

Based on the 2015 model, nuclear heating was calculated too, being the results for this
component 9.1-10* kW.

As happened with the blanket, the calculated results are similar between 2014 and 2015
models, being the obtained differences due to the changes in both the generic DEMO design
and the DCLL DEMO model.

6.3. Comparison among BB concepts

When comparing the DCLL results, based on the 2015 analysis (i.e. 2014 models), to those
corresponding to the other three blanket concepts, it was found that the HCLL and DCLL
concepts have similar high energy spectra in both the FW and breeder material. However the
HCLL blanket has significantly lower low energy tails to the spectra for both the FW and breeder

material.

With regard to the decay heat, the HCLL blanket modules provided the lowest total values
for times below 10° s (around 17-22% lower than the other three concepts) while, at longer
times, HCPB did. The DCLL, whereas, has the highest decay heat up to decay times of ~10% s
and the WCLL has the highest for cooling times higher than 10° s.
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This means that for HCLL and for the HCPB, the requirements for decay heat dissipation
will be lower than for the other concepts. The implications that these differences would have in

the decay heat shall be studied, to ascertain how important they are.

Finally, for most decay times, and all blanket concepts, the W armour has the highest
decay heat density although the breeder material contributes the majority of the decay heat

due to its large mass.
6.4. Radioactive waste assessment

Calculation and assessment of the waste production was performed. In addition, mitigation
actions of the radiological impact of the waste coming from the structural and functional
materials were identified, on the basis of 2014 DEMO DCLL model. According to the results, a
reduction on Nb content from 10 to 3.53 ppm, from 50 to 4.4 ppm, and from 10 to 5.82 ppm is
required respectively for the W, Eurofer, and LiPb impurity compositions in order to dispose
respectively 3513, 7242 and 39 tons of such materials as LLW in El Cabril Level 2 after 100
years since shutdown. Ongoing work will determine if such impurity control is viable from the
industrial and manufacturing point of view. To date, preliminary information has supported this

possibility, although the industrial costs would be increased.

Last but not least, it is important to keep in mind that the quality of the cross section
leading to the only critical radionuclide (°*Nb, via *Nb(n,g)) is not overall validated. In fact, the
reaction leading to the metastable state is both differential and integral validated, but the one
leading to the ground state is only validated against differential data, but not integral. In this
sense, depending on the status of the total cross section for this reaction (which is the one to
be focused on from the point of view of the radioactive waste), there might be differences from

the calculated results.
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Chapter 7
Summary and conclusions, future and ongoing

work

The work presented in this thesis covers different aspects related to the development of
MCF technology. This chapter presents a summary review about the most relevant
achievements of the performed work as well as the acquired skills. The last part of the chapter

is dedicated to introducing the future and ongoing work.

1. Summary and conclusions

This section includes a review about the different contributions and conclusions drawn for

each of the three goals set out in this thesis, namely:

1. To check the status of the activation libraries for SDDR estimation in order to ascertain
their trust (Section 1.1).

2. To evaluate the impact of four diagnostic systems on the radiation loads on both VWV
and TFCs (Section 1.2).

3. To characterize the DCLL model for further assessments on safety and/or waste

management (Section 1.3).
1.1. Activation nuclear data for SDDR calculation in ITER

Large part of the present thesis has been dedicated to exploring the quality of available
activation cross section data for accurate SDDR prediction in the ITER PC and PI areas, where
different maintenance activities are foreseen and which feasibility requires that certain SDDR
limits are met. In particular, the EAF (2007 and 2010) were checked as well as possible
differences when compared to recent versions of TENDL (2013, 2014 and 2015). For this
assessment, the considered materials were those being part of the components which activation
will contribute significantly to the SDDR at both PC and PI areas, as well as some other

concrete candidate materials for the bioshield.

Considering the current materials and fluxes in ITER, generally, the usually used libraries

allow obtaining reliable SDDR values for maintenance purposes. This means that the safety
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factors that should be taken into account may be minimum considering most of the cross
sections involved in the SDDR calculation are validated (at least more than 90% of the cross
sections involved in the CDR produced by each of the materials). However, it should be noted
that the SDDR coming from the Cu activation is not overall trustworthy. Thus, validation work is

recommended for those cross section involved in the SDDR coming from Cu.

Regarding the candidate materials studied, only the cross sections related to the barite
concrete are found to be not validated. In this sense, if the barite concrete is finally used in
ITER, validation work is suggested too. In addition, as it will be commented in Section 2, if any
other material which use is not currently decided for ITER is finally considered, the reliability of

the SDDR obtained from the activation of that material shall be also studied.

For the advancement of this work, it has been necessary to become familiar with the
nuclear activation data libraries that are usually used for fusion applications. Furthermore, this
work required a thorough study of the way in which these nuclear activation data are validated.
This knowledge, acquired from this specific application (calculation of SDDR for ITER
maintenance), can be extrapolated to any other fusion application and is much valuable, taking

into account the influence of the nuclear data on any result.

1.2. Radiation loads on the ITER TFCs and VV

Another part of the work has been devoted to evaluate the impact of four in-vessel
diagnostic systems on the radiation loads on the TFCs and the VV. The analyzed diagnostic
systems were: reflectometry, NAS, FWS and bolometers. Regarding the six evaluated
magnitudes, these were namely: nuclear heating on the VV surface, integral TFC nuclear
heating, volumetric heating of the TFC casing, dose in TFC ground insulator and neutron

fluence in TFC ground insulator.

Hence, two answers are sought: on the one hand, to know how these radiation loads
change as a consequence of the inclusion of these diagnostic systems (compared to a case
without diagnostics, called baseline) and, on the other hand, to assess if the limits for these

radiation loads are met.

Results revealed that the NAS, FWS and bolometers systems present a negligible impact on
all the radiation loads when compared to the baseline case. However, for the reflectometry
system a maximum difference of 35% on the radiation loads on the TFC (segment #12 of the
TFC inboard straight leg) is found comparing to the baseline case, corresponding with the

region where the double antenna is located.
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Regarding the compliance of the radiation load target limits, only two limits are exceeded
for the four diagnostic systems cases, namely the nuclear heating on the TFC and the integral
nuclear on the outboard VV surface. The contribution of the analyzed in-vessel systems to the
integral nuclear heating on the TFC is around 2% of the target limit (which means about 2800
W more than the baseline case). For what concers to the nuclear heating on the outboard VV
surface, as mentioned, all the studied systems have very low impact, obtaining almost the same
values than the baseline case. The remaining calculated radiation loads for all the diagnostic
cases are under the imposed limits. The excess on nuclear heating already appeared in the
baseline case due to the current configuration of the blankets system of ITER, which is

currently being modified.

Given the low contribution that the studied diagnostic systems have, this work has enabled
ruled out that the diagnostics are an important cause in the fact that the radiation loads values

on the TFCs and VV are close to (or even above) the required limits.

While working out in this issue, it was necessary to face the geometry process, one of the
most critical stages for the nuclear analyst. Since this work started from the 3D engineering
CAD models provided by the Diagnostics Division of ITER, the geometry process (described in
Chapter 3, Section 2.1) was carried out completely, until obtaining fully C-lite integrated
models. Thus, the geometry process was a key step in solving this problem as the ITER

geometry models are among the most complex so far.
1.3. DEMO DCLL characterization for safety and environment purposes

On the way to moving towards a DEMO reactor, the last part of this thesis has been
developed within the framework of the Eurofusion Consortium. This last part has been devoted
to characterize the DCLL blanket concept in order to provide the essential input for further
safety and/or radiological waste management assessments. In particular, decay heat and
nuclide inventory were obtained using both 2014 and 2015 neutronic models. Additionally,

nuclear heating was also determined for the 2015 model.

As a conclusion, all the calculated results are similar between 2014 and 2015 models,
being the obtained differences due to the changes in both the generic DEMO design and the
DEMO DCLL model. To give a figure of this characterization, the blanket decay heat at the
shutdown is around 2% of the fusion power (~ 2 GW) while after 5 minutes it decreases to
0.9%.

In addition, decay heat and nuclear heating radial assessments were performed based on
the 2015 model. It was found that, calculations for the total decay heat using an average flux

for all the volume will lead to similar results than if performing several activation calculations
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with several radial fluxes. However, as expected, the decay heat spatial distribution will differ.

Worth mentioning, this spatial distribution is different depending on the studied component.

Given the design phase in which DEMO is, it seems that the average approach is good
enough, taking into account that the aim is to characterize the model, in total terms. Decisions
about which components worth the calculation considering radial fluxes, may be taken later

when the design is in a more advanced state.

Aside from the use of a volume averaged neutron flux (which, as has been said, may affect
the results when spatial distribution is relevant), these calculations are obtained without
considering the LiPb flow, that is not a very realistic assumption. As it will be commented in

Section 2, considering the effect of this movement is an open question.

For obtaining all these results, the use of the coupling scripts between transport and
activation calculation has been essential, since they allow carrying out a large number of
simulations at once. These scripts are especially useful when analyzing large reactor systems,
such as the DEMO DCLL blanket study of this thesis in which about 100 different cases were

run.

On another note, when comparing among the different blanket concepts, based on the
2015 analysis (i.e. 2014 models), results are in the same order of magnitude, with slight
differences, namely: HCLL blanket modules gave the lowest values of decay heat for short and
intermediate cooling times and HCPB does at long times, whereas the DCLL and WCLL have the
highest decay heat at intermediate and long times, respectively. This implies that for the HCLL
(at short times), and for the HCPB (at longer times), the requirements for decay heat
dissipation will be lower than for the other two concepts. It would be necessary to evaluate the
consequences that these differences in the decay heat would have, in order to determine how

important they are.

Finally, considering that one of the presuppositions of fusion energy is that only low and
medium radioactive waste are generated, a preliminary assessment of the radioactive waste
coming from the 2014 DCLL model was carried out with reference to the IAEA/SEAFP-2
standards and to the specific regulations of El Cabril near-surface facility. In addition,
considering the important role that impurities play in the activation of the different materials,

the possible need of impurities mitigation, in wastes, was also assessed.

According to the results, it would only be necessary to reduce one impurity (Nb) content
for the three considered materials (W, Eurofer, and LiPb), in order to dispose these wastes as

LLW in Level 2 of El Cabril, after 100 years since shutdown. Specifically, a reduction, from 10 to

| 212



Chapter 7

Summary and conclusions, future and ongoing work

3.5 ppm, from 50 to 4.4 ppm and from 10 to 5.8 ppm is required for W, Eurofer, and LiPb

respectively.

Ongoing work will determine if such impurity control is viable from the industrial and
manufacturing point of view, although preliminary information have confirmed such possibility,
but at high industrial costs. In addition, one should not lose sight of the fact that the reliability
of these results depends on the quality of the total cross section leading to the critical
radionuclide (°**Nb via *>Nb(n,q)).

2. Future and ongoing work

In order to conclude the chapter, and thus the thesis, some comments about future and

ongoing work related with this thesis are presented in this section.

Regarding the activation nuclear data, a continuation of the performed work might be
needed focused on other possible equipment and coating materials in ITER leading to a
significant SDDR, when more information about location, geometry or composition is available.
Beyond ITER, this kind of analysis might be extended to other facilities. In this sense,
preliminary work within the IFMIF (International Fusion Materials Irradiation Facility) device is
an ongoing task, recently started some months ago. In addition, possible studies in the DEMO

framework might be part of the future work.

With regard to the activation characterization of the DCLL, future work should be focused
on searching ways for taking into account the flow of LiPb around the system for decay heat
and nuclide inventory calculations. In this way, setting the influence that considering this LiPb
static would have on the results, a better characterization of the DCLL model can be obtained.
In fact, the assessment of the impact that the LiPb has on the activation calculations is a

common need with other DEMO concepts.

For this analysis some information is needed. Specifically, the time that the LiPb is inside
the blanket and the time outside or, in its absence, some other data that allow deducing these
times (for example, pipe length and LiPb speed). To date, these data are not exactly known,
given the degree of development in which the model is. However, some estimation has been
done about the time within the blanket (close to 4 minutes), the number of daily cycles (~290)
or the speed with which it circulates (~10 cm/s). Therefore, a sensitivity analysis could be
carried out to evaluate the effect of the time inside or outside the blanket (more or less short),

on activation response functions.
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