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PREFACE
Dr. Hiroshi Kishimoto
Executive Director
JAERI

We were very pleased to hold the International Symposium for ITER on the occasion of the 2"
round meeting of the ITER Governmental Negotiations in Tokyo. With the support of the Ministry
of Education, Culture, Sports, Science and Technology
[EXT) this Symposium was organized in
order to encourage young scientists and engineers in all over the world who were interested in ITER
and fusion. We would like to sincerely appreciate the participation of the front-line scientists from
Russia, US, Germany, Canada, EU and Japan who gave their willing agreement to our request and
made a fruitful discussion and/or lecture on Burning Plasma Science and Technology on ITER."
The meaningful results were obtained through this Symposium especially on the following three
themes:
1) new frontiers of science and technology brought by ITER,
2) accelerated roadmaps towards realizing fusion energy, and
3) portfolio of other fusion configurations from ITER.
We believe that te timely information on ITER sending to the broad communities and also the rising
generation would be inevitably important to get a deep understanding and strong support to the ITER
project.
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GUEST GREETING

Mr. Tsutomu marnura
Director-General
Research and Development Bureau
Ministry of Education, Culture, Sports, Science and Technology

Ladies and gentlemen,
It is my great honour to have an opportunity to make an opening address in the ITER
Symposium in which we have five distinguished speakers and many participants. The purpose
of this Symposium is to discuss about burning plasma and thermonuclear reactor technology
related to the ITER project.
As all of you know, the ITER project itself started almost fifteen years ago. Last year,
Engineering Design Activity, so called EDA, was successfully completed by participating
scientists and engineers from Japan, US, EU, and Russia. Best upon that excellent outcomes,
it is now a common recognition and understanding that the construction of the ITER machine
is indispensable step towards the development of fusion energy as a dependable energy source
for humankind.
Last November the governmental negotiation started to construct the ]FIER machine.
Domestically the council for science and technology policy is now discussing about
participation and in particular hosting the ITER machine in Japan. It is hoped that the positive
decision will be reached near future.
Under these circumstances it is quite appropriate to have the Symposium to discuss about
recent progress and perspectives regarding science and technology on the ITER project.
I hope that this symposium will be a fruitU one for the further advancement of the fusion
R&D and the ITER project.
Thank you very much for your attention.
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SPIRIT AND PROSPECTS OF ITER

N

Academician Evgeny P. Velikhov,
President, Kurchatov Institute of Atomic Energy

Abstract
ITER is the unique and the most straightforward way to study the brning plasma science
in the nearest future. ITER has a firm physics ground based on the results from the world
tokamaks in terms of confinement, stability, heating, current drive, divertor, energetic particle
confinement to an extent required in ITER. The flexibility of ITER will allow the
exploration of broad operation space of fusion power, beta, pulse length and Q values in
various operational scenarios. Success of the engineering R&D programs has demonstrated
that all party has an enough capability to produce all the necessary equipment in agreement
with the specifications of ITER. The acquired knowledge and technologies in ITER project
allow us to demonstrate the scientific and technical feasibility of a fusion reactor. It can be
concluded that ITER must be constructed in the nearest future.
1. Introduction
I would like to present the main ideas at the beginning of my talk. The fst point is
where we are today. As the second point, I wish to convince you, though I hope you are
already convinced, that ITER is the most efficient approach to the burning plasma studies. I
will also remind you of the ITER objectives and briefly describe the physics basis of ITER,
ITER operating scenarios and engineering issues, which is followed by the outlook of the
world fusion programs in the future from my point of view. Then I will make some
conclusions.

2. ITER as the Most Straightforward Approach to the Burning Plasma Study
The most efficient way to the burning plasma research is the first topic of discussions.
The construction of the first experimental thermonuclear reactor in the nearest future gives us
some confidence in fusion. It is certain that we will not have any physical law in the ftiture
which says we have only one choice of tokamak. I am sure we will have many different
choices and options in the future, based on different types of magnetic configurations or

-
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inertial confinement scheme. But, the physics and experimental database for tokamak we
have acquired to date, especially the ITER design is sufficient to proceed with the
construction of the first experimental reactor. This is a very important point. If we say this is
sufficient, we need to make this step, because it is a very rational step to consider. The
project is unique, because it has very high probability of reaching its design objectives. The
expected physical and engineering results are of high value for almost all the candidate types
of fusion reactors, and ITER is an 1irstration of advantages in international cooperation,
aimed at resolving the global issues. The context of nternational cooperation is in some
way more difficult than the case of making decisions by one country. However, ITER shows
some aspect of the positive part i te international cooperation. In regard to the discussion
of the ITER concept, a important d is to ask the fusion community internationally to
concentrate on the ITER or tokamak and provide the freedom for the national programs to
make much wider options and objectives i physics, technology and so on.
The controlled fusion is really a long-term, inherently safe, ecologically attractive energy
source. I think it is a common understanding today that this is primarily because the fuel is
abundant and practically unlimited, as the fuel resources for fusion power are regarded to be
readily accessible. Other advantages are principally the nuclear safety. Namely the
assurance of no uncontrolled power excursion in the fusion reactor and no accidental
destruction. In addition, relatively low content of radioactive materials in the wastes and
absence of long-lived components as well as the no large-scale mining and no chemical
poisoning of the environment are favored advantages.
As I have already mentioned, it is possible to have many different types of fusion reactors
in the ftiture. Here, I will make a brief review of the progress made in other concepts.
Japan has the largest torsatron-type stellarator currently operated in the world, which has
nearly the same quality of confinement as the large tokamaks. We also have advanced
stellarator under construction in Germany.
The recent theoretical studies indicate
neoclassical transport is strongly reduced using the quasi-symmetric or quasi-isodynamic
configurations in advanced devices, which are already under construction or considerations.
In experiments, we have very good results, and a new configuration is sggested, which
theoretically provides the possibility of confining all the trapped particles wthout losses by
introducing the idea of having the contour of the second adiabatic invariant inside the
separatrix. I think this is a very good sign. Substantial progress has also been made in the
tandem mirror research at Tsukuba. Experimental investigations on te evitrons with the
internal ring would start as a collaborative program of MIT and Columbia University in the
Unites States. A similar device called MIRAGE is proposed in Russia, and analysis of the
equilibrium and stability is intensively carried out. The neutron source oriented scheme in
gas dynamic trap is pshed forward continuously with good results in Novosibirsk. The use
of linked mirror neutron source is also suggested. Each of those concepts berein mentioned
is promising and has its own specific advantages. However, none of them have been brought
up to the mature stage, competitive to the tokarnaks.
I will move onto the topic of inertial confinement. Also in regard to the inertial
confinement schemes we ave many promising approaches, however ty
require the
long-term development. At first we need to demonstrate the micro explosion at igh Q, as its
inherent difficulty with respect to the efficiency lies in the fact that it relies on the pulsed
operation. It is possible to use the lasers. I have been for long in support of the liner
approach personally. The double liner device was developed at Kurchatov and Sandia

-
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laboratory and produced very promising results. The heavy ion beam driver is another option,
however, we need to demonstrate the ignition at very high Q to step forward to a reactor.
The inertial confinement ftision is still on the way of development and open to accept many
other new ideas, such as the fast ignition.

3. ITER Objectives
The brief review of progress in the fusion research mentioned above verifies that very start
of demonstrating the burning plasma is anticipated in ITER. The objective of ITER is first to
achieve an extended burning in inductively driven plasmas. As it Is kown, we have made a
decisi on to bm Id a device of Q I machine, based on the consensus of Parties involved in the
ITER project, in wich different scenarios from FDR were employed. The aim is not only
the accomplishment of inductive scenario but also the steady-state operation using
non-inductive current drive at Q5, in order to demonstrate the availability and integration of
essential fusion technologies. It is also intended to test components of fusion reactors, such
as the various developed modules. Especially, the verification of the tritium breeding module
concepts under the expected neutron fluence in ITER is within the scope to address the issues
of concern on the material feasibility. The ITER parameters are also well known and
indicatted in Table 1, and the schematic of ITER is also shown in Fig. 1.1, which is available
on the web.

4. Physics Basis of ITER
In regard to the present status of the ITER physics basis, I would like to emphasize that one
of the great achievements made so far on TER is the establishment of a common database of
tokamaks and its analysis for extrapolation to ITER, on which the world fusion community
concentrated its intensive effort. I will only mention here te latest developments, one of
which is highlighted by the accomplishment of high confinement at high density, One of the
approaches is to employ highly shaped plasmas. Figure 12 is an example of a JET discharge
with high triangularity, which directly demonstrates the possibility of attaining high
confinement in ITER [I J. The plot of density versus the quality of confinement in Fig. I.3
indicates the advantage of high triangularity. Although ITER is situated at the boundary, we
have come to the vicinity of te ITER operation regime, using this advanced scenario. In
another plot of validating the ITER parameters shown in Fig. 14, the confinement factor in
JET is depicted against the so called Greenwald factor, which is defined as the density divided
by the Greenwald density. It also provides confidence to apply this scheme herein
established to ITER. Furthermore, we are making a steady progress to increase the plasma
pressure, although much larger values are required in the firture reactor. Figure 1.5 manifests
the possible suppresion of neoclassical tearing mode in ITER by controlling the growth of
magnetic island, using electron cyclotron current drive 2
In regard to the steady-state
operation, Fig. 1.6 shows how much we have approached to the regime of high fusion gain
under fully noninductive current drive anticipated in ITER, It is clearly shown that
outstanding results are obtained in JT-60U both i the negative sear and igh beta poloidal
mode of operation, which would be applicable in ITER. Recently, another mode of high
performance operation has been discovered in the DIII-D tokamak in San Diego, where the
confinement is improved by the formation of double barriers, as shown in Fig. 17.
Furthermore, the improved confinement has been documented in T IO, as indicated in Fig. 9,
7
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by the application of pellet injection during the electron cyclotron heating.
In addition, I would like to discuss the physics of energetic particles, especially the alpha
particles. It is expected that a variety of super thermal ions would be produced by the neutral
beam injection, ion cyclotron heating and fusion reactions in ITER. The slowing down time
of energetic ions agrees well with classical theory over a wide range of fast ion energies,
plasma temperatures and densities, as it is supported by the experiments in large tokamaks in
which the behaviour of neutral beam and radio frequency wave heated ions or charged fusion
products was investigated, The major loss channels for energetic ions, which is possible to
calculate ad take into account in the tokamak design, are the toroidal field ripple and
collective instabilities. The latter is excited by the energetic particles and regarded as one of
the main fields of study in ITER itself. Theoretical investigations performed to date unveiled
the physical mechanisms which induces the collective instabilities. A large part of the first.
few years of physics operation in ITER wold be devoted to the experimental study of fast ion
driven instabilities and associated anomalous transport of energetic particles in reactor
relevant regimes, in particular, taking the nonlinear behaviour of plasmas into account.
In the recent years, remarkable progress in the simulation of plasma turbulence has been
made under different profiles and operation scenarios. Figure 19 shows the result of gyro
fluid simulation of the internal thermal barrier formation in reversed shear configuration 3],
whereas the self-organization of turbulence and formation of zonal flow are predicted by the
3D fluid simulation of ion turbulence is shown in Fig. I.
4 It also predicts the gyro
Bohm diffusion based on the size of vortices. The continued progress of umerical studies
and experimental validation of the suggested models are anticipated during the first 10 years
of physics operation in ITER
The scaling of basic physics is well established for ITER. As to the basic idea and design
of diagnostic system for ITER, three types of diagnostics are prepared, oe of which is for the
machine protection and basic control, the second one for the advanced pasma control and the
third for the additional measurements for the perfon-nance evaluation ad physics studies.
All the diagnostic systems are supposed to overcome the problems enforced by the harsh
radiation environment, remote handling, nuclear heating, restricted access and so on. I
believe that the diagnostic is really a big field of research that is open for the international
cooperation of broad scientific community, including the laboratories and universities. This
is typical in the field of high energy pysics, where a virtual laboratory is established in a
collective form. In such a structure, for example, one of the labs can be in charge of
designing, building, operating a diagnostic system and analyzing the result on-line. By using
the technologies developed so far, we could build the environment for such a collective
laboratory, where on-line analysis of the vast amount of data, calculation, of plasma
parameters and numerical simulations based on the shared resources can be performed.
Table 2 is a summary of the present situation of the ITER diagnostic system. The quantities
shown in the top row are expected to meet the measurement requirements, whereas the
diagnostic capability for those in the middle row is uncertain at present and those in the
bottom require substantial developments to stand the harsh requirement of the reactor.
Here, I would like to make a summary of the physics section. ITER has a firm physics
ground based on the results from the world tokamaks in terms of confinement, HD stability,
heating and current drive, divertor, energetic particle confinement, to an extent required in
ITER and DEMO. As it is known, JET and JT-60U have achieved the breakeven condition.

8
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ITER and DEMO. As it is known, JET and JT-60U have achieved the breakeven condition.
In the recent years, advanced scenarios relevant to the steady-state operation in ITER and
post-ITER machines were developed. The construction of ITER will provide wide opportunities on the experimental study of burning plasma physics with its new features of selfheating and Dew field of alpha particle research in classical and collective terms.

5. ITER Operating Scenarios
The ITER operating scenario stands on the physics basis mentioned above and briefly discussed here, Figure 111 is a time evolution of the fusion power and normalized beta at different Q values of from to 20 and normalized densities. The result of simulation on the
powerexcursionisalsoshowninFig.I.12. Itisevi,dentthatthepredictedamountofpower
excursion is easonably small, being sustained within the range of normal operation. Therefore, the thermal stability is assured in ITER and the fusion power control is in our hands.
As depicted in Fig, 1 13, ITER is also capable of operating at a very high value of normalized
beta, which is accompanied by the high heat load on the in-vessel components. Therefore, it
is expected that we can operate ITER not only at the designed point but also in the extended
regime to make an estimate for extrapolation to the future reactors. The required plasma parameters to achieve high normalized beta under the large bootstrap fraction and an example of
predicted profiles in a steady-state plasma are respectively shown in Figs. 1 14 and 1.15.

6. ITER Engineering
With respect to the engineering issues, we have devoted substantial efforts at the industry
and testing site, in order to confirm the validity of all the engineering solutions employed in
the 7 big R&D projects. One of the examples is the development of a gyrotron. The Japanese and Russian gyrotrons are shown in Fig. 116, both of which can produce I MW of power
at the frequency of 170 GHz. Fig. I.17 is the central solenoid model coil, which is presently
the largest super conducting inductive storage coil in the world. Figure 1.18 is the toroidal
field model coil, w hereas Fig. 1 19 is a spectacular picture of a part of the vacuum chamber.
Fig. I.20 is a picture of a part of the blanket and port-limiter model, and Fig. I.21 shows the
divertor cassette.
Figures 122 and 123 are respectively the test platform for the remote control of blanket
maintenance in JAERI and another test platform for the divertor maintenance.

7. Future of the World Fusion Research and Power Development
What is important is not only the scientific achievements at laboratories, but also the involvement of the industries. As a result of the R&D programs, the engineering capabilities
of the industry have been established, and the industries in Europe, Japan, United States and
Russia are ready to produce all the necessary equipment in agreement with the specifications.
In fact, the industries have already developed all the technologies and tools to build the components of ITER.
It is evident that the successful implementation of the ITER project in the future will lead
9
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to the accomplishment of the global task of providing the new energy source with
inexhaustible fuel capacity, as an application of the natural science. The work has started
with practically no scientific background, However, we have pioneered the frontier of new
experimental and teoretical science and accumulated the new database. The acquired
knowledge in physics and engineering now allows us to demonstrate the scientific and
technical feasibility of a fusion reactor. This is one of the objectives of ITER. The success of
ITER will be a significant argument for the society in general, and it can also make an impact
on the economic structures that determine the financial trends of developed countries
supporting the fusion programs.
In order to step forward to the fusion reactor, establishment of the advanced scenario is
necessary, where the sustainment of much higher plasma pressure in a steady state is sought
for under the nDinductive current drive operation. However, we have some more time for
that, and thereto necessary scientific foundation to support the concept of advanced scenario
in experiment, theory and numerical simulation can be developed in parallel with ITER I
think it will be possible to develop a prototype device in time, and the scientific infrastructure
for the fusion reactor will be discussed again in a similar manner as we do today.
The fusion power is very attractive, as it provides the possibility of energy production.
This is an advantage of fusion. Table 3 compares the various types of fusion reactors
proposed in different countries, as a prototype of the ultimate fusion power plant in the future.
The major issue of concern here is the cost of electricity, which is relatively high at present.
In order to reduce the cost of power generation, by the development of new technologies and
new materials as well as the exploitation of more favorable operation regime. The
schematics of the four types of demo reactors so far proposed are shown in Fig. 124.
Above all, environmental safety is another attractive feature pertaining to the fusion reactor.
The amount of radioactivity, should it ever be released from ITER, is very limited. In regard
to the radioactive wastes from a fusion power plant, Fig. I.25 shows the expected dose rate of
all the structural materials after:5 100 years. It is obvious that many of te components can
be recycled after 100 years, tough a small portion of which still remains radioactive. The
impact of this feature is that fusion retains its advantages without the substantial improvement
in the material science. Based on the estimate of material availability mentioned above and
industrial capabilities, it is predicted as shown in Fig. I.26 that the maximum power generated
from a fusion reactor soars up, being the amount of supply in critical materials, such as Be
and N, as a sole limiting factor, and the operating fusion power would reach 100 GW at the
end of the century.
As an interesting way of fusion power application, which is specific to the advantages in
fusion, I would like to introduce two ideas. One is the sea water purification. One of the
serious issues Of CDcern in this century is the fresh water. The demand for the fresh water
has significantly increased to twice as much as the rivers can supply, mainly due to an
increase in the world population, and the problem of water supply as started to threatening
the humanity. Fusion offers the solution on this issue, If the heat and electricity produced in
a fusion reactor are combined with the modem technology of distillation and some extension
of the fusion technology, it is estimated that fresh water can be produced at relatively low cost.
The other is the disposal of the long-life elements in the spent nuclear fuel. In a fusion
reactor, neutron is poduced abundantly, and minor actinides, suc a 23 7 Np, 24 Am, 243Am
and 245 Cm as well as the fission products,.such as 129I, and 93 MO included in the structural
- 10
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materials can be burnt in a fusion reactor.

8. Conclusions
ITER Project is a unique example of international cooperation and not only in the
framework of fusion, Accordingly, the effiCieDt physical and engineering database was
established for the first experimental fusion reactor. It was also emphasized that ITER is the
unique and the most straightforward way to study the burning plasma science in the nearest
future. The flexibility of ITER will allow the exploration of broad operation space of fusion
power, beta, pulse length and Q values in various operational scenarios. It was also
discussed that a active continuation of physical investigations, development of new
diagnostics and aterials is needed to prepare for the next logical step, amely the design of
DEMO reactors.
Construction, of ITER and eventual series of experiments will assure the wide participation
of the teams of physical and engineering laboratories and universities of the world. In
particular, I have suggested in this context to maximize the use the network computing
technology, the development of which is in progress by some of te fusion laboratories
including Kurebatov istitute, though for different reasons. It is very important for the fusion
community to establish the environment of collective laboratory, in which the different labs in
world is merged into a single virtual tab, and the mutual communications between the labs,
on-line data analysis and mass data transfer can be efficiently performed.
It is no doubt that ITER will make a substantial impact on the industries' interest in fusion
power, and the establishment of ITER Legal Entity means the appearance of an international
organization, responsible for the future of fusion. The fission community seems to face
similar concerns, though it is more diversified today, and issues on the operation, security and
attractiveness are not comprehensively discussed. Building ITER under the international
program is also one of the very important field of work for the diplomats, for which they
could address how we could possibly solve the problem of global energy shortage. My
answer is ITER must be constructed in the nearest future.

JAERI-Conf 2002-010
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Table. I ITER parameters
Total fusion power

500 MW 700 MW)'

Average 14 MeV neutron wall loading

0.57 MWM 2 (0.8 MW M -2

Plasma nductive burn time at 15 MA

> 400 s

Non-inductive burn time at 500 MW

300

Plasma major radius

R and minor radius

a

6.2 20 m

Plasma current ( Ip )

15 MA (17MA)'

Vertical elongation at 95% fux surface/separatrix (K95/KX)

1.70 /1.85 (1.85 2.0)**

Triangularity at 95% flux surface/separatrix (895/ 8X)

0.33 048 0.45 0.55)

Toroidal field at 62 m radius

5.3 T

BT

Plasma volume

83 M3

The pulse ength is limited to about 200 s,
The plasma shifted to the outer board and the minor radius is reduced to 1.85 m
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Table 2 Assessment of the diagnosti capability as of November 2001
GROUP la
Measurements For Machine
Protection and Basic Control

GROUP2
GROUP lb
Additional
Measurements for Advanced
Measurements for
Control
Performance Evaluation
and Physics

Plasma shape and position,
separatrix-wall gaps, gap between
separatrixes, Plasma current: q(a)
/ q95, Loop voltage, Radiated
power (main plasma, X-point &
div), Divertor detachment indicator
(Jsat, ne, Te at divertor plate),
Disruption precursors (locked
modes, m = 2 H/L mode
indicator, Zeff (line-averaged), nT /
nD in plasma core, Edge
Localized Modes, Gas pressure
(divertor & duct), Gas composition
(divertor & duct), Line-averaged
electron density

Electron temperature profile
(core), Electron density profile
(core and edge), Ion
temperature profile (core),
Radiation power profile (core, TAE Modes,
X-point &divertor), Zeff profile fishbones,
Heat deposition profile
Te profile (edge), MHD
(divertor), Ionization front
activity in plasma core
position in divertor, ne of
divertor plasma, Low m / n
MHD activity, Sawteeth, Net
erosion (divertor plate),
Neutron fluence

Fusion power, ON
t (aB / 1)
Impurity and D, T influx (divertor,
& main plasma), Surface temp.
(div. & upper plates), Surface
temperature (first wall), Runaway
electrons, Halo currents

Neutron and a-source profile,
Helium density profile (core),
Plasma rotation (tor and pol) ,
Helium density (divertor)
Impurity density profiles,
Neutral density between
plasma and first wall, Te of
divertor plasma

Not applicable

Current density profile
(q-profile), Alpha-particle loss

14 -

ne, Te profiles
(X-point), nT / nD / nH
(edge), nT / nD / nH
(divertor)

Confined a-particles
Ti in divertor, Plasma
flow (divertor), Te
fluctuations, ne
fluctuations, Radial
electric field and field
fluctuations, Edge
turbulence
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Table. 3 Proposed list of fusion power plants for the electricity g
-Parameters

ion

ARIES-RS

SEAFP

SSTR

DEMO-S

ARIES-ST

Fusion power
(GW)

2170

3000

3000

2520

2740

Thermal power
(GW)

2620

-

3710

31.00

3100

Electric power
(netto, MW)

1000

1080

600-700

1000

current drive
heating system
(MW)
Averaged FW
neutron load
(MW/m2)
Structural
material
Breeder

-100

-

60

100-110

32

3.96

2.1

3.8

2.52

4.1

V-4Cr-4Ti

Eurofer

Steel F82H

Steel or
V-ailoy

Ferritic steel

Li

LI4SiO4 or
U20

U20

LI4SiO4 or Li

LiPlb

Be

Be

Be

He

H20

He or Li

Neutron
multiplier
Coolant

Li

COE

8.2

/kWh)

-11.5

1 -

LiPb and He
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Fig. 1.17 CS model coil
Fig t 16 Picture of gyrotrons developed in
Japan (upper left) and Russia (lower left).
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Fig. 1.23 Divertor maintenance
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APPENDIX
The Presentation Documents for Academician E. P Velikhov
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IL THE BENEFITS OF YfER FOR THE PORTFOLIO OF FUSION CONFIGURAnONS

Prof. Robert J. Goldston
Director, Princeton Plasma Physics Laboratory

Abstract
Recent plasma science challenges are 1) what limits the pressure in plasmas?
(macroscopic stability) 2 how do hot particles and plasma waves interact in the nonlinear regime? (wave-particle interactions), 3 what causes plasma transport? (microscopic
turbulence
transport) and 4 how can high-temperature plasma and material surface coexist? (plasma-material interactions). This fusion plasma science is addressed using a
"Portfolio" of configurations, like Stellarator, Tokamak, Spherical Torus, Reversed Field
Pinch, Spheromak, and Field Reversed Configuration. Namely, the scientific results from
one configuration benefit progress in others. Recent example of this effort can be found in
NCSX, NSTX and RFP. TER will provide very significant benefits to the development of
the full fusion portfolio; macroscopic stability, wave-particle interactions, microturbulence
& transport, plasma-material interactions, and technical demonstration of an integrated
fusion system.

1. Recent Plasma Science Challenges
As the key scientific issues we fusion society needs to address, the US National
Research Council Plasma Science Committee defined the Plasma Science Challenges as
follows;
1) Macroscopic stability; what limits the pressure in plasmas?
2) Wave-particle interactions; how do hot particles and plasina waves interact in the
nonlinear regime?
3) Micro turbulence transport; what causes plasma transport?
4) Plasma material interactions; how can high temperature plasma and material surfaces coexist?
These issues are, at the same time, connected to the wide scientific community outside the
fusion research; for example 1) Geomagnetic substorms 2 Solar coronal beating, 3)
Astrophysical accretion disks, and 4 Materials processing, respectively.
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2. "Portfolio" of Configurations
In order to address these issues, the fusion plasma science program in US is
addressed using a "Portfolio" of configurations. The basic philosophies are;
I) Scientific synergy (common nderlying physics): Ideas from one configuration help
others. Hybrid configurations can ernerge (e.g. compact stellarator as a hybrid of tokamak
and stellarator systems). This hilosophy provides broader test of plasma science
understandings.
11) Complementarity: Range of configurations avoids common roadblocks (such as
bootstrap current control). Inertial Fusion Energy development in parallel to the Magnetic
Fusion Energy (WE) development is the best exarnple. This philosophy broadens
scientific and technology impact of fsion science.
111) Coordination The annual budget of the world fusion program is more than I billion US
dollar. The US program plans to complement the world efforts. It is very important to
take advantage to have opportunities to share progress with advanced scientific facilities
world wide.
The WE configurations range from the externally controlled system where the
magnetic field is produced by external coils to the self-organized system where plasma
generates its own magnetic field. An example of the former is Stellarator characterized by
more stable steady-state, and that of the latter is the Field Reversed Configuration (FRQ
characterized by low aspect ratio and potentially high power density. ITER, the Tokamak
system, is located between the two, and it is well positioned to study the plasma physics in
both directions.
The four scientific topics mentioned above in Sec. I and the key issues in each topic
are listed in Fig.11.1 over the variety of the WE configurations from te externally
controlled (e.g. Stellarator) to the self-organized system e.g. FRQ. We can nderstand
commonality of physics and complementarity towards the goal, The ITER Tokamak locates
between the two extremes, where many of the scientific issues can be studied and it
contributes to the whole issues.
The US Magnetic Fusion Energy portfolio is shown in Fig.II.2. In the range of the
'Concept Exploration' experiments (with 100eV regime of plasmas), were only the US
programs are shown for simplicity, the US program has Advanced Stellarator, Tokamaks,
Spherical Torus, Reversed Field Pinch, FRC and emerging configurations, Above it, there
are the ranges of 'Proof of Principle' (-keV plasmas) and Performance Extension' (- 10keV
plasmas), and 'Fusion Energy Development' (with igh fusion product-, ITER) in the world.
As shown in this figure, broad spectrum of the configurations has been investigated all over
the world step by step. The ITER project contributes not only to the tokamak line but also
to the whole spectrum including different configurations.

3. Proof of Principle Experiments in US
The National Compact Stellarator Experiment (NCSX) program is aiming at concept
demonstration of steady-state high beta high confinement disruption-free plasmas. This
scientific research program addresses the three dimensional macroscopic stability and
disruption studies at high beta, the irricroturbulence and transport in te quasi-symmetry
- 56 -

JAERI-Conf 2002-010

system, wave-particle interactions with three dimensional fast ion resonances, plasma boundary interactions, and effects of magnetic stochasticity,
The NCSX quasiaxisymmetric design combines stellarator and tokamak advantages, the 3D shaping is stable
to disruptive modes ad very sall ripple improves confinement, Te National Spherical
Torus Expefirrient (NSTX) has reached its initial goal successfully and achieved ideal nowall beta limit of ,=25%.
The Madison Symmetric Torus Reversed Field Pinch has
demonstrated a dramatic increase of electron temperature (from - OOeV to 7OOeV) with
Pulsed Poloidal Current Drive.

4. Extension of Fusion Plasma Science with ITER
ITER will extend the fusion plasma science to exciting new regimes: The
macroscopic stability research and the microturbulence
transport research can be
extended to tire ew plasma regime with low collisionality, small gyro-radius and intense
alpha particle population. The wave-particle interaction can be studied at intense and
isotropic alpha particle concentrations. ITER enables studies on longer-lasting plasmamaterial interaction with much more intense heat and particle loads. The most important
contribution of ITER is technological demonstration of an integrated fusion system
including power systems, magnets, plasma facing components, nclear components, tritium
handling and retention, and remote maintenance. Such innovative researches in ITER
contribute to the wide range of the fusion science. Tables I a)-(e) summarize the
contributions of ITER to the fusion science in the research fields of (a) Macroscopic
Stability, (b) Wave-particle Interactions, (c) Microturbulence & Transport, (d) Plasmamaterial Interactions, and (e) Technological Demonstration of an Integrated Fusion System,
with emphasis on commonality, complementarity and contributions to the other magnetic
fusion configurations, Stellarator, Spherical Torus and Reversed Field Pinch.

5. Conclusions and Future
A set of key scientific issues for fusion is being resolved by a cooperative 'portfolio'
approach. Scientific results from one configuration benefit progress in others. ITER will
provide very significant benefits to the development of the full fusion portfolio.
A wise advice from Buddhism says, "Even if you are knocked down seven times, you
should get tip at the eighth time," meaning the tenacity of purpose. A Talmudic wisdom is
as follows: An 85-year-old rabbi planting a young tree said to a young man coming by "It is
not up to us to finish the work, nor are we permitted to desist from it." If we can have
folks studying tokamaks and folks studying alternatives working together, we can provide
something very beautiful and valuable for our grandchildren.
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Table l(a): Contribution of ITER: Macroscopic Stability
Macroscopic Stability
ITER: Effects of low collisionality smaller qVro-radius, intense alpha pa icles
Stellarators
Spherical Torus
Reversed Field Pinch
underlying
generally similar:
very similar with exception of largely dissimilar.
instability
shear reversal
Effects of alpha particles Effects of alpha particles Significant commonality of
and normalized gyro- and normalized gyro-radius stabilization techniques.
radius to be similar
to be similar
key physics Physics
of
magnetic Effects of 3D coupling.
Dynamics
of
tearing
contributions island
and
kink
& Effects of 'Glasser term'modes
ballooning modes
island stabilization.
commonality very high
lof physics
I

very high

Table l(b): Contribution of ITER: Wave-particle Interactions
Wave-particle Interactions
ITER: Effects of intense, isotropic alpha rticle concentrations
Stellarators
Spherical Torus
plasma
very similar plasma and higher beta, higher VaNA,
parameters alpha parameters,
but similar symmetry, lower
much physics overlap
aspectr atio
key physics Enhanced non-symmetry Compressional Alfven
contributions of orbits and modes.
Eigenmodes or other modes
for alpha channeling.
commonality very high
of physics

moderately high

moderately high
I

Reversed Field Pinch
higher beta, higher VaNA,
but similar symmetry and
aspect ratio.
Effects of magnetic
turbulence on alpha
particles,
moderately high

Table l(c): Contribution of ITER: Microturbulence &Transport
Microturbulence Uransport
ITER: Effects of low collisionality, smaller civro-radius, isotope effects
Stellarators
Spherical Torus
Reversed Field Pinch
plasma
very similar parameters, higher beta, higher V.N,,,, higher beta, higher VNA,
parameters much physics overlap
but similar symmetry, lower but similar symmetry and
aspect ratio.
aspect ratio.
May not require as low
normalized gyro-radius as
tokamaks.
key physics Greater non-symmetry of Expected suppression of ion Effects of magnetic macro
contributions orbits.
modes.
turbulence on confinement
Effects of radial electric
Enhanced magnetic microfield.
turbulence effects.
Neoclassical effects on Hmode ph sics
commonality very high
very high
moderate
lof physics
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Table I d): Contribution of 1TER: Plasma-material Interactions
Plasma-material Interactions
ITER: Much more intense, longer-lasting nteractions
Stellarators
- Spherical Torus
Reversed Field Pinch
plasma
Very similar parameters. Similar divertor and scrape- Edge geometry for RFP
parameters Much physics overlap.
off layer geometry.
power source not resolved.
Lack of disruptions may ST may have even higher RFP rnay even have even
open up wider range of pafficle and power fluxes.
higher particle and power
edge options.
fluxes.
key physics Non-symmetry of scrape- Effects of trapping on SOL Effects of magnetic
contributions off layer
physics
turbulence on p1sama wall
interactions.
commonality extremely high
extremely high
moderately high
of physics

Table (e): Contribution of ITER: Technological demonstration of an integrated fusion
s stem
Technological demonstration of an integrated fusion system
ITER: Power systems, magnets, plasma facing components, nuclear components,
tritium h ding and retention, remote maintenance
Stellarators
Spherical Torus
Reversed Field Pinch
technology
Very similar
Very similar
Similar
requirements
May not require
superconducting coils.
extra issue
non-symmetry
of normal conducting central
svstems
column
commonality extremely high
extremely high
very high
of technology
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APPENDIX
The Presentation Documents for Prof. R. Goldston
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The Benef lots of ITER for the
Portfolio of Fusion Co
orations

Professor Robert J. Goldston
Director, DOE Princeton University
Plasma Physics Laboratory

Symposium for ITER
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Fusion Plasma Science is Addressed
O
using a Portfol"o" of ConfiguraMons
*

Sciertific synergy - Common underlying physics
- ideas from one configuration help others.
- Hybrid configurations emerge (e.g., Compact Stellarator).
- Provides broader test of plasma science understanding.

*

Breadth - Complementarity
Range of configurations avoids common roadblocks.
inertial Fusion Energy is the best example of this.
Broadens science and technology impact of fusion science.

*

Coordination - > 1 B year World Program
- U.S. program planned to complement world efforts.
- Opportunities to share progress with advanced scientific facilities
worldwide.

P. 3
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The Portfolio of MFE Confl
Eixternally Oamtrolled

NIS

Scalf-Organzed

Example: Stellarator
Coils link plasma
Magnetic fields from external currents
Toroidal field >> poloidal field
Large R/a
More stable, better confinement

Example: FRC
Coils do not link plasma
B from internal currents
Poloidal B >> Toroidal
R/a -- > 1.0
Higher power density
P. 4
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The Magnetic Fusion [energy Portfolio
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National Compact Stellarator Experiment will
Address Key Issues of Fus!on Plasma Science
F

- Macroscopic Stability:
Disruptions - when, why, why not?
=*High , 3-D ability to kink, ballooning,
neoclassical tearing, vertical displacement.
• Microiurbuience and Transport:
Is quasi-symmetry effective at high Ti?
Challenge Er shear understanding via
ripple control.
=: Quasi-symmetry, High Ti, flexible coils
• Wave-particle Interactions:
- no we understand 30 fast ion
rosonanees,

AE modes in 3-D?

=:> Good fast ion conhnen)ent
•

Plasma-boundary interaction:
- Effects of magnetic stochasticity?
=> High power, flexible coils

Auburn U., Columbia U., LLML, NYU, ORNL, PPPL, SML-A, U. Texas, UCSD, U. Wisconsin
Australia, Austria, Japan, Germany, Russia, Switzerland, Ukraine
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NCSX Quasi-AxIsyrnmetric Design Combines
Stellarator ad Tokamak Advantages
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ITER will Extend Fusion Plasma Science
to xciting New Regimes
•

Macroscopic Stability
- Effects of low collisionality, smaller
gyro-radius, intense alpha particles.

•

Wave-particle Interactions
-

Effects of intense, isotropic alpha
particle concentrations.

•

Microturbuience
Transport
- Effects of low collisionality smaller

•

Plasma-material Interactions
- Effects of much ore intense,

•

Technological demonstration
of an integrated fsion system
- Power systems, magnets, plasma facing

gyro-radius, isotope mass.

longer-lasting interactions.

components, nuclear components, tritium
handling and retention, remote maintenance

-IPPPL

P

PHIMEtall PL ISMA
PHYSIE5LASNATORY
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Macroscopic Stability
•

Steflarators
- Underlying instabilities generally similar
- Effects of s and p/a expected to be similar
- Key physics contributions:
Physics of magnetic islands
Physics of kink and ballooning modes
- Very high cornmonality of physics
Spherical Torus
- Underlying instabilities very similar, with exception of shear reversal
- Effects of a's and p/a expected to be similar
- Key physics contributions:
Effects of 3D coupling
Effects of "Glasser term" island stabilization
- Very high commonality of physics
Reversed-field Pinch
-Underlying
instabilities largely dissimilar
-Significant
commonality of stabilization techniques.
Key physics contribution: Dynamics of tearing modes
Moderately high commonality of physics

•

-APPPL
PILIMEYOU
PIASMA

P.1 5

PHYSICSIRBORATORY

Wave-Particle Interactions
•

Stellarators
- Very similar plasma and alpha parameters - much physics overlap
- Key physics contribution:
Enhanced non-symmetry of orbits modes
- Very high commonality of physics

•

Spherical Torus
- ST has higher beta, higher vtv,, but similar symmetry, lower R/a.
- Key physics contribution:
CAE or other modes for "alpha channeling"
- Moderately high commonality of physics

•

Reversed-field Pinch
- REP has higher beta, higher V1VA, but similar symmetry and R/a.
- Key physics contribution:
Effects of magnetic turbulence on a particles
- Moderately high commonality of physics

733V PP L

K PRIME1011
PLASMA
LABORATORY

P.1 6

7ilpflyslls
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Turbulence and Transport
*

Stellarators
-

*

Very similar plasma parameters - much physics overlap
Key physics contributions:
Greater non-symmetry of orbits
Effects of radial electric fields
Very high commonality of physics

Spherical Torus
-

-

ST has higher beta, but similar symmetry, lower R/a
May not require as low p/a as tokamak
Key physics contributions:
Expected suppression of ion modes
Enhanced magnetic microturbulence effects
Neoclassical effects on H-mode physics
Very high commonality of physics

Reversed-field Pinch
-

RFP has higher beta but similar symmetry and R/a.
Key physics contribution:
Effects of magnetic macro turbulence on confinement
Moderate commonality of physics

_jPPPL

PA 7

PHRICE10HPLOSM9
PHYSIESLRBORATORY

Plasma-Wall Interactions
*

Stellarators
-

*

Spherical Torus
-

*

Very similar plasma parameters - much physics overlap
Lack of disruptions may open up wider range of edge options
Key physics contribution:
Non-symmetry of scrape-off layer
Extremely high commonality of physics
Similar divertor and scrape-off layer geometry.
Key physics contributions:
ST may have even higher particle and power fluxes
Effect of trapping on SOL physics
Extremely high commonality of physics

Reversed-field Pinch
-

Edge geometry for RFP power source not resolved.
RFP may have even higher particle and power fluxes.
Key physics contribution:
Effects of magnetic turbulence on plasma wall interactions
Moderately high commonality of physics

",,PPPL

PAS

PhifitElnn

PLASM
PHYSIrs 94DRATORV
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Integrated Technology Demonstration
Power systems, magnets, plasma facing components, nuclear
components, tritium handling, remote maintenance
•

Stellarators
-

Very similar technology requirements

-

Extra stellarator issue: non-symmetry of systems
Extremely high commonality of technology

Spherical Torus

•

-

Very similar technology requirements,
Extra ST issue, normal conducting central column
Extremely high commonality of technology

Reversed-field Pinch

e

-

Similar technology requirements
May not require sperconducting coils
Very high commonality of technology

-APPPL
PINHIE100

PA 9
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Conclusions
•

A set of key scientific issues for fusion is being resolved by
a cooperative "portfolio" approach.

•

Scientific results from one configuration benefit progress in
others.

•

ITER will provide very significant benefits to the
development of the full fusion portfolio.
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1111. TRITIUM TECHNOLOGY - A CANADIAN OVERVIEW

Dr. Robert L. Hemmings
Technical Expert of ITER Canada, Canatom NPM
This paper is based on the one presented by J. M. Miller (AECL) at the 6th International
Conference o Tritium Science and Technology, Tsukuba, lbaraki, Japan, 2001 November 1116, which will be published in Fusion Science and Technology.* The title and outline of this
paper are shown in Figs. 1.1 and 12. [*J. M. Miller, Fusion Sci. and Tech., 41, 314 2002)]

Abstract
An overview of the various tritium research and operational activities in Canada is
presented. These activities encompass tritium processing and recovery, tritium interactions
with materials, and tritium health and safety. Many of these on-going activities form a sound
basis for the tritium use and handling aspects of the ITER project.
Tritium management within the CANDU heavy water reactor, associated detritiation
facilities, research and development facilities, and commercial industry and improving the
understanding of tritium behaviour in humans and the environment remain the focus of a longstanding Canadian interest in tritium. While there have been changes in the application of this
knowledge and experience over time, the operating experience and the supporting research and
development continue to provide for improved plant and facility operations, an improved
understanding of tritium safety issues, and improved products and tools that facilitate tritium
management.
1. Introduction
An overview of the various activities carried out in tritium-related research and process and
plant operation since the 5hTopical Meeting held in 1995 in Belgirate, Italy', is presented. At
the time of writing of the 1995 overview paper, the Canadian Fusion Fuels Technology Project
(CFFTP) played a significant role in integrating tritium-related R&D and product development
into several fsion
facilities and projects. While the focus and variety of tritium-related R&D
activities has altered since the CFFTP was disbanded in 1998, tritium management within
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nuclear plants and tritium-handling facilities, tritium behaviour in the environment and tritium
dosimetry and dose control remain as focal points of the Canadian tritium program. This will
provide a background of knowledge and experience to support tritium-related activities at ITER.
Some of the work discussed in this paper has been described elsewhere. For more details,
the reader should refer to these additional papers front the 6th International Conference on
Tritium Science and Technology, Tsukuba, lbaraki, Japan, 2001. November 11-16.
Development and implementation of improved operational and maintenance practices related to
tritium management are an important par( of the continuous improvement programs in place in
CANDU utilities. While the details of this work are not reported here, the contribution of this
effort to improving tritium management is acknowledged. The outline of this chapter is
summarized in Fig. 11I.3.

2. Tritium Processing
A.

Water Detritiation

The Darlington Tritium Removal Facility, operated by Ontario Power Generation (OPG)
continues to operate well, processing 10 Mg of tritiated heavy water per day. Over the life of
the plant the average annual tritium recovery has been -7.4x 1017 Bq. This amounts to an
annual tritium production of about 2 kg. OPG continues to gain valuable operating and
maintenance experience for large-scale tritium processing facilities. The Darlington Tritium
Removal Facility continues to play an important role in managing the tritium content in the
heavy-water systems of OPG's CANDU reactors and in managing tritium emissions to the
environment. It will be a valuable source of fuel for fusion programs such as ITER, where the
expected tritium usage will amount to about 12 kg/a (see reference 26).
Alternative water detritiation processes and technologies continue to be investigated from
the perspective of continually improving cost and safety and meeting more demanding
requirements. Pilot-scale testing of the Combined Electrolysis and Catalytic Exchmige (CECE)
process was carried out at AECL's Chalk River Laboratories, demonstrating heavy water
upgrading 25 Mg/a capacity) and detritiation (5 Mg/a capacity)."' The technical, operational
and safety performance of this process was successfully demonstrated using 370 GBq/kg heavy
water feed and process concentrations of up to 8.5 TBq/kg over a 7-month detritiation test
period. The process was operated to demonstrate detritiation factors i excess of 50 000. The
operational data was used to confirm process models, which are now being used to develop
optimum processes for larger-scale facilities. The outline of this section is summarized iii Fig.
IHA
B. Isotope Separation
Kinectrics Inc. (formerly Ontario Hydro Technologies) has, over te last few years,
performed a series of experiments on cryogenic distillation (CD) of hydrogen isotopes for
ITER Canada. Most recently, a test program was conducted to verify aspects of the control
system philosophy for the Isotope Separation System (ISS) of ITER-FEAT.
It was
demonstrated that the isotopic composition of the CD products could be calculated reliably in
real time from column temperature and pressure. Dynamic flow tests showed that the CD
product compositions could be controlled at specified set points during variations in feed
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conditions. These tests included variation of feed composition and feed rate, and imicked
both the ISS tritium and protium columns. The outline of this section is summarized in Fig.
111.5.
C. Tritium

ecyelhig/Recovery Systems

Kinectrics Inc. (formerly Ontario Hydro Technologies) and Tyne En-gineering have carried
out significant development work in the area of tritiated waste treatment and tritium recovery
and recycling. References 4 and describe two specific applications. Systems that have been
developed and tested can treat ixed wastes such as organic solvents or pharmaceutical mixed
waste for te fst time. Such systems are now being manufactured for commercial application.
In these systems te liquid wastes are converted by catalytic oxidation to C2 and water. Any
tritium present in the waste is retained in the water fraction and it can then be store& or treated 5
for ultimate recovery as elemental tritium and potentially recycled into ITER as fuel, reducing
the tritium inventory in operational wastes.
In the process used to recover the tritium, the water is electrolysed and all hydrogen
isotopes collected. However, since the water that results from the oxidation process contains
numerous impurities it must be further treated to achieve a high degree of purity before it can
be electrolysed, Since the tritium concentration in the waste is relatively low, the fraction of
tritium in hydrogen is very small. Hence, hydrogen isotopic separation is required to recover
and concentrate the tritium.
This is accomplished in two steps. The first step is a stripping operation that utilizes
displacement gas chromatography to concentrate the tritium from ppm levels to fractions of
percent. In the second step, tritium enrichment to 98% relies on advanced gas chromatography
based on temperature programming. 6 This effort results in the recovery of essentially all of the
tritium for reuse, finally closing the tritium-use cycle and avoiding any tritiated waste being
generated in the pharmaceutical industry during their drug development program.
A tritium recovery system has also been designed and is being built for the Laboratory for
Laser Energetics at the University of Rochester to treat effluent gas streams with a range of
tritium activities.' The system will be required to limit tritium releases to less than
37 GBq/year. In order to inimize releases and to maximize personnel safety. the various gas
streams are segregated. This allows the treatment of inert gas streams by getter-bed technology
avoiding, as far as practical, the need to oxidize elemental tritium to HTO. In addition, it
minimizes the dilution of tritiated gas streams and so simplifies effluent cleanup.
Depending on the required tritium level in the effluent, and the quantities of tritium to be
removed, different getters are used. Zr-Fe getters are used where low effluent tritium levels are
required and U-beds are used where larger amounts of tritium are to be removed. A new
feature for tritium recovery systems is the incorporation of cryogenic molecular sieve beds to
remove tritium from some helium gas streams. Conventional oxidation and molecular sieve
dryer technology is used for the detritiation of air streams. The outlines of this section are
summarized in Figs. 111.6 and 111.7.
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D. Fusion Fuel Cleanup
Final laboratory demonstration of fusion fuel cleanup options was completed in 998 A
summary of the results of that work is presented here. A two-stage ftision-ftiel-cieanup system
consisting of a PERMCAT8, PMR19 or CAPRICE'O first stage and a batch-HITEX" final
polishing stage was constructed. The test facility consisted of a first-stage Pd/Ag membrane
catalytic reactor that could be operated in PERMCAT, PRMI, or CAPRICE mode with a fastcycling, batch-HITEX second-stage. Te CAPRICE mode of operation was tested with both
non-tritiated and tritiated ases; under the test conditions, a detritiation factor of -1000 was
achieved.
Fully atomated operation of the fast-cycling HITEX second stage was
demonstrated with CAPRICE operating with tritiated gas mixtures. With this two-stage system,
a detritiation factor of > 106 was readily achieved. The outline of this section is summarized in
Fig. 111.8.

3. Tritium Behaviour and Interaction with Materials
A. Outgassing
Efforts to correlate the outgassing of tritiated species from soft waste with tritium inventory
in the waste materials are on-going. The outgassing/inventory relationship 12 from "soft" waste
has been shown to hold from waste samples received from a number of tritium-handling
facilities for testing. There is strong evidence to support the premise that tritiated waste paper
present in these waste streams is responsible for the universality between the various tritium
laboratories.
Reference I (Section 111LA) has reported on previous work in the area of "tritium on
surfaces" and had indicated that a wide variety of activities had taken place in Canada to
determine hazards associated with surface contamination in the work place. These studies
examined the tritium-surface interactions and observed that tritium desorption was mainly as a
water soluble species. Further, solvent washings and smearing indicated tat only a small
fraction of the total tritiurn on the surface is available to the skin when contact is made Ts
effect is independent of the tritium surface activity levels. Typical tritium surface activities that
have been predicted for ITER are of the order of >5000 B/cm', within the range of
experimental and operational experience to date.
B. Amorphous Carbon and Sicon Fms
Hydrogenated amorphous films have been studied over the past two decades to establish
the cause for progressive degradation observed in solar cells when they are exposed to sunlight.
The phenomenon, known as the Staebler-Wronski effect, has been recently observed in tritiated
amorphous silicon films." The correspondence between hydrogenated films exposed to
sunlight and tritiated silicon films provides a new avenue to establish underlying mechanisms
for the gradual degradation of solar cells, Recently, tritiated films have been used as calibration
sources for tritium monitors and surface activity monitors. These abrasion resistant films are
stable in air up to 200'C and exhibit negligible outgassing of tritium. Reference 4 describes
efforts to grow thick, high density, tritiated amorphous fidins on 1-mm plastic spheres used in
the inertial confinement fusion program.
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Tritium incorporation in semiconductor devices has been shown to provide a unique
diagnostic of ion/electron mobility in P-I-N junctions. To date, groups studying the influence
of hydrogen on mobility in amorphous silicon films were forced to grow films with differing
quantities of hydrogen and sbsequently infer the impact of fabrication processes, different
ahoy compositions, and the variation in hydrogen content. Tritium incorporation offers a
unique diagnostic because the same alloy can now be studied with a "hydrogen" content that
reduces at a fixed and temperature invariant rate.
C. Plasma-Surface Interactions
Plasma-surface interaction experiments with tritium are just eginning at the University of
Toronto win a new tritium-handling facility licensed for 3.7xlO" Bq of tritium. The facility
will be used to conduct tritium impact studies of plasma-facing materials planned for reactor
use. Chemical erosion yield measurements during tritium impact on graphite will be obtained
in the first set of experiments. The objective is to investigate isotopic effects of chemical
erosion; these experiments will be the first done with tritium.'5 The vacuum system is pumped
by a combination of cryopumps, a turbomolecular pump, and regenerable getters. The tritium
is normally stored in regenerable getters in the'vacuum chamber and is released from the
getters during experiments. The outline of this chapter is summarized in Fig. I1.9.

4. Tritium Measurement
Work on the development and evaluation of instrumentation and techniques for measuring
tritium on surfaces continues at Tyne Engineering. To overcome the inherent limitation of
surface swipes, a surface activity monitor has been developed and commercialized. 16 This
monitor is based on the unique and simple correlation between the beta-induced electron
emission from a tritiated surface and the tritium concentration in the near surface. The unit
samples 100 CM2 of surface directly but can also be used to measure surface swipes. The unit
has a detection limit of 0.8 Bq/cm', compensates for zero drift and can provide a measurement
within I minute. A Palm Pilot has been integrated with the sensor for data collection and
logging in order to make this a useful tool for a wide variety of operational, decommissioning
or radiation protection applications. The utility of the portable instrument to measure tritiated
water and other ionizing radiation is being studied.
Development of a small, lightweight survey instrument that can accurately and reliably
measure tritium-in-air concentrations against a background of photons and other radioactive
gases continues to provide challenge for those working in the monitor development areas.
Testing of a preliminary solid-state detector system, developed to meet these criteria, is
described in reference 17.
Work continues to improve its sensitivity and/or potential
applications.
An automated tritium-in-breath monitor has been developed" as a potential alternative
technique to assess worker dose due to a tritium uptake. The detection method is based on a
gas-flow proportional counter with rise-time discrimination to minimize interferences from
other radioisotopes. A prototype unit has been tested in a CANDU nuclear power station. A
commercial unit is under development based on the field test results. Such a device would be
ideal for some aspects of ITER operations. The outlines of this chapter are summarized in Figs.
III IO and HI. I .
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5. Health and Safety
A. Tritium Dosimetry
Tritium-dose control is a mainstay of the health and safety programs of the tritiurn-bandling
laboratories and facilities and CANDU reactors in operation in Canada. Tritiated water,
tritiated hydrogen gas and organically bound tritium are expected to be the primary forms of
tritium released from facility operations. However, other less prevalent forms are also of
interest, as are the biokinetic models for tritium that incorporate the effects of these various
tritium forms.
The potential hazard of tritiated particulate materials has been investigated and rbported.'9
The absorbed fractions (fraction of energy eitted that is absorbed by the target region) were
calculated for tritiated particles deposited in the alveolar-interstitial region of the respiratory
tract. While the results showed that the dose to the alveolar tissue is significantly
overestimated by the International Commission for Radiological Protection (CRP),20 which
considers particle-absorbed fractions as unity, the studies also indicate that the dosimetric effect
of macrophages, tritium speciation and other factors may have a greater effect on dose
coefficients.
Other broad reviews of the ICRP-recommended dosimetric methods for tritium, which
include five tritium-labelled compounds, have also been undertaken." For tritiated water
uptakes, studieS22 have confirmed that the organically bound tritium contribution is 10% of the
tritiated water dose. Two current projects using animal models are underway to follow tritium
uptake, retention and biotransformation after inhalation of tritiated oil aerosols and tritiated
methane. These results will be used to validate the dosimetric models for these tritiated organic
compounds.
The influence of gender differences in the carbon pool mass and dietary intakes on dose
factors for intakes of tritium has also been studie& 3and recommendations made to take into
account gender differences in recommended dose coefficients.
B. Environmental Studies
Aspects of tritium transport and behaviour in the environment continue to be investigated,
primarily in field studies. Over the past few years, AECL has carried out a series of
experiments at its Chalk River Laboratories site to determine the levels of tritium in the
environment due to routine HTO releases to the atmosphere."
In each study, HTO
concentrations in air moisture, precipitation, soil and plants, together with organically bound
tritium (OBT) concentrations in plants, were measured at regular intervals over long periods of
time at one or more locations. The data were analysed to provide ratios of the long-term
average ITFO concentrations in precipitation, soil and plants to the long-term average HTO
concentration in air moisture. The Chalk River site data, together with similar data collected at
other sites around the world, were used in the international model intercomparison program
BIOMASS21 to test standard models that predict long-term average tritium Concentrations in
the environment. The models tended to underestimate precipitation concentrations but to
overestimate concentrations in soil and plants (both HTO and OBT) Ts work has helped to
improve the models for long-term concentrations and to increase the confidence in the doses
predicted for members of the public living near tritium-handling facilities.
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Studies on the measurement of the rates of HTO uptake and OBT formation in plants at
night are currently in progress. Plants were grown in a low background area and were moved
to an area overnight with elevated concentrations to smulate an cute accidental exposure. The
plants were sampled on a regular basis to determine HTO and OBT concentrations in the leaves
and fruit Te data are being assessed and will be used to confirm a model under development
to predict the OBT concentration in plants exposed to elevated trititim-in-air concentrations at
night. The outlines of this chapter is summarized in Fig. HI. 12.

6. Summary
Tritium research and design work in Canada continues to build a strong foundation in the
safe handling and management of tritium. Improving operational efficiency, worker safety,
emission and waste reduction remain as long-term objectives for the application of this
effort(See Fig. 1 13).
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Summary of Discussions
Some discussions were made for the forecast of tritium supply from Canada to ITER.
Although some heavy water reactors in Canada are temporarily stopped, they will be restarted
within 34 years. It can also be expected to extend the operation period of the reactors. For
these reasons, it was concluded that no major difficulty was anticipated for the tritium supply to
ITER 1.2 kg/annual).
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Introduction

ITER
CANAD.

• Canadians have ben interested in tritium for more
than decades
- Tritium management within CANDU, associated
detritiation facilities, R&D facilities, and commercial
industry
- Tritium behavior in humans and the environment
• Application of knowledge and experience changes with
time but ultimate goals are to:
- Improve plant and facility operations
- Improve understanding of tritium safety issues
- Improve products and tools that facilitate tritium
management that lead to improved safety

Fig. III.3 Introduction

Tritium Processing
WaterDetritiation

ITER 4::

* Darlington Tritium Removal Facility
- 10 Mg of tritiated water per day
- Average annual recovery: -7.4x1017 Bq ( 2 k/a)
- ITER forecast use: 1.2 kg/a
* New Detritiation Technology Demonstrated
- Using combined electrolysis and catalytic
exchange (CECE)
- 5 Mg/a capacity
- Operated over 7 months
- Provided > 0 000 detritiation factor

Fig. 111.4 Tritium Processing (Water Detritiation)
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A

Tritium Processing
Isotope Separation

4CW

Cryogenic Distillation (CD) technology well
demonstrated at Kinetrics
Isotopic concentration of CD products
calculated reliably in real-time, using column
temperatures and pressures
• Dynamic testing showed CD products
controllable at specific set points, with
variations in both feed composition and rates
• Excellent correlations for both tritium and
protiurn columns

Fig. 111.5 Tritium Processing (Isotope Separation)

IFIFER C
%W*W

Tritium Processing

Recycling / Recovery Systems
Management of tritiated wastes from
- Organic solvents
- Pharmaceutical mixed wastes
- Use catalytic oxidation to give CO. and HTO

Tritium Recovery by:
- Electrolysis to HHT followed by
- Displacement gas chromatography to raise tritium
concentration from ppm to fractional %
- Advanced gas chromatography using temperature
programming to raise tritium to 98%
- Virtually eliminates tritium in waste

Fig. II.6 Tritium Processing (Recycling

8 -

Recovery Systems) part I
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Tritium Processing
CW:
Recycling / Recovery Systen'1940"t
a Alternate Method Studied by U of Rochester
- To limit releases to < 37 GBq/a
- Based on- segregating gas streams
- Use getter bed technology on inert streams
• Avoids forming HTO and diluting tritiated streams
• Simplifies cleanup
- Getter beds made from
• Zr-Fe for low tritium levels
• U for high tritium levels
- Some success with cryogenic molecular sieves for
air detritiation

Fig. H1.7 Tritium Processing (Recycling/Recovery Systems) part 2

*O

gm,

Tritium Processing
Recycling Recovery System-or

cw

a Fusion Fuel Cleanup
- Final lab demonstration completed in 1998
- Combination of
1 Stage:
CAPRICE or PERMCAT or PIVIRI
* 2nd Stage: HITEX
- Fast cycling, batch
- Results
• I t Stage alone, with CAPRICE
- Adetritiation factor of - I 000
• With CAPRICE combined with HITEX
- Adetritiation factor of > IOr, readily achievable

Fig.

1.8 Tritium Processing (Fusion Fuel Cleanup)
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S`

• Waste

Tritium Behavior
4C
Material Interactions VW

Oulgassing inventory relationship from "soft" waste confirmed for
waste from various facilities
Tritium surface desorption mainly water soluble
Only small fraction available to skin
• Amorphous Carbon and Silicon Films
- Titiat d silicon films being used to establish mechanisms for the
gradu:l degradation of solar cells
- Tritiated films used for calibration sources for T monitors and surface
activity monitors
• Plasma-Surface Interactions
- Currently investigating isotopic effects of chemical erosion of graphite
- Now T facility available to conduct T impact studies of plasma-facing
materials, licensed to 37 x 1011 Bq tritium

Fig. III.9 Tritium Behaviour

Material Interactions

IFIFER C
Tritium Measurement
a

Instrument and technique development
- Surface-activity monitor developed and
commercialized
•Based on correlation between beta-induced electron
emission and tritium surface concentration
•Samples I 0 CM2 of surface directly
•Can also measure swipes
•Detection limit 0.8 Bq/cM2
•Compatible with Palm Pilot
•Applications in operations, decommissioning and
radiation protection

Fig. III. IOTritium Measurement part I
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Tritium Measurement

OCW
AW"r

a Solid-state detector system built
- for T measurement in background of photons or
other radioactive gases; sensitivity improvements
required
- T-in-breath monitor developed and being
commercialized
• Field tested in CANDU stations
• Alternativelsupplementary techniques to bioassay

Fig. 111 I I Tritium Measurement part 2

V.1,

I 111

'109,

Health and Safety

rrER
.... !

A*11b,
• Tritium Dosimetry
Reviews and work programs are investigating closimetric models for
various tritium-labelled compounds
CfimadOrgani"l[yBoundTrttium(OBI)contributiislol.from
Tritiated water uptake
Tritiated oil aerosols and tritisted methane studies underway
Tritiated particulate materials Investigated
Publications Inrecent Health Physics Journal issue
• Environmental Studies
- Field studies at CRNL over several years isproviding data for
international model intercomparison program (BIOMASS)
Improve models for long4erm concentration
Improve confidence inpredicted clases for public
- Program underway measuring rates of HTO uptake and OBT ormation
inplants at night; model development

Fig. III. 12 Health and Safety
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Surnmary

FER

Comprehensive and long-term Canadian
program continues to build a strong
foundation in the safe handling and
management of tritium that gives confidence
in challenges of ITER ,
Program supports long-term objectives for
continual improvement of:
- operational efficiency
- worker safety
- emission and waste reduction

Fig. 111.13 Summary
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IV. FAST TRACK CONCEPT IN THE EUROPEAN FUSION PROGRAMME

Prof. Harald Bolt
Director of Materials Research Division, Max-Planck-Institute for Plasma Physics

Abstract
Recently an expert meeting regarding a possible acceleration of the fusion programme
with a view to energy production ("fast track") was held on the initiative of the EU
Research Council. In the course of the discussions about the fast track programme, it has
turned out that successful extraction of reactor grade heat and tritium from the blanket
modules is essential in the ITER operation. In parallel with ITER, material development
using a high intensity neutron source is essential to establish a database for licensing. The
operation of a reactor combining DEMO and PROTO generations into a single step could
be around 2030.

1. Introduction
A reference roadmap has been discussed which leads from ITER to DEMO and PROTO
fusion reactors in EU. Among these discussions, the significant role of fusion reactors as
electrical power resources and their timely availability to society has been emphasized.
From this view point, it has been proposed to demonstrate the feasibility of fusion energy
within 20-30 years, the so called "fast track" programme. This means that demonstration
of fusion energy will be in 2030, not in 2050 which was a conventional fusion program
so fat. In the line with this scope, the Fast Track Working Group was rganized by the EU
Research Council in November 2001, and reported the first assessment of the fast track
schedule. In this paper, the main results of the working group are described as well as the
materials development program which has to be carried out acc ordingly.
2. Fast Track Concept
The working group assessed scope and ways of organizing the programme with a view
to producing a "fast track" roadmap for fusion, with the clear goal of energy production
within 20-30 years. Major conclusions of the working group can be summarized as
follows:
-
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1) The ITER project is the essential step towards energy production on the fast track
program.
It will be considered to perform modest upgrading over the life of ITER to test
tritium breeding ad energy extraction using blanket modules, which will be a prototype
of the banket for DEMO.
2) In a fast track pproach, the DEMO and PROTO generations could be combined in a
single step.
In the single step, the fusion rector must not be fully technically and economically
optimized.
It as to be addressed that this approach depends strongly on the
development of adequate materials.
3)

In medium term, emphasis of research on ITER is placed on demonstration of sustained
fusion power production and extraction.
Fusion associations in EU should concentrate on accompanying ITER R&D and
plasma physics. Other plasma devices, such as stellarators and spherical tokarnaks,
should address possible improvements of concepts and of designs for future fusion
reactors.

4) Material development is highly important, which shall provide solutions for a
sustainable, environmentally benign and economically attractive energy technology.
ITER provides essential information on plasma facing materials. For structural
materials, tests and verification of material performance in reactor relevant environment
is necessary using high intensity neutron source such as the International Fusion
Materials Irradiation Facility, IFMIF. Before starting the IFMIF engineering design, it
will be important to identify possibilities of relevant studies on neutron spallation
sources. In parallel with these activities, modeling of radiation damage and structural
evolution is instrumental to understand and control underlying processes.
5) Regarding elements of key importance of the fast track approach, the construction of
ITER is essential, and should start as soon as reasonably achievable.
ITER and IFMIF should proceed in a coordinated way. Existing facilities,
especially JET will not be interrupted abruptly, but be phased out progressively
according to the schedule of ITER realization.
6) Regarding financial resources, additional resources will be needed in the early stages
due to the parallel progress of ITER and materials R&D.
It becomes essential to expand international collaboration.
strongly envisaged for the US to re-join the ITER program.

For instance, it is

7) Regarding the role of industry, it should grow significantly in the engineering of fusion
devices during the realization of ITER and later of DEMO/PROTO.
Involvement of utilities should increase progressively.
91
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most efficiently towards power production, the industrial sector has to assist in
managing all phases of the programme. This also ensures that fusion developments
meet industrial requirements for energy production.
A draft of the fast track road map is shown in Fig. IV. 1. In the figure the operation
of DEMO is estimated to be around 2032.

3. Materials Development for Fusion Reactors beyond ITER
For DEMO/PROTO reactors, ferritic-martensitic steel is considered as a reference
structural material, such as EUROFER, and development of oxide dispersion strengthened
ferritic-martensitic steel or SiC-SiC composite inserts is being pursued to improve the plant
efficiency. It should be noted that a water-cooled Li-Pb blanket has been considered as the
reference in this case. He-cooled plant designs become important, if SiC-SiC composites
are mature for structural applications. Regarding neutron -irradiation -damage of materials,
existing fission reactors are available for the study of displacement damage effects. For
relevant studies of the damage by energetic fusion neutrons, spallation neutron sources and
D-Li stripping sources, such as the IFMIF facility, are considered.
For plasma facing materials, the key issues are 1) erosion lifetime, 2 plasma
compatibility, and 3 neutron damage. Major candidates for next generation devices are
beryllium, carbon, and tungsten, which are to be used in ITER. Data on the erosion lifetime
which will be gained from tTER operation is essential to assess the thickness of the plasma
facing materials. From the view point of erosion lifetime, tungsten is most promising, if the
good plasma compatibility of tungsten will have been demonstrated. To do end, an
experimental programme applying tungsten on the first wall is being conducted in the
ASDEX Upgrade facility.

4. Concluding Remarks
In the course of the discussions about the fast track programme, it has turned out that
successful extraction of reactor grade heat and tritium from the blanket modules is essential
in the ITER operation. In parallel with ITER, material development sing a high intensity
neutron source is essential to establish a database for licensing, e.g., up to 80 dpa. It has
been confirmed that the reactor relevant fusion power generation can be demonstrated
within 20-25 years in ITER.
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Max-Planck Institute for Plasma Physics, Garching
EURATOM Association
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I

jast track initiative": Background
1. British government to EU Commission and Research Ministers 24 Oct. 2001)
concerns: stability of supply of fossil energy; global warming, decreasing share
of electricity from fission
convincing reasons for significant role of fusion:
- demonstrate feasibility of fusion within 20-30 years
- accelerate materials R&D for fusion (in parallel with ITER)
- bring US ,on board' - including financial participation
- involve industry in steering function
2. EU Research Council 31 Oct. 2001)
takes up matter
3. Fast Track Working Group 27 Nov. 2001)
report to Research Council
4. EU Research Council 10 Dec. 2001)
positive response
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Mandate
Mission
Assess scope and ways of organising the programme with a view to
producing a "fast track" roadmap for ftision, with the clear goal of
energy production within 20-30 years.
Specijic tasks
(reportbefore Research Council of 10 December 2001):
1. First assessment of a fast track schedule
2. Acceleration of materials work alongside work on ITER
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Starting point and reference scenaho
Tentative Roadmap of Achievements starting from the decision to construct the Next Step
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Conclusions 117

Jhe ITER project is the essential step
towards energy production on a fast track."
engineering design finalized;
modest upgrading over life of ITER
fully exploiting the flexibility of the present
design:
- tests of breeding and energy extraction
- blanket modules prototyping the blanket
for DEMO
demonstrate technicalfeasibility of fusion
power on 20-30 year time scale
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Conclusions 27

,,..An a fast track approach, the DEMO and PROTO
generations could be combined in a single step...
This power plant
* has to be designed as credible prototype for power-producing
fusion reactor
* most not be fully technically and economically optimised
* depends strongly on the development of adequate
materials

P. 7
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aims and milestones (K. Lackner, EFDA)
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Conclusions 37

Fusion landscape in Europe (medium term)
Emphasis of research on ITER:
demonstration of sustained fusion power production and
extraction
Fusion associations should concentrate on
accompanying [TER R&D and plasma physics
Stellarators and Spherical Tokamaks should address
possible improvements of concepts and of designs for
future fusion reactors

P. 9
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Conclusions 47
Materials
• solutions for a sustainable, environmentally benign and economically attractive
energy technology
• ITER provides essential information on plasma facing materials
• 17igh intensity neutron source such as IFMIF (Int. Fusion Materials Irradiation Facility):
test and verify material performance in reactor relevant neutron environment
• before starting IFMIF engineering design:
identify possibilities of relevant studies on Neutron Spallation Sources
• IFMIF engineering design should be completed during FP6 (until end 2006)
• modelling of radiation damage and structural evolution is instrumental to
understand and control underlying processes.
H. Boll. 02.1.22
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Conclusions 57
Elements of key importance
• construction of ITER as soon as reasonably achievable
next step: extend mandate of negotiations to address cost
sharing and site dependent issues
• ITER and IFMIF should proceed in a coordinated way:
realisation of ITER starting in parallelwith detailed engineering
design of IFMIF
• existing facilities, esp. JET: not to be interrupted abruptly, but to
be phased out progressively according to the schedule of ITER
realization and the availability of financial resources (JET)

H. Bolt, 02.1.22
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Conclusions /7
Financial resources
additional resources needed in the early stages 201 1) due to parallel
progress of [TER and materials R&D
expand internationalcollaboration
clear position of Europe should generate positive response also from
potential ITER partners
long term: much less public funding required,if one generation of fusion
devices can be saved

P. 12
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Conclusions 77
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Role of industry
* role of industry in the engineering of fusion devices should
grow significantly during the realization of ITER and later of
DEMO/PROTO
* involvement of utilities should increase progressively
* to drive the programme most efficiently towards power production:
if dustrial sector has to assist in managing all phases of the
programme; this also ensures that fusion developments meet
industrial requirements for energy production

P. 13
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Summary

ast track"

go

ITER: reactor-like fusion performance
(moderate extrapolation to power reactor operation)
successful extraction of reactor grade heat and tritium from blanket modules
materials: ensure industrial availability of materials
which are ready to be licensed for use (80 dpa)
technology: industrial readiness in detail
-- I> fusion power generation feasible
in 20 25) years
-- O> all elements to build first fusion power plant (DEMO/PROTO)
on basis of DEMO/PROTO operation:
enterphase of large scale electricity production
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Materials for fusion reactors beyond ITER

Reactor (DEMO/PROTO)
-E

3.
10M

10M
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structural material: needs
Baseline: ferritic-martensitic steel (EUROFER. F82HI
here water-cooled U-Pb blanket as baseline

1. optimisation of composition and purity from strongly activating elements:
one, max. two further heats needed
2. proof of stability under fusion relevant neutron irradiation to high dose (80, 50 dpa);
esp. assessment of lower operation temperature to avoid embrittlement
improvement of pant efficiency (decreasing degree of readiness):
1. ODS-EUROFER

strengthening by oxide nano-dispersion allows upper operation temperature

of 650'G (presently ls'generation for fusion, experience from FBR available)
2. SiC-SiC composite jner' inserts to extract 800T heat (non-structural application of
SiC-SiC appears feasible)
1-He-cooled plant designs become important, if SiC-SiC composites are mature for structural
applications
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Neutrons - irradiation damage - neutron source
Fusion neutrons cause displacement damage and He-production
important for relevant studies:
10 2
relation f dpa to He H) production
i
high neutron flux (target 25 dpa/year)
.,
DEMO 25 MK
101

fission sources
low energy <2 MeV): mainly displacement damage
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Neutrons - irradiation damage - neutron source
Can material irradiations in spoliation
sources support fusion studies?

-100

• How close can irradiation conditions be
be brought to fusion situation?
• Bracketing of fusion conditions by fission
reactor irradiations and spallation source
irradiations?
• Capability of advanced modelling of
radiation effects and structural evolution to
fill bracket?
• Would this approach be sufficient for
licensing of materials?

lolf,
r 50

Nlcm2fs

25

0

1014

_,0
IID
_?5

-100
-100

-0

60

40 -0

20 4

0-1334 MeV

Working group is being established
within EFDA-frame

6

80

00

idth

Im

i

Neutron flux distribution in long pulse
target region of ESS (FZ Jllich)

P. 20

M.Bolt.0.1.?2

104 -

JAERI-Conf 2002-010

Plasma facing materials: key issues
bulk plasma:
impurity tolerance
IN< 2 -1,reactor < IV
e, C. 0-2

Keyissues
• erosion lifetime and
plasma compatibility
• neutron damage

first wall:
modest flux of hi h energ
neutral particles?,, 00s W
tow energy ions

• control of power depositions
to be establishedin ITER
• heat removal
• fabrication technology

divertor target:
high heat flux 10 20) MWIrn2
transient heat loads:
e.g. ELMs, disruptions

P.21
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Plasma facing components, lifetime (erosion of materials)
First wall:
Erosion of
low Z materials
order of 3 mm/bum year: 15 mm in years
tungsten
order of 01 mm/bum year. 0.5 mm in years

D ions
Z;
'SO.1
5.
0
Divertor:
mostly redeposition of eroded wall material

10

100
1000
10000
Deuterium impact energy (eV)

Presently. order of magnitude-knowledge;
data from ITER needed to assess PFM thickness

H. Ml, 02.1.22
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Plasma facing components, plasma compatibility of tungsten
The tungsten programme in ASDEX Upgrade

tungsten coated divertor
(500 m plasma spray coating)

W coated inner wall
(1.6 gm plasma PVD coating)

high operational flexibility, W-concentration in plasma <10-5
H.Boll.
02.1.22
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Plasma facing and heat sink materials: research needs

ITER:
establish quiescent plasma operation; learn to reduce divertor heat load by impurity seeding;
erosion data (apply relevant materials); resolve T-issue
Satellite experiment(s). explore alternatives not possible inITER
Materials development; mainstream:
plasma facing material: thin functionally applied high-Z material
divertor heat sink:: Cu-based derivates from ITER RD: high neutron dose
first wal I heat sink: ODS-RAFM, RAFIVI
Long term development; innovation:
composites (MMCs, CMCs), ductile refractories, ideas (heat pipes....
Neutron damage:
relevant n-irradiation facility for PFIVI, heat sink material and PFC development

H.Bolt,
02.1.22
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Status: Fusion Materials
• baseline materials for fusion reactors are within reach (e.g. EUROFER, W)
• baseline technologies (esp. bonding, joining) have been developed for ITER
• neutron irradiation facility needed for aterials assessment under fusion
relevant conditions; accompanying modelling effort
• long term materials development should further increase attractivity in
terms of environmental benignity, thermal efficiency, cost of electricity

P. 25
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V.

BURNING PLASMAS IN ITER FOR ENERGY SOURCE

Prof. Nobuyuki Inoue
Former Chair, Fusion Council, Atomic Energy Commission of Japan

Abstract
Fusion research and development has two aspects. One is an academic research on
science and technology, i.e., discovery and understanding of unexpected phenomena and,
development of innovative technology, respectively. The other is energy source development
to realize fusion as a viable energy future. Fusion research has been made remarkable
progress in the past several decades, and ITER will soon realize burning plasma that is
essential for both academic research and energy development. With ITER sientific research
on unknown phenomena such as self-organization of the plasma in burning state will become
possible and it contributes to create a variety of academic outcome. Fusion researchers will
have a responsibility to generate actual energy, and electricity generation immediately after the
success of burning plasma control experiment in ITER is the next important step that has to be
discussed seriously.

1. Introduction
At the stage that we can expect the accomplishment of ITER and its burning plasma with
confidence, it will be valuable to consider the implication of ITER, and to plan more detailed
scope beyond it. This presentation discusses the two aspects; academic ad social, of fusion
research. The academic research of fusion is characterized by challenge and exploration to
the unknown field, creation of new products and innovative technology, and discovery of
unexpected phenomena in science and technology. The social aspect is relevant to the energy
source development, which is characterized by programmatic research and development with
the specified milestones and goals, and also characterized by the accountability and the
responsibility of research project. The motive of the fusion research was the energy source
development, and therefore the public recognizes the fusion research to be the energy source
development. This presentation considers the possible program to demonstrate the fusion
electricity based on the technical accomplishment with ITER.

- 10 -
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2. Progress of Fusion Parameters
So far, however, the most of fusion research effort has been devoted to the academic
research. Figure V. I shows the progress of the plasma confinement compared with the
development of the memory size of DRAM. The plasma confinement physics made
surprising progress as long as the global parameters are concerned, and the confinement
performance of burning plasmas could be attained before 2000, if significant amount of budget
and manpower was available. There have been many of serendipity in plasma physics, for
example, discovery of H-mode, internal transport barriers, hollow current profiles, etc.
As well as the plasma physics, fusion technology has made a good progress. Figure V.2,
for example, shows the progress of superconducting magnet developed in various research
field, includirIg fusion. Left hand side figure shows the progress of achieved and aimed
magnetic field intensity, and the right hand side figure shows the progress of stored magnetic
energy of DC coils and pulsed coils developed in fusion research. It is interesting that the
path of the progress is approximately line, and we could estimate the achievable value in
future from this figure, as well as the path of the fsion parameter. As seen in the figure,
development of the superconducting technology, especially in fusion research, was drastic.
Similar progresses in the development of fusion technology were known in various fields,
such as neutral beam injector, high power radio frequency oscillator, remote handling system,
divertor, and other components. Based on such exponential progress during the past decades,
ITER physics and technology bases have been established successfully, and a vast database
has been accumulated for the ITER design.

3. Academic aspect of Fusion Research -Burning plasma science
One of the good examples of academic aspect of fusion research is the study of non-linear
and non-equilibrium plienornena of high temperature plasmas. The magnetic reconnection
triggers the tearing modes and magnetic island formation. Those phenomena deteriorate the
plasma confinement. The plasma with particle and energy flow occasionally arranges its
physical states by itself as a result of its non-linear and non-equilibrium characteristics. This
phenomenon is called self-organization, and it causes the formation of internal transport
barrier and double hump current distributions, and so on. Such a self-organization improves
the plasma confinement dramatically. Therefore, the control of the plasma self-organization
is the important issue of the'burning plasma experiments.
However, tere is a big difference in physics between existing devices and TER. In the
case of existing devices, te energy multiplication factor capital Q is smaller than one, the
plasma is sustained by the external energy source. On the other hand, in the case of ITER, Q
is larger than 10, and the fraction of alpha particle heating power becornes larger than 70%.
The plasma supplies the large part of the power to sustain the plasma itself. In this condition,
a non-linear feedback loop will be formed and the plasma does not show simple response to
the input from external control. It means that the burning plasma ontrol in ITER or in the
fusion reactor plasma will require the high performance plasma confinement with the
formation of internal transport barrier and bootstrap current, and those are achieved by the
control of self-organizing plasma that should be studied with ITER.

-
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Figure V.3 shows a schematic picture of improved confinement phenomena and resultant
pressure profile observed in recent tokamak discharge. In the standard operation, that is
called L-mode operation, Gaussian type of current density and pressure distributions is formed
in the plasma. Depending on the tokamak operation scenario, the plasma transits to various
states due to its non-linear characteristics. The one is High
H-mode, in which case the
pressure profile has a step inside of the plasma, because an internal heat transport barrier is
formed. The central part of the plasma shown in the figure is thermally insulated from the
outer part, and the ttnergv confinement of the plasma is improved. The inechanism of the
transport barrier formation is explained that the plasma turbulence is reduced by the flow,
which is originated by the electric field induced in the plasma. The other transition state is
High Ti-H mode, in which case the thermal insulation occurs at the edge of the plasma and
also the energy confinement is improved. If the tokamak operation scenario is chosen
appropriately, then the combination of these two confinement modes, namely, the High
H
mode appears.

The plasma energy confinement is much more improved.

Another case is that the discharge relies on the bootstrap current, which is necessary for
high-efficieticy crrent drive and the steady state operation. In this case, the current density
distribution transits to the hollow type profile, and in response to such a current distribution,
establishment of prominent transport barrier has been observed. In such a configuration, it is
expected that the steady state operation and the good confinernent performance are compatible.
If we can maintain the stability of such plasmas, this operation mode will become a promising
candidate of ITER operation scenario. The high-efficiency current drive is very important
from the viewpoint of both the steady-state operation of tokamak reactor ad the mprovement
of energy efficiency expressed by the capital Q in the figure. The plasma transits to these
improved confinement modes by itself with the small assistance of the tokamak operator.
What is expected to occur in ITER is shown in the Fig. V.
When the high-pressure
plasma is confined in a narrow spatial region, the strong pressure gradient appears, and the
plasma tries to diverge due to the large transport, However, such a strong pressure gadient
causes two of important physical processes in an equal footing. One is a self-generation of
the plasiria current, so-called bootstrap current, which helps and sustains the ew magnetic
equilibrium. Te other one is generation of several types of flow in the plasina, that affects
the turbulent fluctuations in the plasma and, as a consequence, the plasma confinement.
These new magnetic and plasma flow structures are closely related to the macro-scale and
micro-scale fluctuations, and depending on the situation, these fluctuations are suppressed
and/or self-organized, so that a new plasma profile with transport barriers is established. This
process is expected to form a non-linear loop, so that the steady-state and high-performance
state with te transport barriers is stably maintained. The recent T-60 full on-inductive
quasi-steady state operation that sustains about 80% of bootstrap current fraction and transport
barriers simultaneously, suggests the stable existence of this nonlinear loop, Such a nonlinear loop is sustained mainly by external control system in existing tokamaks including JT60.
On the other hand, in the ITER, this non-linear loop will be sustained mainly by the
internal energy source produced by the fusion burn. The plasma will be controlled externally
by using heating and current drive systems, fuel supply systems, feedback coils, and so on.
However, the plasma will play the leading role in ITER plasma confinement as if it were an
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autonomous system.
Therefore the operation of ITER will be the challenge to the control of more complex
plasma compared to the existing plasmas. Study of the complex system for the purpose of its
control is the major and common subject underlying the science and technology in 21" century.
So far, the control of self-sustained and self-organized atonomous systems has been
succeeded in breeding of bacteria and laser oscillations, Those examples can be categorized to
the small-scale technology. On the other hand, in the case of te large-scale technology such
as particle accelerator, there is no example of the success story. In te case of the particle
accelerator, if you try to increase the beam intensity, you will confront to the difficulty of
managing the self-generated space charge of the beam. So far, this trial as been challenged
so often but has not been successful. ITER is another challenge tocontrolling autonomous
system in big science and the possibility of success is very high.
4. Social aspect of the Fusion Research - Energy prospect based on ITER Results
Once the burning plasma control technology will be established successfully by the ITER
experiment, the next target is to generate electricity from the fusion power output. Then, the
order of the priority of engineering and material development in the fusion research will
increase. Development of engineering is more predictable and convincing than the plasma
physics, because of its old history and aundant database. As for the material development,
practical candidate materials for the fusion power reactors are already available. However,
final irradiation test is necessary before use. Therefore, it is possible and rather easy to
envisage the acceleration program of the fusion research towards the generation of electricity
anticipating the success of burning plasma control.
The cost of fusion experimental devices increased to the level that without the public
acceptance, big devices are hard to be constructed. For example in Japan, final decision
whether to construct ITER or not is made by the people outside of fusion.
Fusion
researchers must respond to the public demand, and are requested to justify the research
expense. Public concerns about fusion research are realization time, cost, safety, and
environmental feature of the fusion energy. For the most of the public, the fusion research is
the energy development rather than the academic research. The public are not interested in
the commercialization of fusion power plant in far-off future. Some people insist that if fusion
energy development takes so long time, then the ITER project should be deferred and its
budget should be transferred to the basic fusion research or the development of another energy
source such as solar battery. As the resources spent to the fusion esearch increases, the
importance of accountability and responsibility to the public increases. It means that the
demonstration of clear milestones and goals of fusion research is required.
The most effective way to impress on the public the progress of the fusion research is to
generate the electricity from the fusion power. Also, the earliest establishment of the
technology of fusion electricity generation is of vital importance from the viewpoint of energy
security and environmental compatibility. It is especially important for Japan, because Japan
imports almost all of its energy from foreign countries. For this purpose, cost of the
electricity generated by such a first generation of fusion device does not have to be so low as
possible to compete with the existing sources in the market. Of course the cost must to be
reduced eventually, but for the security reason, cost that is not unacceptably high is sufficient,
because it will be able to be a possible backup source when the shortcoming of the energy
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source will become serious. The technical realization time of the fusion electricity generation
is not so difficult to estimate, because it is affected by only technical factors On the other
hand, the realization time of commercial fusion power plant is difficult to estimate, because it
depends on the unpredictable social and economical affairs in future. It is of demand side
choice to utilize fusion as a desired energy source.
In ITER program, the priority of electricity generation is not always high. However, it will
be a big step to approach the demonstration reactor, which equips full blanket system and
supply electricity to the grid. Also, the demonstration of electricity generation by ITER will
have a large impact on the energy policy, because, in the present energy policy, the fusion
reactor is ranked below the solar battery for the reason that it as not generated the electricity
yet. For these reasons, to generate the electricity by ITER immediately after the success of
long burn, utilizing the inserted modular blanket combined with the power generation scheme
similar to tat of the conventional power plant is strongly suggested. It is reported that in a
recent ITER project board, such a program was discussed.
Figure V.5 shows an example of high-temperature test blanket of ITER designed by
JAERL It is filled with the solid breeder and multiplier, and the first wall material is low
activation ferritic steel. Coolant is 25 MPa pressurized water with the temperature range of
from 360 to 5 10 degrees Celsius. The electric power output is expected to be I MW by two
modular blankets. Such test blanket modules are developed not only by Japan, but also all
other participating parties are involved in development of their own blanket concepts
corresponding their requirements for fusion power plants in future. Although there will be
many technical issues to be solved to complete those test modules before testing them with
ITER, these modules will be able to have a function to transform the fusion neutron energy
generated in ITER to the heat transfer media to be compatible with electricity generation
system.
The steps toward the realization of commercial fusion power plant are;
1) control of burning plasma with long sustaining time,
2) test of modular high-temperature breeding blanket and generation of electricity,
3) achievement of high performance plasma confinement, that means the high
for
steady-state operation, high Nfor compact device, and high-Q for high efficiency
reactor,
4) irradiation test of candidate materials, and
5) continuous generation of fusion power electricity with full blanket system and
supply electric power to the commercial lines.
ITER will be able to cover steps 1) 2 and 3
Step 3 should be explored with another
Tokamaks in parallel wth ITER. Parallel promotion of planning ad implementation
accelerates the fsion program. Among them, the step 4 is particularly urgent, because it
requires long titne to complete, including a new irradiation facility.
5. Conclusion
As considered above, ITER burning plasma physics will open up a new academic field, It
is steady-state sustainment of high
and high ON is the critical element of fsion plasmas for
electricity generation. Electric power generation using the ITER modular test blanket
accelerates the fusion program, giving impacts on the public. ITER is invaluable for both
- 112 -
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academic research and energy development.
It should be noted that the program from ITER to power plant has not given a concrete
plan yet. T technical issues of plasma and blanket technology can be solved with ITER,
but serious consideration and planning will be needed. Particularly, in order to respond to the
requests by the public, fusion researchers must prepare strategic options of wider views. One
of the possibilities is to demonstrate fusion plant in much earlier age than we currently
anticipate.
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Cooling water channel

I st
Made of reduced
activation ferftc
steel
Neutron wall load 0.8MWW 24 x I "Irdcrn2s)

Fig. V.5 Example of Test Blanket for Triti-um Breeding and
Electricity Generation
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APPENDIX
The Presentation Documents for Prof. N. Inoue
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Two Aspects of Fusion Research
1.

2.

Academic research science and technology): Challenge
and exploration to the unknown field. CreatioDof new
products and innovative technology. Discovery of
unexpected phenomena.
Energy source development: Programmatic research and
development with specified milestones and goals.
Accountability and responsibility.
Motive of the fusion research was energy source development.
The public recognizes the fusion research to be the
energy source development.
P. 3

Example of Academic Aspect
of Fusion Research
Non-linear and non-equilibrium behavior of high
temperature pasmas
Magnetic reconnection: tearin modes
(neoclassical tearing modes), magnetic island
e Self-organization: H-mode, ITB mode, double
hump crrent distributions
The self-organization improves the plasma confinement performance dramatically.
Control of the plasma self-organization is the key issue of
burning plasma experiments.

P. 4
-
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Progress of the Plasma Confinement in the Past
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*

Fusion research made remarkable progress in thepast decades.

*

ITER physics and technology bases have been established successfully.

2010

P. 6
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Difference of Physics between
Existing Devices and ITER
a Existing devices
externally.

:51): Plasmas are controlled

a ITER (> IO): Plasma approaches to autonomous
system (a kind of creature with its own will).
Burning plasma control in ITER is similar to the domestication of wild animals.
High performance plasma confinement will be achieved by
the steady-state control of self-organizing plasma.
P. 7

Various Profile Formation in
Tokamak Plasmas
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Prospect 'br the Fusion Research
ITER, R-esults

ased on

•

Once the burning plasma control technology will be established
successfully, the next target is to generate electricity from the fusion
power output. The priority of engineering and material development
will increase.
• Development of engineering is more predictable and convincing than
plasma physics, because of its old history and abundant database.
Practical material for power reactors is almost available but
confirmation by irradiation test is necessary.

It is possible to envisage the acceleration program of the
fusion research towards the electricity generation anticipating the success of burning plasma control.
P. 0
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Social Aspects of Fusion Research
•

The cost of fusion experimental devices increased to the level that the
public acceptance is indispensable.
• Public concerns are realization time, cost, safety, and environmental
feature of the fusion energy, since for the most of public the ftision
research is the energy development rather than the academic research.
• The public are not interested in the realization of fusion reactor in froff future 2050 for example).

As the resources spent to fusion research increase, the importance of
accountability and responsibility increases.
Demonstration of clear milestones and goals is required.
P. 1

Generation of Fusion Electricity
0

Fusion electricity generation will effectively demonstrate
the achievements of fusion research to the public.

0 The earliest establishment of the technology of fusion
electricity generation is of vital importance for energy
security and environmental ompatibility.
0 The technical realization time of the fusion electricity
generation is not difficult to estimate.
0 Realization time of commercial fusion power plant is
difficult to estimate because it depends on the
unpredictable social and economic affairs in future.

P. 12
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Generation of electricity from ITER fusion power
output is a big step to approach the feasibility of
fusion power plant.
The fusion electricity generation will have a large
impact upon the energy policy.
It is desirable to generate the electricity by ITER immadiately after the success of long bum, utilizing the inserted
modular blanket combined with the power generation scheme
similar to that of the conventional power plant.
P. 13

EExample ofTest Bdanlcet f5or Tiitiuuin
Breeding and Electricity Generation
Multiplier packed section
Be, Be,2Ti
(>2mm)

Breeder pebbles packed
section
Li2TiO3, L20
(>

ling water channel

I st wa
Made of reduced
activation ferritic
steel
Neutron wall load

O.8MW/M2(2.4
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Steps toward the Commercial Fusion Reactor
L Control of burning plasma with long sustaining time
2. Test of modular breeding blanket and generation of'
electricity
3. Achievement of high performance plasma onfinement
(high p for steady state operation, high ,, for compact
device, high Q for efficient reactor, etc.)
4. Irradiation test of candidate materials
5. Continuous generation of fusion power electricity with full
blanket system and supply it to the commercial lines.
*

ITER will be able to cover steps 1 2 ad 3 high Q).

•

Step 3 (high
and PN
parallel with ITER.

should be explored with another

Tokamaks in

•

Parallel promotion of planning and implementation accelerates the
ftision program.
P. 5

Accelerated Scenario for Fusion Plant
Based on the successful ITER experiments, fusion power plant
can be constructed.
*
*

High DP and PN plasma sustainment, materials and blanket technology
development are the key elements for acceleration of electricity
generation.
Continuous generation of fusion power electricity with full blanket
system and supply it to the commercial lines will be the next step.

P. 16
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Panel Discussions:
VI. NEW SCIENCE AND TECHNOLOGY FROM BURNING PLASMA AS NEW
ENERGYSOURCE

Coordinator:
Panelists:

Dr. Y. Shimomura

(Co-Leader, ITER International Team)

Academician E. Velikhov
Prof R. Goldston
Dj%R. L, Henu-nings
Prof. H. Bolt
Prof. N. Inoue
Dr. D. Campbell

(RF)
(US)
(Canada)
(Gerinany)
(JA)
(EU)

1. Fusion Energy Development:
Reactor System as the Unified Front of Physics and Technology
A. Itroduction
Prof. N. Inoue
B. Comments from the floor
Dr. K. Okano
Dr. S. Konishi
Prof. H. Bolt
C. Summary
Dr. Y. Shirnomura

(CRIEPI)
(JAERI)

2. Burning Plasma Research:
Burning Plasma as the Autonomous Complex System
A. Introduction
Prof. R, Goldston
Dr, D. Campbell
B. Comments frorn the floor
Prof. H. Yamada
Dr. Y. Kamada
C. Surnmary
Dr. Y. Shimornura

(NIFS)
(JAERI)

3. Way of Research and Development:
Crossover Research and Development System in Time (Generation)
and Space (World)
A. Introduction
Academician E. Velikhov
B. Comments from the floor
Prof. Y. Takase
C. Summary
Dr. Y. Shimornura

(Univ. of Tokyo)

4. Conclusions
Dr. Y. Shimomura
Academician E. Velikhov
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Abstract
Dr. H. Kishimoto and Dr. Y. Shimornura introduced the panelists, who were the speakers of
the first session and Dr. D Campbell (Fig. VI-1.1). Dr. D. Campbell is the Head of Physics
Integration of European Fusion Development Agreement, an Organization, which is responsible
for coordinating a European Design and R&D work for ITER and for the joint operation of JET.
Dr. Campbell's role is coordination and integration of European esign and R&D work in the
areas of Physics, Heating and Current. Drive Systems and Diagnostics Systems for ITER.
Dr. Y. Sbimomura organized the Panel Discussions in three sessions, focusing on (1) Fusion
Energy Development, 2) Plasma Physics Research, and 3) Way of Research and Development
(Fig, VI. .2). All these aspects having been discussed in the previous session, Dr. Shimomura
proposed that i each session, one panelist summarizes major points, then young. scientists from
the floor give cominents. Comments from the audience were also solicited.

1. Fusion Energy Development:
Reactor System as the Unified Front of Physics and Technology
A. Introduction
Prof. N. Inoue made the following remarks:
Professor N. Inoue points out the necessity of explanation from the fusion researchers to
public about the implication and importance of fusion energy development. In his talk, prospect
of fusion development as energy source and possible acceleration toward energy demonstration
was discussed.
Fusion researchers are responsible for justifying the investment for fusion development by
explaining a possible scenario of providing electricity from fusion plants. Those who decide and
fund the construction of fusion demo plant are not fusion researchers, but public, or society, who
has its own riterion on energy sources and on the timing of introduction of new energy. It is
likely that future society would require new, environmental-friendly, and abundant energy source
as early as 2020s of so, and fusion community may have to respond to it. Nobody would expect
energy sources that would appear after 2050 as realistic.
ITER is the essential step, and based on its successful burning plasma operation, one can
draw an expectation to obtain a real fusion electricity at much earlier date than we conservatively
anticipate.(Fig.VI.1.3). Therearethreemajortechnicalissuestoberesolved. Oneisthehigh
beta plasma and its sustainment in steady state, and the others are power blanket technology, and
reduced activation materials that would survive severe fusion neutron field (Figs. VI. 14, VI. 1.5).
ITER is an inevitable facility to study reactor grade plasma, and to provide fusion neutron field
for blanket module testing.
It is strongly desired to demonstrate fusion power generation with test blanket modules in
ITER. It will give dramatic impacts on public, and also enhance the moral of fusion researchers.
Technical issues, as well as meaningful demonstration in power generation, must be considered.
Supporting machines are also needed for the study of advanced fusion plasma. Neutron source
IFN11F is another key facility as a step toward the first fusion plant. Strengthened and harmonized
efforts for realization of fusion plant wl provide possible acceleration of the program. Such a
- 131 -
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scenario will give us better chance to acquire stronger supports from the public.
B. Comments from the floor
Dr. K. Okano (CRIEPI)
Dr. K. Okano, Central Research Institute of Electric Power Industry (CRIEPI), has made
following comments (Fig. VI. 16). In order to keep C02 level below 550ppm. at 2100, the
increment of C2 emission must be minimized immediately by using all technologies presently
available, and new energies must be used after the mid-21st century to reduce the C2 eission
(Fig. VI. .7). Fusion is one of possible candidates for new energies. But, if fusion is not ready
before the mid-21st century, tittleCODtribution t C2 reduction is expected, then the world will
have to choose some other energy options. Thus the path for fusion seerns rather narrow.
Immediate construction of ITER is essential to develop fusion in time. To this end, public support
for fusion is important (Fig. VI. 1.8). In order to attract the public support to fusion research, a
clear rational proof of feasibility is essential. Consequently, steady state burning at least with
N > 30-3.5, Gw>O. 85, HH> 1.3 should be achieved, and electric power generation must be
demonstrated in ITER. In ITER, Modular test blankets enable power generation of
Pele 200kWe/module at Pf=50OMW. But the equivalent net power, P.., = P
PNBI/7
er
losses is 186 MW. To demonstrate the net power generation, fusion power of 880 M is
required(PN=3.5, HH=1.4, n/ncw --0.89, P,,. =282 NM, Pn, = 82 MW, CD power 8 NM, fly,
50% is needed). Furthermore, for the fusion power to become competitive in COE (Cost of
Electricity), higher PN(and/or) Bn,,,,, and high thermal efficiency of the system are essential (Fig.
VI. 19, VI. 1.10). During the discussions with Prof. Goldston, Dr. Okano agreed that the estimated
power requirement is a inimum, implying that more fusion power would be necessary to
demonstrate net power output.
Dr.

Konishi (JAERI)
Dr.S.Konishimadethefollowingcomments(Fig.VI.1.11)- Constructionandoperationof
ITER as it is designed may not be sufficient to lead us to the next step of power generation (Fig.
VI. 1 12, VI, 1 13). Its full utilization by us, researchers in physics and technology, is essential
for realization of fusion power, and its possible acceleration as Prof. Inoue pointed out. Plasma
parameters defined as uission are only for basic performance, and we have to investigate the way
toward the reactor grade plasma. The blanket is not the only technical issue for power, and we
also have to improve divertor and other components, Operation of the facility for long time and
licensing will give us valuable information (Fig, VL 1 14). So far no users f ITER are identified
except for Test Blanket Working Group. Organizing ITER users and effectively planned test
program, particularly technology development for modification and improvements of ITER will
provide enhanced possibility to realize fusion energy earlier and better.
Prof. H. Bolt
Professor H arald Bolt made comments on materials science in the context of fusion energy
development ig.VI- 1.15). Material science for fusion is connected to the fusion world of ITER,
DEMO/PROTO and long-term aspects wch would povide continuous improvements for the
long run ig.VL 1 16). It is also connected to industry, which builds a fusion reactor, operate it
and make profit with it. On the other and, the fusion material science is connected to the much
broader field basic material science and materials development, from wch we take much profit.
Also the material science for fusion is connected to applications other than fusion, ITER provides
a very interesting and valuable test bed of developing material and components by combining
- 132 -
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basic science and industrial processing expertise. Integrated development of fusion materials
requires interdisciplinary approaches. As art example, high heat flux components removing 20
NIW/M2 for steady state, which never existed before, have been developed through this process
(Fig, VI.1.17). Specifically for material science for fusion, an overwhelming issue is neutron
irradiation damage (FigVI.1.18). This is important for DEMO/PROTO reactors. To understand
and eventually Control the processes under irradiation, basic material science and modelling
should be ephasized. Related to the field of plasma facing materials in EU, a task force for
plasnia-wall interaction is formed to effectively solving residual problems for ITER and to
identify solutions for the plasma facing components of fusion power reactors (Fig. VI.1.19,
VI. 120).
C. Summary
Dr. Y. Shimoniura summarized this session as follows

ig.VI 12 1):

Fusion Energy Development
- reactorsystem as the unifiedfront ofphysics and technology Base Line
• Demonstrationof scientific and technologicalfeasibilityo-fusion
energy by developing and exploiting an integratedsystem, ITER.
• Material/Blanket development is needed in parallel.
In parallelto the ITER related work, efforT is needed
for development of radiationresistantand environmentally
benign materialsforfusionpower reactors.
PouibilitiesQf Fast
roach lAccelerateratedscenario
* Fusionpowerplant is requiredby -2050.
* Integration:ITER
Material:Intense neutron source
Blanket: ITER (electricpower generation by test modules)
Plasma: higherperformanceITER others
* Immediate start of ITER is essential
01her commena
* Commonality of key technology in magneticfusion reactors.
* Necessity of building user's groups.
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Fig. V.1.1 Title of panel discussion (Dr. Y. Shimomura)

Fig. V.I.2 Three themes of panel discussion (Dr. Y. Shimomura)
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Accelerated Scenario for Fusion Plant
Based on the successful ITER experiments, fusion power
plant can be constructed.
• Continuous generation of fusion power electricity with full
blanket system and supply it to the commercial lines will
be the next step.
• High OWN plasma sustainment, materials and blanket
technology development are the key elements for
acceleration of electricity generation.
Fig. V.1.3 Accelerated scenario for fusion plant (Prof. N. Inoue)

Acceleration of fusion development
Technical Issue

facility

O.Long time burn at Q>1 0
Technology integration (except for
blanket)

(Highlb)-

burn control Q Io
6t < 3
steady State

supporting

1.Advauced fusion plasma
-HighOp
Hi ghJ6 N

Target

Steady
Compact

machine
(6
SC)

ON

power
demons
tration

>3.5

High Q burning plasma control
2. Advanced materials - High availability

reactor scale >3d

long life
high energy density IFMIF

E-0

reactor

small specimen_
>100dpa
W
GW level

3.Blanket Development

Tritium Breeding - TBR> I
Tritium Recovery
High temperature, pressure water
(or gas )-Power demonstration heat
removal/safety

ITER 71 OOOKW
development.
test module Idemonstration

technology
development

burn up 2
supercritical,
water

Fig. V11.1.4 Acceleration of fusion development (Prof. N. Inoue)
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Comment
K. Okano
Central Research Institute of
Electric Power Industry (CRIEN)

ut CR

reffile

tivity of our fusion groupi
*Fusion Reactor Design (CREST)
*Research on load map for fusion energy
*Comparison fusion wth other energies
*Providing the latest information an fusion
research to the lectric power industry
Fig.V1.1.6

Title page of Dr. Okano's comment (Dr. K. Okano)
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In order to keep C02 level below 550ppm
at 21 00 1-3
1) mmediately: Minimize the increment of C02
emission by using all technologies available.
2) After the mod-21 st century: Use new energies
to reduce the C02 emission.
Narrow pass for fusion

11101
billion
0 3

NINE=
no C02 cont

0
0
co

2
scenario

0
2000

2050

2100

Fusion i's one of possible candidates for new
energies. BUT, if fusion is not ready before the
Mid-21st century, flottle contribution to C02
reduction is expected, then the world will have to
choose other energy options. The pass for fusion
seems rather narrow.
Immediate construction of ITER is very ssential
to dvelop fusion in tM(.
Fig.V1.1.7 Need of accelerated development of fusion (Dr. K. Okano)
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in order to aftract the public support to
fusion research:
A clear

rational proof of feasibility is essential.

1) Steady state burning, at least, with
PN>3.0-3.5 & nGW>0.85 & HH>1.3
2) Demonstration of electric power generation
ITER is a unique device to do it.
With Modular test anket7 Pelec-200lkWe/rnodule
will be possible at Pf=50OMW. But, still
Equilvalentp.1t=(PAth - PNBI/ilsys - 4MW) <<O
In order to show a rational proof of the feasibility
(equ'-P,,t>O) with ITER plasma, higher Pf and an
efficient NB system will be necessary as well as
highllthExtended stead state operation (calculat d by C
PN

3.0

HH
1.3

ne/n,,,,
0.85

Pf
(MW)
730

EPI)

Pelec

Pnet

water temp

MW)
242

(MW)
-84

pres. & 11th
3000C
1IMPa, 30%

+2
-

-

-

-

-

3.5

1.4

0.89

880

282

CD power
(NBI)

1OOMW
'nsys=35%

1OOMW
llsys=50%

+82

8OMW
llsys=50%

F1g.V1.1.8

Requirement for public support (Dr. K. Okano)
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in order to be an economical energy source.
For the compefiefieve COE (Cost of Electricity),
Higher PN(and/or) Bt-m.., and high1thare essential.

=50%I"S' assumed.
7
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Requirement for economical fusion power plant (Dr. K. Okano)
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1) Immediate construction of ITER is very
essential for fusion research.
2) Demonstration of a rational proof for electric
power generation is important issue to obtain
public support.
3) Highly advanced performance is required for
an economical reactor concept.
Fig.V1.1.10

Summary of Dr. Okano's comment (Dr. K. Okano)
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Fig. V1.1.11 Title page of Dr. Konishi's comment Dr. S. Konishi)
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the plqnt

Physics
Ong operation (months-years)
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br

• Divertor and 1st wall (with 16W tritiu
• Remote aintenance (availabifty)
• Components(heating/CD, fueling/pumpi
peration and Safetv
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idn A

Fig. VI.1.12 Issues from ITER to power plant (Dr. S. Konishi)
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Operating

artles
Technolo
gineer!

enals

Fig. VLI.13 Energy development strategy (Dr. S. Konish!)

Fig. V.I.1 4 Use of

ER for accelerated plan (Dr. S. Konishi)
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Discussion session New science and technology from
burning plasma as now energy source

Materials science in the context of fusion e nergy development
-comment Harald Bolt

H. Boll, 2002.3.4

Fig. V.1.15 Title page of Prof. Bolt's presentation (Prof. H. Bolt)

Fusion landscape as seen by materials scientist

H. Bolt, 2002 34

Fig. VI.1.16 Fusion landscape as seen by materials scientist (Prof. H. Bolt)
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Example: Joining technology of dissimilar materials
High heat flux components for ITER
compound of plasma facing and heat sink material; heat flux: 20 MW/M2
industrial processing expertise: HT-brazing, electron beam welding, HIP
other applications: medicine, e-devices, space
basic science aspects. metastable etallurgical system;
microstructural evolution under thermal treatment;
complex metallurgical system under intense irradiation
E Monoblock - ETJ
X Flat tile - U
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Fig. V1.1.17 Example of fusion material development (Prof. H. Bolt)

Mechanisms:

H. Bolt, 2002.3.5

Fig. V1.1.18 International WMW activity (Prof. H. Bolt)
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Mechanisms: 2

H. Boll, 2002.3.5

Fig. VI.1.19 EU task force of plasma wall interaction (Prof. H. Bolt)

Mechanisms: 3

H. Bolt, 2002.3.5

Fig. V.1.20 EU network on "Materials for extremen environments"
(Prof. H. Bolt)
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New Phase of FusionResearch and Development
1) Fusion Energy Development
- reactorsystem as the unfedfront ofphysics and technology

Base Line
Demonstration of scientific and technologicalfeasibilityoffusion
energy y developing and exploiting an integratedsystem, ITER.
MateriallBlanketdevelopmentisneededinparalleI

PossibilitiesoffasiTrucka roachlAciQelerateratedscenario
Fusion power plan is required by

2050.

Integration:ITER
Material: Intense neutron source
Blanket: ITER electricpower generation by test modules)
Plasma: higherperformanceITER others
, Immediate start of ITER is essential.

Other comments
- Commonality of key technology in magneticfusion reactors.
-Necessity of building user' s groups.

Fig. V.1.21 Summary of Panel Discussion #1 (Dr. Y. Shimomura)
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2. Burning Plasma Research:
Burning Plasma as the Autonomous Complex System
A. Introduction
Prof. R. Goldston made the following remarks:
Scientific understanding is not at all in conflict with the success of fusion energy igs.Vl. 2. 1,
VI.2.2). For example, to reduce the price of electricity, the macroscopic stability must be pushed
to ON-4. This will require much better nderstanding and control of low-n kink and tearing modes.
If we link our research closely with allied fields of science, we will strengthen the credibility of
fusion research in the broader scientific community. Deeper understanding of inicroturbulence
and transport will also improve the credibility of high-temperature plama physics research and
may enable us to make tradeoffs to reduce the price of electricity, Another example is PlasmaWall interaction. We must optimize materials to withstand something like 20 MW/m2 of heat
load, as well as off-normal events such as disruptions and ELM, and we have to solve the
problem of tritium retention. The contribution of LHD will be very important in ts area - both
for understanding long-pulse plasma-wall interactions, and perhaps also leading to an alternative
vision for DEMO. In ITER, we do not make progress in a of plasma science, but the
contributions both to the full portfolio of possible fusion configurations, and to plasina science
generally, are very strong.
Dr. D. J. Campbell made the following remarks:
The path to fusion power plant is self-consistent with doing good plasma physics. The
design studies of fusion power plant with an aspect ratio of 34 are characterized by major radius
within 30% of ITER but the fusion power is 5-10 times that of ITER. Higher fusion power
requires higher PN of 4 and more efficient radiative cooling ig.VI.2.3). Te operating mode is
steady state, wich implies that magnetic equilibrium, pressure profile, current profile, heating
profile and transport profile all interact and must be maintained in non-linear equilibrium
(Fig.VI.2.4). This is a challenging non-linear problem of accessibility, physics and control.
Energy confinement is required to be at least as good as ELMy H-mode and te density higher
than Greenwald density is also required. Steady state may require reversed shear senarios in
which TAE modes and ripple loss may become more challenging. ffigh normalized beta, higher
than 4 x b requires stabilization of a number of instabilities, such as neoclassical tearing modes
and resistive wall modes (Fig. V.2.5). Furthermore, a power plant requires low disruption
frequencies. We must also solve plasma-wall interaction issues: divertor steady-state power
loading _10MWm=2, acceptable ELM and disruption characteristics, efficient helium exhaust and
control of impurities and acceptable tritium retention and PC lifetime. We should develop
efficient heating and current drive methods to control pressure profile, current profile to maintain
improved confinement and good stability and to provide high bootstrap current fraction. Lastly,
we should also develop sophisticated diagnostics and establish a control loop of diagnostics,
magnets, heating, current drive and fueling systems to control a these parameters. TER is
designed to satisfy the requirements for the investigation in this area, and ITER will promote
developments in all critical areas of burning plasma physics for a fusion power plant.
Professor Goldston pointed out that the design of 1TER will probably not allow operation at
5x higher fusion power levels, as required to fully demonstrate the operating mode for an
attractive reactor configuration. Dr. Campbell replied that ITER's operational flexibility
allowed it to address many of the key physics issues without operating at the power levels
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expected in a reactor, but agreed that more work is needed to understand how to move forward
with an Advanced Tokamak DEMO based on the results from ITER.

B. Comments from the floor
Prof. H. Yamada (NIFS)
Prof H. Yamada, National Institute for Fusion Science, made the following comments.
The initiative of TER sould be compatible with physics developn-ient (Fig. VI.2.6). Firstly,
because TER is a nique machine to investigate burning plasma physics, we should widen our
view to generalize te resufts ftom ITER to plasma physics common aong other confinement
schemes. Secondly, as serendipity has greatly promoted physics progress, ITER project should
encourage serendipity, for which advanced diagnostics can provide favorable environment. The
above two major aspects must be balanced against the mission of ITER, the success of which will
bring in fruitful outcome of physics from ITER.
Dr. Y. Kamada (JAERI)
Dr. Y. Kamada made the following comments. Firstly, T-60U experiments show that
high performance requires shape and profile control. In other words, current and pressure profiles
are closely linked with each other, and these together and plasma shape determine plasma
stability, which is essential for high performance (Fig. V.2.7). Secondly, burning steady state
plasmas are associated with self-heating
self-generating current, which is a new paradigm and
can be investigated only in ITER. Thirdly, physics processes in high pressure high temperature
plasmas involve non-linear self-organization, including bifurcations. Fusion plasma is a combined
system of multiple plasma regimes governed by different dominant processes governing 10keV
core, keV pedestal and eV divertor plasmas (Fig. V.2.8). For acceleration of fusion development,
DEMO-class higher-P PN>3.5) steady-state plasma research has to be accomplished tilizing
ITER and advanced tokamak devices QT-60SQ. Such study for DEMO needs low collisonality,
low gyroradius and high Pcore plasma regime, which requires ITER. ITER should demonstrate
the 'high WTEGRATED Plasma Performance in Steady-State.' In addition to the physics
research in individual element of physics process, the integration of physics covering the whole
burning plasmas is the most attractive subject that can be studied only in ITER.

C. Summary
Dr. Y. Shimomura summarized this session as follows (Fig. V.2.9):
PlasmaPhysics Research
- burning plasma as the autonomous complex system Base Line
• Reactor core plasma development in ITER.
• Burningplasma physics study in ITER.
(Extendfusion plasma science to exciting new regimes)
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ForFast
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Higherpressure in a steady state operation is essential.

For.ph-

to involve wide science communhv
Science resultsfrom one onfigurationbenefit progressin others.
Physics must be generic and there is large commonality with ther
configurations.
Serendipity should be more seriously considered.
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Plasma Science Challenges
NRC Plasma Science Committee
Macroscopic Stability
-

What limits the pressure in plasmas?
Georoacgrtet!c substorms

Wave-particle Interactions
-

How do hot particles and plasma waves
interact in the nonlinear regime?
Solar coronal heating

Microturbulence
-

Transport

Whatcausesplasmatransport?
As"opliysical accretion disks

Plasma-material Interactions
-

How can high-temperature plasma
and material surfaces co-exist?
Materials processing

_jPPPL
PHIMOOR111A
PHY5115LROUROGRY

Fig. V.2.1 Plasma science challenges Prof. R. Goldston)
I

ITER will Extend Fusion Plasma Science
to Exciting New Regimes
Macroscopic Stability
-

Effects of low collisionality, smaller
gyro-radius, intense alpha particles.

Wave-particle Interactions
-

Effects of intense, isotropic
alpha particle oncentrations.

Microturbulence
-

Transport

Effects of low collisionality, smaller
gyro-radius, isotope mass.

Plasma-material Interactions
-

Effects of much more intense,
longer-lasting interactions.

Technological demonstration
of an integrated fusion system
-

Power systems, magnets, plasma facing
components, nuclear components, tritium
handling and retention, remote maintenance

-IPPPL
PRIMBORPLASMA

PHYSIESLRBORMORY

Fig. V.2.2 Role of ITER in extension of fusion plasma science
(Prof. R. Goldston)
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EF DA - su Garching

Burning Plasma Physics 'in ITER
a A tokamak power plant at conventional aspect ratio will have a major
radius-Aithin30% of TER's, but a fusion power output which is a factor
of 5-10 larger
mEngineering,econonficandavailabilityargumentsarelikelyto
indeed require, steady-state operation of a fusion power plant

favour,

==> rM must ultimately address all of the physics issues arising from
these considerations in order to provide a convincing physics basis for
the design and construction of demonstration fusion power plant
ITER is designedvaith the flexibility to satisfy this requirement
D

rc-a-m-pwiinternationsizpymposium

or II LK, I oky9,24 January

U/

Fig. V.2.3 Burning plasma physics in ITER (Dr. D. Campbell)

EF DA - su Garching
ITER wll promote developments in a citical areas of burning
plasma physics for a fusion power plant:
I Operating mode:
• steady-state operation with active control of all relevant plasma parameters
• high performance plasmas ust be maintained in non-linear equilibrium
(accessibility, physics, control)
2 Faergy confinement at least as good as standard ELAly H-mode
confinement:
• at a density oforder, or higher than, the Greenwald density
• With acceptable power and particle exhaust
3 Efficient confl"ement of energetic particles:
- acceptable T ripple losses
- tolerable amplitude for a -particle driven instabilities
D

Campbell, International Symposium for [TER, Tokyo, 24 January 2002

Fig. V.2.4 Burning plasma physics issues ITER can address 1
(Dr. D. Campbell)
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EFDA4 Robust md

CSU Garching

stability at 6 N>41i:

* stabilization techniques for neoclassical tearing modes
* active control of resistive wall mode
* low disruption frequency
5 S oluti on to plas ma-wall interaction is s ues:
- divertor steady-state power loading -I OMWITI-2
- acceptable ELM and disruption characteristics
efficient helium exhaust and control of impurities
- acceptable tritium retention and PFC lifetime => materials
6 Heating and current drive and diagnostic systems:
efficient current drive capability and current profile control, together with
high bootstrap current fraction
- heating, current drive and fuelling systems linked to real-time diagnostics
and sophisticated plasma analysis codes
D J CampbelI, International Symposium for ITER, Tokyo, 24 January 2002

Fig. V.2.5

Burning plasma physics issues ITER can address
(Dr.

D.

Campbell)
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The initiative in ITER is compatible with Physics
1. Physics must be generic.
9 ITER, is a unique machine to investigate burning plasma physics.
e How can we widen our view and turn around fast?
2. Serendipity has been greatlypromotingphysics.
ITER project should be tolerant enough to allow expansion of serendipity.
Advanced diagnostics can provide favorable environment for serendipity.
The above two major concepts must be balancedagainst
the mission of ITER. + Abundant outcome

e v ew
Quick turn
around

Accumulation o
database for
development

nves men
in advanced
diagnostic

a e
o erat on

Pressure
mission

Fig. V.2.6 Key to success of physics research in ITER
(Prof. H. Yamada)
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Why is Burning ITER attractive?
based on JT-60 experiments

Y.Karnada, JAERI

0) Plasma Fusion Performance:
Plasma Stabilityimproved by> x1 0 with
profila'and'shape'optimization

ITB

ETB

Pe estal

4
3
AZ

5

center

radius surface

pressure peakedness
1) Burning Steady State plasmas:
self-heating self-generating current
new paradigm
only in ITER
Current Drive

urr
Prof

Heating

ssure
lie

Ow
shear
Be

keV

eV

keV - a few 10 keV
Fig. VI.2.7 Why is burning MR attractive? #1
(Dr. Y. Kamada)
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Fraction of External Control
JT-60
100%

ITER DEMO

Q=5 =1

=20
3% 20%10%0%
Heating

40%25%20%
JT-60
2) Fusion Plasma: combined system, consists of
multiple plasma regimes governed by
different dominant processes with different origin
1 OkeV core - keV pedestal - eV divertor

r

3) High pressure

high temperature plasmas:
Non-linear
Self-organization incl. bifurcations
Such study for DEMO needs low colilsonality,
low gyroradius & high core plasma regime = TER.

(2) and 3) with (1) > only in ITER
ITER should demonstrate the
'high INTEGRATED Plasma Performance n Steady-State'.
Confinernerit
Improvement
normalized
pressure
b
fr
non-inductive
current fraction

normalized
density
ra ation
fraction

ITER
S-S
example

JT-60

plasma
purity

For acceleration of fusion development,
MEMO-c7ass higher-O (PN>3.5) steady-state plasma
research has to be accomplished utilizing ITER and
advanced tokamak devices (JT-60SC).
Fig. V.2.8 Why is burning MR attractive?
(Dr. Y. Kamada)
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2) Plasma Physics Research
- burning pasma as the autonomous complex system Base Line
a Reactorcore plasma development in ITER.
,9Burning plasma physics study in ITER.
(Extend fusion plasma science to exciting new regimes)
For Fast Track approach/ Accelerateratq senario
a Higherpressure in a steady state operation is essential.
For.physks, more effort is requiredto involve wide science communit
* Science results from one configuration benefit progressin others.
* Physics must be genetic and there is large commonality with other
configurations.
* Serendipity should be more seriously considered.
Physics understandingis essential to develop higherperforynance
plasma as forpowerreactors.

Fig. V.2.9 Summary of Panel Discussion
(Dr. Y. Shimomura)
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3. Way of Research and Development:
Crossover Research and Development System in 1-kne (Generation) and Space Worid)
A. Introduction
Dr. Y. Shimomura made discussion points that ITER is the only one device to be able to
study physics on burning plasma in the near future and it is important to discuss the use of ITER
very efficiently.
Academician E. Velikhov made overall remarks. In his talk, the following topics were
expressed:
Background
• Full engineering design has been conducted during ITER engineering design activities.
• Final goal is not to construct ITER nor complete the ITER project, but energy production by
nuclear fusion power. At this point, ITER is a very important step to realize the fusion
energy.
To do this, the following issues should be identified for the ITER project;
-Establishment of new organization for ITER operation/experiment
-Broad contributions from the other fields
-Necessity of worldwide contribution on construction, especially diagnostics
-Communications, licensing, operation . .......
In NSSG (Negotiation Standing Sub-Group) meeting, which is extensively conducted by the
parties, these issues are discussed in parallel.
B. Comments from the floor
Prof. Y. Takase (University of Tokyo)
After the presentation of Academician E. Velikhov, Prof. Y. Takase of the University of
Tokyo made comments with a title of "new way of research in the ITER era". At first, he
mentioned that ITER provides a very important opportunity for us to demonstrate the credibility
of fusion to non-fusion communities, ig.VI.3. 1). The following remarks were made:
* Global cooperation is essential for the success of the ITER project
- Not only Japan, EU, and Russia, but also other countries should be encouraged to join
in the ITER project. In particular, it is very important for US to resume participation.
- Progress of Information Technology will give us the opportunity to establish a virtual
presence of remote scientists in the ITER Control Room (and vice versa). This will
reduce the significance of where ITER is physically located.
* Coordinated progress towards realization of a fusion reactor
- There should he an appropriate balance between achieving -the ITER ission and
advancing the fusion science.
- ITER alone would not be sfficient to advance fusion in a timely manner.
- Fusion reactor could become more attractive if we have in parallel to ITER,
internationally coordinated improvement research in other concepts such as advanced
tokamaks, helical systems, and spherical tokamaks.
- 15 -
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-

It is ecessary to optimize the fusion reactor so that it becomes economically
competitive with other power sources.

Crucial to ensure continuous spply of well-trained scientists and engineers
- Fusion research will take a very long trne, Therefore, it is rucially important to
attract competent students to fusion, and to continue traimng a new generation of
scientists and engineers. For this purpose, university scale experiments are ideal to
test teir innovative ideas, while collaborations with lrger experiments can be utilized
to introduce them to sophisticated experimental techniques and comprehensive
analyses of complex phenomena.
In his conclusion a new fast track scenario (example of accelerated fusion development), based
on the assumption of successful progress in ITER and low aspect ratio tokamak research, was
proposed (Fig.VI.3.2). The first commercial DT reactor is likely to be an advanced form of
tokamak, but another concept such as an advanced helical configuration could be adopted as a
more favorable second generation DT reactor.

C. Summary
Dr. Shimomura summarized this session as follows

ig.V1.3.3):

Way of Research and Development
crossover research development system in time (generation)and space (world) * Wide scientific participationin ITER.
* Large mobility between ITER ad domestic programmes.
* Involvement of States other than members is also important.
* Coordinatedprogress(ITER + Others) is needed.
* Supply of well-trainedyoung scientists/ engineers is crucial.
(Facilitiesat universitiesare needed)
* Take advantage of modem information technology.
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Fig. V.3.1 New way of research in the ITER era
(Prof. Y. Takase)

Example of Accelerated Fusion Development

FED

POP

PE

ST
2005
Adv
Tok

Conv
Tok
Adv
Hel

2070

COnV
Hel

Note: Time axis is nonlinear

Fig. V1.3.2 Example of accelerated fusion development
(Prof. Y. Takase)
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3) Way of Research and Development
- crossoverresearch development system in time (generation)
and space (world) * Wide scientific participationin ITER.
* Large mobility between ITER and domestic programmes.
* Involvement of States otherthan members is also important
* Co-ordinatedprogress(ITER

Others) is needed

* Suppiy of well-trainedyoung scientists engineers are crucial.
(Facilitiesat universitiesare needece
* Take advantageof modern information technology.
Fig. V.3.3 Summary of Panel Discussion
(Dr. Y. Shimomura)
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4. Conclusions
Dr. Y. Shimomura summarized the panel discussions as follows:
ITER is a real big step from the scientific research to the fusion energy development.
In the near future, construction of ITER will be decided. Then we will be able to explore the
discussion about how ITER will be used ore efficiently and we can start preparation of new
science and technology or doing the new science and new technology development and research.
At the same time, it is very iportant to have a more close communication with outside the
fusion community, not only to attract scientists and engineers to ITER or fusion project, but also
to have a wide support of the fusion energy. As frequently mentioned, we are starting to make a
real step for the development of real energy source. In this sense, more efforts to have
communication with public and to get public supports are very important.
Finally, he closed the panel session using a picture that it is necessary to raise and supply the
new generation scientists/engineers because the fusion energy project needs several tens of years.
Therefore, the younger generation plays a role of the first players and babies may play a role of
the second players ig.VI.4. 1).
Academician E. Velikhov proposed a new logo of ITER (which means "road" in Latin),
composed by national symbols of Participating Parties and a Chinese character meaning "road"
(Fig.VI.4.2).
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Fig. VI.4.1 Need of raising future generation of fusion
scientists and engineers (Dr. Y. Shimomura)

Fig. VI.4.2 Academician Vikov's proposal for new logo of ITER
(Academician. E. Velikhov)
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CLOSING ADDRESS

Mr. Toshio Okazaki
Vice President
JAEfI

Distinguished guests, ladies and gentlemen,
I am very pleased to have this Symposium with many participants of expert and with very
fruitful presentations and discussions on the occasion of the 2nd ITER Negotiations meeting
held in Tokyo.
With the presence of Academician Velikhov, who is the proponent, driving force and
designer of the ITER project, and other excellent scientists from all over the world, very
interesting presentations and discussions have been made regarding Burning Plasma Science
and Technology on ITER." In addition possible accelerated approaches for accelerating the
fusion energy utilization have been discussed. It seems to be a very important aspect to be
discussed in more detail. And a number of forward-looking comments from the floor have
been also very impressive to me.
This Symposium has been organized to encourage the young scientists to explore new
frontiers of science and technology to be brought by ITER. I believe that these kinds of
academic and programmatic discussions would deepen much understanding on ITER in broad
communities and strengthen the support to this project.
I am keenly aware that it is strongly anticipated to obtain the fusion energy as soon as
possible for sustaining the prosperity of humankind. In closing the Symposium, I would like
to emphasize the iportance of timely implementation of the ITER project, the essential first
step to realize the fusion energy, with worldwide cooperation.
Thank you for your participation and cooperation.
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