Fusion Programme

Introduction

The technology activities carried out by the Euratom-ENEA Association concern
the continuation of the European Fusion Development Agreement (EFDA) as well
as the ITER activities coordinated by the ITER International Office and Fusion for
Energy. Also included in the activities are design and R&D under the Broader Approach Agreement between the
EU and Japan.
In order to better contribute to the programme a number of consortium agreements among the Associations are
being signed. Collaboration with industries in view of their participation in the construction of ITER was further
strengthened, mainly in the field of magnet and divertor components.
The new European Test Blanket Facility at ENEA Brasimone was completed; the design of the ITER radial neutron
camera was optimised and the performance achievable with the in-vessel viewing system was further assessed
by experimental trials. Design activities for the JT-60SA magnet and power supply system as well as the design
and experimental activities related to the target of the International Fusion Materials Irradiation Facility were
continued. Significant work was done to define quality assurance for neutronics analyses. Mockups of the ITER
pre-compression ring made in glass fibre epoxy were tested.
The activities and results documented in the following illustrate ENEA’s efforts to support fusion development.

3.2 Divertor, First Wall, Vacuum Vessel and Shield
Qualification of an alternative
W grade to manufacture
divertor monoblocks

After the successful manufacturing and testing of several small-scale
mockups of the vertical target of the ITER divertor (see Progress
Report 2006), the feasibility of using an alternative tungsten (W) grade
manufactured in the Russian Federation is being investigated (EFDA
contract 05/1249). The activity consists of

• procurement of the W grade from the Efremov Institute St. Petersburg, Russian Federation;
• manufacture of six monoblock samples;
• high heat flux loading at the Efremov Institute;
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• post-test examination of the tested samples.
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ENEA is mainly involved in managing the contract, starting with the procurement of one hundred W
monoblock tiles with a pure cast copper (Cu) interlayer. The tiles from Efremov have to be accompanied
by a report on the nondestructive testing assuring defect-free Cu casting. The small monoblock samples
are manufactured by ENEA’s patented hot radial pressing (HRP) technique with which five tungsten tiles,
already provided with the Cu interlayer, are bonded to the ITER-grade Cu tube at ENEA Frascati. The
one–hundred W monoblock tiles were received and the first two mockups manufactured (fig. 3.1). The first
results encourage continuing this activity on diversifying the procurement of W grade material as well as
the potential suppliers of divertor components.

Profilometry on W
and CFC tiles

During 2007 3D profilometry with a Zygo NewView 5000 white-light interferometric
profilometer and ceramo-(metallo-)graphy were carried out on the parts of the W
and carbon fibre composite (CFC) tiles exposed to ITER-relevant Type I edge
localised modes (ELMs) and disruption loads in the Quasi-Stationary Plasma
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Accelerator Facility of the Troisk Institute
for Innovation and Fusion Research (task
TW4-TPP-TARCAR). Figure 3.2 shows a
metallographic cross section and the
profilometry for a W tile. The
metallography shows some cracks
present in the region within the footprint
of the plasma beam. The cracks are
about 500 µm long and correspond to
macroscopic cracks visible on the
surface. As expected, a much more
complicated pattern was found in the
CFC tiles and work is in progress to
identify the characteristics. For both W
and CFC tiles, the effects of the plasma
beam are difficult to recognise due to the
unavailability of pre-exposure ceramo(metallo-)graphic analyses.

Characterisation
of ITER primary
first-wall panels
under
thermal
fatigue cycles.
Thermal
fatigue
testing of the mockups of the primary
first-wall
(PFW)
panel
under
ITER–relevant operating conditions
(temperature and thermal flux) continued
under the Engineering Design Activities
(EDA) VI campaign. The aim of the work
is to qualify beryllium (Be)-metallic
heatsink (Cu alloys)-austenitic steel 316L
joints made by hot isostatic pressing.
The 30000 thermal fatigue cycles
planned should be concluded in spring
2008. The main characteristics of the
EDA-BETA
experimental
setup
connected to the ENEA Brasimone
CEF 2 water loop (fig. 3.3) for mockup
cooling are recalled in table 3.I (see 2006
Progress Report).

Fig. 3.1 – W monoblock mockups manufactured by HRP

Engineering
Design Activities:
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Fig. 3.2 - Metallographic cross section (relative to red line) and profilometry
(relative to yellow square) for a tungsten tile

Fig. 3.3 - CEF loop for the experimental
campaign of ITER PFW panel mockup
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The main results so far from the 2007 experimental
campaign are
• no detachment of the Be layer from the bulk

metallic structure (Cu alloy and AISI 316 L) after
27000 cycles;
• mean lifetime of the CFC resistor around 2500
cycles.
Complete characterisation of the mockups will be
possible at the end of the experimental campaign.

Table 3.I - EDA-BETA glove box plus CEF 2 water loop
EDA-BETA size (∅xl)
Max power delivered by the resistor

700×1200 mm
41 kW

Max thermal flux emitted by the resistor 0.75 MW/m2
Loop design temperature

140°C

Max water flow-rate in CEF 2

2×70 kg/s

Max CEF 2 pump head

2×1.2 Mpa

The ITER divertor
consists of 54
cassettes,
each
one integrated with
three
plasmafacing components
(PFCs): outer vertical target (OVT), dome liner (DL)
and inner vertical target (IVT). The thermohydraulic
design of the ITER divertor cassette (fig. 3.4) module
is complex because of the following demanding
requirements:

Hydraulic characterisation
of full-scale separate
divertor components

• the need to remove high heat fluxes (up to

Fig. 3.4 - Hydraulic architecture of the ITER divertor

20 MW/m2);
cassette
• the need to keep the pressure drop at an
acceptable level (a few bars);
• the need to keep a high margin against the critical heat flux (CHF).
Moreover, because of the refurbishment operations required, activated water has to be eliminated with high
efficiency from each divertor module. To do this, a procedure has been proposed and tested, which
foresees the water first discharged by pressurised gas and then a drying phase to eliminate the residual
water.
An exhaustive experimental campaign on the hydraulic characterisation of the three PFCs was concluded
in 2007 (EFDA contract 05-1235). Two different types of experiment were implemented for each PFC: in
the first the aim was to determine the pressure drop at different water temperatures and mass flow-rates;
in the second the objective was to carry out a first study on the efficiency of the draining & drying (D&D)
procedure for the fast discharge of the water after gravity draining. For the water discharge from the PFCs,
a specific loop was designed, constructed and installed in the CEF facility at ENEA Brasimone.
The most significant results are summarised below:
2007 Progress Report

• Experimental determination of the pressure drop for each PFC showed that the overall pressure drop

through a single divertor cassette is within the design limit (1.4 MPa) with a good margin.
• Theoretical evaluation of the pressure drop for each PFC, developed in a RELAP 5.3 environment,
showed good agreement with the experimental results, with a discrepancy of less than 5% (fig. 3.5).
• A non-uniform flow distribution in the parallel DL tubes was measured by an ultrasonic flow-meter. Also,

[3.1]
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G. Maddaluno, In VV dust measurement and removal
techniques, ENEA Internal Report, Task TW6-TSS-
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Δp (bar)

G0=17.3 kg/s
theoretical simulation predicts an acceptable flow
Δp0Teo= 3.822 bar
5
misdistribution in the OVT and IVT swirl tubes.
T=100°C
e=1
• Cavitation insurgence for the OVT and IVT was
4
investigated by means of ENEA CASBA 2000
3
patented accelerometers. At 100°C and 17.3 kg/s
δ100= 3.04%
cavitation insurgence was not detected.
G0=17.3 kg/s
2
Δp0Exp= 3.709 bar
• The D&D experimental tests demonstrated the
1
possibility of reaching a very high efficiency in water
evacuation at 2.0 MPa and room temperature
0
(OVT=97.8%; IVT=99.7%; DL=99.8%), with a
5
10
15
20
25
negligible residual mass of water into the PFCs.
G (kg/s)
Hence, the subsequent drying phase, carried out at
Fig. 3.5 - OVT: comparison between experimental and
low pressure (0.1 MPa), was useless, with a
theoretical results at T=100°C
negligible amount of water recovered. In addition,
the water evacuation efficiency predicted by the
model implemented in collaboration with Palermo University was found to be significantly less (≈92-95%)
than that experimentally found (≈98-99%) for a given time interval.

{

In ITER the production of dust by plasma-wall interaction is of concern because of the
safety hazards involved, e.g., tritium retention, chemical reactions and the potential risk
of explosion. The objective of this task (TW6-TPP-DUSMEAS) is to demonstrate
diagnostic techniques for time-resolved dust measurements in tokamaks. In this
context ENEA is in charge of the experimental investigation and implementation of Thomson scattering (TS)
in evaluating dust-rate production during the various phases of a FTU discharge. In 2007 a large quantity
of data acquired just after a disruption was analysed to see whether dust production depended on the kind
of disruption and on the plasma parameters at the onset of the disruption. So far no clear evidence of any
dependence has been found. In addition to the detection channel monitoring the laser wavelength
scattered by dust grains, analysis of the TS data was extended to the spectral channels routinely used for
electron-density and temperature measurements [1.23]. Evidence of a blackbody-like emission was found,
suggesting that the interaction between the high-power laser beam and the dust grains could result in
strong heating and ablation of the latter. This means that the real dust-grain size could be underestimated.
Experiments on introducing tungsten dust in the vacuum vessel by the sample introduction system (SIS)
were also carried out. Both the TS and the spectroscopic data are being analysed. Work was also done
to set up faster acquisition electronics and to design experimental layout modifications for dust detection
during the discharge.

Dust production

The objective of the task (TW6-TSS-SEA 5.1) was to review and update previous
work done on dust diagnostics and to complete these studies. ENEA’s activity
consisted in reviewing the results of diagnostics based on Rayleigh scattering, i.e., the
TS systems, usually used for plasma density and temperature measurements,
operating in DIII-D, FTU and TORE SUPRA. The feasibility of using infrared absorption spectroscopy,
already used by the “dusty plasmas” community for dust characterisation in tokamaks was also evaluated
[3.1]. Elastic light scattering was shown to be a reliable method for real-time detection of the presence and
the size distribution of dust particles levitating in a tokamak during or after a plasma discharge.
Measurements of the total inventory of dust in ITER could be helped if it is known what fraction of dust
produced is successively mobilised and transported elsewhere, hence reducing the “number of places” in
which to look for it.

Dust diagnostics

SEA5.1 deliverable 3 (April 2007)
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Infrared absorption spectroscopy, extensively used in dusty-plasma research, can provide information on
dust creation and accretion in the vacuum vessel, as well as on its chemical composition. For elastic light
scattering the main limiting factors are the local character of the measurement, the lowest limit to the
measurable dust size, as defined by the minimum number of photons required, and the rather complicated
Mie scattering theory that is used when the particle size is comparable to the probing laser wavelength.
The main limitation of infrared absorption spectroscopy as used in a tokamak environment is probably the
strong background of infrared radiation.

A knowledge of fuel retention in metallic materials in ITER-like conditions is very important
because ITER is expected to operate with all-metal plasma-facing components and
because of the decommissioning phase. In the framework of this task (TW6-TPPRETMET) both exposure to neutral deuterium in the laboratory and exposure to ion/neutral
deuterium in the tokamak are foreseen. ENEA is working on the exposure of metallic samples in the
scrape-off layer of FTU. Tungsten, molybdenum, stainless steel and aluminium samples will be introduced
in the vacuum vessel by means of the SIS and, after exposure to the plasma, the samples will be analysed
with the thermal desorption spectrometer to measure the retained deuterium. In 2007 the main activities
were procurement of material, design of samples and a feasibility study on providing the FTU SIS with a
sample heating system.

Fuel retention

In the framework of this task (TW4 - TPP – DIADEV.d4) rhodium-coated molybdenum
mirrors (∅=18 mm) were manufactured by electroplating [3.2]. No intermediate layer
was used. The thickness of the Rh coatings after finishing processing was ≥1 μ, as
confirmed by energy dispersive x-ray analysis. The mirrors were characterised in
terms of macroscopic planarity, microscopic roughness, hemispherical, specular and
diffused reflectivity. The reflectivity at 45° with s and p polarised light was measured, too. One out of the
mirrors produced was exposed to 19 plasma discharges in the scrape-off layer of TEXTOR. Post-exposure
profilometry showed that the previous flat profile was modified into a slightly convex one (fig. 3.6). This
could be due to some strain the constrained substrate underwent during strong heating. Optical
characterisation showed a few percent reduction in hemispherical reflectivity (fig. 3.7) and a very small
decrease in both s and p - polarization reflectivity under 45° incidence. After exposure, optical
characterisation was also carried out at the University of Basel. Hemispherical reflectivity results were in
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Fig. 3.6 – Pre- a) and post- b) exposure 2D characterisation of mirror #1. Despite the slightly different scale, a clear convexity
of the previously flat profile is visible

[3.2]
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G. Maddaluno et al., Tests of rhodium-coated
molybdenum first mirrors for ITER diagnostics, Proc.
of the 34th EPS Conference on Plasma Physics
(Warsaw 2007), ECA Vol. 31F, P1.056 (2007), on line
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Fig. 3.7 – Hemispherical reflectivity at quasi-normal
incidence for mirror #1 before (red squares) and after (blue
circles) plasma exposure. Black line: theoretical reflectivity
for pure Rh

good agreement with ENEA data, while a rather large
discrepancy was found for the diffuse component.
Comparative measurements on test mirrors are
being carried out to clarify this point.

Hemispherical reflectance (%)
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The detection of tiny amounts of helium isotopes in a hydrogen-isotope
background is of great importance in fusion research. In a DT fusion experiment,
such as IGNITOR or ITER, 4He and neutrons are generated. Quantitative
measurement of the amount of helium produced during a plasma discharge may
provide direct evaluation of the fusion power. Moreover, accumulation of 4He
ashes in the core plasma is a main concern, as this would dilute the DT fuel, thus resulting in a drop in the
fusion power output. In order to control impurity concentration in the core plasma and to sustain fuel
density, several active pumping methods for 4He (and other impurities) have been proposed, such as
magnetic divertors or pump limiters. Quantitative analysis of 4He concentration in the gas exhausts of such
devices could provide a straightforward method to compare the efficiency of different methods and
configurations.

Detection of helium
isotopes

The detection of helium leaks in the plasma chamber (as well as in auxiliary equipment, such as the neutral
beam injector) is a further major problem. Vacuum tightness (with minimum detectable leaks in the 10−10
to 10−12 Pa m3/s range) is indeed a rigorous requirement in order to minimise the concentration of
impurities in the plasma. However, during a leak test, the plasma-chamber wall will release large quantities
of deuterium, which could mask the much smaller signal by leaked 4He.
The determination of tritium activity, by the 3He in-growth method, is a further relevant issue in fusion
research and requires a mass spectrometric analysis system capable of detecting small increments of 3He
in a tritium background. Quadrupole mass spectrometers (QMSs) are very convenient devices for gas
analysis as they are less expensive, faster in response, more compact and easier to use than sector field
mass spectrometers. However, they do not feature sufficient resolving power to discriminate helium and
hydrogen isotopes. To cope with the above issues, a QMS (or a standard helium-leak detector) requires
appropriate inlet filters capable of achieving strong selective attenuation of the hydrogen-isotope content
in a gas sample.
An innovative sample purification scheme, based on a double-stage arrangement of non-evaporable getter
(NEG) pumps, has been developed at ENEA Frascati [3.3]. The first getter alloy, operating at high
temperature, provides rough but fast reduction of active components, while the second, operating at room
temperature, gets rid of residual active gases (particularly in regard to hydrogen isotopes). Noble gases, of
course, are thoroughly preserved. To demonstrate the concept, as well as to investigate its performance,
such an inlet sample purification system has been integrated with a BALZERS QMG 421 quadrupole mass
spectrometer (fig. 3.8). Extensive tests performed using ultra-high purity grade deuterium, featuring
99.999% chemical purity and 99.5% isotopic purity, demonstrate that the proposed method allows

at http://epsppd.epfl.ch/Warsaw/pdf/P1_056.pdf
[3.3]

A. Frattolillo, A. De Ninno and A. Rizzo, J. Vac. Sci.
Technol. A25,1, 75-89 (2007)
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Fig. 3.8 - Frascati QMS analysis facility

detection of 4He/D2 peak ratios as low as 2.5×10-7. As a matter of fact,
this double-stage arrangement of NEG pumps is able to suppress the
D2 content by a factor which can be estimated to be better than eight
orders of magnitude. As far as performance with 3He and 3H is
concerned, quantitative statements cannot be made to date because
the system has been tested only with D2, as the laboratory is not suitable
for tritium handling. However, the results achieved with 4He and D2 can
be safely extended, from a qualitative viewpoint, to 3He and tritium as
there is no indication that the performance of NEG pumps may depend
significantly on the particular hydrogen isotope. Therefore, this technique
has the potential to provide a powerful tool to measure tritium activity by
the 3He in-growth method, although the real performance must be
quantitatively assessed by appropriate experiments. Further
investigation is indeed necessary to address concerns about potential
damage of the getter alloy, as well as about possible release of 3He to
the vacuum chamber, as a consequence of the decay of tritium sorbed
in the bulk material.

Both the above issues, however, could simply require somewhat more
frequent regeneration of the NEG pumps to avoid tritium accumulation
inside the alloy. A preliminary study, aimed at assessing the feasibility and the appropriate scale-up of this
system, as well as addressing the compatibility of getter alloys with tritium, was recently started [3.4].
Discussion began with Oak Ridge National Laboratory (ORNL) and Los Alamos National Laboratory (LANL)
in order to evaluate the possibility of a cooperative effort on this topic; joint experiments could be
performed at the LANL tritium facilities.

3.3 Breeder Blanket and Fuel Cycle
During 2007 ENEA continued to make a strong effort in different R&D fields related to the
development of the helium-cooled pebble bed (HCPB) and helium-cooled lithium lead
(HCLL) test blanket modules (TBMs) to be tested in ITER. In line with the past years, the
work was focussed on experimental activities to test components and technologies and on
the implementation of the experimental facilities available at ENEA Brasimone.

Test blanket
modules

The European Breeding Blanket Test Facility (EBBTF) under installation at ENEA
Brasimone is the European Union reference facility for testing and qualifying HCLL
and HCPB TBM mockups, relevant technologies and components. The EBBTF
essentially consists of a liquid metal loop, IELLLO, coupled to the He cooling
circuit HEFUS3 in the same experimental facility. The main objectives of the EBBTF are to
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European Breeding
Blanket Test Facility

a) test/qualify components and technologies relevant to HCPB and HCLL blanket concepts;
b) test/qualify TBM mockups of both concepts in ITER-relevant conditions;
c) test/qualify auxiliary circuits, such as tritium extraction and coolant purification systems.
Concerning b), it should be noted that partial and integral tests on both HCPB-HCLL TBM 1:1 scale
mockups, when available, will be carried out under operative conditions close to those foreseen in ITER:
1.4 kg/s flow-rate; 0.25 MW/m2 first wall heat flux,
[3.4]
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3. Technology Programme

2007 Progress Report

1 MW total power delivered to the mockups. During
2007 IELLLO was constructed and installed at
Brasimone (fig. 3.9), following the design specifications
prepared in 2006 and summarised below:
• Maximum liquid metal (Pb-16Li) flow rate 3 kg/s
• Design temperature 550°C
• Design pressure 0.5 MPa
• Liquid metal inventory 0.5 m3
• Cover gas argon
• Installed power 60 kW

HEFus3 operative conditions
- Processed fluid: He
- Design temperature: 530°C
- Design pressure: 8 MPa
- Max He mass flow-rate: 0.35 kg/s
- Max He mass flow-rate (upgraded): 1.4 kg/s
- Max heating power: 210 kW

IELLLO operative conditions
- Processed fluid: Pb-16Li
- Design temperature: 550°C
- Design pressure: 0.5 MPa
- Max LM flow-rate: 3.0 kg/s
- LM Inventory: 500 l
- Max heating power: 60 kW

At the same time, the contract to upgrade HEFUS3
was prepared after closure of a call for tender started
Fig. 3.9 - HEFUS3 and IELLLO loops in EBBTF facility
in July 2007. The main modifications foreseen to
upgrade HEFUS3 are a new water heat exchanger of
900 kW and a new electric power supply unit of 1 MW,
to provide 250 kW of electrical power to the first wall and 750 kW to the breeding region of the TBM
mockups. Detailed technical specifications were produced for both systems. Moreover, HEFUS3 will be
equipped with a new He compressor able to provide a He flow-rate of 1.4 kg/s with a head of 0.9 MPa.
Its installation on HEFUS3 is foreseen for early 2009.

During 2007 the HEFUS3
experimental cassette of the
lithium beryllium pebble bed
(HEXCALIBER) mockup (see
Progress Report 2006) was reconditioned and
connected to the HEFUS3 loop (fig. 3.10) in view of the
next experimental campaign on the thermomechanics
of the HCPB blanket. HEXCALIBER simulates a
portion of a past TBM-HCPB design, with two lithium
orthosilicate (OSi) and two beryllium pebble bed cells,
each one heated by two flat electrical heaters (Kanthal
alloy covered by a steel sheet).

Thermomechanics
of HCPB blanket

The whole experimental setup, including the control
and data acquisition system developed in a Labview
environment, was designed and constructed.
HEXCALIBER was inserted in a caisson of around
Fig. 3.10 - HEXCALIBER caisson connected to HEFUS3
5 m3, kept under light vacuum, whose function is to
loop
prevent any possible leakage of Be particulates
towards to experimental hall. Three independent gas
circuits are connected to HEXCALIBER: a circuit to supply He coolant to the HEXCALIBER cooling plates,
connected to the HEFUS3 loop, and two low–pressure He purge circuits which keep the OSi and Be
pebbles under inert conditions.
The benchmark exercise started in 2006 to select the best constitutive model developed by different EU
associations for the thermomechanical prediction of pebble-bed behaviour under blanket-relevant
conditions is under further development.
Presented at the 22nd IEEE/NPSS Symposium on
Fusion Engineering - SOFE 2007 (Albuquerque 2007)
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The second year of activities
on the development and
testing of systems for
extracting
tritium
from
Pb–16Li was dedicated to
the commissioning phase of
the TRIEX loop, testing and qualifying the main
components and trying, at the same time, to
solve the hydraulic instabilities previously
detected.
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At the same time, a sensor for operation in
Pb–16Li molten alloy was designed, constructed
Fig. 3.11 - Hydrogen sensor in Pb-16Li: comparison
and tested. The instrument is based on the
between simulation and experimental results
principle of gas permeation, which is a
component of basic importance for TRIEX as well
as for the HCLL-TBM system. It consists of a
hollow capsule of pure ARMCO iron, whose geometry was optimised on the basis of the latest
developments. Before installation in the TRIEX facility, the sensor was qualified in gas and liquid metal
phases in an ad hoc device constructed at ENEA Brasimone. Tests on three hydrogen sensors (indicated
as PE1, PE2, PE3 in figure 3.11) consisted of
• performance analysis in gas phase at operational temperature (450°C) and H2 partial pressure of

690 mbar;
• compatibility study in lead alloy at operational temperature to verify the structural integrity of the sensors

after exposure to a liquid metal environment.
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Discrepancies between the pressure evolutions of PE1, PE2 and PE3 and between experimental and
simulation results (fig. 3.11) could probably be attributed to the formation of a superficial oxide layer or
slight differences in the permeation wall thickness. On the other hand, endurance tests in Pb-16Li alloy
showed that the sensors were able to maintain their structural integrity. Therefore, it can be concluded that
permeation sensors in Pb-16Li appear suitable for measuring the hydrogen isotope concentration in
Pb–16Li at steady state in the TRIEX loop and, once implemented and optimised, in DEMO. However, such
technology has to be greatly improved for dynamic hydrogen isotope measurement, as required in the ITER
environment. To cope with the HCLL-TBM requirement of strongly decreasing the measurement time
constant (order of magnitude of ten seconds), modifications to the sensor design (geometry as well as
materials used) are under investigation.
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Experimental study on
efficiency of oxide layers
for tritium permeation
reduction through
EUROFER and heat
exchanger materials
(Incoloy, Inconel)

The aim of the activity, which is important for the design of DEMO, is to
investigate the performance of natural oxides nucleated on different
structural materials as tritium permeation barriers. After the experimental
campaign carried out on EUROFER steel as candidate material for the
blanket cooling plates, the same type of investigation was performed on
Inconel 718, which is a possible material for the steam generator in DEMO.

In the explored range, 3-300 of H2/H2O molar ratio, no appreciable effects
on the reduction in hydrogen permeation rate were found (fig. 3.12).
Recent experiments performed by other researchers on the oxidation of
Inconel 718 and its effect on crack growth demonstrated that nickel does not react with oxygen even at
high temperature, while iron and chromium can react, albeit with slow kinetics. It appears likely that the
high concentration of nickel in this alloy blocks the formation of a stable oxide, at least for short exposition
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Fig. 3.12 - Permeability of hydrogen through Inconel 718 for different H2/H2O ratios

times (here 1-2 h). The focus will now be on Incoloy 800 HT, which is one of the reference materials for
high-performance steam generators.

The tritium extraction system (TES) and coolant purification system (CPS) are the
principal auxiliary circuits in any type of TBM to be tested in ITER. In the HCPB
TBM, the main functions of the TES are to extract tritium from the lithiated ceramic
breeder by gas purging, remove it from the purge gas and route it to the ITER
tritium plant for its final recovery. The CPS has to process part of the TBM He
coolant stream in order to remove tritium permeated from the TBM, remove
incondensable impurities, and control the He chemistry.

Conceptual design
of auxiliary systems
for HCPB-TBM

A preliminary design of both systems was proposed, starting from determination of the expected gas
composition at the TES and CPS inlet during the different ITER operational phases and taking into account
the main requirements of ITER and TBM experimentation: small space and flexibility in operation. The
design included a 3D layout for a first assessment of the space required for installation of the systems on
ITER.
For the TES, having considered and compared different technologies (cold traps, adsorption systems,
selective membranes, getter beds), the proposed process consists essentially of an adsorption column,
filled with a microporous material (zeolite or other) and operated at room temperature, for Q2O removal,
and a temperature swing adsorption (TSA) system, operated at LN2 temperature in the adsorption phase,
for Q2 removal. The adsorption column for Q2O removal has been dimensioned to be substituted just after
a six-day back-to-back pulse series. The TSA is able to remove and deliver continuously all Q2 extracted
from the purge gas to the downstream ITER tritium systems. The process also contains a by-pass line
which houses a U (or other metallic) getter, used as a scavenger bed. This means that the TSA system can
be excluded when, for example, only isolated standard pulses are foreseen and a relatively small amount
of Q2 has to be extracted, or during the TSA system maintenance.
Part of the system, up to and inclusive of the adsorption column for Q2O removal, has to be placed in the
port cell, while the downstream part, with the Q2-TSA, should be located in a suitable glove box in the
tritium building. The estimated space needed in the port cell is 2.4×1.4×1.0 (L×W×H) m3 and 2.0×1.4×2.5
(L×W×H) m3 in the tritium plant building.
The CPS has been dimensioned to process 7 Nm3/h of He, corresponding to 0.025% of the total He mass
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flow-rate in the helium
coolant
stream.
The
proposed CPS is based on a
three-stage process:
• oxidation of Q2 and CO to

Q2O and CO2 by a fixed
bed oxidizer (Cu2O-CuO);
• removal of Q2O and CO2
by a pressure temperature
swing adsorption (PTSA)
system operated at room
temperature in the adsorption phase;
• removal of impurities by
PTSA operated at LN2
temperature
in
the
adsorption phase.

1466

COLD SHIELD

Pb17Li
Channels

1410

HOT SHIELD

397
3.75°

He
OUT

Grid 15 mm

He
OUT

He
OUT

230

Both TES and CPS have been designed with a
regeneration loop to feed the ITER tritium systems
with tritium only in an elemental form, with a
negligible amount of tritiated water.

250 300

Figure 3.13 shows
the
Fig. 3.13 - 3D layout of CPS for HCPB-TBM
process flow diagram and 3D
layout of the CPS. According
to the 3D layout, the space
required for the CPS installation is 4.5×1.8×2.8 m3
(L×W×H). The CPS should be located in the tokamak
He IN
cooling water system (TCWS) vault, close to helium
coolant stream main compressor or, as an
alternative, inside the tritium plant building.
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5 mm SiCi/SiC FCI with
Work on the dual coolant lithium-lead
2 mm Pb17Li Gap
First Wall
rad
(DCLL) blanket with vertical module
segmentation (VMS) of the blanket
tor
modules continued in collaboration
with the University of Thessaly, Greece. With this
Fig. 3.14 - DCLL outboard module, equatorial
setup the modules (both outboard and inboard to
section
the plasma) are arranged in single poloidal
structures. The studies performed were aimed at
optimising the fluid flow in the modules and the magnetohydrodynamic (MHD) issues related to the
movement of a conductor (Pb-17Li) in the magnetic field of the tokamak. The DCLL blanket is cooled using
He flowing in the grids and Pb-17Li flowing in channels in the module (fig. 3.14). To limit MHD effects, the
grid is separated from the flowing Pb-17Li by a SiC/SiC composite insert, keeping a 2-mm gap between
grid (in steel) and insert. The gap is filled with stagnant Pb-17Li. To keep the temperatures and thermal
stresses at an acceptable level, the He flow in the grids has to be separated in two parallel flows in the
inboard modules and in three parallel flows in the outboard. This solution requires the use of intermediate
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DEMO
activities

[3.5]
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C. Nardi and S. Papastergiou, Demo blanket DCLL
using vertical module segmentation, ENEA Internal
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manifolds to transfer the He from the grids to the main
manifolds at the back of the module (fig. 3.14). This
can be obtained as indicated in figure 3.15. Evaluations
of temperature and stress distribution in the
semicircular manifold showed there are no problems
(figs. 3.16 and 3.17), and the studies on MHD effects in
the conditions of the DCLL blanket VMS, performed by
the University of Thessaly, showed that no issues are
foreseen for this type of phenomena [3.5].

Fig. 3.15 - Intermediate-manifold arrangement in
the DCLL VMS blanket
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Fig. 3.16 - Worst
temperature distribution
in the intermediate
manifold. The model
considers
steel,
stagnant PB17-Li and
SiC/SiC inserts
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Fig. 3.17 - Thermal
stress
in
the
intermediate
manifold. Only the
steel part of the mesh
is shown
Report in preparation
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The aim of the work is to compare the tritium confinement strategy adopted in the design
of ITER with the regulatory requirements applicable to Basic Nuclear Installations in France,
by pointing out possible critical issues in the design of systems and components dedicated
to tritium confinement (EFDA contract 07-1702/1551, task TW6-TTFD-TR69). Preliminary
activities focussed on the nuclear heating, ventilation and air conditioning (HVAC) system and the
atmosphere detritiation system.

Tritium
confinement

The diffusion of tritium through the target material (CuCrZr alloy) of the
calorimeter panels of the neutral beam injector to be built in Padua was
calculated by using literature data on the diffusion constant. The
assessed diffusion flux of tritium during both the beam-on and the
beam-off phases is modest: more than 99% of the total tritium is
transferred into the vacuum side of the calorimeter, with small amounts going into the cooling water [3.6].

Evaluation of triton diffusion
through the neutral beam
injector calorimeter panel

3.4 Magnet and Power Supply
Fibreglass composite material. The studies on fibreglass
unidirectional composite for the ITER pre-compression rings were
continued with tests at the ENEA Faenza facilities to evaluate the
long–term behaviour of the material when subjected to constant loads. The samples used in the tests were
obtained from batch 5 of the material produced at ENEA Frascati in 2006, which is the same batch from
which samples were taken for mechanical tests at room temperature. In 2007 two tests were completed
(fig. 3.18, [3.7,3.8]), while four others are still in progress. The test parameters are summarised in table 3.I.

ITER pre-compression rings

Table 3.I – Long-term tests for unidirectional fiberglass
pc UTS

Failure time Total strain Creep rate
[h]
at failure [%]
[h-1]

#

ID

1

VR5-2s

67

3816

(1)

9.736×10-6

2

VR5-8s

71

2662

3.2

1.734×10-6

3

VR5-5s

63

In progress

4

VR5-3s

75

In progress

5

VR5-10s

67

In progress

6

VR5-11

71

In progress

[%]
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(1) The measured strain was at full range of the extensimeter

Fig. 3.18 - Test specimen VR5-2s after failure
(3800 h)

52

[3.6]

F. Borgognoni, S. Sandri and S. Tosti, Evaluation of
tritons diffusion through the neutral beam injector
calorimeter panel, ENEA Internal Report FUS TN BBR-025 (Dec. 2007)

[3.7]

C. Nardi, et al., Report on fiberglass creep test
VR5–2s, ENEA Internal Report FUS-TEC MA R 028
(Oct. 2007)

[3.8]

C. Nardi and L. Bettinali, Creep test VR5-8s, ENEA
Internal Report in preparation
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Characterisation. The ENEA Frascati testing
system for the ITER pre-compression rings was
commissioned, and tests were carried out on the
first two rings (fig. 3.20) (EFDA contracts 04-1168
and 07-1702/1588). The short-term stress
relaxation test on the first ring showed no stress
relaxation at 820 MPa ring hoop stress, with
985 MPa reached before failure. Based on the
experience with the first-ring test and after a
finite-element method analysis, the testing
system was improved with new stainless steel
ring spreaders and a steel disc to perform
long–term stress relaxation tests with constant
deformation imposed on the ring [3.9].
Nondestructive methods were also
investigated. They will be adopted for
the final rings in order to ensure that
the mechanical properties meet the
specifications. Positive results were
obtained with the radiography
technique, which was used on a
composite sector taken from the part
of the first ring that was undamaged
after testing (fig. 3.21). X-ray survey of
the second ring before testing
showed that no defects (>0.5 mm)
were present. The stress relaxation
test on the second ring started in late
2007 and is still in progress. Creep
tests at ENEA Faenza were
completed for two linear specimens
and are continuing on four
specimens.

0.100

Creep strain (%)

The creep strain is reported in figure 3.19. In both
the completed tests an acceleration of the strain
was observed 200-400 h before collapse of the
specimen. The tests in progress show similar
behaviour.

VR5-2s
VR5-8s

0.075

0.050

0.025

0

10

100

1000

Time (h)
Fig. 3.19 - Creep strain for completed test

Fig. 3.20 - ITER pre-compression ring testing machine

Alternative solutions. Technical work has been carried out to study two alternative design options to the
ITER pre-compression fibreglass composite system (EFDA contract 06-1508) [3.10].

[3.9]

L. Semeraro, P. Rossi, ITER pre-compression rings
characterisation - Final Report, (EFDA Contracts
04–1168, 07/1702/1588), ENEA Document ICR-021TR0 (11/12/2007)

[3.10]

L. Semeraro and G. Mazzone ITER pre-compression
rings alternative solutions - Final Report, (EFDA
Contract 06/1508), ENEA Document ICR-019-TR0
(3/12/2007)
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Fig. 3.21 - X-ray survey of calibrated sample of the ring

Fig. 3.22 - Stainless steel ring: mechanical design

The first option analysed is a
stainless-steel ring design
consisting of two coaxial and
interrupted rings (fig. 3.22).
The hoop-force flows from
the inner ring to the outer
and back to the inner
through a series of vertical
keys. To avoid current loops
the keys are insulated by a thin
alumina film or by interposing a
thin insulation sheet between the
key and the keyway.
Some local stress exceeds what is
allowable, but it can be contained by the
plastic behaviour of the material. Ring stiffness
and the small elongation due to the lower strain allowed
makes the requirements of assembly accuracy more stringent. Ring machining and assembly are simple
and straightforward. The rolling procedure of the raw material needs specific experience and equipment
that have not yet been found within the EU, but there might be competent companies in the USA and
Russian federation.

2007 Progress Report

Fig.

54

3.23

equip
- ITER full
-scale ring-testing

t
men

The second solution is a spiral ring concept based on the possibility of realising a ring by winding on a
spool a 3-mm-thick metallic strip insulated by 1 mm of glass fibre. The winding should then be
impregnated following the standard vacuum impregnation techniques already developed for magnet
manufacture. The spiral ring design produces unacceptable stresses in the insulation material and metal
sheets, but the problem can be mitigated by

[3.11]

C. Neri et al. The in-vessel 3D inspection system for
ITER, Presented at the 22nd IEEE/NPSS Symposium
on Fusion Engineering (Albuquerque 2007)
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increasing the metal-to-glass ratio from 1:3 to 1:5. Local stress concentration on the zone where the
winding starts has to be solved. The activity also included two proposals for ITER full-scale ring-testing
equipment (fig. 3.23).

During 2007, the digital simulation of the whole high-voltage power
supply system (main solid-state high-voltage generator plus solid-state
modulator) of the test facility of the European collector depressed
potential electron cyclotron resonance heating gyrotron source
(Lausanne) was updated (EFDA contract 02-686). The activity included
a comparison with the experimental results of the test facility. However the work was not performed due
to a delay in the delivery of both the gyrotron and the power supplies from the industry concerned. This
activity could be requested during 2008-09 by Fusion for Energy.

High-frequency/high-voltage
solid-state modulator for
ITER gyrotrons

During 2007 the detailed design of the 22-kV distribution system of the
ITER steady-state electrical power network (SSEPN) was completed. The
present ITER design foresees a medium-voltage distribution at 6.6 kV. To
reduce cost and to simplify cabling, a 22-kV solution has been proposed
and designed in detail. A comparison between the two solutions is to be performed by ITER during the first
half of 2008, so an extension of the activity could be required.

ITER steady-state
electrical power network

3.5 Remote Handling and Metrology
ENEA has been doing R&D for several years on the laboratory prototype of the ITER
in-vessel viewing system (IVVS) for 3D in-vessel monitoring of the machine [3.11]
and, possibly, measurement of the erosion of the first-wall material [3.12]. The 3D
images are obtained by merging viewing and distance measurements. Six IVVSs are
expected to be delivered by Fusion for Energy to ITER. In 2006 the required performance (mainly
sub–millimetric accuracy during 3D inspection) was demonstrated to be fully complied with. The 2007
activity was devoted to experimentally demonstrating the possibility of further improving performance,
without manufacturing a completely new probe. Three improvements were investigated in the experimental
setup used for the prototype characterisation in 2006:

ITER viewing and
ranging system

a. Increasing the modulation frequency of the laser beam amplitude from fm=77 MHz up to about
fm=193 MHz: theoretical expected improvement factor=2.5.
b. Increasing the efficiency ε of the probe optics (mainly removing interferential filter, due to the fact that
the actual operational environment is not usually illuminated): theoretical expected improvement
factor=2.
c. Increasing the backscattered laser power by increasing the launched power from P=4 mW up to P=11
mW: theoretical expected improvement factor ΔPR=2.8.
As a result the IVVS maximum theoretical accuracy improvement is expected to be (an avalanche
photodiode (APD) is used as photo/electric transducer of the laser reflected beam)
Δσmax=Δfm×Δε×ΔPR=12 .
[3.12]

C. Neri, The in-vessel 3D inspection system for ITER,
Presented at the Workshop on Dust in ITERTechnology Issues (Nice 2007). Oral presentation

The

work

performed

in

2007

successfully
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193 MHz sigma = 125 μm

Range (mm)

593

Fig. 3.24 - IVVS performance improvement achieved
by increasing laser beam modulation frequency from
fm=77 MHz up to fm=193 MHz. Comparing distance
measurement accuracy σ (defined as inversely
proportional to standard deviation of the distance
measurements) an improvement factor of >2.3 is
experimentally obtained
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Fig. 3.26 - Total improvements in
IVVS. Experienced performance using
ITER full-scale mockup of the ITER
DVT “carbon”. As an example,
measurements on DVT carbon block
with 30° of beam incident angle are
shown. It can be noted that:
• with the 2006 IVVS (black line)
performance, most measurements
show an accuracy of about 5 mm,
while the best performance is about
1 mm;
• after the 2007 improvements
(orange line), all measurements show
an accuracy better than 0.5 mm
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Fig. 3.25 - IVVS performance
improvement achieved by removing
interferential filter (fmod=193 MHz,
stay time per pixel 20 μs) during
testing on ITER FWP mockup. Noise
reduction (inversely proportional to
accuracy) is evident. Standard
deviation of ranging measurements
is reduced by a factor of >2, which
indicates an equal improvement in
measurement accuracy
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[3.13]

L. Petrizzi et al., Fusion Eng. Des. 82, 1308 (2007)

[3.14]

B. Esposito et al., TW6-TPDS-DIADES Procurement
Package 11 – Radial Neutron Camera and Equatorial
Visible/IR Wide Angle Viewing System, ENEA
contribution to First and Second Intermediate
Reports on TW6-TPDS-DIADES (2007)
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demonstrated this expectation (see figs. 3.24,3.25 where probe accuracy is defined as the standard
deviation of the acquired measurements). Figure 3.26 shows that the experimented total improvement is
higher than a factor of 10.

3.6 Neutronics
The European Domestic Agency (Fusion for Energy) will provide some ITER diagnostic
systems as port-based procurement packages. Diagnostic Procurement Package 11
(PP11), under the responsibility of Europe, consists of two leading diagnostics to be
included in ITER equatorial port 1: the equatorial visible/infrared wide-angle viewing
system (Eq. Vis/IR WAVS) and the radial neutron camera (RNC). The RNC is composed
of two fan-shaped collimating structures (an ex-plug structure viewing the plasma core
with three sets of twelve collimators and an in-plug structure with nine collimators for plasma-edge
coverage) for measuring line-integrated neutron emissivity from the plasma. By means of inversion
reconstruction techniques, the radial profile of the neutron emissivity and the total neutron strength are
obtained. Spectral measurements also provide information on ion temperature and on the ratio of
deuterium and tritium density.

Design of the
ITER radial
neutron camera

ENEA Frascati has carried out work on the design of the RNC (EFDA contracts 04-1209, TW6-TPDSDIADEV2 and 06-1209 [3.13,3.14,3.15]. The RNC layout was reviewed and the analysis shows that all
three ex-plug planes are needed to obtain the required dynamic range of the neutron emissivity
measurement. A slight poloidal tilting (a few degrees) of two of the three ex-plug planes has also been
proposed (fig. 3.27) so that the RNC can have a total of 36 different ex-plug lines of sight instead of the
present 12 lines (with the same layout of 12 lines in each of the three planes). This would improve the RNC
spatial resolution and reconstruction capability. The dose rates 12 days after shut-down were calculated
by means of MCNP in various positions at the back of the port plug. It was found that, by filling up the port
plug in the region close to the RNC ex-plug nose, the dose rates fall to values close to the 100 μSv/hr limit.
A failure mode and effect analysis of the RNC during machine operation, e.g., accidents and diagnostic
failures, was also carried out. Analysis of CAD drawings showed various interface problems with other
diagnostic systems in the same port.

10

5

Z (m)

The RNC data acquisition requirements were addressed
and a preliminary architecture has been proposed. The
RNC will need a set of 90 (45 lines of sight each housing
two detectors) fast-acquisition channels (200 Msample/s)
for data transfer and a set of about 900 (10 channels per
detector) slow-acquisition channels (1 kSample/s) for
power supply and monitoring (high voltage, preamplifier,
temperature sensor, magnetic field sensor, LED sensor,
etc). The scheme of the calibration procedure foreseen for
the RNC has been detailed, including the operations to be
performed during the RNC construction phase, before
and after its installation on the machine. Extensive use of
DD and DT portable neutron generators and passive
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[3.15]

D. Marocco and B. Esposito, Final Report on EFDA
Task TW6-TPDS-DIADEV2: Assessment of effects of
RF- and NBI-generated fast ions on the
measurement capability of diagnostics, ENEA
Internal Report FUS TN PHY-R-007 (2007)

Fig. 3.27 - Layout of the RNC (tilted
planes are shown)
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6

sources (neutron, gamma and alpha) will be needed. Urgent R&D
tasks have been identified (in addition to the already on-going tasks
on detector radiation hardness, digital acquisition systems and
neutron emissivity reconstruction tools): test the operation of
scintillation detector systems at high count rate and under high
magnetic field (∼1 T); optimise the operating temperature of the
detectors and study the need for active cooling systems (especially
for the in-plug detectors); develop large-area diamond detectors
and check their long-term stability; consider other detector options
for redundancy; develop the conceptual design of adjustable
collimators; investigate the tools for providing temperature profiles
and nT/nD ratio from acquired line-integrated spectrometry/
emissivity measurements.
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The measurability of effects due to ion cyclotron resonance heating
(ICRH) and neutral beam injection (NBI) on the signals measured by
the RNC and vertical neutron cameras (VNCs) shown in figure 3.28
was assessed in two ITER reference scenarios (standard H mode
Fig. 3.28 - Layout of the VNC
and steady state) by means of the Measurement Simulation
Software Tool (MSST) code [3.13,3.15]. The results indicate that
effects of ICRH and NBI on the integrated neutron measurements should not be visible at 1-ms time
resolution (ITER measurement requirement for neutron emissivity profiles) because of the magnitude of the
counting statistics error affecting the measurements; however, such effects might be visible at a lower time
resolution (1 s) provided only small (<1%) additional random errors be present. At 1-s time resolution,
effects due to ICRH and NBI (e.g., peaked, hollow profiles) are visible on the inverted neutron emissivity
profiles with sufficient accuracy. The accuracy of the profile reconstruction obtained using the VNC is poor,
mainly due to high background affecting the measurements. Nevertheless, measurable differences are
observed between thermal and total inverted emissivity.
R (m)

Single-crystal diamond (SCD) films were obtained by homoepitaxial microwave
plasma chemical vapour deposition (CVD) on high-pressure high-temperature
(HPHT) Ib substrates (see also Sec. 1.5 of this report). Some of the films were
also used as thermal neutron detectors by depositing a 6LiF layer on the Al
contact. The 6LiF layer acts as converting material to detect thermal neutrons by
6
means of the Li(n,α)T nuclear reaction. One of the devices was tested as a neutron flux monitor inside the
TRIGA reactor at ENEA Casaccia. The device responds very well even at very high count rate, up to
150000 cps. Figures 3.29 and 3.30 report comparisons between the diamond and the standard fission
chamber (FC) flux monitor of TRIGA. A pile-up correction had to be applied for the diamond electronics
because of the very high count rate.
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Development of CVD
diamond-based
neutron detectors
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Neutrons
produced
during DT and DD
plasma
operations
induce activation of the
materials constituting the
fusion machine components. Prediction of
the induced activation and resulting dose rates is a
main issue for fusion reactors.

Validation of shutdown
dose-rate Monte Carlo
calculations through a
benchmark experiment
at JET

[3.16]

Y. Chen and U. Fischer, ITER-FEAT, Shutdown dose
rate analysis by rigorous method. Final report on
Contract EFDA/00-564, FZK Internet Bericht IRS Nr.
9/01, FUSION Nr. 177 (September 2001)

[3.17]

Y. Chen and U. Fischer, Fusion Eng. Des. 63-64,
107-114 (2002)

[3.18]

H. Iida, et al., J. Nucl. Sci. Technol., Supplement 1,
235-242 (2000)

[3.19]

L. Petrizzi et al., Improvement and benchmarking of
the new shutdown dose estimation method by
Monte Carlo code: advanced Monte Carlo for
radiation physics, particle transport simulation and
applications, Proc. of the MC2000 Conference
(Lisbon 2000), Springer pp. 865–870 (2001)
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Fig. 3.29 - Comparison between responses of SCD detector and
FC monitor. Open circles: reactor ramp-up from 10 kW to 1 MW.
Full circles: subsequent sudden decrease from 1 MW to 10 kW.
Open triangles: pile-up corrected data during the whole cycle. Full
line: linear best fit of the pile-up corrected data
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Fig. 3.30 - Comparison between time traces of pile–up
corrected SCD detector (left-hand vertical scale) and the FC
monitor (right-hand vertical scale)

Over the years, two different calculation approaches have been developed under the Fusion Technology
Programme. One is the so-called rigorous two-step (R2S) method developed by Forschungszentrum
Karlsruhe (FZK) Germany [3.16,3.17]; the second is the direct one-step (D1S) method [3.18,3.19]
developed by the ITER team and ENEA. Both methods use the MCNP code [3.20] for transport
calculations and the FISPACT [3.21] inventory code for activation calculations. Several computational and
experimental benchmarks of the two methods have been performed in the past. Good results have been
obtained for simple geometries under well-defined conditions (ITER-oriented experiment at Frascati
neutron generator [3.22]). A more complex benchmark was performed in 2004 at JET [3.23]. D1S and R2S
dose rate calculations were compared with dose measurements collected by the JET Health Physics group
during the first experiment with tritium (DTE-1) in 1997, seven years previously. The benchmark results
were not satisfactory, so it was decided to conduct a dedicated experiment at JET, this time using ad hoc
detectors. Dose-rate data were measured during off-operational periods and at the end of the 2005-2007
JET campaigns in two irradiation positions, at different decay times, and compared with those calculated
by D1S and R2S [3.24].
Two irradiation positions, in-vessel and ex-vessel, were selected,. An active Geiger-Müller (GM) detector
was installed on the top of the main vertical port of a JET sector (Octant 1) below the vertical neutron
camera (ex-vessel position). High-sensitivity thermoluminescent detectors (TLDs) GR-200A (natural LiF)
were used for in-vessel measurements. The JET DD and DT daily neutron yields during the 2005-2007
campaigns were measured by the JET neutron diagnostic systems and had a typical error of ±10%.

[3.20]

J.F. Briestmaister, Ed, MCNPTM- A general Monte
Carlo N-particle transport code, Version 4C3, Los
Alamos Nat. Lab. Report, LA13709-M (March 2000).

[3.21]

R. Forrest, FISPACT-2007 User Manual EASY 2007,
Documentation Series UKAEA FUS 534

[3.22]

P. Batistoni et al., Fusion Eng. Des. 58-59, 613-616
(2001)

[3.23]

L. Petrizzi et al., Rad. Prot. Dosim. 115, 80-85 (2005)

[3.24]

L. Petrizzi et al., Fusion Eng. Des. 81, 1417–1423
(2006)

[3.25]

J.Ch Sublet, Activation considerations relevant to the
decommissioning of Fusion Reactors, PhD thesis,
Imperial College London (1989)

The 3D MCNP model of the JET Octant 1 is shown in
figure 3.31a. The original model, provided by the
United Kingdom Atomic Energy Agency (UKAEA), was
developed by adding more details where needed on
the basis of CAD drawings, especially around the GM.
The chemical compositions of several components
were taken from reference [3.25]. Details of the GM
detector and of the irradiation end, where the TLDs
are installed, are given in figure 3.1b,c, respectively.
D1S and R2S use consistently the same transport and
decay nuclear cross-section data (FENDL2 and
FENDL2A).
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a)

b)

c)

Calculation/Experiment

Fig. 3.31 - MCNP model: a) 45° sector bound by
reflecting surface; b) main vertical port and GM
detector; c) irradiation end (TLD)
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Fig. 3.32 - C/E for D1S and R2S for
in-vessel and ex-vessel positions

1×109

Results of the benchmark expressed in terms of
the calculation/experiment (C/E) ratio for both
methods are shown in figure 3.32. The total
uncertainty of the C/E data was obtained by
summing quadratically the uncertainty on E
(estimated experimental error) and on C (statistical
error of MCNP calculation and neutron yield error).
For the in-vessel position, as a general trend, the
experimental value is reproduced by both
approaches within the estimated total uncertainty,
although the D1S results are systematically higher
and the R2S slightly lower. The trends of the two
methods are expected (one higher and the other
lower for inner positions).

For the ex-vessel position, although optimum
agreement between R2S and D1S evaluations is
obtained (within ±20%), both methods underestimate the experimental values (the C/E varies between 0.3
and 0.5). As distance from source increases, the impact of the modelling (geometry and material
descriptions) of the interposed components, structures and surrounding environment becomes important.
At the beginning of the benchmark the original MCNP model gave C/E <0.02. The model updates provide
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better results. The resulting dose rate is mainly due to gammas emitted by cobalt isotopes (Co–60 and
Co–58). These radionuclides are produced by neutron reactions with predominantly nickel and cobalt. The
observed underestimation could be due to the fact that some components that contain these elements are
absent in the description of the model.

The neutron-induced decay heat on samples of rhenium irradiated at the Frascati
neutron generator (FNG) in a FW-like neutron spectrum was measured (European
Activation File [EAF] Project). Two thin rhenium samples (25 mm) were irradiated
for 12360 s. One sample was monitored by ENEA’s decay heat measuring
system where gamma and beta decay heats are simultaneously measured. The
other sample was monitored by HPGe detectors. The radionuclides produced
were identified through gamma spectroscopy. The decay times studied were
from a few minutes up to about one month after the irradiation. The European Activation System (EASY)
calculations were carried out with the use of EAF 2005.1.

Experimental
validation of neutron
cross sections for
fusion-relevant
materials

C/E

The results and uncertainties of the comparison between experimental data and EASY predictions
(fig. 3.33) give confidence in the accuracy of the EASY code in predicting induced decay heat for a fusion
reactor such as ITER. A discrepancy (C/E=0.65±0.1 exp err.) found in the decay heat for medium decay
time was identified as being due to the reactions Re187(n,g)Re188. This nuclide is responsible for about
90% of the heat produced for a decay time <1×1005 s (fig. 3.34). With gamma spectroscopy it was
possible to identify radionuclides and thus the nuclear reactions that mainly contribute to the induced
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Fig 3.33 - Results from beta and gamma decay heat measurements
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activation. Eight reactions were identified as being responsible for more than 99% of the heat produced in
the measured decay time. For these reactions EASY-2005.1 data are adequate to reproduce the
experimental results obtained at FNG.

The design of the TBM - HCLL mockup to be used for neutronics benchmark experiments
at FNG has been completed and optimised. The mockup (fig. 3.35) reproduces the
characteristics of a breeder insert: radial thickness, thickness of ceramic layers and
thickness of steel plates. It is made of alternating layers of LiPb eutectic alloy (35.9 mm
thick) and steel (9 mm, simulating the cooling plates). Lithium with a natural isotopic
composition is considered. The total weight of the LiPb used in the mockup is 630 kg.
Tritium production will be measured by using Li2CO3 pellets at different depths along the block central axis
and will be compared with the calculated production.

TBM - HCLL
mockup for
neutronics
experiments

474 mm

A pre-analysis of the tritium production measurements was performed with the MCNP-4c code. As a first
step, the results were compared with those obtained in the TBM-HCPB mockup experiment performed in
2005: although the total tritium produced in the mockup is comparable to that of the HCPB (0.0098
T– atoms/n, 1.75610×-11 Bq/n T- activity), in the HCLL tritium is produced in the whole Li-Pb volume and
not concentrated in the small volume defined by the
ceramic breeder layers as in the HCPB. Thus, the
distribution of tritium production in the HCLL
Radial cross section
Lateral cross section
decreases very rapidly with depth and at about
25 cm of penetration depth it is more than 20 times
lower than in the HCP. Therefore, the TBM-HCLL
Front central brick Rear central brick
experiment requires more sensitive techniques to
measure the tritium production distribution up to
n source
about 25-30 cm depth within the same
experimental uncertainty (i.e., ~5%). The
pre–analysis showed that to improve tritium
production (mainly due to thermal neutrons) it could
346 mm
450 mm
be useful to surround the mockup with a large
polyethylene (PE) shield (fig. 3.36). In this way,
Fig. 3.35 - TBM-HCLL mockup for neutronics benchmark
neutron spectra more similar to those occurring in
experiment
the TBM in ITER conditions are also obtained. The
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Fig. 3.36 - Comparison of T-specific activity in Li2CO3
pellets with and without polyethilene shield

Fig. 3.37 - Comparison of T-specific activity in Li2CO3
pellets with natural Li and with 6Li-enriched Li at 90%
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use of Li2CO3 pellets enriched in 6Li up to 90% was also considered in order to increase the sensitivity of
the technique (fig. 3.37). Measurements of the tritium production rate will be performed also with the use
of other independent techniques, i.e., TLD detectors and 6Li-covered diamond detectors. All the
measurements have been detailed.
Construction of the neutronics HCLL mockup could not be started as planned (for October 2007) because
the LiPb material was not delivered by the firm producing it for EFDA (EFDA contract).

3.7 Materials
In collaboration with the
University of Rome Tor
Vergata ENEA
has
d e v e l o p e d
instrumentation
and
mathematical models for performing and
interpreting cylindrical-indentation tests. In
2007 a special mechanical apparatus,
consisting of two levers of the second kind
in series (fig. 3.38), was produced to
perform creep tests with a cylindrical
indenter. Creep tests constitute a way to
analyse the resistance of the structures of
materials that have to operate at high
temperature. Deformation at constant
load and temperature is tested by directly
submitting a viscoelastic specimen to the
load and measuring its deformation as a
function of time.

Indentation
creep testing

The creep tests were performed with a
1–mm-diam cylindrical indenter on F82H
ferritic martensitic steel at a temperature of
535°C (fig. 3.39) and on the AA2014.8
aluminium alloy at 150°C. Figure 3.40
reports comparisons between data
obtained by conventional uniaxial creep
testing and data from indentation creep
testing for the F82H.

40

Indentation depth (μm)

Compared to conventional creep
experiments, indentation creep tests have
several advantages. For example, only
small amounts of materials are needed
and sample preparation is simple. Some
numerical and experimental research has
been performed to build the relationship
between indentation creep testing and
conventional uniaxial creep testing.

Fig. 3.38 - Indentation creep tester
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Fig. 3.39 - Indentation creep depth as a function of creep time
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Fig. 3.40 - Converted indentation creep
data and uniaxial creep data
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The activities carried out during 2007 in the
framework of the Broader Approach/
International Fusion Materials Irradiation
Factility (IFMIF) Engineering Validation and Engineering Design Activities (EVEDA) phase were mainly
devoted to implementing the target design, particularly in the version of the “bayonet concept”, proposed
by ENEA (fig. 3.41). The main topics were thermohydraulic investigation, materials-compatibility study in
the presence of high-velocity flowing Li and optimisation of remote handling procedures.

The first step for the engineering design of the European version of the IFMIF target is the
thermohydraulic profile. Several calculations and experiments have shown that the
transition from the straight to the curved profile is accompanied by significant flow
instabilities which cannot assure a stationary flow regime. In this condition a premature
rupture of the back-plate could be expected as well as insufficient neutron production. To
prevent this type of flow instability, ENEA studied two alternative profiles: parabolic and linearly variable
radius. The proposal based on a parabolic profile is illustrated in figure 3.42 where it is compared with the
present profile based on a straight line connected to a constant radius curvature. The difference between

Engineering
design of the
EU target
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Fig. 3.42 – Back-plate parabolic profile

Fig. 3.41 - Target assembly (bayonet concept)
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Back-plate

the two approaches turned
out to be insignificant from the
fluid-dynamic aspect. The
second
proposal,
which
presents
a
continuous
curvature change as illustrated
in fig. 3.43, seems better. The
proposed
fluid-dynamic
profiles are adaptable to both
the European and the
Japanese back–plates and will
be extended to the inlet nozzle
as well. An important cause of
back-plate damage is the
neutron irradiation effect on the
structural material. To better
understand
the
damage
distribution on the component,
a neutron damage calculation
(fig. 3.44) was performed. It is
clear that even if a maximum
value of 58 dpa/year is
reached in the centre of the
footprint, the periphery of the
component, where the delicate
tightness system is located, is
affected
by
less
than
1 dpa/year. This result paves
the way for the application of
the bayonet-type back-plate.
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Fig. 3.44 - Preliminary calculations of neutron damage
distribution of IFMIF back-plate

An important degradation factor of the IFMIF back-plate is represented by the
erosion/corrosion effect due to the flow of lithium at high velocity (15 to 20 m/s). In
order to experimentally study these effects, the LIFUS III loop (fig. 3.45) was
commissioned and operated for the first test campaign of 1000 h in 2007. First
results at 16 m/s showed there was an enhanced damaging effect with respect to
simple corrosion. The effect of Li velocity on the base-material removal rate appeared very intense for both
AISI 316 and EUROFER 97. A further increase in damage was discovered at the inlet of the corrosion
orifice, where the fluid turbulence is higher than in the straight channel. Figure 3.46 shows the increased
erosion of the specimen at its inlet side.

Erosion/corrosion
of
the
target
back-plate
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Fig. 3.45 – LIFUS III lithium loop

Preliminary
remote handling
handbook for
IFMIF facilities

Fig. 3.46 - AISI 316 specimen exposed to 16 m/s Li flow for 1000 h

One of the most technically challenging activities, requiring sophisticated machines
and remote handling, is the maintenance and refurbishment of the IFMIF components
located in the target, test cell and accelerator facilities.

The Preliminary Remote Handling Handbook (PRHH) is the first attempt to treat
homogeneously the remote handling activities for the IFMIF facility. The objectives of
the handbook are to identify equipment and tools to be used during the RH maintenance tasks, devise a
RH strategy to fulfil the stringent requirements of IFMIF plant availability, design the RH procedures for the
main components and systems and integrate in a unique document the work already done by the different
research associations.
The final version of the PRHH (completed at the end of 2007) consists of five chapters:. 1 - Introduction
and general description; 2 - Design guidelines; 3 - Remote handling needs; 4 - Remote handling
equipment; 5 - Remote handling procedures. The manual was compiled by RH experts from the ENEA and
Commissariat à l’Energie Atomique (CEA) Associations. ENEA dealt with the RH activities for the target
and test-cell facilities; CEA with the RH activities for the accelerator and the conventional facilities. ENEA
was also responsible for coordinating the work.
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RH maintenance
of target
assembly
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The back-plate of the IFMIF target assembly system is the component most heavily
exposed to a high neutron irradiation flux (up to 50 dpa/fpy), so its expected lifetime
is estimated to be less than one year. To increase the overall target lifetime and to
reduce the waste materials, the reference target design is based on a removable
back–plate.

The two options of the removable back-plate (the so-called “cut & reweld” and “bayonet” concepts)
presently under investigation differ greatly in the locking systems to seal the edge of the back-plate and in
the RH approach for its substitution. The cut & reweld option considers the removal of the entire target
assembly from the test cell cavern, and then its transport to a hot cell area where the back-plate is
exchanged by using a cutting & welding YAG laser machine (fig. 3.47). The back-plate bayonet concept
has been designed to allow back-plate replacement without removing any other components of the target
assembly system (back-plate in- situ replacement) (fig. 3.48). Detachment of the back-plate from the target
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assembly in this case is performed by using a simple angular bolting tool.
The replaceable back-plate bayonet concept developed and implemented by ENEA is the EU reference
design for the IFMIF target assembly system, whilst the cut & reweld concept was developed by the Japan
Atomic Energy Agency (JAEA).
During 2007 ENEA’s activities were focussed on the preparation of a suitable work programme to be
performed along all the EVEDA phase. The programme also includes several R&D activities to validate the
back-plate bayonet concept from the technological viewpoint as well as to assess the suitability of the
designed target assembly for remote handling. In particular the 2007 activities centred on validating the
back-plate bayonet concept design. Therefore a wide programme of technological tests was set up to
assess its suitability to operate under IFMIF-relevant operating conditions. It includes the following
activities:
• Sealing capability of the gasket. Sealing of the target assembly system is provided by a soft iron

Helicoflex gasket. During lithium jet operation, evaporation-condensation of the flowing lithium could
cause an accumulation of lithium in the groove of the gasket and in the outer jacket of the gasket itself.
The corrosive nature of the lithium could compromise the sealing capability of this kind of gasket.
Accordingly the activity is aimed at verifying the capability of the proposed sealing system under
simulated IFMIF conditions.
• Evaluation of the impact of swelling on the functionality of the tightening system. The closing system of
the back-plate bayonet concept consists of three skates mounted on the upper, lower and lateral sides
and six bolts on the fourth side. Evaluation of the swelling phenomena (i.e., ΔV/V% on the bolts/holes)
on the bolted coupling system becomes a precondition for the validation of the back-plate bayonet
concept design. This activity is performed in collaboration with the University of Palermo.
• Dicronite assessment. Due to the extreme operating conditions (radioactivity, high temperature, etc.)

Fig. 3.47 - Removal of the target assembly for the “cut &
reweld” concept

Fig. 3.48 - In-situ back–plate replacement for the
“bayonet concept”
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lubricants cannot be used, so all the bearing surfaces have been treated with a non-seizure coating
called Dicronite. The activity is aimed at establishing whether such treatment can substitute lubricants.
The activity will be performed in collaboration with the IMM institute at the National Research Council
(CNR) Bologna.
All these activities are ongoing and will continue in 2008.

3.9 Safety and Environment, Power Plant Conceptual Studies and
Socioeconomics
Failure mode and effect
analysis for ITER systems
•

Failure mode and effect analyses (FMEA) were performed at component
level to see whether operation of the following ITER systems, not yet
analysed, could have safety-relevant implications:

remote handling (RH) systems to replace port plugs [3.26] ;

• vacuum pumping system (VPS) [3.27];
• water detritiation system (WDS) [3.28];
• ion cyclotron heating & current drive system (IC H&CD) [3.29];
• electron cyclotron heating & current drive system (EC H&CD) [3.29];
• some diagnostics (representative parts) [3.29];
• fuelling system [3.30];
• hot cell systems [3.31].
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The systems were described and breakdowns of the main components were prepared to support the
FMEA and to help identify the components. For each component the possible failure modes were
investigated by identifying possible causes, actions to prevent the causes, consequences and actions to
mitigate consequences. The elementary failures leading to consequences relative to public safety were
then grouped in postulated initiating events (PIEs). For each PIE a deterministic analysis has to
demonstrate that the plant is able to mitigate the consequences and, in each case, keep the
consequences below established safety limits. Seventeen PIEs were identified for the overall systems. Six
PIEs had already been dealt with in the “Generic Site Safety Report” (GSSR) of ITER. The remaining eleven
PIEs will be the subject of future studies. All elementary failures not generating consequences relative to
public safety were classified as not safety-relevant. Although this type of event is not important from a
safety viewpoint, it becomes important when defining plant operability and maintenance strategy, and it is
useful in evaluating worker safety. In some cases,
probabilistic evaluations were performed to categorise
the likelihood of PIEs occurring. Another interesting
[3.26] R. Caporali, T. Pinna, Failure mode and effect
output of these studies was the identification of
analysis for remote handling transfer systems of
accident maintenance scenarios for the hot cells and
ITER, ENEA Internal Report FUS-TN-SA-SE-R-156
for the RH systems used to replace port plugs.
(Dec. 2006)
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Safety analysis of ITER
failures and
consequences during
maintenance

This is the first time an
attempt has been made
to identify potential
worker
overexposure
situations
during

[3.27]

C. Rizzello, T. Pinna, Failure mode and effect analysis
for the vacuum pumping system of ITER, ENEA
Internal Report FUS-TN-SA-SE-R-181 (Oct. 2007)

[3.28]

C. Rizzello, T. Pinna, Failure mode and effect analysis
for the water detritiation system of ITER, ENEA
Internal Report FUS-TN-SA-SE-R-167 (Apr. 2007)

[3.29]

T. Pinna, Failure mode and effect analysis for ITER
systems: ion cyclotron heating & current drive (IC
H&CD) system; electron cyclotron heating & current
drive (EC H&CD) system; diagnostics (representative
parts), ENEA Internal Report FUS-TN-SA-SE-R188 (Dec. 2007)
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machine maintenance operations [3.32]. The key findings obtained from the study are as follows.
Firstly, there are no machine maintenance operations during which the risk of worker overexposure is
considered significant enough to warrant immediate attention to the design.
Secondly, the most significant risk of worker overexposure is due to airborne releases of radioactivity from
cooling water pipes and tubes that may not have been fully drained and dried when cut or inadvertently
opened by workers (the frequency of pipe-cutting activities could be significantly high).
Thirdly, the risk of overexposure due to human error could also be significant. This varies from mistaking
the machine sector to mistaking the component to be maintained. This is analogous to working on a live
electrical circuit which is believed to be disconnected from the power source because the worker has
erroneously selected the wrong circuit – a look-alike situation. Similarly, consider the situation of a worker
preparing to work on a cooling water circuit that is still at pressure and temperature, instead of a circuit
that has been drained and dried. The more look-alike situations there are in the facility, the greater the
probability of committing this type of error.
Fourthly, when human error is considered, the aggregation of different diagnostics in the same port might
increase the probability of that error. At present, these risks cannot be quantified, but they should be
considered in the future.
Finally, transport of activated in-vessel components, including those of the plasma-heating and currentdrive systems, in non-shielded casks could imply a significant risk of worker overexposure. In the context
of the as-low-as-reasonably achievable (ALARA) requirements, this approach requires a specific study to
justify its use.
In conclusion, it is important to note that identifying the possibility of an overexposure situation does not
mean that it is probable. The calculation of probability awaits further studies of this type, when the design
reaches a more detailed level.

This study provides a preliminary assessment of the tritium confinement
strategy adopted in the design of ITER, with particular reference to the
tritium building and detritiation systems [3.33]. The atmosphere-detritiation
and vent-detritiation systems included in the ITER design reduce the
environmental releases of tritium from the atmosphere of the rooms, which
could become contaminated due to an accidental spill of tritium (fig. 3.49).
The design of these safety-related systems was analysed to assess their
adequacy, in particular during design basis accidents (DBA). The following accidents were selected as they
are the most important in challenging the confinement
of tritium:

Integration of design
modifications (in
Preliminary Safety Report
[PSR]) to tritium building
and detritiation system

[3.30]

R. Caporali, T. Pinna, Failure mode and effect
analysis for fuelling systems of ITER, ENEA Internal
Report FUS-TN-SA-SE-R-174 (Sept. 2007)

[3.31]

R. Caporali, T. Pinna, Failure mode and effect
analysis for hot cell systems of ITER, ENEA Internal
Report FUS-TN-SA-SE-R-173 (Oct. 2007)

[3.32]

A. Natalizio, T. Pinna, C. Rizzello, Safety analysis of
failures and consequences during maintenance,
ENEA Internal Report FUS-TN-SA-SE-R-170 (June
2007)

[3.33]

C. Rizzello, T. Pinna, Concerns on tritium
confinement and atmosphere detritiation systems in
ITER tritium building, ENEA Internal Report FUS-TNSA-SE-R-169 (May 2007)

• accidental spills of tritium from process equipment

and the related glove box enclosure (primary
containment);
• fires and hydrogen explosion;
• extreme winds (tornado).
The main results are:
• In case of an accidental spill, the stand-by vent

detritiation system (S-VDS) requires some time
to come into operation, which may lead to
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Fig. 3.50 - Block diagram of scrubber system
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unacceptable releases to the environment during a first transient. In addition, according the present
design solutions, the reliability of the normal VDS (N-VDS) and S-VDS to intervene on demand and to
correctly mitigate in time a large accidental tritium release in the operating area seems low.
• An alternative approach to detritiation of the operating areas is proposed as a conceptual design. The
concept consists of a scrubber (fig. 3.50) capable of contacting, by a spray of water, all the air effluent
from areas potentially contaminated by tritium. If a tritium spill should occur inside a process room, the
contaminated air channelled into the scrubber comes into contact with the scrubbing water and will lose
by dilution the concentration of HTO. The effluents released to the environment should be practically
cleared of HTO.
• For fires, it is necessary to assess the behaviour of some critical components, such as filters and
recombiners, which are required to process the fumes produced by combustion (in terms of dusts and
volatile products capable of poisoning the catalyst). Another concern is related to the capability of the
ventilation systems to maintain, also in the case of fires, a slight de-pressurisation of internal rooms with
respect to the environment in order to avoid an increase in room leaks.
• No relevant concerns are related to the capability of
safely dealing with tornado events.
[3.34]
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A. Natalizio, M.T. Porfiri, ALARA evaluation for ITER
design change requests 3 to 65, ENEA Internal
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Table 3.II – DCRs with potential negative impact on ORE

DCR NO.

10

DCR TITLE

Use of separate loop for the VV
field joint cooling

Modification of the thickness
of the upper cryostat bioshield

STATUS

Cause of ORE modification

COMPLETED

The additional VV cooling water pipes,
inside the port cell and port-cell interspace,
would increase the hands-on work-effort
during such operations.

negative impact

The DCR introduces two design changes: a
reduction in shielding thickness and an
access restriction. The maintenance work
will now be exposed to a higher radiation
level because the shielding thickness is
less, but the work is displaced from periods
of machine operation to when the machine
is not operating. The other factor to be
considered is the effect of sky-shine, which
could be significant as it could have an
impact on a large number of workers in
unshielded areas.

negative impact

This new system has
hydrogen/dust explosions
vacuum vessel. The impact
new system is an increased
requirement.

negative impact

ACCEPTED

27

52

54

VV inert gas injection safety
system in the case of air
ingress

ONGOING

Design of the pressure relief
system for the TCWS vault in
the case of ex-vessel cooling
pipe break at baking

ONGOING

to prevent
inside the
of adding a
maintenance

It is proposed to consider three design
options for the tokamak cooling water
system (TCWS) vault pressure relief
system, relative to radiation protection of
workers:

Potential
ORE Impact

negative impact

• contaminate the TCWS vault only,

Cos

a significa???
• contaminate the TCWS vault and another
volume, and
• contaminate the TCWS vault, another
volume and the cryostat.
The consequences in terms of worker
doses increase progressively with the
number of volumes contaminated.

The ITER design change requests (DCRs) were fully reviewed and evaluated to
determine their potential impact on occupational radiation exposure (ORE)
[3.34]. As a result it can be concluded that a significant amount of attention has
been given in the design process to worker radiation exposure. Of the 54
requests only four (table 3.II) have been identified as having a potentially
negative impact on ORE. For most of the DCRs the impact is neutral and for many the impact is believed
to be positive. It is clear that for the four DCRs with a potentially negative impact the project needs to justify
their acceptability, in accordance with the ALARA requirements.

ALARA evaluation for
ITER design change
requests 3 to 65

Report FUS-TN-SA-SE-R-161 (June 2007)
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Implications for PSR of
an increase in the ITER
first-wall fluence and of
an "all tungsten machine”

The main aim of the study was to point out the implications of the updated
calculation results for the ITER Preliminary Safety Report. At the time of
the study the PSR had not yet been published, so the analysis was carried
out with reference to the table of contents. In the framework of the task,
ENEA was requested to consider and assess the following three cases:

• Case 1) An increase in the neutron fluence on the ITER first wall from 0.5 (i.e., the GSSR value) to

1.0 MWa/m2. Beryllium is considered as the first-wall protective layer. The analyses and results are given
in [3.35]. An example of the Case 1) comparison with the corresponding GSSR results is shown in
figure 3.51.
• Case 2) Tungsten instead of the beryllium considered for the first-wall plasma-facing components in the
GSSR. The ITER first-wall fluence is 0.5 MWa/m2. The analyses and results are given in [3.36].
• Case 3). A combination of the two previous cases, i.e., tungsten as the ITER first-wall protective layer
and a total fluence of 1 MWA/m2 on the first-wall equatorial plane. The analyses and results are given
in [3.37]. A comparison between the activation results of cases 2 and 3 is shown in figure 3.52.
The reference design characteristics for all the calculations are defined in the Activation Analysis
Specification-3, Version 1.12, and in the Safety Analysis Data List, Version 5.1.1. The calculation scheme
is similar to that used for the ITER GSSR. The material activation was calculated with the European
Activation System EASY-2005.1 code package (based on the FISPACT-2005 activation code and the
European Activation File [EAF]-2005.1 neutron activation library). Comparison with the GSSR Volume III
data was also performed and reported. The implications for compilation of the ITER PSR were pointed out,
with reference to the table of contents.

6

R1.0=(activity ITER 2007)/
(activity ITER GSSR)

The most recent calculations were
performed with the EASY-2007 (based
on the EAF-2007 neutron activation
library) package, released in 2007,
because some errors had been found
in the EAF-2005.1 data library (mainly
related to the cross-section data for
the n, p nuclear reactions of the Ni58
producing Co58). All the activation data
results obtained and the related
analysis and discussion are on going
and will be included in the report
[3.38].
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Fig. 3.51 – Ratio between results of calculation for ITER design 2007 and
ITER–GSSR, for activities of various inboard zones materials at different
cooling times
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G. Cambi, D.G. Cepraga, ITER material activation report. Case 1): Beryllium as first wall PFC with first wall average
fluence 1.0 MWa/m2, Contract EFDA 07-1702/1574, Task TW6-TSS-SEA4.1, Deliverable D3, ENEA Internal Report
FUS-TN-SA-SE-R-182 (Dec. 2007)

[3.36]

G. Cambi, D.G. Cepraga, ITER material activation report. Case 2): Tungsten as first wall PFC with first wall average
fluence 0.5 MWa/m2, Contract EFDA 07-1702/1574, Task TW6-TSS-SEA4.1, Deliverable D4, ENEA Internal Report
FUS-TN-SA-SE-R-183 (Dec. 2007)
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G. Cambi, D.G. Cepraga, ITER material activation report. Case 3): Tungsten as first wall PFC with first wall average

3. Technology Programme

2007 Progress Report

Safety analysis
for EU test
blanket
modules

The ITER licensing process taking place in France also requires an assessment of the
accident analyses for the two European test blanket modules (HCLL and HCPB) that will
be tested in ITER. ENEA was requested to coordinate the accident analyses work for
both concepts.

An accident scenario was outlined for each concept: An ex-vessel vessel loss of He
coolant, aggravated first by a postulated failure of the fast plasma shutdown system and then by a
postulated failure of the blanket water coolant pipes in the vacuum vessel [3.39]. They were classified as
Beyond Design Basis Accidents (BDBA). The investigation of the BDBA conditions was also aimed at
showing the limits within which the test blanket modules (TBMs) can be operated and the effect of a failure
of the TBMs on ITER in terms of the radiological risks. The analyses performed were complex for several
reasons [3.40]:
• lack of some software-tool models, which made it impossible to simulate with only one code all the

phenomena involved in the transients;
• paucity of experimental data related to the chemical reactions;
• approximation in the modelling of the fluid LiPb in the HCLL analysis;
• need to extend the characteristics of the materials to ranges not covered by experimental data.

RW-PFC1.0/0.5=(activity - case3)/
(activity - case2)

The results obtained in the accident analyses are not definitive for the TBM safety assessment and can be
considered as work in progress. However they do indicate some weak points in the design and in the
available database.
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An R&D programme is needed to
complete the information that is
missing in regard to the critical issues.
For the HCPB, work should be mainly
focussed on investigating the chemical
reactions in the Be pebble bed with air
and/or steam in the configuration of the
HCPB box. For the HCLL the studies
should concern the chemical reactivity
of the LiPb with water in the typical
conditions of the ITER vacuum vessel
because the existing database does
not include the range of temperature
and pressure foreseen in accident
conditions in the vessel.
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Fig. 3.52 – Ratio between the activities of various inboard zone materials vs
cooling times, for two cases with 1.0 and 0.5 MWa/m2 fluence on the
outboard W protective layer

fluence 1.0 MWa/m2, EFDA Task TW6-TSS-SEA4.1, Deliverable D5, ENEA Internal Report in preparation
[3.38]

G. Cambi, D.G. Cepraga, ITER 2007 activation calculations: understanding comparison with GSSR and implication
on RPrS writing, EFDA Task TW6-TSS-SEA4.1, Deliverable D6, ENEA Internal Report in preparation

[3.39]

M.T. Porfiri, Coordination of EU TBM safety analyses: initial report, ENEA Internal Report FUS-TN-SA-SE-R-159
(Dec. 2006)

[3.40]

M.T. Porfiri, Coordination of EU TBM safety analyses: final report, ENEA Internal Report FUS-TN-SA-SE-R-172 (Dec.
2007)
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The development and validation of software tools for simulation of all the accident scenarios is another
concern which should be faced in the near future because of the large approximations that have to be used
at present in safety analyses.

The study dealt with the ORE assessment, ALARA application and accident
analysis during maintenance activities in the ITER neutral beam injector (NBI)
cell [3.41]. The ORE study took into account the related ITER DCRs: DCRs 53
(relocate the NB cell wall and access door); 49 (NB maintenance scheme and
NBI cell layout); 42 (removal of the front active coils in NB magnetic field
reduction system) and 34 (redesign the vacuum-vessel pressure suppression system (VVPSS) relief pipes
to by-pass the NBI shutter). Maintenance of the NBI box internal components, the diagnostics connected
to the upper ports from no. 5 to 7, the VVPSS rupture disks, the crane for remote handling and the ancillary
equipment (motors, valves and ventilation system) were considered. The ORE assessed for NBI system
maintenance was 26.2 p–mSv/a, which is 5.2% of the ITER total collective dose target (500 p-mSv). Two
accident analyses were carried out (one leak in the divertor (DV) cooling loop and one in the injector cooling
loop. The results showed that releases of tritium, activated corrosion products (ACPs) and dust in the NBI
cell after 12 days, when the radiation field in the cell allows maintenance operations, are much lower than
the release limits established in the accident analyses of the ITER design guidelines.

Occupational radiation
exposure and ALARA
approach

PACITER. The PACTITER code, an adaptation of the PACTOLE code developed for
PWRs, is relevant for predicting ACP generation and transport in the various primary
heat transfer systems of ITER. However, it requires some new models for an
unambiguous assessment of the ACPS, which contribute to the source term of the
activity released to the environment, in the case of an accident, and to the ORE during normal operation
of ITER. For the code validation and application, two sets of calculations were carried out. The first was
done to simulate the CORELE experiments on SS316L release rate measurements at T=200°C, and
provided results in good agreement with the experimental data [3.42]. The second dealt with a simulation
of the presence of a chemical and volume control system (CVCS) (addition of an ion exchange resin unit)
in the vacuum vessel primary heat transfer system (PHTS) loop to verify the potential to reduce the high
level of ion concentration in the loop [3.43]. The calculation results revealed that the introduction of the resin
unit is effective in reducing the soluted ion concentration by an average factor of 3-5. In addition, the
deposit activity and the total potential mobilisable inventory (deposit plus coolant activities) are reduced by
one order of magnitude.
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Computer code
validation
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ANITA-2000 and SCALENEA-1. The shutdown dose-rate measurements at the JET detector positions
P1 (thermo-luminescent detector) and P2 (Geiger Müller tube) were used as a benchmark for the ANITA2000 and SCALENEA-1 validation, see [3.44] and figure 3.32. The deterministic discrete ordinates
technique, SCALENEA-1, with the VITENEA–J 175n-42γ transport library based on the FENDL/E-2 data
file, was applied to calculate the neutron irradiation spectra. ANITA-2000, with the neutron activation library
based on EAF2003/EAF2005.1 data and neutron spectra, was used to calculate the decay gamma
sources in the various material zones. Finally, the shutdown dose rates in selected positions of JET were
evaluated through a decay-gamma transport performed with SCALENEA-1. The neutron power loads
(NPLs) on the JET first wall for P1 and P2, for both the DD and the DT cases, were defined according to
data from ENEA Frascati and using the NPL code module included in SCALENEA-1. ENEA Frascati

[3.41]

M.T. Porfiri, S. Paci, NBI design change requests: incident analyses and ORE assessment in the new configuration,
final report, ENEA Internal Report FUS-TN-SA-SE-R-162 (Oct. 2007)

[3.42]

M.T. Porfiri, Post-test calculations of CORELE 2004-2005 experiments, final report, ENEA Internal Report FUS-TNSA-SE-R-168 (Oct. 2007)

[3.43]

M.T. Porfiri, Influence of the CVCS adoption on the ACP inventory of the ITER VV PHTS loop, draft final report, ENEA
Internal Report FUS-TN-SA-SE-R-179 (Oct. 2007)
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modified the 3D MCNP geometry model, and several material compositions were also modified according
to the new CAD model and chemical analysis table. The shielding analysis sequence SCALENEA-1 was
updated by including modules from the SCALE5 system code and new materials (Ag-107 and Ag-109) in
the Vitenea-J radiation transport library (NEA-1703 ZZ-VITENEA-J). An updated version of the activation
code ANITA (i.e., the 2007 version instead of the 2000) was used for the decay gamma source calculation.
The new version includes an activation library based on the EAF2005.1 activation data.
The group-wise cross sections were updated through application of the Bondarenko shielding factors for
the materials of the JET zones surrounding P1 and P2. As the NPL values had been updated, the doses
in (P1) and (P2) positions were re-evaluated for the residual dose-rate measurements. The calculated
values are DD contribution, 30 μGray/h; DT contribution, 16.9 μGray/h, for a total of 46.9 μGray/h for P1
and 0.65 μGray/h for P2.
The dose rates related to the 2006 measurements in both experimental positions have been calculated
and the results are in the processing phase.

Collection and
assessment of data
related to JET ORE

Occupational radiation exposure is one of the main issues to be faced in the ITER
licensing process, and the data collection regarding experience in existing nuclear
fusion facilities can help in defining the work effort (WE=number of people*number
of hours) necessary to perform maintenance activities in the plant.

As JET is the largest fusion facility in the world, it represents the main benchmark for monitoring
occupational safety data. This work [3.45] deals with the collection of the work effort data for maintenance
activities performed at JET during the 2007 shutdown. The final goal was to create a first database useful
to assess ORE for the ITER maintenance tasks. The scaffolding mounting and dismounting and the KT1–H
spectrometer mirror chamber replacement were followed in situ to gather the data.
For other activities, such as the replacement of a window (KK1) for diagnostics, radiation monitoring,
pipe/tube cutting and welding, pipe/tube insulation installation and removal, flange bolted sealing and
unsealing, flange lip seal welding, component transportation in and out of the maintenance zone and
electrical cable maintenance, the data were collected by interviewing the appropriate experts.

The in-vessel components of the PPCS Plant Model B [3.46] were classified
according to the scheme proposed in the PPCS study for the management of fusion
activated material, including clearance and recycling. The classification was based
on actual requirements and procedures, such as handling (contact dose rates),
cooling (decay heat rates) and routes, and the radiological levels derived from
European reviews on the experience of industries. The following results were obtained: 1) the convenience
of extending the decay period beyond 50 years exists only for replaceable components, which are only
30% of the total activated mass generated; 2) the quantity of materials which could be cleared or recycled
in foundries does not change from 50 to 100 years of decay; 3) the lifetime components at 100-years’
decay time will be mostly clearable (69%) or recyclable in foundries (~13%). The remaining (~18%),
belonging to the vacuum vessel, is classified as “shielded handling” material (12%) or would even require
remote handling (6%).

Watching brief
activities for
material recycling
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G. Cambi et al., Shutdown dose rate at JET tokamak. Codes benchmark: ANITA-2000 and SCALENEA-1 validation,
JET FT Monitoring phone meeting, (June 2007)
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M.T. Porfiri, Collection of data on work effort during 2007 JET shutdown, ENEA Internal Report FUS-TN-SA-SE-R171 (Dec. 2007)
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M.T. Porfiri, Components and materials classification of PPCS plant model B for clearance and recycling and use of
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