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ABSTRACT

Low activation materials are only a partial response to the
requirement of a really environmentally sound fusion reactor:
another way round to tackle the problem is the reduction of the
neutron flux and subsequent material irradiation, possibly by
exploring other possible fusion reactions such as the Deuterium-
Helium-3 one.

Most of the studies and experiments on nuclear fusion are
currently devoted to the Deuterium-Tritium (DT) fuel cycle. The
recent stress on safety by the world community has stimulated the
research on ‘advanced’ reactions, such as Deuterium-Helium-3
(DHe3). IGNITOR is a proposed compact high magnetic field
tokamak. A design evolution of IGNITOR in the direction of a
reactor using a DHe3 fuel cycle has led to the proposal of the
Candor experiment.

This paper deals with the radioactive waste issue for fusion
reactors, proposing an innovative solution (the ‘“zero-waste”
option), which is a clear advantage of fusion power versus fission,
in view of its ultimate safety and public acceptance. Fusion
reactors with advanced DHe3 fuel cycle turn out to have quite
outstanding environmental advantages.

1. INTRODUCTION

Nuclear reactor studies are mostly devoted to the Deuterium-
Tritium (DT) fuel cycle. Neutron-induced transmutation of
materials in a DT fusion power plant will give rise to the potential
for long-term activation, i.e. neutron-induced radioactivity in
structures. To ensure that the attractive safety and environmental
characteristics of fusion power are not degraded, careful design
choices are necessary. An aim of optimising power plant design
must be to minimise both the level of activation and the total
volume of active material that might ultimately be categorised as
waste requiring disposal. Materials selection is central to this
optimisation, hovever the reliance on deuterium and tritium as the
sole fusion fuels must be reconsidered too.

Public acceptance of fusion is tied to its pledge of cleaner
energy. Therefore a low radioactive inventory in the reactor is
essential to obtain this result. A number of approaches are
currently being pursued to minimise the radioactive inventory, and
therefore the waste, from a fusion power plant [1]: the common
element of all approaches is the use of low activation materials.
Vanadium-based alloys are an example of such materials [2].
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If DT reaction is chosen, low activation materials allowing
firstly a significant reduction in the risk of exposure of personnel
to radiation damage in case of an accident and secondly partially
solving the problem of long life wastes, are a widely studied
solution for the close-to-plasma components in a commercial
reactor. It has long been claimed that the development of high-
performance, low activation materials for the first wall and
structural components is the key to the successful attainment of
safety, environmental and economical advantages of fusion
power systems. Long lifetime wunder neutron-interactive
environments and low activation characteristics are common
requirements to candidate structural materials, and they are
difficult to satisfy in conjunction with the other necessary
characteristics: moreover, their quantitative demands depend on
the fusion power system design and the strategy of handling
neutron-activated materials from the reactors.

The selection of appropriate materials for fusion reactors
relies on a trade-off between multiple requirements which are
mainly driven by economic, safety and environmental factors,
and are difficult to satisfy altogether. In addition to an extensive
set of engineering property specifications, there is a range of
possible radiological requirements on low-activation materials,
not all of which may be satisfied simultaneously.

The selection of adequate materials is particularly difficult for
the most highly exposed parts of the machine such as the first
wall. The components need to be suitable for operating under
severe thermomechanical loadings and intense irradiation by
energetic neutrons up to high dose rate: fluence of up to 200
displacements per atom (dpa) are expected for these plasma-
facing materials, if the DT reaction is foreseen to be used in a
fusion power plant. Candidate structural materials for plasma
facing and structural components have a chemical composition
that is based on low activation elements (Fe, Cr, V, Ti, W, Si, C,
Ta). They include mainly reduced activation ferritic/martensitic
(RAFM) steels, oxide dispersion strengthened RAFM and RAF
steels, vanadium-based alloys, tungsten-based materials, and fibre
reinforced SiC/SiC ceramic composites. Each alternative alloy
class exhibits specific problems arising from radiation damage.

It seems therefore that low activation materials are only a
partial response to the requirement of a really environmentally
sound fusion reactor: another way round to tackle the problem is
the reduction of the neutron flux and subsequent materials
irradiation, possibly by exploring other possible fusion reactions
such as the advanced Deuterium-Helium-3 one.

A DT fusion power reactor, in fact, will be a nuclear power
plant, similar in general aspects to a fission reactor, however
different in many other ones. For instance, the radioactive
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inventory in a fusion reactor does not contain plutonium and other
transuranic elements, and the inventory of alpha-emitters is at
minimal levels. Moreover, since neutron-induced radioactivity is
the main component of fusion reactors radioactive inventory, this
may be effectively reduced by a correct choice of the constituting
materials. Furthermore, a fusion reactor has no proliferation-
relevant materials, except for tritium, which however is currently
not safeguarded under by the Non-Proliferation Treaty. Finally,
fusion energy may be economically viable as a complementary
source of energy and power, if developed on a large-scale basis,
and as long as they can produce electricity more reliably and
economically than renewable sources such as wind turbines and
photovoltaic cells. The immense fuel resource is part of what
makes fusion energy attractive in the long-term.

The attractive safety and environmental potential of fusion can
be substantiated by a power plant design in which materials
activation is minimised. Activated materials will be removed from
the plant during routine components replacements, and then in
decommissioning at end-of-life. Radioactive waste generation,
management and final disposal is probably the main drawback for
fission energy, and therefore it deserves the highest attention also
in the case of fusion reactors. In this field, the main goal for fusion
must be the minimisation of radioactive waste originating from a
power plant: this minimisation may be interpreted as reducing
both the total volume of active waste and its level of activation.

In Europe, the recommendations of the 1990 Fusion
Evaluation Board [3] may be assumed as a standard: “Radioactive
wastes from the operation of a fusion plant should not require
isolation from the environment for a geological time span and
therefore should not constitute a burden for future generations”.
This can be translated into a reduction of permanent waste, and
into the assessment of the low hazard of fusion permanent waste,
if any, when compared to fission waste.

In the first direction, an activated materials management
strategy including the maximum reasonably possible use of
materials recycling (within or outside the nuclear industry) and
materials “clearance” (i.e., declassification to non-radioactive
material) must be pursued, in order to minimise the production of
permanent waste. Recycling may include reprocessing of
materials with extraction of noxious radionuclides.

This paper concentrates on the radioactive waste issue for
fusion: an innovative solution (the “zero-waste” option) will be
proposed. This could be another crystal clear advantage of fusion
power in view of its ultimate safety and public acceptance.

It will be shown that this option cannot be fully reached with
fusion reactors using the Deuterium-Tritium fuel cycle. Then, the
features of fusion reactors based on alternative advanced fuel
cycles will be examined, in order to assess whether the zero-waste
option could be a reachable goal for such devices.

2. FUSION WASTE MANAGEMENT STRATEGIES

Most radioactive waste generated from fusion power reactor
operation and decommissioning is activated solid metallic
material from the main machine components and concrete from
the biological shield. Some components will also have surface
contamination including tritium, however, as already mentioned,
material detritiation will always be performed. The dominating
waste mass stream is generated in the decommissioning stage. A
great deal of the decommissioning radioactive materials has a very

low activity concentration, especially if a long period of
intermediate decay is anticipated. Radioactive nuclides in fusion
waste are mainly solid metallic activation products and tritium.
Therefore, fusion waste is quite different from fission waste, both
in type of material and isotopic composition [1,2].

The options for handling fusion waste have therefore to be
different than those for fission. In particular, it is appropriate to
explore solutions that minimise the use of final repositories. For
this purpose, a waste management strategy was developed [4]. It is
based upon two main concepts:

1. Recycling of moderately radioactive materials within the

nuclear industry.

2. Declassification of the lowest activated materials to non-
active material (Clearance). The IAEA Clearance Limits [5]
are taken as a reference in this study. Concentration limits for
clearance are issued for most relevant nuclides for fission and
fusion, however some data for relatively important nuclides
are missing. For materials with more than one radioactive
nuclide, given the specific activity A; and the clearance level
L; of each one of the z nuclides contained in the material, an
index CI = I, may be computed as:

Z A
IC:ZLI (1)

i=1 i

The material can be cleared if I, <1

This “recycling and clearance” strategy appears to have a
great potential interest. If we apply the management strategy, for
instance, to the Power Plant Conceptual Study (PPCS) [6], it turns
out that the amount of Permanent Disposal Waste (PDW) of
PPCS plant models can be reduced to almost zero, while about
two thirds of the total could be recycled and one third cleared to
non-active material [1,2,4,6].

Those studies have identified therefore in recycling - after a
long interim decay period (up to 100 y) — for moderately activated
materials, the main way for avoiding the production of Permanent
Disposal Waste. In fact, the direct reuse or recycling of materials
within the nuclear industry, usually after a decay period of up to
50 years, keeps the material out of the waste stream.

However, recycling is a question dealing not only with
radiological feasibility, but also with metallurgy, materials
science, shielding and remote handling techniques. A wide
experience in these fields is available from fission research. Not
all the “recyclable” material, from a merely radioactive
concentration viewpoint, is effectively worth recycling: it must be
assessed whether and when recycling of such materials is feasible
or convenient; radiological, technical, and economical questions
should be considered. Recycling processes and long-time storage
of fusion waste should raise the price of reprocessed materials
more than market prices of industrial waste.

In conclusion, it seems that, even if feasible in theory, a zero-
waste option for fusion DT-powered reactors will not be possible:
a relevant amount of radioactive materials from reactor
decommissioning — even if “recyclable” from the radiological
point of view — should be disposed of as radioactive waste. Most
probably, those materials will meet requirements for classification
as Low Level Waste, and it should be stressed their difference
from fission High-Level Waste, in terms of lower hazard during
its transport, lower cost and requirements for its disposal, lower
environmental impact of repositories.
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However, a further step — if the zero-waste option has to be
achieved - is necessary: the adoption of advanced fuel cycles, such
as the Deuterium-Helium-3 one.

3. ADVANCED FUEL CYCLES FOR FUSION

Nuclear reactor studies are currently devoted mostly to the
Deuterium-Tritium (DT) fuel cycle, since it is the easiest way to
reach ignition or a high energy gain.

The recent stress on safety by the world’s community has
however stimulated the research on other fuel cycles than the DT
one, based on ‘advanced’ reactions, such as Deuterium-
Deuterium (DD) and Deuterium-Helium-3 (DHe3). With these
cycles, it is not necessary to breed and fuel tritium. The DHe3
cycle, moreover, has a very low presence of fusion neutrons. In
fact, the DHe3 cycle is not completely aneutronic, due to DD side
reactions generating 2.45 MeV neutrons and tritium, and to DT
side reactions generating 14.07 MeV neutrons [7].

Given the drastically different conditions under which
tritium-poor or tritium-less plasmas can reach ignition compared
to DT, it is of particular interest to explore the physics of plasmas
in which DHe3 reactions play an important role [8]. These
reactions have their own set of problems, such as the availability
on Earth of *He (which may be found in a sufficient abundance
on the surface of the Moon) and the attainment of the higher
plasma parameters that are required for burning [9]: for instance,
a typical a typical ion temperature for DHe3 is 50-100 keV vs.
10-20 keV for D-T. Concerning *He availability, a commercial
lunar *He fusion power infrastructure has been fully assessed and
it seems attainable. *He seems the only valid commercial reason
for going back to the Moon and start a mining activity [10]. *He is
also made available from the decay of trittum produced for
nuclear weapons. In DHe3 fusion reactors, finally, more severe
problem should be heat load on the first wall as well as Plasma
Facing Components rather than activation. Heat load analyses are
therefore recommendable.

However, DHe3 reactors have also other advantages, like for
instance the possibility to obtain electrical power by direct energy
conversion of protons. A fusion power reactor based with DHe3
plasmas would not need a blanket to breed tritium, and also it
would not need to produce electrical power indirectly, via the
heating of a thermo vector fluid (such as water of liquid metal)
and its use in a thermodynamic cycle with a turbine. Also, waste
handling costs should be reduced relative to fission due to the
lack of radioactive fusion products, and the reduction in neutron
irradiation due to using DHe3 instead of DT.

In conclusion, we do not find in a fusion power reactor with
DHe3 plasmas any similarity left with nuclear fission reactors.

4. COMPACT HIGH MAGNETIC FIELD TOKAMAKS

As a first step to explore the possibilities of DHe3 plasmas, a
DT burning plasma experiment at high field and plasma densities,
which can be much closer to the required parameters than
present-day experiments, is particularly attractive.

Compact high-field experiments were the first to be proposed
in order to achieve fusion ignition conditions on the basis of
existing technology and the known properties of high-density
plasmas. Good confinement and high purity plasmas have been

obtained by high field machines Alcator/Alcator C/Alcator C-
MOD at the Massachusetts Institute of Technology [11] and
Frascati Torus Upgrade (FT/FTU) at ENEA in Italy [12].

IGNITOR is a proposed compact high magnetic field
tokamak, and it is conceived as an experiment aimed at reaching
ignition in DT plasmas and at studying them for periods of a few
seconds [13-15]. The plasma density limit in IGNITOR is well
above the optimal density for DT ignition, and it is suitable to the
higher densities required for DHe3 burning. In fact, IGNITOR
has been also designed to satisfy conditions where 14.7-MeV
protons and 3.6-MeV alpha particles produced by the DHe3
reactions can supply thermal energy to a well-confined plasma
[16]. In particular, IGNITOR can sustain plasma current
exceeding that required to confine proton orbits at birth, and has
more than sufficiently high densities so that the slowing-down
time of both the protons and alpha particles is shorter than the
electron energy replacement time of the thermal plasma in which
they are produced. Preliminary analyses show that a fusion power
Pr = 2 MW may be reached [13]. In particular, as a start,
IGNITOR can allow initial studies at the level of approximately 1
MW of power in charged particles from the DHe3 reaction in a
mostly DT plasma [13,16,17].

As a further step towards the study of a DHe3 reactor, a
feasibility study of a high-field DHe3 experiment of larger
dimensions and higher fusion power than IGNITOR, however
based on IGNITOR technologies, has brought to the proposal of
the Candor fusion experiment [8,16]. The main characteristics of
the Candor machine are the following: the major radius R, is
about double than IGNITOR, plasma currents up to 25 MA with
toroidal magnetic fields By=13 T can be produced. Unlike
IGNITOR, Candor would operate with values of poloidal beta
around unity and the central part of the plasma column in the
Second Stability region [16]. The toroidal field coils are divided
into two sets of coils and the central solenoid (air core
transformer) is placed between them in the inboard part.

The DHe3 ignition regime can be reached by a combination
of ICRF heating and alpha particle heating due to DT fusion
reactions that take the role of a trigger. Thanks to this fact, and
unlike other proposed DHe3 fusion experiments, Candor is
capable of reaching DHe3 ignition on the basis of existing
technologies and knowledge of plasma, without any optimistic
extrapolation. With this method, the need for an intense auxiliary
heating, which is one of the main technological drawbacks of
DHe3 ignition, would be considerably alleviated, becoming
feasible with the present technology. However, this method has
the disadvantage of using trittum and of presenting a higher
neutron flux (due to DT reactions) than ‘pure’ DHe3 plasmas, and
a neutron flux transient when passing from the initial DT trigger
reaction to the final DHe3 burning plasma. The characteristic
times over which the plasma discharge can be sustained are
longer by more than a factor of 4 than those of IGNITOR.

Tritium inventory in Candor is expected to be very small and
not to be a problem from the safety viewpoint.

The main characteristics of the Candor experiment are listed
in Table 1.

The reactor model included coupled neutron transport and
activation calculations. Neutron transport calculations have been
performed with the SCALENEA-1 radiation transport system
[18]. Neutron activation has been calculated by means of the
EASY 2005.1 package (FISPACT code) [19]. The irradiation
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history is simulated as follows: 100 cycles, each made of a 16-
seconds pulse and a 6-hours dwell time.

Table 1 - Main characteristics of the Candor machine [16].

Rp=2,5m Major radius of the plasma column
axb=0,92x1,75m> Minor radii of the plasma cross section

46 = 0,36 Triangularity

I,<25MA Plasma current in the toroidal direction
Br=13T Vacuum toroidal field at R,

Vo =80 m® Plasma volume

Sp = 150 m? Plasma surface area

T, = 65 keV Peak plasma temperature
Neo=2102'm? Peak electron density

B,=1,2 Poloidal beta

W=1GJ] Plasma internal energy

The zero-waste option for Candor activated materials has
been verified: our goal is the clearance of all materials, even if
obtained after long cooling times. Recycling within the nuclear
industry is also considered, however as a less desirable
alternative. The results for average materials/components are
given in table 2: clearance is possible within less than 50 years of
decay for SS316 and in about 100 years for Copper. All the
components can be declassified as non-radioactive materials
(“cleared”) within cooling times varying from 50 to 100 y.

Table 2 — Clearance index for Candor materials (average)

Material Clearance Index

30y 50y 100y
Cu (Toroidal Field Coils | 193 15 1.0
average)
Cu (Reactor Average) 95 7,5 0,50
SS316 C-Clamp average 6,2 0,46 0,012

Results for contact dose rates are also reported for completing
the analysis on recycling possibilities. Recycling within the
nuclear industry is possible for all materials after less than 20
years of decay only (see Table 3)

Table 3 — Dose Rate for Candor materials (average)

Material Contact dose rate (uSv/h)
20y 30y 50y

Cu (Toroidal Field | 51,8 13,9 1,0

Coils average)

Cu (Reactor Average) 25,6 6,9 0,5

SS316 (C-Clamp | 1,6 (6,1 at | 0,44 0,03

average) 10y)

Therefore, if a much shorter decay time is seen as the
preferable solution, the option of recycling the Candor materials,
if they turn out to be valuable ones, might also be considered.

5. MATERIALS ACTIVATION ASSESSMENT

Activation behaviour of structural materials after service in a
DHe3 advanced fuel fusion experiment like Candor will be

investigated in this section, to assess whether their use in such
experiments would be compatible with the zero-waste option.

We have simulated the irradiation in the Candor reactor
plasma chamber wall (External Toroidal Field Coil Magnet flux)
of the following structural materials:

AISI 316L austenitic stainless steel
EUROFER martensitic steel
SiC/SiC composite material

V-5Cr-5Ti vanadium alloy

Results for AISI 316L are listed in Table 4. The Clearance
Index CI has been computed, according to the definition of CI
discussed in section 2. It turns out that the CI for the material
with impurities is higher than unity also for long decay times,
such as 100 years and even 200 years. W define from now on as
“Most responsible nuclides” those ones that contribute more to
the clearance limit. The most responsible nuclides after 100 y of
decay for AISI 316L are Ni-63 (an activation product of Ni), C-
14 (a product of N), Mo-93 (a product of Mo) and Nb-93m (a
product of Nb and Mo). Then, AISI 316L suffers the presence of
Ni and N (alloying elements) and of Nb and Mo (impurities).

Table 4 — Clearance Index CI for AISI 316L, with and without

impurities
Decay Time Material with | Material without
impurities impurities
30 years 407 406
50 years 32,1 30,8
100 years 2,68 1,35
200 years 2,23 0,92

The CI for EUROFER martensitic steel has been computed
when irradiated in Candor. Results are available in Table 5. It
turns out that EUROFER can be declassified to non-radioactive
material (CI < 1) after about 60 years of decay, when the presence
of impurities is taken into account. The most responsible nuclide
after 30 and 50 y of decay is Co-60 (an activation product of Co,
an impurity in EUROFER). If Co is removed or reduced,
clearance of EUROFER may become possible after less than 30 y
of interim decay.

Table 5 — Clearance Index CI for EUROFER, with and without

impurities
Decay Time Material with | Material without
impurities impurities
30 years 40 0,31
50 years 3,18 0,23
100 years 0,31 0,22
200 years 0,30 0,22

The activation behaviour of the composite material SiC/SiC
has been investigated too, when irradiated in Candor. Results are
listed in Table 6. Clearance of SiC/SiC is possible after less than
30 years of decay, even if the presence of impurities is taken into
account. The most responsible nuclide at 30 y of decay is C-14
(mainly an activation product of N, and of C and O in minor
relevance).

Finally, the Clearance Index for V-5Cr-5Ti vanadium alloy
has been computed, when irradiated in Candor (see Table 7). It
turns out that most of the activation of V-5Cr-5Ti is due to
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impurities. If their presence is taken into account, the material
needs about 50 years of decay to reach a CI < 1, while without
impurities the same result is reached in a few (less than 5) years.

Table 6 — Clearance Index CI for SiC/SiC, with and without

impurities
Decay Time Material with | Material without
impurities impurities
30 years 0,958 0,564
50 years 0,757 0,549
100 years 0,673 0,539
200 years 0,636 0,532

At 50 years of decay, if the presence of impurities is
accounted for, the most responsible nuclides are Eu-152 and Eu-
154, two activation products of Eu, an impurity in the vanadium
alloy.

Table 7 — Clearance Index CI for V-5Cr-5Ti, with and without

impurities
Decay Time Material with | Material without
impurities impurities
30 years 4.47 0,0013
50 years 0,825 <0,001
100 years 0,096 <0,001
200 years 0,059 <0,001

Concerning AISI316L material, the only one with important
activation problems, we have deepened our analysis: we have
examined its activation behaviour after 100 y of interim decay, to
assess which are the most relevant nuclides and their formation
pathways. Results of this assessment may be seen in the
following table 8.

Table 8 — Detailed activation behaviour of AISI316L after 100 y

of decay.
Nuclide Clearance | Original element
Index
Ni-63 0,76 Ni 99%, Cu 0.64%
C-14 0,51 N
Mo-93 0,47 Mo
Nb-93m 0,40 Nb 82%, Mo 17.2%
Tc-99 0,22 Mo
Nb-94 0,20 Nb 78.4%, Mo 21%

It turns out that:

e Mo and Nb are the two main impurities affecting the
clearance index

e  Even without impurities, we have a CI > 1 due to activation
of Ni and N, two alloying elements of AISI 316L
It is therefore impossible, even with impurity reduction, to
reach the clearance goal for this material when irradiated as the
plasma chamber constituent of Candor.

In conclusion, EUROFER, SiC/SiC and V-Cr-Ti materials
have shown the possibility of being declassified to non-
radioactive material (clearance) after their irradiation in the
reactor plasma chamber wall, if a sufficient interim cooling time
is allotted. AISI 316L, on the contrary, suffers the presence of Ni
and N (alloying elements) and Nb and Mo (impurities).

6. CLEARANCE INDEX OF PURE ELEMENTS

It may be interesting to check the activation behaviour, as
far as clearance index is concerned, of pure elements in DHe3
reactors materials.

We have simulated the irradiation of an ideal material,
containing 100 % of one element, in the Candor vacuum chamber
wall. Results may be seen in Table 9.

Table 9 — Clearance Indices for pure materials in Candor plasma
chamber wall, after different intermediate decay times.

Element | CI CI CI CI
T=30y T=50y | T=100y | T=200y
Fe 0,0951 0,0012 < 0,001 < 0,001
Co 795000 57000 79,5 < 0,001
Ni 1270 99 6,1 3,1
Mo 45 45 45 45
C 0,23 0,21 0,20 0,19
Nb 11000 9470 8370 8200
N 756 743 734 725
Al 0,553 0,203 0,045 0,035
Cu 932 73,6 4,96 2,42
Mn 0,1 0,033 0,002 < 0,001
Ti < 0,001 < 0,001 < 0,001 < 0,001
Si 0,0013 < 0,001 < 0,001 < 0,001
Cr 0,001 < 0,001 < 0,001 < 0,001
\\ 0,011 0,0059 0,0018 < 0,001
B 103 33 2,0 0,0096
O 0,64 0,63 0,63 0,62

The following comments may be derived from the data reported

in Table 9:

- Pure iron has a quite moderate activation.

- Cobalt activation is due to Co-60, hence its sudden decay
between 100 and 200 y (Co-60 has a half-life of about 5,2 y)

- Nickel activation at 30 and 50 y is mainly due to Co-60,
while Ni-63 is the most responsible nuclide at 100 and 200
y.

- Molybdenum activation is practically stable, due to Mo-93,
Nb-94 and Nb-93m

- Carbon activation is due to C-14, at shorter term tritium is
also important

- Concerning Nb activation, Nb-94 is the most responsible
nuclide at long term, while at 30 y at 50 y Nb-93m is also
relevant

- Nitrogen activation, almost stable too, is totally due to C-14

- Aluminium activation is mostly due to tritium. The
contribution of Al-26 (CI = 0,035) is evident at 200 y only.

- Copper activation is quite high. It is mainly due to Co-60 at
short term (30 and 50 y) and to Ni-63 at long term (100 and
200 y).

- Manganese activation is all due to tritium

- Titanium activation is negligible

- Silicon activation is very low, and all due to tritium

- Chromium activation is very low, and all due to tritium

- Tungsten activation at 30 y is due to Hf178m (68%), and T
(30%)

- Boron activation is quite high, and all due to tritium

- Oxygen activation is all due to C-14
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7. CONCLUSIONS

Innovative solutions in the field of radioactive waste could be
a clear advantage of fusion in view of its ultimate safety and
public  acceptance: recycling and/or clearance (i.e.,
declassification to non-radioactive materials) of all components,
after a sufficient period of interim decay, should be the goals for
an environmentally attractive fusion power plant.

As a further step towards the waste minimization, the features
of fusion devices based on alternative advanced fuel cycles have
been examined. In particular, the advanced D->He fuel cycle
offers several environmental advantages, such as the quite low
presence of tritium, neutrons, and activated materials. Ignition of
D-*He plasmas, however, is more difficult to achieve compared to
D-T plasmas and He is not available on Earth, but from the
decay of tritium in thermonuclear bombs.

Candor is a study of a compact high-magnetic field tokamak,
extrapolated from IGNITOR technologies. Results obtained for
the D-’He Candor experiment show that no environmental
problems arise from such a device, from the radiological point of
view, even with the presence of D-T plasma triggering: Candor
does reach the zero-waste option as all wastes can be cleared
within 100 y.

Activation behaviour of materials after service in a D-He3
advanced fuel fusion experiment has been investigated.
EUROFER, SiC/SiC and V-Cr-Ti materials have show the
possibility of being declassified to non-radioactive material
(clearance) after their irradiation in the reactor plasma chamber
wall, if a sufficient interim cooling time is allotted. AISI 316L, on
the contrary, suffers the presence of Ni and N (alloying elements)
and Nb and Mo (impurities).

Concerning pure elements, it is of particular interest the high
activation of Copper, used in the reactors as conducting material
for magnets: Cu activation products are Co-60 and Ni-63: they
could be eliminated from the material after service in the reactor.
Activation of pure iron, on the contrary, is quite moderate, and
this permits in principle to steels to aim at the clearance goal.

The DHe3 cycle offers safety advantages and could be the
ultimate response to the environmental requirements for future
nuclear power plants. Furthermore, the low neutron production
helps overcome some of the engineering and material hurdles to
fusion development. Studies for the development of advanced
fuel cycles should be carried out in parallel with the current
mainstream fusion pathway that primarily focuses on DT
tokamaks, such as ITER, test facilities, DEMO, and power plants.

In conclusion, a correct choice of materials for DHe3 reactors
permits to select those ones which can be declassified to non-
radioactive material when used in the first wall structure: this
result is not obtainable in the case of DT reactors.

8. REFERENCES

[1] Zucchetti, M., Di Pace, L., El-Guebaly, L., Kolbasov, B.N.,
Massaut, V., Pampin, R., and Wilson, P. “The Back-End of
the Fusion Materials Cycle”, Fusion Science and
Technology, Vol. 55, 2009, p 109.

[2] Cheng, E.T., Rocco, P., Zucchetti, M., Seki, Y., and Tabara,
T. “Waste management Aspects of Low Activation
Materials”, Fusion Technol., Vol. 34, 1998, p 721.

[3] Colombo U. (chair) “Fusion Programme Evaluation”,
Commission of the European Communities, 1990.

/4] Rocco, P., and Zucchetti, M. “Waste Management for
Different Fusion Reactor Designs”, Journ. Nucl. Mater. Vol.
283-287, 2000, p 1473.

[S] TAEA Safety Guide, Report RS-G-1.7, September 2004.

[6] Maisonnier, D., Cook, I., Sardain P., et al., “A Conceptual
Study of Commercial Fusion Power Plants. Final Report of
the European Fusion Power Plant Conceptual Study (PPCS),”
Report EFDA-RP-RE-5.0, 2005.

[7] Zucchetti, M. “Impurity concentration limits and activation
in fusion reactor structural materials”, Fusion Technol., Vol.
19,1991, p 852.

[8] Coppi, B.  “Physics of Neutronless Fusion Reacting
Plasmas”, Physica Scripta, Vol. T2B, 1982, p 590.

[91 Zucchetti, M. “Environmental Advantages of advanced fuel
fusion reactors”, Proc. ICENES 98 Meeting, Tel Aviv
(Israel), 1998, p 304.

[10] Zucchetti, M. “The zero-waste option for nuclear fusion
reactors: Advanced fuel cycles and clearance of radioactive
materials”, Annals of Nucl. Energy, Vol. 32, 2005, p 1584.

[11] Boxman G.J., et al., “Low and high density operation of
Alcator”, Proc. 7th European Conf. Plasma Physics, Vol. 2,
1975, p 14.

[12] See FTU Web site: http:/ftu.frascati.enea.it/

[13] Coppi, B., Airoldi, A., et al., ”Critical Physics Issues for
Ignition Experiments", MIT RLE Report PTP 99/06 (1999)
MIT, Cambridge, MA (USA).

[14] Coppi, B., Airoldi, A., Bombarda, F., et al., “The Ignitor
Experiment”, Nuclear Fusion, Vol. 41, 2001, p. 1253

[15] See Ignitor web site: http://www.frascati.enea.it/ignitor/

[16] Coppi, B., et al., “D-He-3 Burning, 2™ Stability Region, and
The Ignitor Experiment”, Fusion Technol., Vol. 25, 1994, p
353.

[17] Sugiyama L.E., MIT Research Laboratory of Electronics
Report, PTP-89/17, 1989.

[18] Zucchetti, M., Cambi, G., Cepraga, D., and Ciampichetti, A.,
“Neutronics, activation and waste management of the Candor
experiment”, Annals of Nuclear Energy, Vol. 34, 2007, p.
687

[19] Forrest, R. EASY-2005.1, EURATOM/UKAEA Fusion
Association, UKAEA FUS 513, 2006.

INREC10-6




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /CMB10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /CMBX10
    /CMBX12
    /CMBX5
    /CMBX6
    /CMBX7
    /CMBX8
    /CMBX9
    /CMBXSL10
    /CMBXTI10
    /CMCSC10
    /CMCSC8
    /CMCSC9
    /CMDUNH10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /CMFF10
    /CMFI10
    /CMFIB8
    /CMINCH
    /CMITT10
    /CMMI10
    /CMMI12
    /CMMI5
    /CMMI6
    /CMMI7
    /CMMI8
    /CMMI9
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /CMR10
    /CMR12
    /CMR17
    /CMR5
    /CMR6
    /CMR7
    /CMR8
    /CMR9
    /CMSL10
    /CMSL12
    /CMSL8
    /CMSL9
    /CMSLTT10
    /CMSS10
    /CMSS12
    /CMSS17
    /CMSS8
    /CMSS9
    /CMSSBX10
    /CMSSDC10
    /CMSSI10
    /CMSSI12
    /CMSSI17
    /CMSSI8
    /CMSSI9
    /CMSSQ8
    /CMSSQI8
    /CMSY10
    /CMSY5
    /CMSY6
    /CMSY7
    /CMSY8
    /CMSY9
    /CMTCSC10
    /CMTEX10
    /CMTEX8
    /CMTEX9
    /CMTI10
    /CMTI12
    /CMTI7
    /CMTI8
    /CMTI9
    /CMTT10
    /CMTT12
    /CMTT8
    /CMTT9
    /CMU10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EuroSig
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KozGoProVI-Medium
    /KozMinProVI-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


