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Chapter 1

Introduction

1.1 Fusion Energy and Development status

Fusion energy is the origin of solar power. It can be considered as the most abundant
energy source in the world. Therefore, the fusion energy has been supposed to be the good
candidate for the alternative energy source of fossil fuels in this about 50 years. That is
why it has been researched in the long term in the world. Fusion reaction is happened
only under the condition of high temperature and high density. Such high temperature
and high density make nuclides close enough to cause fusion reaction by the tunnel effect.
In the core of the sun, large gravitation causes fusion reaction. To realize the available
energy from the fusion reaction, we have to find the way to induce the fusion reaction
instead of large gravitation of the sun. How can we get the fusion reaction on the earth
?, which is the first issue to be resolved.

There are several kinds of the fusion reaction to realize the fusion energy on the earth.
In Figure 1.1, fusion reaction rates for several kinds of combination are shown, and the
fusion reaction rate of deuterium and tritium is largest in the lower temperature region.
Hence, the easiest fusion reaction to be induced is the combination of deuterium and

tritium as follows:
D+ T —* He (3.52 MeV) +n (14.06 MeV) , (1.1)

where induced nuclides are helium (He) and neutron (n), which have energy of 3.5 MeV
and 14.0 MeV, respectively. However, the tritium is a radionuclide and does not exist in

the nature. This is the second issue to be solved. Fortunately, with the neutron induced



in equation (1.1), the tritium can be produced by the following reactions;

Li4+n —*He+ T +4.8 MeV , (1.2)
Li+n—*He+T+n—25MeV, (1.3)

The cross section of the first reaction is larger than that of the second one , and not
only tritium production but also thermal energy generation can be possible because of an
exoergic reaction. However, the fraction of %Li in the natural lithium is 7.5%, the major
reaction of the natural lithium is the second equation, which is an endoergic reaction.

Hence, enrichment of %Li is effective to improve the tritium production and the thermal
efficiency. Figure 1.2 shows the overall system of a fusion power plant by the fusion
reaction of deuterium and tritium. The fusion reaction is induced in the reactor core.
The device for tritium production and thermal energy output, which is called the blanket
system, is located around the reactor core plasma. The tritium produced in the blanket
system is extracted and fueled into the reactor core plasma. The thermal energy from
the blanket system is also transferred to the turbine to generate electricity. We have
to supply the deuterium and lithium as fuels. The deuterium exists abundantly in sea
water, and the fraction of its comprisal in sea water is about 1.5% of the hydrogen.

The next issue is how to get the high density and high temperature enough to induce
the fusion reaction. As mentioned, the central core of the sun has gravitation large enough
to achieve the high density for the fusion reaction. Such high density is very difficult to
achieve artificially. Hence, the research of the fusion energy focused on how to confine
the dense deuterium and the tritium with high temperature enough to induce the fusion
reaction. Generally, high temperature makes materials melted and boiled, and material
state changes from solid state, to liquid state, and to gas state at last. Temperature
required to induce fusion reaction is much higher than that required for the gas state.
Further higher temperature makes the constituent atoms of materials separate into ions
and electrons, that is, ionize from the gas state. Such ionized state is called plasma state.
Usually, the fusion reaction is considered to be induced in the plasma state. How do we
realize such high temperature and high density plasma on the earth ? In order to answer
this problem, about half of century is spent for the fusion energy research.

Now, fusion plasma will be almost realized soon in the International Thermonuclear
Experimental Reactor (ITER) project][1-1]. ITER is supposed to be the first device to
get the fusion plasma, which is almost self-heated by fusion products, alpha particle. To
complete the I'TER project, a lot of scientists has been researching a lot of problems

about plasma physics and engineering techniques. When the ITER project will be suc-



cessful, fusion plasma and reactor technology required for the fusion power plant will be
fundamentally demonstrated. However, it was not easy to break the road to the ITER
project.

The development history can be seen in Figure 1.3. In 1960’s and 1970’s, the first
tokamak device 'T-3’ was developed in Soviet union, and the principle demonstration
of tokamak plasma was carried out. The following several small devices confirmed its
result. In 1980’s, PLT, Doublet III, T-10, ASDEX and so on were developed, and plasma
performance was improved step by step. In 1990’s, the break-even condition, which means
the output power from fusion reaction is larger than the input power of plasma heating,
was achieved in JET and JT-60U[1-2, 1-3]. You can see that we are ready for carrying
out the burning plasma experiment.

On the other hand, the reactor technologies such as super conductor, structure materi-
als, plasma heating and current drive method, tritium handling and so on, have also been
developed. The 13T-42kA central solenoid coil and 13T-60kA toroidal coil with NbsSn
have already developed, and the experiments for demonstration of its performance was
carried out in the ITER R&D activities[1-1]. Furthermore, the 13T-42kA Nb3Al super
conductor system has also developed, and larger magnetic field 16T with NbgAl super
conductor for a demonstration fusion reactor is aimed at in JAERI[1-4]. The development
status of the most promising structure material, that is ferritic steel, is shown together
the development goal of other materials in Figure 1.4 [1-5]. The ferritic steel has a good
potential to apply to the demonstration fusion reactor, however, it may not be enough
to apply to the commercial fusion reactor because operation temperature of the ferritic
steel, which should be as high as possible for the high thermal efficiency, is restricted
under about 500 °C. Advanced materials of Vanadium alloy and SiC/SiC composite are
preferable as shown in Figure 1.4 and are being developed now. Plasma heating and
current driving are carried out with wave heating (RF) and neutral beam injection (NBI)
method. In case of RF method, 170GHz-1MW gyrotron has developed and can be oper-
ated for 2.0 sec[1-1]. We have to improve it for higher frequency oscillation up to 300GHz
for the high magnetic field over 13 T. In case of NBI method, beam energy up to 1 MeV
and negative ion source with 400keV and 13.5A have been achieved[1-1]. Accelerator for
higher beam energy and plasma neutralizer cell[1-6] for higher system efficiency are being
developed for the demonstration reactor and the commercial one.

According to the present technologies mentioned above, we can conclude that burn-
ing plasma experiments is possible with the present technology with the ITER project,

however, we have to develop more advanced technologies for the demonstration and com-



mercial fusion reactors. The difference of technology between ITER and a commercial
reactor is not clearly clarified yet. Hence, we are still unsure when fusion energy can be
realized. We should precisely investigate the development goal and the advancement from

the present technology so as to make it clear when the fusion energy can be available.
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1.2 Review of Conceptual Designs for a Tokamak Fu-

sion Power Plant

Conceptual design studies of fusion power plants were carried out to understand the
development goal of plasma performance and reactor technologies. In this section, recent
design studies i.e CREST|[1-8], ARIES-AT[1-9], and A-SSTR2[1-10], are reviewed. These
three design focused on economic competitiveness with other energy sources. In this
section, COEn, which is the COE normalized by the that of the present coal plants in
Japan, is considered for comparison of economic competitiveness. Under the condition
of 1GWe net electric power, predicted COEn values of the CO5 controlled fossils fuel
plant and the light water reactor fission plant, at 50 years in the future are 1.5 ~ 1.8 and
1.0 ~ 1.5, respectively[1-11]. The target range of COEn for CREST, ARIES-AT, and A-
SSTR2 is from 1.0 to 1.3, which corresponds to from 50mill/kWh to 65 mill/kWh as shown
in Table 1.1. Simply speaking, the key parameters of a tokamak fusion power plant for
economic competitiveness are a normalized beta value fy and a thermal efficiency n.. The
higher By enables to achieve higher power density, which leads to the compact reactor and
small construction cost. Needless to say, the high thermal efficiency is essential not only to
a fusion power plant but also to other power plant. Main parameters of CREST, ARIES-
AT, and A-SSTR2 are also shown in Table 1.1. To achieve the economic competitiveness,
different design criteria are adopted to CREST, ARIES-AT, and A-SSTR2, respectively.
Each design concept is summarized as follows. Those conceptual designs are useful to

understand the typical goal of fusion energy development.

e CREST[1-§]

Fusion power plants in the future should be made economically and environmen-
tally attractive compared with other advanced energy sources. In particular, the
achievement of a competitive cost of electricity (COE) is the first priority for electric
power industries. The compact reversed shear tokamak CREST is a cost competi-
tive reactor concept based on a reversed shear (RS) plasma with a moderate aspect
ratio A = 3.4 which is similar to the ITER advanced mode plasma. This study
emphasized that presentation of such a concept based on ITER should be worth
while for formulating a fusion development strategy. The Bird’s-eye view of the

CREST fusion power plant core is shown in Figure 1.5[1-8].

The design target of CREST is a cost competitive 1 GWe power plant. This will
require about 3 GWth fusion output. A higher output would result in a lower COE,



but too high an output for a single plant may not be desired by the utilities because
of network stability considerations. The aspect ratio and the plasma configuration
of CREST should be as close as possible to the ITER advanced mode plasma,
because testing by I'TER is an important policy in the CREST study.

The cost assessment study for the CREST design shown that high normalized beta
value fy and high thermal efficiency 7, are the most effective key parameters for
reducing the COE of tokamak reactors. The parametric study on COE has shown
that a very high normalized beta value of Gy > 5.0 is required in order to achieve a
competitive cost. Such a high Oy plasma may be realized with reversed shear (RS)
operation of a tokamak, which is applied to the CREST design. As for thermal
efficiency, a water cooling and ferritic steel materials system have been chosen in
the CREST design, because a large database and extensive industrial experience
exist for this combination, and therefore it seems to be a reliable path to power
reactors, at least to the early generation of fusion reactors following the ITER

project.

A reduced activation ferritic steel is adopted for the main in-vessel components,
which is compatible with a high thermal efficiency cycle (7, = 41%) based on
superheated steam. Current profile control and high speed plasma rotation by
neutral beam current drive (NBCD) stabilize the ideal MHD activity up to the
normalized beta value gy = 5.5 with a closed conductive shell, which is installed in
the breeding blanket.

ARIES-ATJ[1-9]

The conceptual design study of ARIES-AT was initiated to assess the potential of
high-performance tokamak plasma together with advanced technology in a fusion
power plant. Several avenues were pursued in order to arrive at plasma with higher
O and 3. Advanced technologies that are examined in detail include: (1) Possible
improvements to the overall system by using high-temperature superconductors, (2)
Innovative SiC blankets that lead to a high thermal cycle efficiency of 1, ~ 60%;
and (3) Advanced manufacturing techniques which aim at producing near-finished
products directly from raw material, resulting in low-cost, and reliable components.
The 1000MWe ARIES-AT design has a major radius of 5.4 m, minor radius of 1.3 m,
a toroidal § of 9.2 % (O = 5.5) and an on-axis field of 5.6 T. Figure 1.6 shows
the bird’s-eye of the ARIES-AT fusion power plant core. The plasma current is
13 MA and the current drive power is 24 MW. The ARIES-AT study shows that



the combination of advanced tokamak modes and advanced technology leads to
attractive fusion power plant with excellent safety and environmental characteristics
and with a COE (50 mill/kWh), which is competitive with those projected for other

sources of energy.

A-SSTR2[1-10]

An advanced commercial reactor concept (A-SSTR2), which is a compact power re-
actor (R, =6.2m, a, = 1.5 m, [, = 12 MA) with a high fusion power (P =4 GW)
and a net thermal efficiency of 7. = 51 %, has been proposed in order to meets both
economical and environmental requirements. Figure 1.7 shows the bird’s-eye of the
A-SSTR2 fusion power plant core. The machine configuration is simplified by elim-
inating the center solenoid (CS) coil system. An SiC/SiC composite for the blanket
structure material, helium gas cooling with a pressure of 10 MPa and an outlet
temperature of 900 °C, and TiH, for the bulk shield material are introduced. For
the toroidal field (TF) coil, a high temperature superconducting wire made of bis-
muth with a maximum field of 23 T and a critical current density of 1000 A/mm?
at a temperature of 20 K is applied. In spite of the CS-less configuration, a com-
puter simulation gives satisfactory plasma equilibria, plasma initiation process, and
current ramp-up scenario. The current ramp-up time is about 22 hours. The MHD
stabilities for the ballooning mode and the ideal low n kink-modes are confirmed.
The stabilization of n = 1 and n = 2 kink modes requires a shell position closer
than 1.4 times and 1.2 times the plasma minor radius, respectively. With regard to
the divertor thermal condition, it was found that a neon gas-seeded divertor plasma
with a fraction of ~ 2.5 % gives a thermal load reduction at the divertor plate from
460 MW to 100 MW and a plasma temperature drop at the divertor plate from
200 eV to 20 ~ 30 eV. By increasing the shield thickness by about 15 cm, the
total radioactive waste is dramatically reduced. The radioactive waste percentage

relative to the total waste is reduced from 92 wt.% to 17 wt.%.



Table 1.1: Main parameters of CREST|[1-8], ARIES-AT[1-9], and A-SSTR2[1-10]. The

definitions of thses parameters are shown in Appendix A

CREST | ARIES-AT | A-SSTR2
O (-) 55 5.5 4.0
Ry/ay (m) | 5.4/1.59 52/13| 6.2/1.5
k)0 (-) | 20/050 | 2.2/0.78 | 1.8/0.4
I, (MA) 12 13 12
fos (-) 0.83 0.92 0.83
@ (-) 43 3.6 5.1
B, (-) 2.5 2.3 2.9
By (T) 5.6 6.0 11.0
(T.) (keV) 15.4 15.8 18.8
Zott (-) 2.2 1.8 1.6
(ne) (1020m=3) 2.1 2.3 2.0
fnaw (-) 1.3 1.0 1.2
HH (-) 1.3 1.4 1.3
Pep (MW) 97 36 60
J2) (MW) 2970 1755 4500
e (%) 41 59 54
pret (MW) 1163 1000 2550
COE  (mill/kWh) ~65 ~50 ~60
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1.3 Characteristics of Fusion Energy:Merits and De-

merits

The characteristics of a fusion power plant are gradually understood through the concep-
tual design study as mentioned in the previous section. In this section, those characteris-
tics are summarized. First of all, as for fuels, the deuterium is abundant in the sea water.
The lithium of the material for the tritium is considered to be abundant, but its mine is
not widely spread in the world. A technique to abstract lithium from the sea water is also
underway, and completion of this technique leads fusion energy to the ultimate energy
source in the earth. This will be the first merit to be mentioned on the fusion energy.

The second merit is less CO5 emission during operation. Recently, the greenhouse
effect is considered to be a critical issue in the world. Figure 1.8 shows the change of
the COy concentration in the atmosphere of the south pole (at Vostok station in East
Antarctica)[1-12]. The COy concentration is changing in the long period about 10000
years, and the upper region was 280ppmv. On the other hand, it should be noted that
during recent only 100 years, the CO5 concentration have jumped up to 380 ppmv and is
still increasing as shown in Figure 1.9[1-13]. This sudden change of the CO4 concentration
is supposed to be result in the greenhouse effect. According IPCC activity, in order to
keep the CO4 concentration less than 550ppmv (twice of the industrial revolution period),
the emission of COs has to be reduced by the year 2050. The fusion energy may contribute
to this problem because of less COy emission during operation.

The third merit is the controllability of nuclear fusion reactor. From the nature of the
system of a fusion reactor, it never falls into uncontrollability such as in a nuclear fission
chain reaction. Therefore, there is no worry about the severe nuclear accident.

On the other hand, there are also several demerit in the fusion energy. One is the
radioactive waste. Indeed, the fusion energy does not produce the high-level radioactive
waste, but does the low-level one. According to the recent research of the future fusion
power plant, the amount of the low-level radioactive waste is considered to be almost
equal to or larger than the usual light water fission reactor. A part of the low-level
radioactive waste has to be under the control for a certain period about 100 year.

The second demerit is, generally speaking, the large plant scale to generate available
energy, which relatively results in large construction cost. This mainly comes from the
fusion plasma property and the highly technological devise. There are mainly two method
to realize the fusion energy on the earth, that is, a magnetic confinement fusion and a

inertial confinement fusion (this method is outside the scope of this thesis). In case of
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the magnetic confinement fusion such as the tokamak reactor, the size of fusion plasma
required to generate electricity results in a large device size, because of the property of
plasma performance. On the other hand, the inertial confinement fusion does not have a
larger reactor than the magnetic confinement fusion, because the size of target for fusion
reaction is roughly less than 10 cm. However, the driver system for fusion reaction, which
is usually considered to be a high power laser system, becomes a large scale according
to the present laser technology. The large scale device relatively results in the large
construction cost. To get the economic competitiveness of the fusion energy, usually,
increasing a plant scale is taken, and this results in the difficulty of introduction of a
fusion power plant, because of unbalance between the total capacity of electric system
and the large electric output of a fusion power plant. The key issue is how small device
and electric output is feasible with a reasonable cost in a fusion power plant.

The last demerit is that a fusion power plant can not start up by itself. There are
two reasons. One is the tritium of the special fuel, which can not be stored because it
is the radionuclide of 12 years half-life. This means that the initial tritium has to be
imported from other fusion plants at the beginning of operation. The other is the large
initial electricity required for startup from other power plants.

The fusion development strategy should be constructed in order to advance its merit
and to overcome its demerit. Recently, the possibility to reduce the total radioactive waste
is proposed in the A-SSTR2 design[1-10], and this analysis shows that total radioactive
waste from a fusion power plant can be 1000 ton less than from a usual light water fission
reactor. The key issue of this method is the development of materials. Further, as for
the tritium, the possible way to commission a fusion power plant without initial tritium
is proposed in the CREST design[1-14], and this proposal shows that it takes about
three months to achieve the rated power operation. In this method, tritium is produced
by a neutron from the beam direct fusion reaction by a high energy particle of NBI.
The key issue of this method is transport property of tritium in the fusion plasma and
the recovery efficiency in the fuel cycle system. If this commissioning method without
external tritium supply is possible, transportation of tritium is not necessary for a fusion
power plant. This possibility is very important, because transportation of radioactive
materials may not be necessary in a fusion power plant when the radioactive waste can

be disposed of within the plant site.
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1.4 Development Stages of Fusion Power Plant

To realize the fusion power plant, its development strategy from ITER to a commercial
plant such as CREST, ARIES-AT, and A-SSTR2, should be structured prudently enough
to maximize the merits of the fusion energy as mentioned in the previous section. For the
development strategy of the fusion power plant, the following four stages of development

and each mission have to be considered [1-15].

1. The stage for demonstration of a fusion reactor operation: To establish
plasma physics and engineering techniques for steady state operation of burning

plasma with high energy multiplication factor.
e high efficiency of plasma current drive, reduction of heat load to the divertor
plates, exhaust of helium ash, control to avoid plasma disruption.
e steady state plasma operation.

e inevitable engineering techniques for continuous energy production from a fu-

sion reactor.

e prospect for developing characteristics and inevitable devices required for a

fusion reactor.
e technologies for continuous tritium handling on a plant scale.

e technologies for manufacturing reliably the large devices (superconductor coil,

vacuum vessel, and so on) with good function as designed.
e technologies for remote maintenance.
e development of materials and systems against high neutron flux load.

2. The stage for demonstration of net electric power generation as a power
plant: To establish inevitable systems and technologies for electric power genera-
tion on a plant scale.

e steady state plasma operation with high energy multiplication factor.

e plasma performance similar to that of a commercial reactor, or certain prospect

for it.

e flexible control method required for a commercial reactor, i.e., partial load

operation, unpredictable shutdown and so on.
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e an electric generation system (i.e., electric output, coolant temperature, system

structure and so on) similar to that of a commercial reactor.
o self-sustainment of tritium.

e techniques for safety, maintenance, and management and disposal of the wastes

to advance the economic performance.
e continuous long-term operation almost similar to that of a commercial reactor.

e development and applicability of materials for a commercial reactor.

3. The stage for demonstration of economic and safe performance: To estab-

lish safe and economic performance required for a power plant.

e plasma performance and engineering design as same as a commercial plant.

e specification of removable device and system to advance economic performance

of a commercial plant.
e achievement of steady state operation with good economy.

e specification of merits and attraction of the fusion power plant.

4. The stage for commercial use: To establish attraction and competitiveness of

fusion energy.

e good public acceptance promoted by stable, safe and economy operation.

e attractive fusion power plant making the best of advantages of fusion energy.

In the case of the fast breeder reactor development, a specific device has been built in
each stage as experienced in France in order to minimize the development cost, because
any power level can be selected for a device to be built.

On the other hand, each stage in the development of the fusion power plant does
not necessarily require the respective device to be built, because the thermal output
from the experimental reactor such as ITER is inevitably large and can be gradually
increased as the plasma performance improves. Eventually, the net electric power from
an experimental reactor can be almost similar to the commercial reactor by replacing
the blanket system with the advanced one having a higher thermal efficiency[1-15]. For
example, the Fast Track Approach recently developed for aiming at early realization of
the fusion power plant in 2030’s suggested a roadmap somewhat different from the usual,

i.e., the second and third stages mentioned above, which usually correspond to the demo
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and proto-type reactor stages, will be combined into a single step[1-16, 1-17]. On the
basis of this development concept, a new development strategy is being discussed, and
would be re-constructed in Japan, EU and US. In the present paper, we assume this early
realization concept of the fusion power plant and use the new term, ‘electric demonstration
plant’, concerning the device for early realization concept. (The conventional development
strategy forecasts a timescale of about 50 years towards the commercial scale. The early
realization concept would shorten this period with in 20~30 years from ITER by reducing
from two to one the number of generations of experimental machines after ITER. This is

why we say the early realization concept.)

1.5 Urgent Issues for Fusion Energy Development
Strategy

When a development strategy for the fusion energy is discussed, an important issue
is how to maximize the contribution of the fusion energy to the world energy supply.
This was investigated by Tokimatsu et al. with consideration of the cost and CO,
emission[1-18, 1-19]. According to that study, fusion energy has a potential to gener-
ate 20% of the total electricity of the world in the year 2100, if introduction of fusion
will be made in the year 2050. Simultaneously, fusion energy also contributes to decrease
the atmospheric CO4y concentration, which is considered as a critical world problem as
pointed out in Section 1.3. According to ref.[1-20], the atmospheric concentration of
CO2 has to be decreased by the year 2050, so as to keep the CO, level at 550 ppmv,
less than a level of twice that at the industrial revolution period, by the year 2100. If
fusion power plants are realized before the year 2050, fusion energy will become one of
the practical candidates to play an important role in decreasing the atmospheric CO,
concentration. Consequently, the early realization of fusion power plants before the year
2050 has the significant potential to maximize the contribution of fusion energy to reduce
the atmospheric CO4 concentration. In addition, the early realization would lead to the
smooth introduction of fusion energy into the energy sources in the world. Hence, it is
worthwhile to consider the early realization concept such as Fast Track Approach for the
fusion energy development.

The discussion on the development strategy for realizing fusion energy should be made
prudently, but the requirements of plasma performance and reactor technology to generate

net electric power and to get the economic competitiveness have not been understood

17



clearly yet. Such requirements are inevitable in discussing the development strategy of
fusion energy. Figure 1.10 shows the roadmap of the fusion energy development. Roughly
speaking, there are supposed to be three milestones in the fusion energy development,
that is, the break-even condition, the electric break-even condition, and the economic
break-even condition[1-21]. The first milestone is the usual break-even condition of fusion
power equal to the heating power, which was achieved in JET and JT-60U[1-2, 1-3]. The
electric break-even condition means that gross electric power generation is larger than
the circulating power in a power plant. The economic break-even condition means that
the COE of fusion energy is reasonably cheap enough to be selected as an alternative
energy source in the market.

To structure the development strategy after the ITER project, understanding of the
second and third break-even conditions is inevitable, because understanding those condi-
tions leads to clarify the development goal of plasma performance and reactor technology.
Clarification of the development goal enables to classify the priority of element technol-
ogy to be developed for the fusion power plant. Accordingly, the feasible development
strategy can be structured. However, at present, remaining break-even conditions for a
fusion power plant are still ambiguous, and the discussion on the priority of the elemen-
tal technology of the fusion power plant is not sufficient. Since the development strategy
is supposed to have an effect on the experimental program in the ITER project, each
break-even condition and the development priority required for the development strategy
have to be clarified, at least, by the beginning of ITER experiments. This is the urgent

issue for the fusion energy development strategy.
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1.6 Contexture of This Thesis

The objectives of this thesis are as follows;

1. to investigate the plasma performance and the reactor technologies required to

achieve the electric and economic break-even conditions (in Chapter 2);

2. to carry out the plasma design of the electric demonstration plant under the con-
dition of the early realization concept in order to derive the critical issues in each
development stage of a development scenario consistent with the ITER project(in
Chapter 3);

3. to resolve several critical issues in each development stage for the development

scenario proposed in this thesis(in Chapter 4).

The first objective in Chapter 2 has to be carried out whenever any development
strategy will be discussed. In this thesis, the conventional tokamak configuration like
ITER is taken into account, and it should be noticed that a low aspect ratio tokamak
(spherical torus) is outside the scope of this thesis.

To classify the priority of development and to derive the critical issues in each de-
velopment stage, it is necessary to construct actually a development scenario consistent
with the ITER project. In this chapter 3, based on the present early realization concept,
a conceptual design of an electric demonstration plant will be carried out to construct a
development scenario of the fusion energy. It should be noticed that the optimization of
design parameters for an electric demonstration plant depends on the design criterion,
and the development priority for one design criterion may be different from that for the
other criterion. However, when the same development goal of a commercial fusion power
plant is aimed at, the same critical issues will be derived from the different development
scenario, and we expect that the difference is when the critical issue should be resolved
in the development scenario.

In Chapter 4, several critical issues in each development stage including the experi-

mental reactor (ITER) stage will be analyzed, and summarized in Chapter 5.
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Figure 1.10: A roadmap of fusion energy development
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Chapter 2

Plasma Performance Required for
the Demonstration Reactor and the

Commercial Reactor

2.1 Introduction

It is considered that there are three milestones toward the introduction of the fusion
energy as shown in Figure 1.10. The first one is the energy production equal to the input
energy, which is the usual break-even condition. The first milestone was completed, and
we have to develop plasma performance and reactor technologies so as to generate net
electric power in a plant scale, that is, the electric break-even condition. This is the
second milestone. Because this second milestone is not completed, the fusion energy is
not currently expected as an alternative energy source even in the long term world energy
scenario. The completion of the second milestone, the electric break-even condition, is
important for the fusion energy to be recognized as one of the suitable candidates for the
alternative energy source. The last one is to generate electric power economically enough
to be selected as the alternative energy source, that is, the economic break-even condition.
When the economic break-even condition of the fusion power plant is analyzed, we have
to compare COE (cost of electricity) of the fusion power plant with that of other energy
sources.

Several economic analyses on the fusion power plant were carried out[2-1, 2-2, 2-3].
For example, Okano et al. carried out the economic comparison of the fusion power

plant with other energy sources including the future innovative technologies, e.g., a fast



breeding reactor, a light water reactor based on uranium from the sea water, a fossil
fuel plant with COs control, a geothermal energy plant, a wind power plant, an ocean
thermal energy conversion plant, and a solar power plant as shown in Figure 2.1[2-2].
This study concluded that a reasonable target of COE for the first generation of fusion
reactors should be cheaper than that for the COy controlled fossil fuel plant, because the
CO4 controlled fossil fuel plant will be a more feasible choice from the economic view
point when the COE of fusion plants exceed that of the COy controlled fossil fuel plant.
Several similar economic analyses of fusion power plants were carried out, however, these
analyses can not show the introduction time and the consequent share of the fusion energy
in the market.

Recently, the potential of the fusion energy in a long term world energy scenario is
being investigated, and the introduction year and the consequent share for the fusion
energy is estimated together with the break-even price of COE[2-4, 2-5]. In this study,
future uncertainties, e.g. energy demand scenarios and capacity utilization ratio of op-
tions in energy/environment technologies, are considered as several cases of world energy
scenario. This analysis was carried out by using a long term world energy and environ-
mental model (this model is used in the New Earth Plan by the Japanese Government
and for IPCC post SRES activity), and estimate that the break-even price of the fusion
energy for introduction in the year 2050 under the constraint of 550 ppmv CO, concentra-
tion (twice level at the industrial revolution period) is the range of from 65 mill/kWh to
135 mill/kWh (1000 mill=1 dollar) as shown in Figure 2.2[2-5]. The width of break-even
price mainly comes from future uncertainties of the world energy scenario.

The typical value of the economic break-even condition is considered as the break-even
price for introduction of the fusion energy into the long term world energy scenario. Of
course, the break-even price is not the sufficient condition but the necessary condition. If
the cost of electricity (COE) for the fusion energy can achieve the lowest break-even price
of this range, i.e. 65 mill/kWh in the year 2050, as a result of smooth introduction of the
fusion energy, 20% share of the fusion energy in all produced electricity in 2100 is expected
as shown in Figure 2.3[2-5]. This range of the break-even price is estimated under the
condition of the plant availability 60% for the first fusion power plant. This availability
is rather low, because an unexpected outage of operation for the first fusion power plant
should be considered in the plant availability. Of course, annual cost reduction of COE for
25 years after the first introduction is assumed because of improving the plant availability,
operation cost and so on.

Figure 2.2 indicates that the later the introduction year of the fusion energy, the
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more expensive break-even price is acceptable, however, it should be noticed that the
share of produced electricity by the fusion energy in 2100 decreases with delay of the
introduction year. For example, delayed introduction of the fusion energy in 2070 will
result in only about 4% share in 2100[2-4]. The earlier introduction of fusion energy, the
more important role in the long term world energy scenario the fusion energy will play
in 2100. The concentration of COs in the atmosphere has been recognized as a critical
environmental issue to date, and the COy emission has to be decreased by 2050, so as
to keep the CO; level at 550 ppmv (less than the level of twice that at the industrial
revolution period) by 2100[2-6]. Fusion energy has a potential enough to reduce the
COg emission[2-7], and when its introduction in 2050 is realized, consequently, the fusion
energy can also contribute the world energy scenario to keep 550 ppmv COs level in 2100.
The key point for maximizing the role of the fusion energy is how early fusion energy
will be ready for electric power generation at a lower COE than the break-even price.
Delayed introduction at a lower cost is not effective for maximizing the role of the fusion
energy. Hence, early demonstration of electric power generation in a plant scale is also
important. In this study, we consider the introduction year 2050 of fusion energy as the
year we should aim at, and we clarify the following conditions by using a fusion power
plant system analysis code (FUSAC)[2-8]; (1) the electric break-even condition which is
required for the fusion energy to be recognized as a suitable candidate of an alternative
energy source in the long term world energy scenario, and (2) the economic break-even

condition which is required to be selected as an alternative energy source.
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2.2 Analysis Method of Plasma Performance

2.2.1 Outline of the fusion power plant system analysis code
(FUSAC)

The requirements for a tokamak reactor to demonstrate net electric power generation are
investigated with the database derived from the FUsion power plant System Analysis
Code (FUSAC)[2-8]. This system code is based on the CRIEPI cost assessment code
(CCA code)[2-9, 2-2], which was used to clarify quantitatively that Oy was the most
effective parameter to reduce the COE of a tokamak reactor[2-2]. The FUSAC consists
of three main parts. The first part is a 0D plasma analysis program based on the ITER
Physics Design Guidelines[2-10]. The second is a simple engineering design program
to determine the shape of TF coil, the position and width for the components of the
tokamak reactor (blankets, shields, central solenoid coils, and bucking cylinder), and so
on. The engineering design model is based on ref. [2-11]. The last part is an economic
analysis program for the designed reactor based on Generic Magnetic Fusion Reactor
Model (Generomak Model)[2-12]. The FUSAC was improved particularly as for the

plasma and engineering design based on the CCA code.

2.2.2 Plasma and power flow model

The plasma parameters are calculated according to ITER Physics Design Guidelines[2-10]
and the power flow model is basically provided with Generomak Model[2-12]. The outline
of calculations of plasma and power flow is illustrated in Figure 2.4, and the calculation

process is briefly described as follows[2-9].

e The main input parameters are the plasma major radius R,, the aspect ratio A,
the safety factor on plasma surface gy, the average plasma temperature Ty, the
normalized beta value (y, and the maximum magnetic field on TF coils Biyax. The

magnetic field on magnetic axis B; is calculated here.

e The total plasma current I, is derived from ¢, and B;. The total beta value
Biot (= Bin + Ba) are defined by Toroyon scaling[2-13] and its alpha component [,
is estimated according to ref. [2-10]. The plasma volume V}, and its surface area S,

are also calculated here.

e The electron and ion densities, n, and n;, are derived from beta value. The fusion
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power density pg is estimated by the average plasma temperature T, and ion

density n;. The total fusion power P is also calculated in this step.

e The bootstrap current I, is estimated according to ref. [2-10] and, consequently,
driven current Icp is calculated. The confinement properties, such as the confine-
ment improvement factor for H-mode H H, and the ratio of Greenwald density limit

fngw are also derived here.

e The current drive power Pygr, the total thermal output B, and the averaged
neutron wall load P2 are calculated in this step. The current drive efficiency
of NBI was defined by Mikkelsen-Singer approximation[2-14]. The total thermal
output is defined with the neutron and alpha particle component of total fusion

power, Py and P,.
Pth = ManPN + nozpoz + nbeamPNBI ; (21)

where My, fx, N, and 7Mpeam are the multiplication factor of neutron energy in
blankets, the covering fraction of blanket for the plasma surface, the collecting rate
for the energy of alpha particle, and the collecting rate for the NBI input power,
respectively. In this study, fx = 0.9, n, = 0.7, and Npeam = 0.7 are assumed. It
is necessary to design the blanket so as to fix the multiplication factor of neutron
energy in the blankets, however, the details of the blankets are uncertain at present.
Hence, the conservative value M, = 1.1 are assumed in the present study in con-
sideration of the use of solid breeders, Li,O, LisTiO3, or LisZrOs, with 100% dense

at room temperature[2-15].

e The circulating power P is estimated by Generomak Model[2-12] and the gross

electric power P8™% is also calculated in this step.
e At last, the net electric power P is obtained.

Each definition of physical and engineering parameters is explained in ref. [2-10] and
ref. [2-12], respectively.

This 0D model for plasma property has produced satisfactory results in the ITER
design and other reactor designs, when one roughly estimates the operational region for
plasma parameters of a tokamak reactor as seen in ref. [2-16]. Of course, the 0D model
cannot precisely take several effects into account, such as realistic heating/current drive

profile, line radiation loss power localized in the edge region, bootstrap current fraction,
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advanced operation with negative shear and so on. Therefore, when the operation point
of a reactor design is selected, the detail analysis on plasma performance is addition-

ally required with the specialized analysis code for MHD, transport, and current drive

property.

2.2.3 Analysis Conditions of Reactor Technology

The electric demonstration plant for the realization of net electric power generation has to
be designed with reasonably foreseeable conditions. In this study, following engineering
parameters are considered as the references; the thermal efficiency of electric conversion
Ne = 30 %, the NBI system efficiency nngr = 50 %, and the magnetic field on TF coils
Bimax = 16 T. The maximum magnetic field of TF coils Bin.x = 16 T with NbsAl
and the NBI system efficiency nygr = 50 % are supposed to be attainable in the near
future through the R&D in the ITER program[2-17, 2-18]. The thermal efficiency of
electric conversion is assumed to be almost the same as that of an usual light water
reactor, because the coolant conditions on the test breeding blanket proposed in the
ITER program is similar to that of the usual light water reactor[2-19].

In addition to these parameters, the following three conditions are considered in the
present study. First, the current drive power Pyp; is limited to 200 MW, because of
the limit of available NBI ports and the necessity of a small circulating power. In the
ITER NBI design, the injection power for a port is 16.5 MW/[2-18]. If injection power
of 33.0 MW, twice of the ITER design value, becomes possible, the total NBI power of
200 MW requires 6 ports, which is considered as the maximum port number in the present
paper. Of course, the NBI power should be as small as possible, but Pyg; ~ 200 MW
is required to sustain the plasma current with the conservative plasma performance.
Second, a sufficient space of 1.4 m for the blankets and the shields is maintained, because
a tritium breeding ratio larger than 1.0 (TBR> 1.0) has to be surely achieved. At last,
the plasma current ramp-up is provided with the magnetic flux swing of CS coils. The

required magnetic flux ¥,,mp is defined as follows.
Lpraurnp = (Lp + ﬂoCEjimaRp) Ip ; (22)

where L, I,, and I, are respectively the plasma inductance, the plasma major radius,
and the plasma current with the Ejima coefficient Cpgjima (= 0.45) and permeability of
vacuum fi[2-16].

These engineering constraints are not absolute, but will depend on the development

of engineering elements and plasma operation techniques in the future. When more ad-
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vanced parameters are firmly established in the ITER program, such advanced parameters
should, of course, be applied. The sensitivity analysis for these engineering conditions
are discussed in Section 2.3.3. The parameter ranges of the 0D system analysis are listed
in Table 2.1. The maximum major radius is restricted to 8.5 m, similar to that of ITER-
FDR[2-20], because of the machine construction cost. Based on the experimental data
and the past reactor designs, the ranges of aspect ratio, plasma elongation, plasma trian-
gularity, plasma temperature, and surface safety factor are respectively selected as shown
in Table 2.1.

2.2.4 Database for plasma operational points

With extensive analyses by using the fusion power plant system analysis code (FUSAC),
a database for about 100,000 operational points has been constructed with the conditions
as mentioned in the previous subsection. Those database covers the plasma parameter
ranges listed in Table. 2.1. With this database, investigation of the plasma performance
required for net electric power generation was carried out. The main elements of the
database are plasma performance parameters (Oy, HH, fngw), plasma configuration
parameters (major radius R, aspect ratio A, plasma elongation k, plasma triangularity
J), other plasma parameters (temperature Ty, plasma densities n., n;, plasma current I,
bootstrap current I,,s and so on), and engineering parameters (coil shape and its location,
flux supply with CS coils ¥cg, net electric power P, circulating power P and so on).

The database also contains economic parameters, such as the cost of electricity and
the construction cost. These elements will be applied to the analysis of the economic

break-even condition in Section 2.4.
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Table 2.1: The parameter ranges of 0D system analysis.

Major radius R, (m) 5.5~8.5
Aspect ratio A 2.6~4.0
Plasma elongation 1.5~2.0
Plasma triangularity ¢ 0.35~0.45

Plasma temperature T,y (keV) 12~20
Plasma surface safety factor ¢,  3.0~6.0
Max. magnetic field Binax(T) — 13.0~19.0
Thermal efficiency 7, (%) 30~40
NBI system efficiency nxgr (%) 30~70
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Figure 2.4: Calculation flow for plasma performance and power flow in FUSAC.
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2.3 Plasma Performance Required for the Electric

Breakeven Condition

2.3.1 The plasma performance required for net electric power
and its characteristics
The normalized beta value (), the confinement improvement factor for H-mode scaling

(HH), and the ratio of Greenwald density limit (fngw) are considered as the represen-

tative parameters for plasma performance. These parameters are defined as follows.

fn = Btot/ (a[%) ) (2.3)

HH = 7 /77502 (2.4)
fnew = ne/nGW ) (2.5)

where I, ap,, B, and n. are the total plasma current, the plasma minor radius, the

toroidal magnetic field on the magnetic axis, and the averaged electron density, respec-
IPB93(y,2

tively. The scaling law of the energy confinement time for H-mode 75y ) is defined
as[2-21]
Tg,)t]i%(m} _ 0'056218.9338.15P—0.69ﬁ(1)é41M0.19R§).9760.58/€0.78 ’ (2.6)

where P, fi19, Ry,, M, €, and k are the loss power (MW), the line average density (10"m™)
the plasma major radius (m), the fuel mass number (amu), the inverse aspect ratio, and

the plasma elongation, respectively. The definition of Greenwald density limit is[2-22]

noew = Ip/ (W@i) : (2.7)

As for these plasma performance parameters, the requirements for a tokamak reactor to
generate net electric power will be investigated[2-8, 2-23].

The plasma performance parameters (On, HH, fngw) required for P2 =0 MW,
400 MW, and 1000 MW are respectively plotted in Figures. 2.5. These results assumed
Bimax = 16 T, nxgr = 50 %, ne = 30 %, Pxpr < 200 MW, £ = 1.9 and 0 = 0.45. The
electric break-even (P™* =0 MW) condition for normalized beta indicates the range of
1.2 < By < 2.7 as shown in Figure 2.5 (al). The width of Sy plots for each net electric
power results from the major radius mainly, that is, the plots for Gy = 1.2 and Oy = 2.7
in case of P = 0 MW correspond to R, = 85 m and R, = 6.0 m, respectively. For

P ~ 1000 MW, By > 3.0 is required.
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In this study, the NBI current drive power is restricted to 200 MW. When this re-
striction is changed, the requirement for a tokamak reactor to generate net electric power
will be also changed. The dependence of the Sy requirement on the Pyg restriction for
Pt = 1000 MW is shown in Figure 2.5(a2). As the restriction of NBI power increases
from Pygr < 100 MW to Pygr < 300 MW, the lower limit of operational region of fy is
reduced from Oy ~ 3.5 to Oy ~ 2.8. Pxgr ~ 300 MW may become practical in the future,
but the following results are provided under the condition of Pygr < 200 MW, because
of the engineering consideration about the NBI port number discussed in section 2.2.

Regardless of net electric power P it should be noted in Figure 2.5(b1) that at
least HH > 0.8 is required for net electric power generation with the restriction of
Pxpr < 200 MW. The operational range of P™* = 1000 MW apparently shrinks in the
region of HH > 1.5 in comparison with that of P = 0,400 MW, because the HH
operation points of P*' = 1000 MW with HH > 1.5, which have a large (3, and a
small plasma current, results in a larger bootstrap current than the total plasma current.
Therefore, such operation points with a large bootstrap current fraction beyond unity are
excluded in the present analysis. When an advanced plasma is considered for a reactor
design, e.g. as discussed in the CREST(8y ~ 5.0 and fis ~ 0.8)[2-24], the application
of the present result should be carefully made, because the 0D plasma model used in the
present paper cannot precisely deal with the advanced operation with negative magnetic
shear. The operational region of HH also has the dependence on Pyg; restriction. The
dependence of the HH on Pygy restriction required for Pyg; = 1000 MW is shown in
Figure 2.5(b2). According to this figure, the larger the restriction of Pypr, the lower the
limit of operational region for HH.

A large fngw is required as P™* becomes large as shown in Figure 2.5 (¢), and this
tendency is also similar to that of Sy. The electric break-even (P = () condition
is provided with the fraction of Greenwald density limit of 0.3 < fngw < 1.1. When
Pt = 1000 MW is aimed at, at least fngw > 0.9 is required. The effect of the restriction
of Pypr on the operational region of fngw also exists as shown in Figures. 2.5(a2) and
(b2), but it is not seen so clearly for fngw.

The relationships among plasma performance parameters (Ox, HH, fngw) are shown
in Figures. 2.6. As shown in Figure 2.6 (a), Oy and fngw have to be increased together
in order to increase net electric power. However, in Figures 2.6 (b) and (c), there is not
clear relationship between HH and the other parameters, such as Gy and fngw. On
the other hand, it should be noted that there is no operational points in the range of
HH < 0.8. Therefore, the accomplishment of HH ~ 1.0 is inevitable for realizing net
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electric power from the fusion power plant, under the condition of Pyg; < 200 MW.

According to Figures. 2.5 and 2.6, the increase in both Gy and fngw is inevitable
in order to increase net electric power, but HH does not have such tendency as Oy and
fnaw. Consequently, the net electric power P = 0 MW requires the simultaneous
achievement of 1.2 < Oy < 2.7, 0.8 < HH and 0.4 < fngw < 1.1, under the engineering
conditions as mentioned in Section 2.2. It should be noted that the relatively moderate
plasma performance of Oy = 1.8, HH = 1.0 and fngw = 0.85, which corresponds to
the ITER reference plasma performance for inductive operational scenario[2-18], has a
good potential to achieve the electric break-even condition (P** = 0 MW) and has a
possibility to obtain P < 400 MW with R, < 8.5 m. When P"** = 1000 MW is aimed
at, simultaneous achievement of gy > 3.00 HH > 1.0 and fngw > 1.0 is required.

The plasma temperature T,,, has an effect on the required plasma performance param-
eters, especially on fngw as shown in Figures 2.7, because the plasma density decreases
when plasma temperature increases at a constant fusion power. In Figure 2.7 (a), fngw
required for P** = (0 MW and 1000 MW decreases with increasing plasma temperature.
On the other hand, in Figure 2.7 (b), the normalized beta value required for net elec-
tric power does not have a clear dependence on the plasma temperature. As a result,
higher plasma temperature is the key to moderate fngw requirements at constant fusion
power. The upper limit of plasma temperature depends on the divertor conditions, be-
cause increasing plasma temperature results in excessive heat load on the divertor plates.
A careful investigation of divertor conditions is needed to select the upper limit of the
plasma temperature. When a plasma temperature 7, ~ 20 keV is permitted, the electric
break-even condition is easy to be achieved with fngw < 0.5 and P** = 1000 MW is also
attainable with fngw ~ 1.0, which corresponds to the ITER operational region[2-18].

Generally, the required Sy can be reduced by either increasing plasma elongation or
toroidal magnetic field. The effect of plasma elongation on the required [y is shown
in Figure 2.8. An increase from x = 1.5 to k = 2.0 results in reducing Oy by about
0.5 for both P** = 0 MW and P = 1000 MW case. In the system code used here,
the plasma beta value is defined by 3 = fnI,/ (a,B;) and the decrease of the required
Bn is caused from the increase of plasma current I,, because of an increase in plasma
elongation with a constant surface plasma safety factor. When P = 1000 MW is
desired, Oy > 3.5, which is considered to be larger than the ideal MHD beta limit[2-13],
is required for k = 1.5 case. On the other hand, x = 2.0 has a possibility to obtain
Pt =1000 MW with Oy < 3.5. From these results, x > 2.0, which is considered in the
recent design studies of commercial reactors such as CREST|[2-24] and ARIES-AT[2-25],
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is confirmed as a reasonable goal for tokamak fusion plants. This issue has, however, a
very important relationship with the engineering design, i.e., blanket and shield design,
control coil location, and so on, because of the positional instability. Accordingly, a careful

consideration is required when a plasma elongation x > 2.0 is selected in a reactor design.

2.3.2 Plasma performance diagram on the energy multiplica-

tion factor and fusion power (Qvs.P;) space

In the previous subsection, the various conditions for a tokamak reactor to demonstrate
net electric power are investigated under several engineering conditions. When the first
tokamak reactor to demonstrate net electric generation is designed, these results should
be taken into consideration. At that time, one of the initial tasks is to select the plasma
major radius which has a sufficient capacity to produce the objective fusion power. There-
fore, it is essential to comprehend the relationship between the requirement of plasma
performance for a given fusion power and a major radius.

Figures 2.9 describe the attainable region with several plasma performances of [y,
HH, and fngw, on the energy multiplication factor and the fusion power (Q vs. P) space
for each major radius of R, = 8.5 m, 7.5 m, and 6.5 m. These figures are depicted under
the engineering conditions of Pygr < 200 MW, n, = 30%, nxer = 50%, and Biya, = 16 T.
Each figure consists of two plots. The one is the plot for net electric power P"" on Q) vs.
P; space. The other is for plasma performance parameters on () vs. P; space. The former
relationship is evident for given engineering parameters. The latter one is derived in the
previous subsection. Simply speaking, Figures 2.9 are superpositions of above two plots.
With these figures, brief estimation of the plasma performance required for a tokamak
reactor to generate net electric power can be made. The plasma performance line for [y,
HH, and fngw in Figures 2.9 describes the attainable boundary of respective plasma
performance. For example, fngw > 1.0 is always needed for the domain above the line of
fnagw = 1.0, whereas for the domain below the line it is not. It should be noted that the
domain below the line of fngw = 1.0, where all the operational points of fngw < 1.0 are
contained, includes also operational points with fngw > 1.0. Similarly, the other plasma
parameter lines shown in Figures 2.9 delineate respective attainable boundaries. In these
figures, the operational points for each net electric power only with Pyg; < 200 MW are
plotted, for the engineering conditions discussed in Section 2.2.

The attainable region with R, = 8.5 m is depicted on @ vs. P space in Figure 2.9 (a).

This figure shows that a moderate normalized beta value of Gy ~ 1.5 has a potential to
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achieve P =0 MW with HH ~ 1.0 and fngw < 1.0. When P** = 600 MW | which
corresponds to Pr ~ 3000 MW with 7, = 30 %, are aimed at with R, = 8.5 m, the
required Oy becomes about Gy ~ 3.0. In Figures 2.9, the two attainable boundaries of
fngow are delineated for plasma temperatures of T, = 16 keV and T,,. = 20 keV. In case
of R, = 8.5 m, the condition of Greenwald density limit is more severe than in case of
smaller major radius. Specifically, an electric power larger than P"** = 200 MW cannot,
be attained with fngw < 1.0 under the condition of T,,, < 16 keV. Furthermore, it
should be noted that the construction cost for R, = 8.5 m is considered to be expensive.

Figure 2.9 (b) shows that the requirement for By to achieve P’ ~ 0 MW with
R, = 7.5 m becomes a little demanding, i.e., Ox ~ 2.0. This figure implies that the
progress of the ITER program as planned at present will enable achieving electric break-
even (P =0 MW) condition with a major radius R, = 7.5 m. In addition, this figure
shows that it is possible to attain P"" ~ 600 MW with P ~ 3000 MW with Oy < 3.5
which is considered to be the ideal MHD beta limit. This plasma performance of Gy ~ 3.5
can be examined with I'TER.

In case of R, = 6.5 m in Figure 2.9(c), the Oy requirement for P’ = 0 MW with
R, = 6.51s about By ~ 2.5, which is larger than that of ITER reference parameter. When
P ~ 3000 MW is aimed at with R, = 6.5 m, it is necessary to attain Sy > 3.5 which may
require some stabilizing effects, e.g. by using a conducting wall in the blanket. However,
if it is possible, its construction cost is considered to be moderate and the perspective for
demonstrating an economic performance is relatively easy to obtain.

According to the comparison of Figures 2.9, Gy depends on the major radius R,. The
dependence of the required By on R,, corresponds to the width of operational plots for By
in Figure 2.5(al). On the other hand, the attainable boundary of H H is almost parallel
to the restriction of Pygr, which means that the restriction of Pygr has a great impact
on HH. Moreover, Figures 2.9 reveal that improvement in HH at a constant Oy cannot
always increase the net electric power. It is also found in Figures 2.9 that the fngw
requirement depends on the plasma temperature. FP; > 3000 MW cannot be attained
with fngw < 1.0 under the condition of T}, < 16 keV.

Taking the above results into account, we found that the major radius R, ~ 7.5 may
be reasonable to an ‘electric demonstration plant’ for early realization concept, because
both of the electric break-even condition (O ~ 1.8, HH ~ 1.0, fngw ~ 0.9) and
P ~ 600 MW condition (Bx ~ 3.5, HH ~ 1.2, fngw ~ 1.0) can be investigated with
ITER[2-26, 2-27]. Furthermore, P ~ 1000 MW with R, = 7.5 m, under the conditions
of By ~ 3.5, HH ~ 1.2, and fngw ~ 1.0, may become possible by replacing the blanket
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of n. = 30 % with an advanced one with 7, > 40 %. In other words, the perspective for
an economic performance may be examined with a single device of R, = 7.5 m.

Of course, the choice of the major radius for an electric demonstration plant depends
on the basic policy of the reactor design. In the present study, we adopted the conservative
engineering conditions mentioned in Section 2.2. Hence, a different policy from ours may

lead to a different suggestion as for the major radius.

2.3.3 Consideration on the engineering conditions

The electric demonstration plant should not be always designed with the conservative
engineering conditions, e.g., o ~ 30 %, nxpr < 50 %, and Bynax < 16 T, if one can
assume time enough to develop sufficient engineering technologies in addition to the ad-
vanced plasma. However, it is also necessary for the electric demonstration plant design
to select actually foreseeable engineering conditions, since early construction of the elec-
tric demonstration plant just after or during the ITER program is seriously considered
recently, as proposed in the Fast Track Approach[2-28, 2-29]. That is why we empha-
size the conservative engineering conditions in the present study. At the same time, it
is essential for attractive fusion power plants in the future to improve the engineering
conditions, such as a high thermal efficiency 7, > 40 % as proposed in CREST[2-24],
ARIES-AT|[2-25], and A-SSTR2[2-30]. In this subsection, the effects of engineering con-
ditions are investigated and its contribution to mitigate the plasma performance required

for net electric generation will be discussed.

e The effect of thermal efficiency

Improvement in thermal efficiency for electric power plants is preferable to generate
net electric power. This issue is applicable not only to fusion power plants but to
other electric power plants. It is clear that the improvement in thermal efficiency
mitigates the plasma performance conditions required for a certain net electric
power. In case of thermal efficiency 7, = 40 %, the attainable boundaries of each
plasma performance on () vs. P space is delineated in Figure 2.10, under the same
conditions as in Figure2.9(b). In comparison with Fig. 2.9(b), the plots of each net
electric power for 1, = 40 % can be realized with a smaller fusion power than that
for n, = 30 %. The attainable boundaries of Sy and H H in Figure 2.10 are almost
the same as those in Figure 2.9(b). Basically, the difference between Figure 2.10

and Figure 2.9(b) is plots of each net electric power generation.
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The electric break-even (P** =0 MW) for n, = 40 % is attainable with Oy ~ 1.5
and HH ~ 1.0, which is less demanding than that is planned to be achieved in
the ITER operation scenario. Therefore, when 7, = 40 % can be achieved, it
becomes possible to design an electric demonstration plant with a major radius
R, < 7.5 m. On the other hand, the net electric power of P ~ 900 MW with
N = 40 %, which corresponds to a fusion power P; = 3000 MW with @ = 35, is
attainable with Oy ~ 3.5 and HH ~ 1.2. In comparison with the case of 7, = 30 %
of Fig. 2.9(b), the net electric power increases from 600 MW to 900 MW. This
implies that the electric demonstration plant with R, = 7.5 m and 7, = 30 % has a
promising potential to generate net electric power of P*** = 900 MW with Oy < 3.5
and HH < 1.2 by replacing the blanket. Such upgrading capability is one of the
merits for a fusion reactor and it should be noted when the development strategy

of fusion energy is discussed.

The effect of NBI system efficiency

It is also important for a fusion reactor to improve the NBI system efficiency for
a small circulating power. At present, the NBI system efficiency of nygr ~ 30% is
supposed to be achievable, if the ITER program is implemented as planned[2-18].
The attainable boundaries of each plasma performance with the same conditions as
in Figure 2.9(b), except nnpr = 30 %, are shown on @ vs. P space in Figure 2.11.
The attainable boundaries of each plasma performance is roughly similar to that
in Figure 2.9(b). The operation plots of each net electric power for a high @) value
near () ~ 50 in Fig. 2.11 are almost the same as those in Fig. 2.9(b). On the
other hand, as the () value decreases, the required fusion power for each net electric
power increases more than that of nygr = 50 % case in Fig. 2.9(b), which results in
the increase of the Oy required for each net electric power. The electric break-even
condition can not be attained with Gy < 2.0, as described in Fig. 2.11. In other
words, the improvement in 7ypy is more important for the low () reactor to mitigate
the On required for net electric power than for a high ¢ power plant. Therefore,
a high efficiency NBI system should be developed by construction of the electric
demonstration plant with a small ). Of course, the NBI system efficiency nyp has
an effect on the construction cost of a fusion power plant and the improvement in

NBI system efficiency is also important for a commercial reactor with high ) value.

Selection of high magnetic field

Selection of a high magnetic field in a reactor design is one of the reasonable ways to
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improve its economic performance as seen in the design concept of A-SSTR2[2-30].
The effect of increase from Biax =13 T t0 Bimax =19 T on normalized beta value
On for respective P™' is shown in Figure 2.12. In the case of Bypax = 13 T, the
operational region of P = (0 MW for Oy < 1.8, which corresponds to the ITER
reference parameter, is narrow. Altogether, a reactor design with By, = 13 T and
Bn ~ 1.8 requires a relatively large major radius R, > 8.0 m for net electric power,
but a such large reactor size seems disadvantageous to show attractive perspectives
for economic performance as an electric power plant. In addition, the operational
region of P = 1000 MW is not achievable under the condition of the ideal MHD

beta limit, Oy < 3.5.

With the increase of Bipay from 13 T to 19 T, the minimum value for [y is reduced
by about 1.0. On the other hand, each operational region for P™* = 0 MW,
400 MW, and 1000 MW shrinks in the part of large (x. In the present study,
a bucking cylinder and CS coils are located within the central torus region and a
sufficient torus space of 1.4 m is kept for accommodating installation of blanket and
shield. The reason of shrinking operational regions for Bip,.. = 19 T case is that
magnetic stress on TF, CS, and bucking cylinder becomes too large to ensure the
torus space for these structures with a major radius R, < 7.5. Consequently, the
operation region for each P for By, = 19 T becomes narrow in comparison with
the case of Binax = 13 T. Therefore, the selection of a high magnetic field requires a
simplified radial build in the central torus region by adopting advanced techniques.
For example, if a technique of current ramp-up without CS coils, which was recently
investigated in JT-60U[2-31], is firmly established in the ITER program, a reactor
with high magnetic field such as Bypax ~ 20 T may become a practical candidate for
an electric demonstration plant or a commercial plant, as proposed in the A-SSTR2
concept[2-30].

2.3.4 The condition of blanket design

The averaged neutron wall load P®° for P** =0 MW, 400 MW, 1000 MW is shown in
Figure 2.13. This figure is under the same conditions as in Figures 2.5. The width of each

is mainly caused from the plasma major radius. The minimum plot of P in each

P corresponds to the plasma major radius of R, ~ 8.5. Similarly, the maximum ones

correspond to R, ~ 6.0. This figure implies the requirement of materials of the first wall
and tritium breeding ratio (TBR). When P ~ 3000 MW would be aimed at, the material
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of the first wall for averaged neutron wall load 1.0 MW/m? < Pa&° < 3.5 MW/m? is
required. T'BR > 1.0, which has to be surely demonstrated in the electric demonstration
plant after ITER, is essential for a fusion power plant. This figure also implies the design
condition of the neutron wall load for the breeding blanket for each net electric power

level.
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Figure 2.5:
0,400,1000 MW. The upper band edge is for R, = 6.0 m while the lower band edge
is for R, = 8.5 m. (al) the required fy for each net electric power, (a2) the dependence
of Pypr restriction on the required By for P** = 1000 MW, (b1) the required HH for

each net electric power, (b2) the dependence of Pyp; restriction on the required H H for
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Figure 2.6: The relationship between plasma performance parameters required for P**

0,400, 1000 MW. The upper band edge is for R, = 6.0 m while the lower band edge is
for R, = 8.5 m. (a) the relationship between Sy and fngw, (b) the relationship between
fnew and HH, (c) the relationship between HH and fy.
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Figure 2.7: The effect of average plasma temperature T, on (a) fngw and (b) By for

each net electric power P = 00,1000 MW. The upper band edge is for R, = 6.0 m while
the lower band edge is for R, = 8.5 m.
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Figure 2.8: The dependence of k on the required [y for each net electric power P =
0,1000 MW. The upper band edge is for R, = 6.0 m while the lower band edge is for
R, = 8.5 m.
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Figure 2.11: Plasma performance diagram on () vs. P space for R, = 7.5 m with the

same condition as Figure 2.9(b) except NBI system efficiency nxgr = 30 %.
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2.4 Plasma Performance Required for the Economic

Breakeven Condition

2.4.1 Plasma performance required for the break-even price of

a world energy scenario

The database constructed by FUSAC as mentioned in Section 2.2 is also applied to this
parametric analysis to clarify the plasma performance required to achieve the break-even
price of from 65 mill/kWh to 135 mill/kWh in the year 2050 in the world energy scenario.
The result of the economic break-even condition for a tokamak fusion power plant with
Bimax =16 T, P** =1000 MW and plant availability 60% is shown in Figures 2.14. Each
operational space in Figures 2.14 is composed of the plots for possible operation points.
Those operational points are calculated under the same conditions as in the previous
section except: (1) thermal efficiency 1, =40%; (2) the feasibleness of a simplified radial
build without CS coils (which means full non-inductive current ramp up is required in
case of without CS coils). In the present study, when there is not space sufficient enough
to locate the CS coils with the same Biy.x and coil current density Jig as TF coil, that
radial build is designed without CS coils. Note that Sy more than 2.5 has a potential to
achieve the upper region of the break-even price in the long term world energy scenario.
This Oy value is supposed to be attainable by the ITER advanced plasma performance
aiming at the steady state operation[2-18], which implies that the completion of ITER
advanced plasma with Oy ~3.0 lead to the possibility of introduction of the fusion energy
in the world energy scenario. On the other hand, to achieve the most severe case of the
break-even price 65mill/kWh, By > 5.0 with smaller major radius R, <6.0 m is required.
As shown in Figure 2.14 (a), the simplified radial build without CS coil (CS-less region)
is required to attain the lower boundary of COE with 5.5 m< R, <6.5 m. This is because
the current density of TF and CS coils is not large enough to make a sufficient space for
CS coil in the central torus region. In this result, overall current density of TF coil is
Jite ~ 10 MA/m?, which is almost the same as the ITER design[2-18].

Figure 2.14 (b) shows the H H region required to achieve the break-even price. The
higher H H is the lower COE is because of reducing the cost for the current drive system,
however, in contrast with [y, the required HH region is almost the same through the
range of 5.5 m < R, < 8.5 m. The most important suggestion in this figure is that there
is no path with HH < 0.9 to introduction of the tokamak fusion reactor into the long

term world energy scenario. The fngw required to achieve the break-even price (which
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is not shown in a figure) has no clear dependence on COE. This is mainly because both
the required density and the density limit are decreased as the major radius increases

under the condition of the almost the same fusion power.

2.4.2 Dependence of COE on the maximum magnetif field of
TF coil

Figure 2.15 shows the dependence of COE on Byyayx in case of 5.5 m< R, <6.5 m. These
data reveal that the increase of Biy.y is very effective for the decrease of the required Oy
under the condition of including a CS-less radial build. On the other hand, the increase of
Bimax increases the lowest limit of COE under the condition of the same critical current
density. This comes from the increase of the coil volume or the device size, and the
lower limit of COE range of 19 T increases up to 90mill/kWh. To get the merit of high
magnetic field, the current density of a super conductor also has to be improved. When a
current density about 20MA /m? of TF coils is feasible with the same cost as a 10MA /m?
coil, the merit of high magnetic field is clearly obtained, that is, the decrease of required
On with the same COE as 13 T is possible as shown in Figure 2.15. For example, use
of a high temperature super conductor with low temperature is effective to increase the
current density of TF coils. When the advanced plasma with By ~6.0 is possible, a super
conductor of 13 T is almost sufficient enough to achieve the lower region of break-even
price of 65mill/kWh.

As mentioned in Section 1.2, recent conceptual designs for the commercial reacotr,
CREST, ARIES-AT, and A-SSTR2, are carried out in order to get the economic compet-
itiveness. The estimated COEs are in the range of from 50 mill/kWh to 65 mill/kWh as
shown in Table 1.1. These COEs have achieved in the lower limit of the break-even price.
The CREST design, where R, = 5.4 m, ne= 41%, Bimax = 13 T[2-24], has almost the
same engineering parameters as is applied in Figure 2.15. The design for the commercial
plant CREST is located on the lower boundary of operation region for Biy.x = 13 T in
Figure 2.15. The ARIES-AT has a higher thermal efficiency 7, ~ 60 %, which results
in a lower COE about 50 mill/kWh outside the operation region for Biyn.x = 13 T in
Figure 2.15. In case of A-SSTR2, the design criterion is different from above two designs,
that is, higher magnetic field and larger electric power output are applied to achieve
COE~60mill/kWh. The TF coil current density of A-SSTR2 roughly corresponds to
about 20MA/m?. In comparison with the operational region for Bim., ~ 19 T with
Jite = 20 MA /m? in Figure 2.15, lower COE of A-SSTR2 is reasonable because of a higer
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thermal efficiency and a plant scale merit. Anyway, Figure 2.15 implies that CREST,
ARIES-AT, and A-SSTR2 have a good potential to be introduced into the market in the

year 2050 based on the world energy scenario.
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Figure 2.14: (a)Normalized beta value Oy vs. COE for 16 T with the breakevne price
of fusion energy. The broken line shows the extension without CS coils (CS-less).
(b)Confinement improvement factor HH vs. COE for 16 T with the breakeven price

of the fusion energy.
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Figure 2.15: Dependence of Byyax on COE for 5.5 m< R, < 6.5 m and Jig. ~ 10MW /m?
of TF and CS coils. The COE region for 19 T with Jig. ~ 20MW /m? is also shown. The
CREST design point is located in the lower limit of the 13 T case.
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2.5 Summary

In this chapter, the plasma performance required for a tokamak reactor to achieve the
electric break-even condition and the economic break-even condition are investigated.
The electric break-even condition requires the simultaneous achievement of 1.2 < Gy <
2.7,08 < HH,and 0.3 < fngw < 1.1, under the restriction of Pyg; < 200 MW. It should
be noted that relatively moderate condition of gy ~ 1.8, HH ~ 1.0, and fngw ~ 0.9,
which corresponds to the ITER reference operation parameters, has a strong possibility
to achieve the electric break-even condition. The (y required for the demonstration of net
electric power is mainly reduced with increase of the major radius. The H H required for
realizing net electric power is HH > 0.8 at least, under the condition of Pygr < 200 MW.
Increase in H H with the constant By does not always lead to increase net electric power.
The condition of Greenwald density limit is found to be mitigated by increase in plasma
temperature, but plasma temperature depends on the divertor conditions. The limit of
operational plasma temperature needs to be carefully investigated through the divertor
analysis. When a high plasma temperature such as T, > 16 keV cannot be selected in
a reactor design, improvement in fngw > 1.0 should be pursued in the ITER program.

Furthermore, the plasma performance diagram on () vs. FPr space for a tokamak
reactor to generate net electric power is depicted for respective major radius, R, ~ 8.5 m,
7.5m, and 6.5 m. With these figures, an approximate plasma performance required for net
electric power generation is easily estimated when a fusion reactor is designed. According
to these figures, we found that the major radius R, ~ 7.5 m is preferable to the electric
demonstration plant for early realization of fusion energy as mentioned in Section 1.4,
because both of the electric break-even condition and P ~ 600 MW condition are
supposed to be tested with ITER.

Through the investigations on the sensitivity of the engineering conditions, it is con-
firmed that improvement in both thermal efficiency and NBI system efficiency are im-
portant and 7, > 30 % and nypr > 50 % should be firmly established for the electric
demonstration plant with R, ~ 7.5 m. In addition, it is quantitatively shown that it is
necessary for a compact reactor with high magnetic field to compose the radial build by
advanced techniques, such as the elimination of CS coils.

The economic break-even condition requires Sy ~2.5 for 135mill/kWh of upper bound-
ary of break-even price and Gy ~5.0 for 65mill/kWh of lower boundary under the con-
ditions of Bimax =16 T, 1, =40%, plant availability 60%, and feasibleness of a simplified
radial build without CS coil. The demonstration of steady state operation with Gy ~3.0
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in the ITER project leads to the prospect to achieve the upper region of break-even
price in the world energy scenario. This [y requirement will be somewhat mitigated
with higher Byy.., however, current density of TF and CS coils has to be simultaneously

improved to obtain the clear merit of higher magnetic field.
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Chapter 3

Plasma Design of Demonstration
Reactor based on Early Realization

Concept

3.1 Introduction

The International Thermonuclear Experimental Reactor (ITER) project is in progress
as the experimental reactor stage mentioned in Section 1.4. An ideal commercial fusion
power plant is discussed in the conceptual design studies such as CREST|[3-1], ARIES-
AT[3-2], and A-SSTR2[3-3]. However, the development scenario from the ITER to the
proposed commercial plants is not clear yet. To evaluate the critical issues on the plasma
performance in each development stage, first of all, it is necessary to structure a devel-
opment scenario of a fusion power plant. In other words, the conceptual design of an
electric demonstration plant consistent with both the ITER and the commercial plant is
required. Today, the ITER project is the only one for the experimental reactor. Hence,
the design of the electric demonstration plant should be based on the progress in the
ITER project. On the other hand, the electric demonstration plant has to provide the
outlook for the commercial plant.

Indeed, there are several elements to be considered in the commercial plant design,
e.g., economic aspect, safe aspect, and environmental aspect, and so on, but the first
priority in the present development status of the fusion energy must be the economic
aspect. That is to say, it is essential to develop plasma performance well enough to get

the economic competitiveness in the market. Without a reasonable COE of a fusion power



plant, other merits of the fusion energy are not effective. Recent designs of commercial
fusion power plants, CREST, ARIES-AT, and A-SSTR2, also focus on the economic
aspect, and have compact device sizes in order to realize the small construction cost and
competitive COE in the market.

The key for a compact device size is to increase fusion power density of a fusion plasma.
The fusion power density (ps) is roughly proportional to the square of ion plasma pressure

(pi = niTve ), that is, pr o< p? = (n;Tawe)” [3-4]. This relationship can be rewritten as

pr (ﬁt33>2, (3.1)

where (; and B; are a plasma beta value and toroidal magnetic field on the magnetic
axis. Generally, there are two methods for realizing a compact device size with high
fusion power density. The first one is the improvement of the plasma performance to
increase the plasma pressure, which means the improvement of plasma beta value ().
The other is the application of high confinement magnetic field, which means the increase
of magnetic field (By).

The former method is applied to the designs of CREST and ARIES-AT. In Table 1.1,
a high normalized beta value Gy = 5.5 is applied to CREST and ARIES-AT. According
to equation. (2.3), the larger normalized beta value, the larger beta value. This high
normalized beta value is achieved by making maximum use of the advanced plasma
mode, namely, the reversed shear plasma configuration. The reversed shear configuration
has the following characteristics; (1) a good coexistence with high bootstrap fraction[3-5];
(2) good MHD stability regardless of existence of zero shear[3-6, 3-7]; (3) formation of
internal transport barrier[3-8, 3-9]. On the other hand, the latter method is applied to
A-SSTR2. The normalized beta value of A-SSTR2 is more moderate than that of CREST
and ARIES-AT, but magnetic field applied in A-SSTR2 is larger than others as shown in
Table 1.1. This high magnetic field is supplied by a high temperature superconductor.

In this study, plasma performance required to realize a demonstration and a commer-
cial plant is focused on, and reactor technology is based on the advancement through the
ITER project. The development of high temperature superconductor which is applied
to ARIES-AT and A-SSTR2 is outside the scope of the ITER project, and the advanced
plasma such as the reversed shear plasma configuration will be examined in the ITER
project[3-10]. Hence, the commercial reactor assisted mainly by the advanced plasma
will be considered as the main subject in this study.

Roughly speaking, there is no difference of plasma performance between CREST and
ARIES-AT as shown in Table 1.1. The plasma configuration applied to CREST and
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ARIES-AT is the same configuration, that is, the reversed shear plasma. Hence, the
critical issues of plasma performance in CREST is supposed to be also critical ones in
ARIES-AT. As for reactor technologies, of course, there is large difference. In the ARIES-
AT design, an innovative material of silicon carbide (SiC) composite is applied to realized
a extremely high thermal efficiency 7, ~ 60 %[3-2]. In addition, a high temperature
superconductor is also applied. On the other hand, a reduced activation ferritic steel is
applied in the CREST design, and this material already has a large database and extensive
industrial experience. Accordingly, the CREST is considered as the development goal of
the fusion energy in this study, and the electric demonstration plant toward the CREST,
which is named Demo-CREST[3-11, 3-12], will be carried out. At last, a development
scenario of the fusion energy will be structured in order to evaluate the critical issues on

the plasma performance in each development stages.
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3.2 Design Policy and Conditions of Reactor Tech-
nology

The early realization concept as mentioned in Section 1.4 is applied to the design of
Demo-CREST. First of all, prior to the discussion on the design policy for Demo-CREST,
besides early realization of net electric power generation , the inevitable conditions for
the device following ITER will be pointed out. First, it is necessary to generate electric
power exceeding the circulating power in a plant scale (electric break-even condition).
Second, it is necessary to operate stably and to produce tritium self-sustainably for a
certain period so as to demonstrate the backbone of an electric energy source. Last of
all, it is necessary to be safe enough to be licensed as a power plant. These conditions
are widely accepted as the common ones for the device following ITER. Hence, these
conditions are considered to be preconditions for the design of Demo-CREST.

Three guidelines for the design of Demo-CREST are established so as to satisfy the
first preconditions mentioned above. Those guidelines are based on the condition that
Demo-CREST will be constructed just after or during the ITER program. In other words,
the plasma performance and technologies applied to Demo-CREST should be established
in the ITER program. The following guidelines for Demo-CREST were chosen:

1. net electric power output with achievable plasma performance and tech-

nologies assured through the ITER program;

2. flexible incorporation of the progress of plasma performance and tech-
nologies to increase net electric power generation after the construction
of Demo-CREST;,

3. reasonable cost of construction and operation.

In this study, we consider the first guideline as the most important one. The second
guideline means that, for example, an advanced plasma operation and engineering tech-
nology such as reversed shear configuration and high thermal efficiency can be installed
into Demo-CREST with replacing the blanket system, which is examined in the next
chapter. The third guideline leads to choose the major radius as small as possible. In
this study, the major radius 8.5 m, which is similar to the previous ITER design|[3-13], is
considered as the maximum major radius so as to constrain the construction cost.

The design conditions corresponding to the first guideline are listed in Table 3.1.

These conditions restrict the plasma operational space of Demo-CREST. The first con-
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dition in Table 3.1 is most important for Demo-CREST concerning the plasma perfor-
mance. Usually, the rated electric power output is one of the critical conditions for
optimizing plasma performance in the design studies of fusion power plants. Therefore,
the plasma performance applied in past studies is considered as the development goal as
seen in CRESTI[3-1], ARIES-AT|[3-2], and A-SSTR2[3-3]. On the other hand , plasma
performance is the most critical condition in case of Demo-CREST. Thus, we apply to
Demo-CREST the plasma performance expected to be confirmed in the early phase of the
ITER program. This is because the role of Demo-CREST focuses on the early realization
of net electric power generation just after or during the ITER program.

Second, it is preferable for Demo-CREST to utilize as strong magnetic field as pos-
sible because of the conventional plasma performance. In the present study, the NbgAl
superconducting coil of maximum magnetic field 16 T is considered to be ready for appli-
cation to fusion reactors in the near future, based on a 13 T-46kA Nb3Al superconductor
completed through the ITER R&D activity in JAERI[3-14].

Third, the thermal efficiency of electric conversion is a critical element concerning en-
gineering technology for Demo-CREST. However, the neutronics experiment of the blan-
ket system for tritium breeding and electric generation is just beginning with a mockup
blanket model[3-15], and will be completed in the ITER program. Hence, the thermal
efficiency is assumed to be almost the same as that of an usual pressurized water reac-
tor, because the coolant conditions of the test breeding blanket proposed in the ITER
program are similar to that of the usual pressurized water reactor[3-16].

Fourth, the NBI system efficiency has a great effect on the circulating power in a power
plant. In case of Demo-CREST, more NBI current drive power will be required than that
of past reactor studies because of the smaller bootstrap current. Accordingly, the NBI
system efficiency for Demo-CREST becomes very important. According to the 30%-40%
NBI system efficiency of the ITER design[3-10, 3-17], we consider that a 50% NBI system
efficiency can be applied to Demo-CREST by improving the plasma neutralizer cell[3-18].

Fifth, the NBI current drive power is limited, because the limit of available NBI ports
and the necessity of a small circulating power. In case of the NBI design for ITER,
the injection power for a port is about 16 MW([3-10, 3-17]. If an injection power of
33.0 MW per port, which is twice the ITER design value, becomes possible, a total NBI
power of 200 MW requires 6 ports, which is considered as the maximum port number
in the present paper. Of course, the NBI power should be as small as possible, but
Pxpr ~ 200 MW is required to sustain the plasma current with the conservative plasma

performance described in the following chapter.
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Sixth, plasma current ramp-up is essential to tokamak devices because of the nature
of its configuration. In this section, current ramp-up is provided with the magnetic flux

swing of CS coils ¥cg. The required magnetic flux ¥yamp is evaluated as follows.
Lpraurnp = (Lp + FLOCEjimaRp) Ip ; (32)

where L,, R,, and I, are respectively plasma inductance, plasma major radius, and
plasma current with permeability of vacuum f and the Ejima coefficient Crjima (= 0.45).

The magnetic flux swing provided by CS coils ¥¢g is estimated as
!pcs ~ 2BCS7TR2‘S y (33)

where Bcg and Rcg are allowable magnetic field and the radius of CS coil, respectively.
The estimation of equation (3.3) implies that the CS coils are fully magnetized before
breakdown. Whether such operation for CS coils is possible should be more precisely
examined, because the plasma current ramp-up scenario has to be planned under the
condition of critical magnetic field and current density for CS and PF coils. Hence, the

plasma ramp-up scenario will be discussed in section 3.4.
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Table 3.1: Conditions for the initial phase design guideline of Demo-CREST.

(1) Electric break-even condition (the condition of net electric
power P = (0 MW) is achieved with the plasma per-
formance similar to the ITER reference operation mode
(Bx ~ 1.9, HH ~ 1.0, fngw ~ 0.85) .

(2) Maximum magnetic field 16 T of NbsAl is considered ac-
cording to the prospect obtained in JAERI through the
ITER R&D activities.

(3) Thermal efficiency 30% is considered on the basis of the
design of ITER test blanket modules.

(4) NBI system efficiency 50% is considered according to the
prospect obtained through the ITER R&D activities.

(5) NBI current drive power is limited to 200 MW from the
consideration of unit NBI input power and maximum port
number on the vacuum vessel.

(6) Plasma current ramp-up is provided with the magnetic flux

swing of central solenoid coils.
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3.3 Optimization of Core Plasma for Demonstration

Reactor

3.3.1 Optimization method for plasma operation space

The new optimization method of plasma operation point for a fusion reactor was ap-
plied in this section, because the design concept of Demo-CREST is different from that
of the past design studies of fusion power plants. Specifically, the past design studies
of fusion power plants such as CREST, A-SSTR2, and ARIES-AT aimed at clarifying
the development goal of physical and engineering parameters. In contrast, the design of
Demo-CREST has to be based on the results of the ITER program. That is to say, the
progress of ITER leads to directly the design conditions for Demo-CREST. The design
constraints of Demo-CREST are supposed to have the complex relationship with each
other. In case of past design studies, we can obtain the development goal by investigating
how to satisfy all of such constraints. In case of the design of Demo-CREST, we have to
follow the inevitable constraints derived from the plasma performance and technologies
established through the ITER program, because Demo-CREST will be really constructed
just after or during the ITER program. The clearest way to optimize the plasma opera-
tion point for Demo-CREST is to pick up the design point, which satisfies all constraints,
from all possible design points. At that time, it is important to prepare the database of
operation points for fusion power plants, which covers the conceivable range of plasma
parameters focused on in the design of Demo-CREST. In this section, the plasma op-
eration point for Demo-CREST is optimized with the systematic database for tokamak
fusion power plants. This database is the same one constructed in Section 2.2.

The main characteristics of a tokamak reactor focused on in this section are listed as

follows:

e the ELMy H-mode plasma without an internal transport barrier;
e steady state operation with current drive by NBI;

e conventional aspect ratio;

e the central solenoid coil and bucking cylinder system;

e the blanket system based on the test blanket module design in the ITER program.

Indeed, these characteristics are too conservative to achieve the attractive fusion power

plants, but the first reactor to generate net electric power just after or during the ITER
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program is eventually designed with such conservative characteristics because we con-
sider it reasonable that the design condition of Demo-CREST should be based on the
present I'TER program experimental plan. Of course, when the advanced plasma and
engineering system will be established in the ITER program, such advanced ones should
be surely taken into the design of an electric demonstration plant. Hence, a feasibility
study depending on the future development level of plasma performance and engineering
technology such as ref.[3-19] becomes important, while that is not discussed in this study.

The major elements of this systematic database are listed in Appendix A[3-20], and
those symbols are used in this thesis. In addition, this database has engineering and
economic elements. The engineering elements are the shape of TF coil, the position
and width for the components of the tokamak reactor (blankets, shields, central solenoid
coils, and backing cylinder), and so on. These engineering elements sometimes have
an important effect on the plasma configuration, i.e., radial build and confinement of
alpha particles. Such effects are also briefly validated in FUSAC. The economic elements
are also included in the database. For example, the construction cost and the cost
of electricity (COE) are calculated in FUSAC. Nevertheless, these economic elements
are not emphasized in this section, because the electric demonstration plant should not
necessarily optimize economic performance.

A brief outline of optimizing plasma parameters for Demo-CREST is as follows: First
of all, the parameter range of the database is selected so as to cover the appropriate range
for the device following ITER. Second, the database for the design of a tokamak fusion
power plant is constructed with FUSAC. Third, the design criterion for Demo-CREST
is determined, and then optimization of its plasma parameters is carried out. At last,
the consistency of the optimized results is confirmed with a 2-D MHD and current drive
code.

The target range of plasma parameters for the database is based on the present
experimental database and the past reactor designs. The major input parameter of the
system code FUSAC are a major radius, an aspect ratio, a plasma elongation, a plasma
triangularity, a plasma temperature, a plasma surface safety factor, a maximum magnetic
field, a thermal efficiency and a NBI system efficiency, and so on. The ranges of these
parameter are listed in Table 2.1. How to choose the parameter ranges are explained in
Section 2.2. The past conceptual design studies as listed in Appendix B are also referred
about these parameter ranges. In addition to these parameters, a sufficient space of 1.4 m
for the blanket and the shield is maintained, because the tritium breeding ratio larger
than 1.0 (TBR> 1.0) has to be kept.

67



With extensive analyses by using FUSAC, a database for about 100,000 operation
points has been constructed as mentioned in Section 2.2 We put the design constraints

of Demo-CREST on this database, and optimize its operation point.

3.3.2 Main plasma parameters for Demo-CREST

As mentioned in Section 3.2, the priority for the plasma size of Demo-CREST is the
electric break-even condition with the same plasma performance as the ITER reference
operation mode, i.e., normalized beta value Oy ~ 1.9, confinement improvement factor
for the H-mode HH ~ 1.0, the ratio of Greenwald density limit fngw ~ 0.85[3-10]. The
operational space for the net electric power P** = 0 MW concerning the major radius

and the aspect ratio is depicted in Figures 3.1. The constraints applied here are as follows:
o Oy < 1.9;
e HH < 1.0;
o fngw < 0.85;
o Pypr <200 MW.
o Ucs > Yiamp;

In Figure 3.1 (a), the total operational space is composed of four spaces corresponding
to ¢y = 3.5 — 6.0. In this section, a plasma elongation x = 1.9 and plasma triangularity
0 = 0.40 are selected. The operation with ¢, = 3.0 cannot be sustained with Pypr <
200 MW. The boundary conditions for ¢, = 4.0 are illustrated in Figure 3.1 (b). The left
side boundary condition (red line) corresponds to Oy < 1.9. The right side one (green
line) corresponds to Pypr < 200 MW. The bottom side one corresponds to Yeg > Yiamp.
The conditions for HH and fngw do not appear explicitly in Figure 3.1 (b). This figure

implies the following characteristics:
e The minimum major radius of the operational space is derived from [y constraints;
e The maximum major radius of the operational space is derived form Pyg constraint;

e The minimum aspect ratio of the operational space is derived from the magnetic

flux supply of CS coils for current ramp-up.
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Figure 3.1 (a) indicates that the minimum major radius R, = 7.0 m can be applied to
Demo-CREST. Considering the design guideline (ii) of Demo-CREST, we choose R, =
7.25 m as the major radius of Demo-CREST. The major radius 7.25 m is preferable
for Demo-CREST, because it is possible to have a flexibility for a plasma surface safety
factor, that is, total plasma current. Concerning the aspect ratio A, there is not a critical

condition, however, we should consider following factors:

e Steady state operation in the present ITER program is planned with A = 3.4 and
qy = 5.3[3-10].

e Hybrid operation in the present ITER program is planned with A = 3.1 ~ 3.4 and
¢y = 3.1 ~ 3.5[3-10].

According to the above ITER experimental plan, we consider A = 3.1 ~ 3.4 preferable
for Demo-CREST. Furthermore, the commercial power plant CREST, which is designed
with A = 3.4 and ¢, = 4.3[3-1]. Hence, we conclude that A = 3.4 is best, because it is
the same aspect ratio as ITER steady state operation and CREST. Another advantage
of A = 3.4 is that it can take almost both ¢, = 4.3 for CREST and ¢, = 5.3 for ITER
steady state operation as shown in Figure 3.1(a). In addition, the major disruption,
which should not happen in a power plant, is not likely to happen in this ¢, = 4.0 ~ 5.0
range[3-21].

The next task is to examine the attainable range of net electric power with major
radius 7.25 m and aspect ratio 3.4. Briefly speaking, free boundary ideal MHD limit,
that is, Oy < 3.5, can be roughly examined in ITER. Within this Sy range, the range
of net electric power was surveyed, and the operation points of P =0 MW (OP1),
Pt =200 MW (OP2), 400 MW (OP3) and 600 MW (OP4) are picked up as shown
in Table 3.2. A net electric power 600 MW is possible within Oy < 3.5. Correspond-
ing to OP2, OP3, and OP4 of Table 3.2, each operational space of R - A diagram for
qp =4.0, 4.5, 5.0 was also depicted in Figures 3.2. It should be noticed that the way
to depict Figures 3.2 is different from that of Figure 3.1. In case of Figures 3.2, we
selected the plasma performance conditions (fn, HH, fngw) of Table 3.2 so that the op-
timized point (R, A) = (7.25,3.4) of Demo-CREST is included in each operational space
of P = 200 MW, P = 400 MW and P™" = 600 MW. In other words, the plasma
performance of OP1 is the design restriction derived from the ITER experimental plan,
and that of OP2-OP4 is the arbitrary condition derived from the optimized configuration
(R, A) = (7.25,3.4) of Demo-CREST. With increasing f, the operational space for each

qy value becomes narrower, but combined operational space of ¢, =4.0, 4.5 and 5.0 is
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almost the same through the increase of net electric power. On the plasma performance
diagram[3-20] for the major radius 7.25 m, which is discussed in Section 2.3, these oper-
ation points are plotted in Figure 3.3. The ranges of fusion power for OP1-OP4 are from
1005 MW to 3324 MW. When the engineering design for heat removal from the divertor
region is taken into consideration, it is preferable to design a fusion reactor with as a
low fusion power as possible, because heat removal in the divertor region is the critical
issue in a tokamak fusion reactor (This issue will be discussed in Section 3.5). For the
small divertor heat load, the maximum fusion power is limited to about 3000 MW for
Demo-CREST. Consequently, the increase of net electric power over 600 MW has to be
tried with the same fusion power by reducing the current drive power and improving
thermal efficiency.

The operation points from P = 0 MW to P** = 600 MW of Demo-CREST have
been briefly optimized with 0D plasma analysis model. Those operation points have to
be confirmed about whether they can be kept stable against major MHD instabilities.
In addition, they also have to be confirmed about whether their plasma current can be
sustained with under Pypr < 200 MW, because the 0D plasma analysis model cannot
precisely take several effects into account, such as realistic heating/current drive profile,
bootstrap current fraction, advanced operation with negative shear and so on. Usually,
one operation point has only to be confirm in case of a commercial plant. On the other
hand, every operation point or operation path has to be done in case of Demo-CREST,
because plant performance should be improved step by step. As for MHD stability and
current profile control, to confirm the consistent operation path from OP1 to OP4 and to
advanced plasma toward a commercial plant is the critical issue in the design of Demo-
CREST. This issue will be discussed in the next chapter.
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Table 3.2: Representative operation points for (R,, A) = (7.25,3.4) of Demo-CREST
derived with FUSAC.

OP1 | OP2 | OP3 | OP4
Pt (MW) | 0 | 200 | 400 | 600
B (-) | 1.85 | 2.45 | 2.96 | 3.36
HH (-) ] 1.00 [ 1.08 | 1.08 | 1.1
fnaw ()| 051 | 064|077 1.0
fos ()| 0271038043 ] 054
Zost O 17 17|21 ] 21
J2) (MW) | 1005 | 1772 | 2590 | 3324
Papr (MW) | 141 | 140 | 148 | 145
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is also described. (b)Boundary conditions for g, = 4.0.
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3.4 Plasma Ramp-up Scenario

In the design of Demo-CREST, current ramp-up is mainly supported by central solenoid
(CS) coils, as mentioned in Section 3.2. In equation (3.3), all the available magnetic flux
is assumed to be able to use for plasma current ramp-up, however, the ramp-up scenario
should be made under the constraints of plasma equilibrium, CS and poloidal field (PF)
coil capacity, transition from limiter to divertor configuration, plasma performance, and
so on. In this section, the precise analysis for plasma equilibrium and ramp-up scenario
with the 2D plasma equilibrium code TOSCA[3-22] is carried out in order to ensure the
consistency between the plasma current ramp-up scenario and engineering constraints.

A 16T-NbsAl superconductor is applied to Demo-CREST. Since we consider the de-
velopment of NbsAl with higher critical current and the increase of structure material
in the coil system due to larger magnetic stress than 13T-NbsSn, we assume that the
overall coil current density including insulator and structure material is almost the same
as the ITER design[3-10]. Accordingly, the overall coil current density of a toroidal field
coil and poloidal field coil (central solenoid coil) in Demo-CREST are restricted to 10
MA/m? (15 MA/m?) in the magnetic field 16T. These current densities are the primary
critical parameters to be confirmed in the plasma equilibrium analysis.

Because of a small fraction of bootstrap current in Table 3.2, the operation point OP1
has a more peaked current profile than other operation points. Accordingly, the CS and
PF coil current of the OP1 becomes larger than other operation points, because the CS
and PF coils is considered to be farther from the plasma current. Hence, the OP1 is the
most severe among all operation points of Table 3.2 concerning the operation current of
CS and PF coils. In this section, we confirm the most severe case of the OP1 as the
sufficient condition. From the system code analysis, the radial build of Demo-CREST is
obtained, and the present design is shown in Figure 3.4. Based on Figure 3.4, the location
of TF, CS and PF coils are decided as shown in Figure 3.5.

The optimized scenario of plasma current ramp-up is shown in Figure 3.6. In this
equilibrium analysis, the pressure profile similar to that derived from MHD analysis
(which is discussed in the next chapter) is applied. The plasma internal inductance l; =
0.85, which is almost the same as the ITER inductive operation scenario, is assumed. As
shown in Figure 3.6, the current ramp-up fully supported by CS coils is not achievable, and
non-inductive current ramp-up of 2.4 MA (15% of total plasma current) is required. The
current ramp-up ratio for inductive current ramp-up is 1.0MA /sec until plasma current

IMA, and 0.5MA /sec after plasma current 1.0MA. During non-inductive current ramp-
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up phase, it is assumed to be 0.25MA /sec in this study, which should be confirmed by
the current drive code. The transition from limiter to divertor configuration is completed
at about 5.0 sec in Figure 3.6, and plasma cross sections during current ramp-up are
delineated in Figure 3.5. The shaded plasma cross section corresponds to the transition
from limiter to divertor configuration. In this equilibrium analysis, poloidal coil system
is divided into three groups; CS coil group (coil No. #4-#8 in Figure 3.5), divertor
coil group (#3 and #9), and PF coil group (#1,#2,#10,#11). Figure 3.7 (a) shows
the respective maximum magnetic field experience in the CS coil group, the divertor
coil group, and the PF coil group. Figure 3.7 (b) and (c) show the coil current density
for each coil. Before breakdown, the initial magnetization of the CS coils is 90 Vs. In
Figure 3.7 (a), the maximum magnetic field experience for CS coils around the transition
phase from limiter to divertor configuration rises up to about 16 T, which is the design
constraint of superconductor coil. This implies that more initial magnetization of CS
coils is restricted by the maximum magnetic field experience of themselves. The divertor
and PF coils are under the magnetic field experience of 10 T. This means that another
superconductor instead of Nb3Al can be also applied to PF coils. The current densities of
the CS, divertor, and PF coils are also within our design condition of 15 MA /m?(for CS
coils) and 10 MA /m?(for divertor and PF coils) as shown in Figure 3.7. Non-inductive
current ramp-up phase remains to be examined. Recently, the current ramp-up without
CS coils was examined in JT-60U, and advanced tokamak plasma with both internal
and edge transport barrier was achieved[3-23]. The non-inductive current ramp-up of
Demo-CREST is considered not to be difficult, because it is required only after 85%

establishment of the operation plasma current.
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3.5 Operation Condition of Divertor Plasma

The decrease of heat load on the divertor plate qq;y is a critical issue for a tokamak fusion
reactor. In the ITER design, the peak value of gqg;, in the steady state is restricted to
10 MW /m?[3-10]. This limitation of the divertor heat load should be also achieved in
the CREST and Demo-CREST design. In the CREST design, the operation condition
for the SOL-divertor plasma becomes more severe than the ITER design, because of a
smaller major radius and a larger heating power. In order to manage a large thermal
power in the CREST design, a small amount of xenon is seeded in the main plasma
(0.04%, Z.g = 2.2) and the SOL plasma (0.1%). Under the condition of the upstream
SOL density ne1 = 0.9x10?°m ™3, which is about half of the core plasma density, total
radiation power is estimated at 588 MW (86% of total heating power), and the divertor
heat load less than 10 MW /m? is achievable[3-1].

The advancement from the ITER divertor to the CREST one is mainly the high-Z
impurity seeding for mitigation of the divertor heat load. This approach to the divertor
heat load has a large impact not only on the divertor plasma but also on the core plasma.
The permeation of impurity into the core plasma results in the degradation of plasma
performance. Hence, before the massive divertor analysis with the 2D divertor transport
code such as B2-EIRENE;, the divertor operation target consistent with the core plasma
operation has to be confirmed. An important element for the operation target is the total
radiation power required to achieve qq;, < 10 MW /m?. In this section, by using an usual
two-point SOL-divertor transport model[3-24], the total radiation power P2l required to
achieve qg;, < 10MW /m? is investigated in order to prepare for the 2D divertor transport
analysis. The precise analysis on the divertor plasma including its effect on the core
plasma will be reported in a subsequent submission paper.

First of all, the required radiation power for ITER and CREST is estimated by using
the two-point model. In the ITER reference operation, the total heating power of alpha
and auxiliary heating is about 120MW|[3-10], and the total radiation power required for
qaiv ~ 8.7 MW /m? with ng, = 0.32 x 10** m™3 is estimated at 83 MW (75% of total
heating power). On the other hand, in the CREST design, total heating power is about
710 MW, and the total radiation power required for gg;, ~ 10.0 MW/ m? with ny, = 0.9
is estimated at 603 MW (85% of total heating power). These results by this two-point
model are consistent with the design values of ITER (35MW from the core region and
50 MW from the SOL region )[3-25] and CREST (364 MW from the core region and
224 MW from the SOL region)[3-1].
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By using this tow-point model, the total radiation power required to achieve qg;y <
10 MW /m? for each operation point (from OP1 to OP4) of Demo-CREST is investigated,
and the results together with the ITER and CREST results are plotted in Figure 3.8.
In this figure, the upstream SOL density of Demo-CREST is assumed to be 2/3 of the
core plasma density, which is somewhat mitigated from that of ITER and CREST. In
the Demo-CREST operation, the total radiation power has to be increased step by step,
and that of OP4 for Demo-CREST finally becomes a little larger than that of CREST.
Because the total radiation is supposed to be caused mainly by the line radiation of
xenon seeding and mainly in the plasma boundary layer, it is approximately defined as
Pl o [yl (Tuo) RS, where f, and I, (Ty,) are the ratio of impurity and its cooling
rate, respectively. Accordingly, when the same operation conditions of f, and I, (T}) as
CREST are applied by the xenon seeding, about 900MW of radiation power is roughly
possible in OP4 of Demo-CREST. With the same way, the possible boundary of radiation
power for each operation point for Demo-CREST is delineated in Figure 3.8, and the
radiation powers required for all operation points are found to be achievable under the
same condition of impurity seeding as CREST.

It should be noted that the effective charge of OP3 and OP4 is almost the same as
CREST in preparation for reducing the divertor heat load as shown in Table 3.2. Con-
sequently, the required radiation powers for OP3 and OP4 are considered to be feasible,
and qg;y < 10 MW /m? is achievable. On the other hand, the required radiation powers
of OP1 and OP2 are almost marginal to the possible radiation power with the same con-
dition of xenon seeding as CREST, which means that even lower fusion powers of OP1
and OP2 requires xenon seeding as much as or more than CREST. This implies that
high-Z impurity seeding technique for the reducing divertor heat load has to be firmly
established in the ITER project. Hence, plasma parameters of OP1 and OP2 in Table 3.2
should be more optimized so that higher density with higher effective charge by a high-Z
impurity can be achieved. In addition, the upstream SOL density is also the key for the
radiation power enough to keep qgiy < 10 MW /m?, because P2 oc n2. If ng ~ (ne)/3,
the possible radiation power decrease to 1/4 of that for ng, ~ 2(n.)/3 and the radiation
powers required for all operation points are not achievable. Furthermore, the divertor
heat load increases with the decrease of the upstream SOL density. In such case, higher
density and lower temperature of plasma operation , which results in a higher current
drive power and a higher ratio of Greenwald density limit of the core plasma, should
be explored to achieve the required radiation power. In other words, the upstream SOL

density is considered as a critical condition of the steady state operation scenario for
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small net electric power generation in the demonstration reactor stage.
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Figure 3.8: Total radiation power required to achieve qq;, < 10 MW /m? for each operation
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3.6 Summary

We propose Demo-CREST as an device for early realization of electric generation by
fusion energy. The plasma configuration for Demo-CREST was optimized so as to satisfy
the electric break-even condition with the reference plasma performance of ITER induc-
tive operation mode. This optimization way is reasonable, although, of course, plasma
performance of Demo-CREST is conservative in comparison with the past design studies.
Within the plasma performance as planned in the present I'TER program, net electric
power from 0 MW to 600 MW is possible in Demo-CREST with maximum magnetic
field 16 T, thermal efficiency 30 %, NBI system efficiency 50 %, and NBI current drive
power restricted to 200 MW. In addition, the development scenario of the physical and
engineering technologies of the commercial plant CREST with the electric demo plant
Demo-CREST is also suggested by the method of replacing the blanket system.

We also propose the development path with ITER, Demo-CREST, and CREST for
early realization of net electric generation by fusion energy, however, we want to empha-
size that our proposal is just one example based on the present ITER project. As for this
development scenario, the critical issue on plasma performance in each stage is discussed

in the following chapter
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Chapter 4

Study on Critical Issues of Tokamak

Plasma in Each Development Stage

4.1 Introduction

In the previous chapter, a conceptual design of the electric demonstration plant Demo-
CREST was proposed, and the development scenario consistent with the ITER project
was structured with the experimental reactor I'TER, the electric demonstration plant
Demo-CREST, and the commercial plant CREST. In this chapter, several critical is-
sues on plasma performance in each development stage will be analyzed on the basis of
development scenario proposed in the previous chapter.

As for plasma performance, the main subjects to be developed in a tokamak-type
fusion power plant are listed in Table 4.1 When a fusion power plant is designed, the
following subjects have to be solved; First of all, plasma configuration has to be optimized
based on a certain design policy in order to achieve an objective electric power(or an
objective fusion power). This corresponds to Optimization of plasma configuration in
Table 4.1. Second, plasma equilibrium consistent with engineering conditions, such as
superconductor coils, has to be confirmed, and plasma ramp-up scenario is also worked
out. This corresponds to “Equilibrium and Ramp-up Scenario” in Table 4.1. Third,
whether the plasma confirmed by equilibrium analysis is stable and sustainable or not
has to be analyzed. This corresponds to “MHD and Current drive” in Table 4.1. Last
of all, Whether the stable and sustainable plasma can be consistent with the plasma
transport or not has to be confirmed by the precise transport physics. This corresponds
to “Transport” in Table 4.1.



In the ITER design, the physics of 'Equilibrium & Ramp-up Scenario’ and "MHD
& Current Drive’ for ITER reference plasma has been understood well, and the reliable
prediction is possible. Only "Transport’ phenomena has not been understood well enough
to predict the transport property of ITER. Hence, this "Transport’ subject is the critical
issue in ITER. In Sections 4.2-4.4, following three topics for Transport are discussed; (1)
transport model for core plasma region; (2) H-mode transition modeling for core-edge
boundary region; (3) simple transport modeling for edge plasma region.

In the Demo-CREST design, the critical issue is considered as 'MHD & Current
Drive’ at present, because the electric demonstration plant Demo-CREST has an unique
mission. While a commercial reactor usually has a rated operation point, the electric
demonstration plant such as Demo-CREST requires a operation path from ITER-like
plasma performance to advanced plasma one in order to achieve the outlook for the
commercial power plant. Establishment of this operation path is considered as one of the
missions of the electric demonstration plant. Hence, the confirmation of operation path
consistent with MHD stability and current profile alignment by single NBI system is the
critical issue. In Section 4.5, '"MHD and Current Drive’ analysis for the operation path
from ITER-like plasma to CREST-like one is carried out.

The CREST design corresponds to the final stage of the fusion energy development,
and plasma performance should be improved as high as possible. As seen in the designs
of CREST and ARIES-AT, high plasma elongation more than 2.0 is required for high
plasma performance. On the other hand, pursuit of high performance plasma by high
elongation makes the plasma operation difficult. In Section 4.6, operational condition of

plasma elongation and current profile for '/Ramp-up Scenario’ is discussed.

88



Table 4.1: Main subjects to be developed in a tokamak fusion power plant. “o 7 is

discussed in this thesis, and “0 7 is considered as the critical issue in this chapter (cor-

”_» ”x” is not completed

rensponding section is denoted). is already completed, while

yet.
ITER Demo-CREST | CREST
Optimization - 0 -
Equilibrium & Ramp-up Scenario - 0 O (Sec. 4.6)
MHD & Current Drive - [ (Sec. 4.5) -
Transport [ (Sec. 4.2— 4.4) X X

4.2 Core Plasma Transport Analysis

4.2.1 Dimensional transport property

Prediction of the energy confinement performance for a fusion power plant is one of
the most important issues, when we design a fusion reactor. Based on accumulated
experimental data of many tokamak devices, several empirical scalings of the energy
confinement time have been proposed [4-1, 4-2], and applied for the evaluation of an
energy confinement time of the next generation tokamak device such as [TER. Several
transport models have been proposed to explain the anomalous transport in tokamak
plasma, and have succeeded to simulate the experimental data in some cases. However,
comparison between experiments and theory seems not to be sufficient.

Through the dimension analysis, it is found that the transport coefficient x is described

by several non-dimensional parameters as follows[4-3];

x=xsP)FB,v5q, ), (4.1)

where yp = T./eB is the Bohm diffusion coefficient. Here p* is a normalized minor
radius, defined by p* = ps/a, where p, is a Larmor radius and a is a plasma minor
radius. Independent variables of the function F' are non-dimensional parameters such
as beta value of 8 ~ nT/B? normalized collision frequency of v* ~ gqn/T? , the safety
factor ¢ and so on. In the present experiments we have achieved these non-dimensional
parameters equivalent to those of fusion reactors, except for the p* value. Since the p*
value of the reactor plasma is quite smaller than that of present experiments, it is quite

important to examine the dependence of the transport coefficient on the p* value.
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The power of p* on the thermal diffusivity in equation (4.1) is denoted with «. In
the case of a = 1.0, it is called Gyro-Bohm diffusion, where turbulence with the short
wavelength in the range of the Larmor radius might be excited. While in the case of
a = 0, the plasma transport is called Bohm diffusion, where it is inferred that a scale
length of the plasma turbulence is in the range of the plasma minor radius. When the
thermal diffusivity is highly enhanced due to the stochasticity of the magnetic field, this
is called Goldston diffusion (a = —0.5).

To study which type of diffusion governs the plasma transport, dimensionally similar
discharges (p*-scaling experiments) have been vigorously carried out in many tokamak
plasmas, where a pair of plasma discharges with different p* values are carried out and
the thermal diffusivity is compared with other non-dimensional parameters kept fixed.
Depending on the experimental devices and confinement modes such as L- and H-modes,
experimental results have prevailed different features. DIII-D group has systematically
studied on p* scaling, where electrons exhibit a Gyro-Bohm characteristics for all confine-
ment modes and parameter regimes, but p* scaling for ions varies with regime [4-4, 4-5].
For H-mode plasmas in low-q regime ions also show a Gyro-Bohm behavior. However,
high-¢ H-mode and low-g L-mode plasmas yield a Bohm scaling, and high-¢ L-mode plas-
mas give Goldston scaling for ions. It might be inferred that the difference of the density
scale length between L- and H-modes plays an important role, in addition to the effect
of the magnetic shear between different ¢ values. JET group has also reported that the
scaling is close to the Gyro-Bohm for ELMy H-mode plasmas [4-6]. Similar results has
been observed in ASDEX-U plasmas, where the H-mode plasma yields the Gyro-Bohm
scaling, and L-mode plasma exhibits the Bohm feature [4-7]. On JT-60U L-mode plas-
mas, it has been reported that the electron is between Bohm and Gyro-Bohm diffusions,
and this is called Weak-Gyro-Bohm diffusion with o = 0.5 [4-8].

Many transport models have been developed theoretically and/or empirically[4-9,
4-10]. Intrinsically each transport model itself predicts Bohm or Gyro-Bohm diffusion.
However, the results of transport simulation with each model might differ from its intrin-
sic characteristics, when many factors such as heating profile, convection effect, boundary
conditions, electron-ion equipartition and so on are taken into account and incorporated
into the transport simulation. For example, H. Nordman, et al. have simulated Bohm-
type plasmas in JET L-mode with Gyro-Bohm transport model for temperature gradient
driven drift waves, and compared with Gyro-Bohm-type plasmas in H-mode [4-11]. They
have concluded that a difference of a boundary condition between L- and H-mode has

affected on the core transport through the sensitivity of the stability properties of these
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drift waves close to marginal stability.

In p* experiments many other non-dimensional parameters except for p* value should
be controlled between different discharges as same as experimentally achievable, and
plasma density and heating power are employed so as to keep 8 and v* values within 10
- 20 % accuracy. We can easily match non-dimensional parameters related with plasma
geometry such as elongation and divertor configuration, but it is quite difficult to con-
trol other non-dimensional parameters related to the plasma parameter itself such as the
normalized scale length of the temperature gradient L}, the safety factor profile, in addi-
tion to the heat deposition profile, the edge temperature and so on. These uncontrolled
factors might affect on the transport characteristics, as pointed out by H. Nordman et
al. Paying much attention on these parameters, we carry out transport simulations with
several transport models for dimensionally similar discharges in JT-60U L-mode plas-
mas, which are stored in the ITER profile database[4-12], and discuss the validity and

the applicability of these transport models in this section.

4.2.2 Physical Models

We use 1-1/2 dimensional tokamak transport code[4-13], which solves following transport

equations,

10 1 0

vV =35, VT 42
V’&t(vn) V,ap[V nl + Sn (4.2)
3 1 0 1,153 107, 3

QBB ot [(V) neTe] = “Viap {V <Qe + §TeFe)] + S, , (4.3)
3.1 9 n5/3 o 10 / 3

Sy (V) ] = Vi [V (Q@- + §T¢Fiﬂ +5;, (4.4)

where the flux surface is labeled with p (0 < p < 1), and V' = dV/dp. The source and
loss terms are denoted by S, for particle and S, and .S; for electron and ion energies,
respectively. The radial fluxes are described by I',, for the particle flux and Q). and Q);

for heat fluxes of electrons and ions, respectively. Here the heat flux is given by

Q, = —<<Vp>2>njxj%—f G=e i), (4.5)

where ; is the thermal diffusivity for species j.
In this study, we are mainly paying attention to the thermal transport, and trying
to avoid the uncertainty of the particle transport. Here we evaluate the particle flux in

the thermal transport equation with experimental data, instead of solving the particle
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transport equation given by equation (4.2). In the steady-state the particle flux is given
by the integration of the particle source. In NBI experiments on JT-60U plasmas, the
particle source originated from the injected neutral beam is dominant, and the neutral
flux due to the recycling and gas-puffing is negligibly small at the core plasma region
(r/a < 0.9). Therefore the integration of the deposition profile of the neutral beam gives
the particle flux with a good accuracy.

In divertor plasmas the plasma boundary is defined by separatrix, and in conventional
transport simulation the plasma parameters such as plasma density and temperatures at
the separatrix are employed as the boundary condition. However, in the neighborhood of
the separatrix, transport characteristics is sometimes exhibiting a remarkable difference
from that of the core plasma, because many complicated physical mechanisms such as
ionization of neutral particles play an important role on the power balance even inside
the separatrix. To exclude these phenomena from the transport mechanism of the core
plasma, we set the plasma boundary deeply inside the separatrix (i.e., r/a = 0.9 ), and
employ the experimental data at this position (such as n.(r/a = 0.9), T.;(r/a = 0.9))
into the transport simulation.

We employ three transport models; Bohm-type model [4-14], Current Diffusive Bal-
looning Mode (CDBM) model [4-15, 4-16, 4-17], and Multi-Mode model [4-18]. Here,

these models are briefly explained.

(a) Bohm-type model

Bohm-type model is empirically constructed through the analysis of L-mode
JET plasmas. The thermal diffusivity is assumed to be the Bohm like diffusivity

which is described as

Xe,i = XBF<V*757 q, L;ﬁ L; o ) ) (46)

where xp is T./eB, § ~ nT/B? v* ~ an/T? L; = (dT/dr)"'T/a and L} =
(dp/dr)~'p/a. By analyzing JET L-mode plasmas, the function F' is empirically
determined as,

F=Cod/|L3,] (47)

where ¢ is the safety factor and Cp is a constant value to be derived from the
analysis of experimental results. The temperature scale length L7, is almost equal
to the pressure scale length L; in JET L-mode plasmas, and replaced by L,, in
the equation (4.7). The thermal diffusivity is eventually described as

IVpe|
= , 4.8
X nB, aq ( )
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Xi = 2Xe (4.9)

Here, the thermal diffusivity for ions is assumed to be two times of that for electrons.

Current Diffusive Ballooning Mode (CDBM) model

By introducing the current diffusivity due to the electron viscosity into the
Ohm’s law equation, the stability for ballooning mode is analyzed. It is pointed
out that the ballooning mode becomes unstable even in low beta plasmas, if the
mode amplitude and transport coefficients are small. The saturation level of this
ballooning instability is determined by the balance of the stabilization effect due to
the enhanced thermal diffusivity and the ion viscosity. Detailed analysis gives the

thermal diffusivity due to the current diffusive ballooning mode as follows;

F (5, 5) o 25U (4.10)
ci=F (s,a,r) |a]/*——, .
Xe, wgeqR
where
d
§zgd—z, (4.11)
d
o= qud—f, (4.12)

r 1
K=—p (1—?> : (4.13)

and the function F is related with the magnetic shear and approximately given by

(14 k)%?
V2(1—23)[1—25+382(1+k)]

F(5,a,k) = (4.14)

where § = § — «.

Multi-Mode model

This model is constructed from the combination of theoretically derived trans-
port models; trapped electron mode, ion temperature gradient driven mode and

resistive ballooning mode.

Tapped electron mode is described as
1/2 .2 3 0.1
X'F = 8.33FTF R, <ﬁ> Put [1; 1 , (4.15)

R Lo | v
_ 1+8/8
1 (8/8)°
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where 3 = 03/0r and . = 5/ (1.7¢*R).
Ton temperature gradient(n;) mode is described as
Dy, = (ples/ Ly) max(n; — 1", 0)
x exp|—min(5L,4Lr,)/ L] ,
&= ETD,
XZ'ITG — F;ITGDW ’
where the threshold function is n!* = max(1,5L,/R).

Resistive Ballooning mode is described as

ia \/ﬁLpg’ - )
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~ 7.0.

(4.17)
(4.18)
(4.19)

(4.20)

(4.21)

(4.22)

(4.23)

Numerical coefficients for these modes are summarized in Table 4.2, and in total

the transport coefficient is given by the linear combination of these three modes.

4.2.3 Simulation Results for L-mode Discharges

mental data are chosen at the steady-state phase of these discharges in all cases.
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Dimensionally similar discharges are provided from JT-60U L-mode plasmas [4-8]. Typi-
cal plasma parameters are summarized in Table 4.3, where two sets of the dimensionally

similar discharges with different safety factors (ger = 4.5 and 6 cases) are listed. Experi-

In Figure 4.1, plasma parameters experimentally measured and computationally cal-

culated are shown for #21795 and #21810 discharges, and employed in the transport



simulations. In the core plasma region the dominant particle source is the injected neu-
tral beam. The deposition profile of the neutral beam is calculated, as shown in Figure 4.1,
and incorporated into equation (4.2), giving the particle flux I" at the steady-state. The
ion density is estimated with the effective charge Z.g¢ and the fast ion density n'; i.e.,
ni = (Z — Zeg)/(Z — 1)n, — nf. Since the carbon is dominant as an impurity, we set that
Z =6, and Z.g = 2.5 with the uniform profile. The fast ion density is derived from the
beam deposition and the slowing-down time. Compared to the electron density profile,
the ion density profile is quite flat at the plasma central region and is not a smooth profile,
because the fast ion population is large at the central region and the calculated profile is
slightly fluctuating. Careful attention should be paid in the simulation with the Multi-
Mode model, where the scale length of the ion density gradient L,, is explicitly introduced
in the transport coefficients. The assignment of the heating power between electrons and
ions are the almost same between two discharges; i.e., S, : S; = 0.44 : 0.56 for #21795
and S, : S; = 0.41 : 0.59 for #21810, but a relatively central heating is taking place in
#21795 due to the deep penetration of the neutral beam at the low density plasma. The
safety factor profile employed in this simulation is calculated by the equilibrium solver as
shown in Figure 4.1 (c1) and (c2).

In experiments small sawteeth activities are observed at the central region of the
plasma column (r/a < 0.2). However, since the effect of the sawtooth on the global
confinement seems small, we have not considered the sawtooth model in our simulations.
Simulation results with three transport models (Bohm-type, CDBM and Multi-Mode
models) are compared with experimental data in Figures 4.2 and 4.3 for four discharges.

Difference between experimental data and simulation results is evaluated with two
methods. One is the total stored energies of electrons and ions, by integrating the profile
data. The errors defined by (W™ — W) /W™® are plotted in Figure 4.4, where j =
electron, ion and total. The other is the standard deviation between experimental and

simulational profiles in Figure 4.5, which is defined as follows;

B S

(j =e,1), (4.24)

where k is the number of mesh.
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Bohm-type model

The electron stored energy is in agreement within £10% with experimental data. In low
Gt Plasmas (#21795 and #21810) simulation results show a higher electron tempera-
ture than experimental data, but in high g.g plasma (#21796 and #21811) simulation
results become smaller than experimental data. In Bohm-type model, it is deduced from
equation (4.7) that the global confinement time is proportional to the plasma current.
Therefore, in JT-60U L-mode plasmas, it might be suspected that the power of the
plasma current in the global confinement time might be weaker than unity, as was shown
by a scaling of thermal energy confinement given in ref. [4-8]. Simulation results give ion
temperatures lower than experimental data for all cases. If the ion thermal diffusivity
is lowered from the twice of electron thermal diffusivity, the simulated ion temperature

profile is more agreeable with experimental results.

Current diffusive ballooning mode (CDBM) model

In CDBM model, the simulation results are in agreement with at most 15% error for
electron stored energy. Here we should remark that strong peaking of the electron tem-
perature appears at the plasma central region (r/a < 0.2) in this model. This might be
caused due to the strong dependence of the thermal diffusivity on the pressure gradient
(i.e., x ~ (dB/dr)*?). The disagreement between simulation results and experimen-
tal data is quite large for ion stored energy. In all cases the simulation results show
remarkably higher ion temperature than experimental data. We should consider the en-
hancement of the ion thermal diffusivity in this model, because the ion thermal diffusivity

is assumed to be same with electron one.

Multi-Mode model

In Multi-Mode model, the electron stored energy is in good agreement between simulation
results and experimental data within £15% error, although the temperature profile seems
not to be so smooth function. The electron thermal diffusivity is plotted in Figures 4.6 for
#21795, where three modes (TE: trapped electron, ITG: ion temperature gradient and
RB: resistive ballooning) are depicted as a function of the minor radius. At the central
region (r/a < 0.2) the trapped electron mode is quite large, yielding the depression of the
electron temperature at r/a < 0.2 region in Figures 4.2 and 4.3. Here, large fluctuations
of the electron thermal diffusivity of the trapped electron mode comes from the L,,, term,

where the L, profile has a large fluctuation, as shown in Figures 4.1(cl) and (c2). At
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the intermediate region ( 0.2 < r/a < 0.8) the ion temperature gradient mode becomes
dominant, and ion thermal diffusivity is chosen to be two times of electron one for this
mode, similar to the assumption in the Bohm-type model. The ion stored energies in
the simulation results are, however, higher than those of experimental data in all cases.
This could be accounted for by the contribution from the trapped electron mode in this
intermediate region, because the contribution from the trapped electron mode is not small
and the ion thermal diffusivity due to the trapped electron mode is equal to the electron
one. At the outer region of the plasma column (0.8 < r/a) the resistive ballooning mode

governs the electron/ion thermal diffusivity.

4.2.4 Simulation Results for H-mode Discharges

The understanding of plasma transport in tokamak plasmas is one of the most crucial
issues for designing the future tokamak device such in the ITER machine. ITER physics
R&D group has promoted comprehensive comparison between the experimental results
from present machines and theoretical models with complicated transport simulation
codes. For these purposes, radial profile data on plasma parameters such as density and
temperatures have been gathered from many machines as ITER Database.

With our transport simulation code, we have carried out the comparison between
experimental data installed in ITER Database and several theoretical models. Here we
employ four models; i.e., the current diffusive ballooning mode model, the mixed shear
model, the IFS/PPPL model and the multi-mode model. These models are applied
for DIII-D and JET plasmas, where several discharges of L.- and H-mode plasmas are

included.

Current diffusive ballooning mode (CDBM) model

Simulation results are summarized in Figure 4.7, where the incremental stored energies
defined by Wine = W — Wiedestal (1/a@ = 0.9) are compared between experimental data and
simulation results, and the offset of the increment stored energy defined by AW, ;/W, ; =
Winesim/Wine.exp — 1 are plotted for various discharges in DIII-D and JET. Since almost
all of the simulation results predict lower values than experimental data, the adjustment
of the transport coefficients might be necessary for y. and y;. This adjustment factor is
roughly estimated as follows. For precise analysis, we have to deal with electrons and ions,
separately. However we consider the situation that the heating power due to equi-partition

between electrons and ions is small in comparison with external heating power. In addi-

97



tion, provided that the heating terms are given and the convection term is neglected, the
diffusion equation shows that nxdT'/dr = [ SdV,, = constant. If the diffusion coefficient
Xcpau is replaced with xopsa/Coppuir, the temperature might increase by a factor of
T2, because xcppm ~ T%?% and xdT/dr ~ xcppm/CopsuT/Lr ~ T°?/Coppu =
constant. To check the validity of this recalibration factors, we have carried out transport
simulation by changing the transport coefficient as xsim = Xcpsm/Corsm- Figure 4.8
shows the stored energy as a function of a recalibration factor Copgyr. When Coppm
value is increased up to around 5 ~ 6, the stored energy and the temperature profile
agree with each other satisfactorily. In Table 4.4, the recalibration factors are listed for
various modes and devices, respectively.

At first, let us see the difference between L- and H-mode plasmas. Systematically the
simulation shows that in H-mode plasmas AW, ; is lower than that obtained in L-mode
for both DIII-D and JET cases. This indicates the improvement of the core transport
coefficient in H-mode plasmas. By comparing the recalibration factors between L- and H-
mode plasmas, we could find the improvement of the diffusion coefficient to be 1.8 ~ 2.1
for electrons and 2.6 ~ 3.4 for ions, where these improvement factors are yielded by
the ratio between the recalibration factors of L- and H-modes, as Ceppmn/CepemL |
e.g.,Cecppmu = 7.5 and Ceppm,r, = 3.5 for electrons in DIII-D.

Systematic difference can be seen between DIII-D and JET plasmas. Since the recali-
bration factors in DIII-D are much larger than those in JET, the confinement performance
in DIII-D might be superior to that in JET. The ratios of Coppmui-p)/CepsmeT) are
1.8 ~ 2.2 for electrons and 2.9 ~ 3.8 for ions in L.- and H-modes. This results imply that
the hiden parameters exist which is not considered in the theory, for example, the effect

of radial electric fields or non-local effects and so on.

Mixed shear(MS) model

JET group has proposed semi-empirical transport model based on the mixture of Bohm
and GyroBohm diffusion models[4-19]. This model is based on Bohm-type model as shown
in Section 4.2.2. In recent model, the shear is introduced into the Bohm-type diffusion
coefficient by a form of x7; = xJ;(0) x f(s), where f(s) = s*/(1+ s°) at s > 0. The
recalibration factors are shown in Table 4.4, where the relation that 7°/2/Cys = const. is
applied. We could say that the characteristics obtained in the mixed shear model seem to
be very similar to those in CDBM model; i.e., the reduction of the transport coefficient
should be introduced in H-mode plasmas in comparison with L-mode ones by a factor of

~ 1.5 for electrons and ~ 3.0 for ions, and the recalibration factor is different by a factor
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of ~ 2.0 for electrons and ~ 4.0 for ions between DIII-D and JET.

Multi-mode model

An agreement between experimental data and simulation results are quite excellent for
L- and H-modes in DIII-D plasmas; typically within 10 ~ 20%. In addition a slight
improvement of the transport can be seen in H-mode plasmas, in comparison with L-
mode ones. At the core confinement region the 7;-mode is dominant.

In case of CDBM model and Mixed Shear model, we found that the calibration of the
transport coefficient is useful to predict the experimental data. On the other hands, in

case of IFS/PPPL model without no shear flow, we can not find the same tendency as
CDBM model and Mixed Shear model.

4.2.5 Dimensionally Similar Simulation

The dependence of the thermal diffusivity on the normalized gyro-radius p*(= ps/a)
has been investigated on various tokamak devices with dimensionally similar discharges,
where other non-dimensional parameters such as beta value and normalized collisional-
ity are controlled to be fixed between dimensionally similar discharges. Many transport
models have been proposed theoretically and/or empirically, and some of them could re-
produce experimental data with a good accuracy. However, these transport models should
be tested for the dimensionally similar discharges, because we would like to know whether
the transport model proposed would be reasonable and reliable on the extrapolation to
large tokamak devices such as ITER or not.

In the previous section, we have compared simulation results with experimental data
from the viewpoint of their electron and ion temperatures themselves. Here, we discuss
the simulation results how to scale the plasma temperatures as a function of the nor-
malized gyro-radius p*. We carry out transport simulations for two sets of dimensionally
similar discharges, and compare the scaling of the temperatures as a function of the
normalized gyro-radius. Here, we call this transport simulation as dimensionally similar
simulation. We should pay attention to other non-dimensional parameters in this dimen-
sionally similar simulation, because the plasma temperatures calculated in the transport
simulation might be, in general, different from the experimental data.

In comparison of simulation results with the normalized gyro-radius scaling, we intro-
duce the function G(r) defined by

Xscl = XB (P*)a F (ﬁa V*a q," - ) ) (425)
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Bt2

XBtll/X 1
Gea(r) = " n5— (sl =B, WGB,GB) . (4.26)
Xmodel/Xmodel

where Ymodel 1S the thermal diffusivity employed in the transport simulation, given in
equations in Section 4.2.2, and scl means the Bohm(denoted by B, and a = 0.0), Weak-
Gyro-Bohm(denoted by WGB, and @ = 0.5) and Gyro-Bohm(denoted by GB, and a =
1.0) scalings, respectively. Two different toroidal magnetic field strengths employed in
dimensionally similar discharges are denoted with Btl and Bt2.

First of all, let us discuss the validity of dimensionally similar simulation, using the
Bohm diffusion case for #21795 and #21810 discharges, where the thermal diffusivity
is assumed to be Xmodet = XBohm = 1¢/€Br and the convection term in equations (4.3)
and (4.4) defined by (3/2)TT is neglected. In Figure 4.9(a), the simulation results for
two different toroidal field strengths are compared, and as expected, the function G(r)
defined by equation (4.39) is uniquely unity in all minor radius for the Bohm scaling
case(a = 0.0).

Next we have carried out transport simulation with the Bohm type model given by
eq. (4.8), neglecting the convection term. Even though the Bohm-type model is employed,
the transport characteristics becomes slightly different from the Bohm scaling, and the
Weak-Gyro-Bohm feature appears, as shown in Figure 4.9(b1). The diffusion coefficient
in this model is Bohm type, but has additional factor given by ¢?/L%., which is introduced
to explain the global confinement characteristics (7p ~ I,P~%/2). The deviation of the
simulation results from the Bohm scaling, as shown in Figure 4.9(b1), can be accounted
for by this factor.

Figure 4.9(b2) shows the differences of the safety factor ¢, the temperature scale length
L} and ¢*/L; value between two discharges. We can see that the disagreement of these
non-dimensional parameters give rise to a deviation from the Bohm-type characteristics
to the Weak-Gyro-Bohm one. If additional control technique for the profiles of the plasma
current and the heat deposition can be applicable, we could fix these non-dimensional
parameters as well as 3 and v* values, and carry out dimensionally similar experiments
more strictly.

Finally we have considered the convection term in the simulation. As shown in Fig-
ure 4.9(c), the convection effect might recover the Bohm characteristics slightly. When
we compare two simulation results and discuss on the p*-scaling, we have to pay attention
to other non-dimensional parameters such as beta value and normalized collisionality. In
experiments these parameters are in agreement within +£10 % difference, while the agree-

ments of these parameters evaluated with simulation results are within +15 % difference.
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From these considerations we could conclude that the simulations carried out for two
discharges could be called as the dimensionally similar simulation, and comparison with
dimensionally similar experiments might be valid and fruitful.

In comparison with experimental analysis, where the effective thermal diffusivity in-
cluding the convection term is evaluated experimentally, we employ the effective thermal
diffusivity defined by

Jo (55) dV
r(IVr2)n

where in the numerator the convection term is not discriminated. We compare simulation

Xeft,j = (.] =€, 1) ) (427)

results with the p*-scaling, introducing the function H(r)

Bt2

XBtll/X 1
Ha(r) = 557 B (scl = B, WGB, GB) . (4.28)
Xeff /Xeff

With different transport models, the dimensionally similar simulation has been carried
out for two cases (qor = 4.5 and 6.0 series), and results are summarized in Figures4.10 -
4.13, in comparison with experimental data. Before discussing simulation results, let us
briefly summarize the experimental results. Experimental data shows the Weak-Gyro-
Bohm characteristics for electrons, and lies between the Weak-Gyro-Bohm and the Bohm
scalings for ions , as referred in Figs. 4.10(d)- 4.13(d).

Firstly, let us see the results of the Bohm-type model. For electrons, the simulation
results are between the Weak-Gyro-Bohm and the Bohm scalings, this tendency is consis-
tent with experimental characteristics. Ions also behaves the similar scaling with that for
electrons. Compared with experimental data, simulation results might present a strong
tendency of the Weak-Gyro-Bohm characteristics.

Let us turn to the CDBM model. As expected from the CDBM model, the simulation
results show clearly the Gyro-Bohm characteristics for electrons and ions in the g.q = 4.5

case. The CDBM model given by equation (4.10) is simply reduced as follows;

x = xsP F(q, L, s a,k)
~ xBP**F (s, a, k)] (L)% (4.29)

and is expected to behave a Gyro-Bohm characteristics. In addition, the dependences
on the safety factor and the temperature scale length are almost the same with those of
the Bohm-type model given by equation (4.8). However, the transport simulation results
show the small deviation from the Gyro-Bohm characteristics, as shown in Figure 4.10(b).

In Figure 4.14, the ratio of non-dimensional parameters, ¢?/(L})*? and F(s, a, ) between
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shot N0.21795 and 21810 are plotted, and the deviation of the value F(q, L}, s, a, k) is
found to be small between two discharges. Consequently, we can observe the Gyro-Bohm
characteristics which is inherent characteristics of CDBM model. While, in the g, = 6
case, the simulation results are deviating from the Gyro-Bohm scaling remarkably. In
Figure 4.15(a) and (b), the beta values and the normalized collisionalities are depicted
for gor = 4.5 and 6.0 cases. The agreements of these non-dimensional parameters are
quite excellent in the g.p = 4.5 case, while the difference of about 40 % can be seen on
the beta values all over the region of the plasma column and the normalized collisionality
deviate with each other at the outer region of the plasma column in the g.s = 6 case.
These disagreements of other non-dimensional parameters might account for the large
deviation of the simulation results from the Gyro-Bohm scaling in Figure 4.12(b) and
4.13(b). Nevertheless, we could say that the CDBM model which theoretically predicts
the Gyro-Bohm characteristics seems to be inapplicable for JT-60U L-mode plasmas.
Finally, we examine the Multi-Mode model. Although the simulation results especially
for electrons show large fluctuations originated from the ion density gradient appeared in
the thermal diffusivity of the trapped electron mode, the Gyro-Bohm characteristics can
be seen in the simulation results for electrons and ions at the central region of the plasma
columns. This characteristics might be consistent with theoretical prediction based on
the multi-mode model, but is different from experimental results. Here we should remark
that the p*-scaling characteristics changes from the Gyro-Bohm scaling to the Bohm
scaling as the minor radius increases. This might suggest that the proper combination
of the ion temperature gradient mode and the resistive ballooning mode is applicable for

JT-60U L-mode plasmas at the outer region of the plasma column.

4.2.6 Conclusion

Dimensionally similar discharges in JT-60U L-mode plasmas have presented the confine-
ment characteristics between the Bohm and Gyro-Bohm scaling, which is denoted as
the Weak-Gyro-Bohm scaling. To study this confinement characteristics of the p* scal-
ing experiments, transport simulations have been carried out with three different trans-
port models; the Bohm-type, the Current-Diffusive-Ballooning-Mode and the Multi-Mode
models.

For all models the electron stored energy is in agreement with experimental data
within 15 % or less difference, and the standard deviation of the electron temperature

profiles between experimental data and simulation results is at most 20~ 30 % difference.
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Depending on the multiplication factor of the ion thermal diffusivity to the electron
one, the simulation results for the ion temperature yield a large difference from the
experimental data. In the Bohm model with x; = 2y, the simulation results predict a
lower ion temperature than the experimental data, while in the CDBM model with x; = x.
the ion temperature is quite higher in the simulation results. In the Multi-Mode model
the ion temperature in the simulation results is higher, as well. This might be accounted
for, when the multiplication factor is taken into account; i.e., the multiplication factor is
two for the I'TG mode and one for the TE and RB modes.

It might be difficult to discuss the validity of transport model by comparing the abso-
lute values of the plasma temperatures between experimental data and simulation results,
because the discrepancy of the plasma parameters sometimes caused by the numerical
coefficient of the thermal diffusivity. To study physical characteristics of the transport
model, comparison between two simulation results for dimensionally similar discharges
is quite meaningful. Here we have examined simulation results from the viewpoint of
the p* scaling, and compared the p* features observed in experiments. In the Bohm-type
model it is found that the simulation results behave the Weak-Gyro-Bohm characteristics
for electrons and ions, even though the Bohm-type thermal diffusivity is incorporated.
This can be accounted for, by the factor ¢*/L% in the diffusion coefficient. In the CDBM
model, the simulation results clearly show the Gyro-Bohm characteristics in the q.¢ = 4.5
case. Unfortunately we could not see this feature in the ¢.g = 6.0, because other non-
dimensional parameters such as beta and normalized collisionality are different between
two simulation results. In the Multi-Mode model, Gyro-Bohm characteristics has been
yielded in the simulation results. From these considerations we could conclude that the
Bohm-type model which has been empirically developed in JET L-mode plasmas might
be applicable for JT-60U L-mode plasmas, as well, from the viewpoints not only of the

absolute value of plasma temperatures but also of p* scaling.
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Table 4.2: Coefficient of the Multi Mode model.

Xe Xi
Trapped electron mode F'® =02 F™=0.2
7; mode FI'¢ =30 FT%=6.0
Resistive ballooning mode FXB =3.0
FBB =40 FRB =40

1

Table 4.3: Plasma parameters of JT-60U discharges.

Shot number 21795 21810 21796 21811

G 45 45 60 6.0
B,(T) 24 40 24 40
I,(MA) 135 225 100 1.65
M.(10°m=3) 1.3 25 094 19
Zeg 25 25 25 23

P (MW) 15 29 12 23
Pl (MW) 20 48 15 3.9

Pon(MW) 05 1.0 03 05
W, (MJ) 037 091 024 0.67
W (M) 030 0.78 015 0.50
We(MJ) 041 056 044  0.66

Table 4.4: Recalibration factors in the transport coefficient defined as ygm <
XCDBM/MS/ Ccpemyms, introduced in CDBM and Mixed Shear models. The values in

bracket denote the ratio of the recalibration factor between L- and H-mode plasmas.

DIII-D JET
CDBM Electron 3.51 — (2.13) — 746 197 — (1.75) — 3.44
Ton 265 — (259) — 6.85 0.60 — (343) — 2.37
MS Electron 2.95 — (1.66) — 490 153 — (141) — 2.16
Ion 3.56 — (3.26) — 11.6 091 — (2.84) — 2.58
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Figure 4.1: (al), (a2) Density and particle source profile of Shot No.21795 and 21810.
solid line : electron density, broken line : ion density, dotted line : particle source profile,
Ton density is estimated from Z.s and fast ion density. (bl), (b2) NBI heating power of
Shot No.21795 and 21810, solid line : for electrons (S.), broken line : for ions (5;). (cl),
(c2) Safety factor and normalized density gradient profile of Shot No. 21795 and 21810,
solid line : safety factor, broken line : normalized electron density gradient, dotted line :

normalized ion density gradient profile.
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temperature profile of #21810. (d) the ion temperature profile of #21810.
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Figure 4.5: STD for each model: (a) STD-Te of each model. (b) STD-Ti of each model.

108



OFRPNWKMOIUIO NOCO

Electron Thermal Diffusivity [m 2l s]

0 0.2 04 06 0.8 1
Normalized Minor Radius

Figure 4.6: Electron thermal diffusivity of Multi Mode model of #21795

109



BD e V=

DINI-D JET

AWi /Wi == o JET

Figure 4.7: Simulation results with the CDBM model for L- and H-mode plasmas
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4.3 L-H Transition Modeling

4.3.1 High Confinement Mode (H-mode)

At present, the High Confinement Mode (H-mode) is thought to be an attractive can-
didate for plasma operation of next generation experimental reactors and future fusion
power plants. For about the past twenty years, much effort has been made to resolve the
physics of the H-mode through both experimental and theoretical studies. In the H-mode
phase, the radial electric field, which is related to the plasma flow within a flux surface
through the radial force balance, is found to increase in the plasma edge region where
a transport barrier is formed [4-21, 4-22]. According to experimental and theoretical
understanding, the flow shear is considered to be important in reducing the turbulence,
which results in a transport barrier in the plasma edge region [4-23, 4-24]. There are
several theoretical models for the H-mode, but the time and spatial resolution of diag-
nostics have not been precise enough to determine the physical basis for generating the
flow shear [4-25]. A reliable first principle way has not yet been obtained for predicting
the L-H transition threshold power over a wide range of operating conditions and plasma
configurations.

Comparisons between physical models using local plasma parameters in the edge
region have been carried out recently [4-26, 4-27]. These studies found that local plasma
parameters in the edge region are broadly consistent with several models of the L-H
transition, but these models do not clearly specify the L-H transition conditions. Physical
models should also be compared with L-H transition threshold power scaling laws defined
in terms of global plasma parameters in order to understand the implications of the L-H
transition threshold power scaling for power requirements in future fusion experiments.
The relationship between physical models and L-H threshold power is roughly examined
as in ref. [4-3]. Although P, of Shaing model is not considered in ref. [4-25], in case of
Py, o< Bi'Fnine I, the By, n. and I, dependences of Py, (ap, oy, and aj,) are supposed
ag, > 0, a,, > 0 and «aj, < 0 because the transition condition of Shaing model is
originally v,; < v. (or n.Rq/ e/ 2TZ-2 < ¢) where v,;, v, and ¢ are normalized collisionality,
critical ion collisionality and a constant, respectively[4-24, 4-28]. This assumption is the
same tendency with Py, oc B}*nd® 17T proposed by Itoh[4-25, 4-29].

In this study, the radial effect of orbit loss is taken into Shaing model and the com-
parison with P, scaling as for global parameter dependence are carried out by 1.5-D
transport code. We investigate not only the validity of the transition model under typ-

ical plasma conditions, but also the sensitivity to boundary conditions and anomalous
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diffusivities.

4.3.2 Shaing L-H Transition Model

The basic concept of this model is the determination of poloidal flow from a balance of the
torque caused by ion orbit loss against the neoclassical viscous force, which is extended
to the conditions V,B/v.B, ~ 1, where V,, B, B, and v; are the poloidal flow velocity,
toroidal and poloidal magnetic fields, and the ion thermal velocity, respectively [4-24,

4-28]. The momentum balance equation for ions is expressed as (B -V - II;) = (B -

7
orb

right hand side is the torque generated by ion orbit loss. The viscous force normally

) , where the left hand side is the extended viscous force parallel to B and the

has contributions from both passing particles and trapped (banana) particles in standard
neoclassical theory, but at the edge where the L-H transition occurs we have to consider
modifications to the viscosity under the conditions of ion orbit loss. The viscous force
is defined as (B -V - II;) = nym; B?11;Uy;, where n;, m;, B are ion density, ion mass and
magnetic field, and Uy = (v;/B) [V”/vi — cE,/(Byv;) + cp;/(nivl-Bp)}. Vi, vi, B, and p;
are the parallel flow, ion velocity, radial electrical field and gradient of the ion pressure

profile. The viscosity coefficient, p;, including ion orbit loss effects is expressed as:

.0
’%b’%ps

pi = ——2 <[ —exp(—C)] +k,exp (—C) (4.30)
(/@z + /{;,s>
2
. 0.25 a—r
C = [Cly* + O, Apm] (4.31)

where K}, lilz;s express the contributions to the viscosity by banana and passing particles,
respectively, v, is the normalized collisionality, Ap,,; is the ion poloidal Larmor radius,
r is the local minor radius, a is the minor radius of the plasma boundary, and C; and
Cy are numerical constants (C; = 0.56 and Cy = 0.11 are applied in this study). In
this model we have converted the original lumped parameter model to a local model by
having only the plateau-Pfirsch-Schluter contribution at the plasma edge (r = a) where
C' = 0, and matching the standard neoclassical viscosity coefficient [4-30] deeper in the
plasma where C' is large.

The orbit loss term is expressed as

. (B?) % dn,
B-S§ )= . | 2E
(B - Son) B S

is the ion orbit loss rate and its definition is in ref [4-28]. This definition is

exp(—C) , (4.32)

dn;
dt |orp

based on the particle loss rate in the presence of a velocity-space loss cone.

where
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4.3.3 Simulation Results

The improved confinement in the H-mode phase is incorporated in the thermal diffusivities

induced by plasma fluctuations as follows,

Xeji = Xeg +Xoi /Fu (4.33)

neo ano

where x.; is the total thermal diffusivity and xg$°, xg5° are neoclassical and anomalous
diffusivities, respectively. Subscripts e,: indicate the species, electron and ion, respec-
tively. The parameter Fy is the improvement factor for H-mode. Although Fy should
be dependent on the flow shear parameter, we apply a constant value, Fy = 10.0, for
simplicity once the L-H transition condition is satisfied at each mesh point.

We emphasize that our focus in this study is on the qualitative agreement of the
physical mechanism for the L-H transition and not on the quantitative agreement be-
tween experimental data and calculated results. In order to avoid ambiguity in the
effects on particle diffusivity, particle profiles are specified, which is consistent with
the way transport model testing has been done for the ITER Physics R&D expert
group [4-31]. The anomalous thermal diffusivity coefficient is assumed to be given by
ngo — Ceﬂ‘ (1.0 + 7’2/(12) /TéTEngP.

It is possible that boundary conditions at the separatrix can have a strong impact
on the L-H transition condition because the H-mode transport barrier is formed in the

plasma edge region. In this study the boundary condition for density is
nitee = nfis = 0.00236n. k1 BYTS (4.34)

which is proposed by the ITER Physics R&D Divertor group [4-32]. The boundary
conditions for temperature are T¢%9¢ = 50 [eV] and TF%° = 100 [eV] as observed in DIII-
D [4-33], but these conditions may not be consistent with all experimental results, such
as ASDEX-U experimental results[4-34]. The sensitivity of edge temperature value is also
examined in the following section.

Figures 4.16 show typical calculated results for the L-H transition. Figure 4.16 (a) is
the time evolution of the NBI heating power, volume averaged electron temperature and
poloidal Mach number at r/a = 0.99, and Figure 4.16 (b) is the time evolution of the
electron temperature profile. NBI heating power increases at ¢t = 527 [msec| and the L-H
transition occurs at t = 570 [msec|. The time scale for the L-H transition is of the order
of usec, which is as same as a collision time and corresponds to the characteristic time
step in the calculations. The averaged electron temperature increases on the confinement

time scale, which is on the order of msec.
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4.3.4 Comparison with L-H transition threshold power scaling

law

At present, L-H transition threshold power scaling laws are often applied to the design
of next generation experimental devices and future power plants. This semi-empirical
approach is based on a multi-machine ITER threshold database [4-31]. One of the ex-

pressions, supported by dimensional constraints, is given by
Pt =276 M~ B *ong T RV #a*7° | (4.35)

where the units of P, M, B;,ngyo, R, and a are MW, AMU, T, 10* m™3, m and m,
respectively.

Even though this scaling law is supported by dimensional considerations, the physical
basis for the scaling is not known. To improve the accuracy of prediction over that of
such scaling laws, we need to resolve their physical uncertainty, for example, reasons for
the dependence on B, and ngyy or for the independence of I,,.

As a first step toward developing a physical meaning, the L-H transition threshold
power estimated by physical models should be compared with scaling laws. In this study,
we examine Shaing L-H transition model near the plasma edge over the range of 1.5 <
By < 2.75[T], 1.2 < I, < 2.2[MA], 1.5 x 10" < (n.) < 3.0 x 10 [m™*] and plasma
surface safety factor 3.0 < q,.

Figure 4.17 (a) shows the B; dependence of the calculated L-H transition power nor-
malized by B;. This result is for I, = 1.4 [MA], (n.) = 3.0 x 10" [m~3] (3.0 < ¢, < 5.2)
and shows a linear dependence on By, which is consistent with the L-H transition scaling
law. Figure 4.17 (b) shows the (n.) dependence of the calculated L-H transition power
normalized by (n.) for B, = 2.5 [T], I, = 2.0 [MA] (¢, = 3.6) and it is also almost
linear, which is a little larger than that of L-H transition threshold power scaling law
mentioned above, but the linear dependence on n. is acceptable from the dimensional
analysis point of view [4-31]. At last, we have to examine the independence of plasma
current [,. Figure 4.17 (c) shows the I, dependence of the calculated L-H transition
power with ion orbit loss (solid line, C5=0.11) and without it (dashed line, Cy = 0.0)
in the case of B, = 2.5 [T] and (n.) = 3.0 x 10" [m™3]. P, for 1.6 < [, < 2.2 [MA]
is almost constant, but for I, < 1.6 it increases with [,. The independence of I, for
the L-H transition power threshold power in the range of 1.6 < I, < 2.2 is a conse-
quence of equation (4.31). Because the normalized collisionality, v,, decreases with I,

this would normally result in the decrease of Py, like dashed line in Figure 4.17 (c), but

121



the poloidal Larmor radius decreases with I, and results in a decrease in the orbit loss
represented by the (a —r)/p, term in equation (4.31) causing Py, to increase like solid
line in Figure 4.17 (c¢). Consequently, the two effects that are dependent on I, cancel
each other and the [, independence can be reproduced. This effect is not investigated
without 1.5-D transport code. According to comparison between with orbit loss effect
and without it in Figure 4.17, the power of (5 should be optimized in order to get an I,
independence of P,. We need more optimized parameters C'; and C5 or better modeling
than represented by equation (4.31) in order to demonstrate the independence of I, in all
regimes. Figure 4.17 expresses the possibility that Shaing [-H transition model based on
ion orbit loss can reproduce the L.-H power threshold scaling law, but we have to consider
the assumptions applied in the calculation of Py, that is, anomalous diffusive coefficients,
temperature boundary conditions, given density profile and so on. These factors also may
have critical effects on each global parameter dependence of Py.

Figure 4.18 shows a comparison between the B; dependence for the calculated Py,
for the T4 PR modified case (xe; ~ B™"?) and a Bohm type model case (x.; =
C.iVP.aqg*/n.B; ~ B~'). The Bohm type model also reproduces the temperature profile
of JT-60U L-mode discharges well [4-35]. The absolute values differ by about a factor of
two, but the B; dependence is almost the same in each case. We stress that the thresholds
have almost the same B; dependence in spite of the fact that the diffusion coefficients
have different B; dependences. As noted in the discussion of the I, independence in
Figure 4.17 (c), the B; dependence of the thermal diffusion coefficient does not affect Py,
dependence.

The consistency of the constant boundary condition (T7%¢ = 27:¢%¢* = 100[eV])with

experimental observations is ambiguous. We examine the sensitivity of the threshold
power to the boundary conditions by using 7¢%¢ ~ n2d96*0'3B?'SIS'5 as proposed by the
ASDEX team [4-34]. Two cases are considered here. One is the constant T7%¢ = 2T ¢dse —
100 [eV] case and the other is Tf%¢ = 2T%¢ x BY® case with T ¢ = 27%¢ = 100 [eV]
at By = 2.0 [T]. Figure 4.19 shows the effect of the temperature boundary condition
on the B; dependence of Py, for these two cases. The constant Tee;lge case (solid line)
is the same result as that in Figure 4.18. In the case of T;‘de o BY® (broken line),
the B; dependence of Py, becomes weaker than that of the constant T fge case and
approximately yields Py, oc B®%7, which results from a decrease in the heating power to
satisfy the L-H transition condition. This case shows a weaker B; dependence than that
of the L-H transition power threshold scaling law, but it is still within the uncertainty

of the parametric dependence of 77 ;lge o BY®. From the standpoint of verifying the L-H
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transition model, the boundary condition at the separatrix is found to be important, and
more precise data and experimental analyses, such as n¢9¢ scaling studies proposed by
the ITER R&D Divertor Group, are required to examine the L-H transition model more

precisely.

4.3.5 Summary

We have carried out 1.5-D time-dependent transport simulations including Shaing L-H
transition model. The calculated heating power needed for the L-H transition is the
same order as in experimental results and the time scales for bifurcation of the poloidal
Mach number and growth of the volume averaged temperature are also in agreement with
experimental observations.

We have also compared the dependence of the power threshold on each plasma pa-
rameter with an L-H transition scaling law. Shaing L-H transition model agrees with
the B; and n. dependence of the scaling law, but the I, independence still needs to be
examined more closely because of competing effects that may not cancel for the full range
of H-mode experiments. In addition, we examined the sensitivity to thermal diffusivity
and temperature boundary conditions. The effect of thermal diffusivity on the B; depen-
dence of Py, is weak in spite of different B; dependencies in the thermal diffusion models.
As for temperature boundary conditions, Shaing L-H transition model reproduces a B,
dependence similar to that of the L-H transition threshold power scaling law under the
condition of T} 49¢ . B8 Though quantitative investigation is still needed to be carried
out, Shaing L-H transition model based on ion orbit loss concept qualitatively has the po-
tential to reproduce the L-H transition threshold power scaling law. It should be applied
to individual scans on single machines and to a variety of experimental configurations for

more detailed validation.
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4.4 Edge Plasma Transport Modeling

4.4.1 Introduction

Consistency of the edge plasma operation with the core plasma operation is a important
issue for the design of ITER and the future fusion power plant. In case of the ITER
divertor modeling, the fitting scaling laws for divertor plasma property are built with B2-
Eirene code, and these are used as boundary conditions for the core plasma analysis[4-36,
4-37]. At present, such method is useful because each transport time scale for core and
edge plasmas is different. On the other hand, that method is not applicable to analyze the
broad region of plasma parameters for the future fusion power plant, because 2D divertor
code such as B2-Eirene code requires the precise plasma geometry and heavy CPU time.
For example, the core plasma conditions to generate net electric power are clarified[4-38].
Taking these core plasma conditions into account, we can consistently understand the
operation conditions of the edge plasma for the fusion power plant. When we analyze
such broad parameter region for the future fusion power plant, a simple model for the core-
edge plasma transport is very useful to understand the overall C-S-D characteristics and
to investigate operational region of future fusion reactors, especially, in the wide-range of
parameter space. In this study, a simple Core-SOL-Divertor (C-S-D) model is developed
to investigate the core and edge plasma operational space. Especially, we discuss how to
integrate the C-S-D model with the 0D core plasma model and the two-point divertor

model.

4.4.2 Physical models

Core plasma model

In the present paper, we apply the 0D plasma model based on ITER physics guidelines
to the core plasma transport[4-39]. This model has been widely used in the ITER design
and other reactor designs, when one roughly estimates the operational region for plasma
parameters of a tokamak reactor as seen in ref. [4-40]. The global power and particle

balance equations are as follows:

dW, W

p:——p+Pa+POH+Paux_PBrad_Psyn07 (436)
dt ™R
dnj nj .
O _J g =e H 4.37
G S, (=eHo (437)
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where W), is plasma thermal stored energy, and P,, Pon, Paux, PBrada and Py, are the
total powers of alpha particle heating, ohmic heating, additional heating, Bremsstrahlung
loss and synchrotron radiation loss. The scaling law of the L-mode energy confinement

TLTERSOL s applied to the energy confinement time 75 = frrgl Phook

time , where fy is
the confinement improvement factor for H-mode. The particle confinement time 7,; is
defined by 7,,; = Cpjms, where Cp; is the correction factor for each species. The fuel
ion density is obtained by the charge neutrality condition. The L-H transition condition
is installed by the same fashion as in ref. [4-41] in order to examine the consistency
between H-mode and SOL conditions. We apply the experimental scaling law Py, =
2.76 M~ BY9?nS 7" R123¢%76 [4-31] to the threshold power for H-mode, where M, By, na,
R, and a are ion mass number, toroidal magnetic field, averaged electron density, major

radius, and minor radius, respectively.

SOL-divertor model

The two-point model under the steady state condition can be applicable with time de-
pendent core transport model, because the time scale of core plasma transport is much
longer than that of SOL-divertor plasma transport. Figure 4.20 shows the basic features
of density n (z), temperature 7' (z), and Mach number M (z) along the field line in the
edge region. The two-point model is constructed under the condition of constant temper-
ature along the magnetic field in the SOL region. This two-point model also contributes
to the parameter survey for the operational region of the SOL-divertor plasma for ITER
and other reactor designs as seen in ref. [4-42]. Recently, this model is upgraded as the
five point model to analyze the in-out divertor asymmetry[4-43]. Physical relationships

of the two-point model in the present paper are as follows [4-44]:

(1= fd ) nTi = (14 M3) naTy | (4.38)

7

3 (1 = fimp) Lsqr = naMaCs (Ty) A [6 + (’YI + Mﬁ) Td} , (4.39)
5 nd.

A=y =05 4.40
QXL N ( )

1 4k T\ "2

“L%g, = T2 |1 — <—> 4.41

gl = g s T, ’ (4.41)

where n and T are density and temperature. The subscript ”s” and "d” express the
upstream SOL and divertor region, respectively. The heat flux from the core plasma,

temperature decay length, and Mach number at the divertor plate are defined by ¢, A,
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div

mom

and My, respectively. The coefficients and finp are the fraction of momentum loss
and impurity radiation loss. The coefficient v(~ 7.0) is the sheath energy transmission
coefficient, and the heat load e(~ 21.8¢V) on the plate comes from the recombination and
radiation process [4-45]. Each equation is based on the following physics: 1. momentum
balance at stagnation point and divertor plate of equation(4.38), 2. global energy balance
in SOL and divertor regions of equation (4.39), 3.radial energy transport in SOL region
of equation (4.40), and 4. electron thermal conduction along the field lines of equation

(4.41).

4.4.3 Particle balance to determine the upstream SOL density

In order to integrate the core and edge plasma model, the upstream SOL density should
be given in a self-consistent manner both for the core plasma and for the edge plasma.
For this purpose, the particle balance equation in the SOL and divertor regions is used as
shown in Figure 4.21. We assume that all neutral particles originate at the divertor plate
at the rate proportional to the total particle flux to the divertor plate. Consequently,

total neutral source rate at the edge region including gas puff term is as follows:

1 1
Nn = 5 (1 — 6—2) TLdeCSQTFRAn sin ('l/f) + Npuff ; <442)

where A, is the density decay length. We assume that A, = 2A. 9 is the angle of the
magnetic field to the divertor plate. The term (1 — 1/e®) comes from the integration of
the radial direction (from the separatrix to the density decay length A,) on the divertor
plate. By using the simple neutral model and the particle flux across the separatrix, I'core,
from the 0-D core plasma calculation, the particle balance equation for the SOL-divertor

region becomes

‘ ; 1 1
Teore Seore + N 4 NV — 5 (1 — —2> ngMaCs2m RA, sin () (4.43)
e
where NIV = fdvN and Nsol = fsol N, - fdiv and f59 are the ionization fraction in the

divertor and the SOL region, respectively. Seo. is the core plasma surface normal to the
particle flux. The ionization fraction in the divertor region, is modeled by

1 oxp (_M) | (4.44)

ion )\div

on

where A\ = v,/ (nq(0v)ien) is defined by the ionization cross section (ov)ie, , Which is

the strong function of Ty , and the neutral velocity v, = y/1,/m. In the present paper,
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the constant neutral temperature 7, = 3 eV is assumed. The ionization fraction in the
SOL region is defined by

sol __ ASO]
ion — )
Acore + Asol + Apump

(4.45)

where Acore, Asol and Apump are the effective areas for the core region, the SOL region,
and the pumping effect from the divertor region, respectively. In the present paper, the
effective areas of A.qe and Ay, are assumed by the each cross section area on the plasma
midplane, i.e., Acore = 2mRa and A = 2rRA,. The effective area of Apymp is defined
by Apump = Cpump/ (vn/4), where Cpump is the speed of the pumping system[4-46], but
pumping effect is not considered in this paper(Cpump = 0.0). To specify these parameters
more precisely, numerical analysis by multi-dimensional Monte Calro neutral transport
code will be done in the future.

To check the validity of this C-S-D model, comparison with the edge transport code
(B2-EIRENE) is carried out. We focused on the JT-60U L-mode discharge in the high
recycling state (Table 4.5)[4-47, 4-48]. The density and temperature of divertor-SOL
region against the total particle flux across the separatrix @, are shown in Figure 4.22
(a) and 1(b), where superscripts of ”CSD” and ”B2” corresponds C-S-D model and B2-
EIRENE code, respectively. Qualitatively, the result of the C-S-D model is similar to that
of B2-EIRENE. Quantitatively, the difference of temperature becomes large over @, =

1.5 x 10?2 s71, mainly because B2-EIRENE result corresponds to the detached plasma
CsD

S

state, which is not considered in the present C-S-D model. On the other hand, when n
is equal to n2? at about @, = 1.3 x 10?2 s7!, other parameters of the C-S-D model are also
similar to those of B2-EIRENE. From this comparison, it is shown that the results by the
C-S-D model are reasonable in qualitative sense. Around @, = 1.0 x 10?2 s~* density of
the C-S-D model suddenly increases in Figure4.22 (a) and temperature decreases sharply
in Figure 4.22 (b), which is considered to be the transition from low to high recycling
state[4-49]. That transition is confirmed by the sudden increase of the ionization fraction
in the divertor region by the C-S-D model (Figure 4.22 (c)). The further quantitative
validation of the C-S-D model including the low to high recycling phenomena remains to

be done.

4.4.4 Application of C-S-D model to ITER

We apply the C-S-D model to the LH transition phase of ITER. The time evolution of core
plasma parameters with the C-S-D model is shown in Figures 4.23 and 4.24. The density
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increases at ¢ = 95 sec in the L-mode state, and the auxiliary heating is added from
t = 100 sec. The LH transition occurs at ¢ = 104 sec when the total input power within
the separatrix P;, becomes larger than LH threshold power P, as shown in Figure 4.24.
These results around the LH transition phase are almost the same as the reference time
evolution of ITER inductive operation[4-50].

The time evolution of SOL-divertor parameters with the C-S-D model is shown in
Figure 4.25. The coefficients of C,; and fidV are calibrated so as to reproduce the
ns ~ 0.33 x 10" m™3, which is the reference upstream SOL density of ITER[4-50]. In
Figure 4.25, there is an oscillation of n, at the LH transition, which is caused from the
oscillation of the particle and heat fluxes due to the change of core plasma confinement
time. We should make clear whether such oscillation of divertor density at LH transition
is observed in the experiment. If so, we should investigate whether this n, oscillation has

any effects on the divertor operation.

4.4.5 Summary

The C-S-D model has been developed to investigate overall and integrated feature, and it
is applied to the LH transition phase of ITER. It is found that there is possibility of the
oscillation of the divertor density n, at the LH transition for ITER. If such ng oscillation
at the LH transition is observed in the experiment, we should investigate the effect of n,

oscillation on the divertor operation of ITER.
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Table 4.5: Main plasma paameters of JT-60U L-mode discharge[4-47, 4-48]

JT-60U
R/a (m) 3.4/0.8
kos/0os () 1.5/0.5
By (T) 3.5
I, (MA) 18
Quw  (MW) 25
Ls/Lq (m) 50/3.0
firnp (‘) 0.3
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Figure 4.21: The model of the steady state particle balance.
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4.5 MHD and Current Drive Analysis for Demon-

stration Power Plant

4.5.1 Mission of the electric demonstration plant

As discussed in Section 4.1, the critical issue of the electric demonstration plant Demo-
CREST is considered as 'MHD & Current Drive’ at present, because the electric demon-
stration plant Demo-CREST has an unique mission. While a commercial reactor usually
has a rated operation point, the electric demonstration plant such as Demo-CREST re-
quires a operation path from ITER-like plasma performance to advanced plasma one
in order to achieve the outlook for the commercial power plant. Establishment of this
operation path is considered as the mission of the electric demonstration plant. In this
section, the operation path consistent with MHD stability and current profile alignment
by single NBI system is confirmed by the MHD stability analysis code and current drive

analysis code.

4.5.2 MHD and current drive analysis

The first point to be confirmed is the MHD stability of operation points (OP1-OP4) for
Demo-CREST. MHD stability analyzed in this section are low n ideal kink stability, high
n ballooning stability, and the Mercier criterion, and the 2-D MHD stability analysis code
EQLAUS/ERATO[4-51, 4-52] is applied to this analysis. The second point is the consis-
tency of current profiles between driven current, bootstrap current, and total plasma cur-
rent. That consistency is examined with the current drive analysis code DRIVERS8[4-53].
In this section, a plasma elongation x = 1.85 and triangularity J = 0.35, which is a little
smaller than that of 0D analysis in the previous section, are applied respectively. In
addition, a safety factor on plasma surface is assumed about 5.0 except for the advanced
plasma case toward a commercial power plant.

The result of MHD stability and current drive analysis is shown in Figure 4.26. The
operation parameters of OP1-OP4, which are also confirmed with the DRIVERS8S about
current drive property, are listed in Table 4.6. In the Demo-CREST, plasma performance
is improved from OP1 to OP4, step by step. The conducting wall is located at ay.y =
1.3ap,, which is considered to be outside the breeding blanket in the first phase. The
stability limits for n = 1,2 kink mode (ballooning mode) are delineated with broken

lines (one-point dashed line) in Figure 4.26. The operation points corresponding to OP1-
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OP4 are also plotted in Figure 4.26. All operation points are in the stable region. The
normalized beta value for Demo-CREST can be raised up to about 3.5 with a normal shear
configuration by increasing the central safety factor. An increase of the central safety
factor with a constant surface safety factor implies that the current profile broadens for
the high (y. This operation method from OP1 to OP4 is consistent with increase of
bootstrap current, which is mainly induced in the periphery region. At the same time,
the plasma density is increased from OP1 to OP4 as listed in Table 4.6. The operation
points with reversed shear configuration, which are surrounded with the dotted line, are
also plotted in Figure 4.26 and theses points are discussed in the following section.

The current drive analysis is carried out for the stable operation points, OP1-OP4
described in Figure 4.26. Those stable equilibrium data include the alpha and beam
component of plasma pressure profile. The optimized profiles of safety factor, plasma
current, and plasma pressure corresponding to respective reference operation points are
shown in Figure 4.27. At the initial operation point OP1 corresponding to Gy = 1.9,
the fraction of bootstrap current is small. With increasing [y, more bootstrap current
is induced in the plasma edge region. Consequently, the fraction of bootstrap current
increases, and beam pressure and driven current decrease. On the other hand, current
drive power is almost constant as shown in Table 4.6, because of increase of plasma
density. The NBI deposition profiles of operation points OP1-OP4 are also described with
two beam input regions of on- and off-axis beam on plasma cross section in Figures 4.28.
These results are consistent with the driven current profile, which is needed to sustain
the stable current profile. Figure 4.28 reveals that less off-axis beam power is required
than about 30 MW in the range of 1.9 < gy < 3.4. Under the present assumption for
NBI input power per unit system, off-axis beam power will be satisfied with one unit NBI

system.

4.5.3 Prospect toward the commercial plant

The prospect toward a commercial plant should be obtained with the electric demon-
stration plant Demo-CREST, because of the single step to the commercial plant. In this
section, we consider CREST[4-54] as the commercial plant. The plasma parameters are
shown in Table 4.6.

As mentioned in Section 3.3.2, the way to improve the plasma performance in Demo-
CREST is to increase the energy multiplication factor with a constant fusion power.

Simply speaking, the fraction of bootstrap current should be increased with higher Oy
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and total current drive power should be decreased. Accordingly, the reversed shear con-
figuration is supposed to be suitable. In the Demo-CREST design, the reversed shear
configuration with gy = 4.0, k = 1.85, and § = 0.35 is confirmed as the operation point
of OPRS in Figure 4.26 and Table 4.6. The profiles of safety factor, current, pressure
and beam deposition for OPRS are shown in Figure 4.29. This improvement results in
increase of () ~ 15 with the same fusion power. When the plasma elongation x = 2.0
and triangularity 6 = 0.5 will be taken in Demo-CREST, Gy ~ 5.0 of operation point
CREST-like can be theoretically obtained as shown in Figure 4.26, because the plasma
shape of Demo-CREST can be similar to that of CREST. It should be noticed that the
conducting wall has to be located at ay, = 1.15a, so as to avoid the low n kink instabil-
ity. The location of a,, = 1.15a, is in the breeding blanket. Consequently, the blanket
system has to be replaced with the advanced one for the reversed shear configuration. Of
course, steady state operation of reversed shear plasma with Gy > 4.0, which is probably
difficult for the ITER with the wall location ay, ~ 1.35a,[4-55], has to be experimentally
confirmed with another support device, e.g. JT-60 superconducting tokamak proposed
in Japan[4-56].

Simultaneously, the thermal efficiency has to be also increased with the advanced
blanket system to examine the economic prospect toward the commercial plant. When it
increases up to 40%, the net electric power of operation point OPRS can roughly result
in more than 1000 MW. Which kind of blanket system should be selected will depend on
the progress of its R&D activity, i.e., through the ITER and IFMIF program[4-57]. The
advanced blanket system with an inner conducting wall for Gy > 4.0. and 7, = 40 %,
which can also keep tritium breeding ratio TBR> 1.0, is discussed in [4-58].

The consideration above implies that there should be two development phases of
Demo-CREST to get the prospect to the commercial plant. The first phase is named
“Demonstration phase”, and the latter is “Development phase”. The Demonstration
phase corresponds to the demonstration of net electric power generation as a power plant,
which is the second stage mentioned in Section 1.4. The technologies applied in the initial
phase are established in the ITER program. During this phase, we have to establish
how to operate efficiently and how to maintain the system including the replacement
of a blanket system. The second phase corresponds to the demonstration of advanced
technologies for the economic prospect. During the initial phase, plasma physics and
engineering technologies are supposed to be advanced in the ITER and IFMIF programs.
Such technologies, e.g., high beta reversed shear operation, advanced blanket system with

advanced materials for high thermal efficiency, simple maintenance methods, should be
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demonstrated in the second phase. This Development phase mainly corresponds to the
third stage in Section 1.4. It is advantageous for a tokamak fusion reactor to improve
both of plasma and engineering performance by only replacing the blanket system. With
this operation plan of Demo-CREST, the physical and engineering elements required in
the design of CREST can be demonstrated in Demo-CREST. This is why we can combine
the usual demo and proto-type stages into a single step of Demo-CREST. We propose
the development path with ITER, Demo-CREST, and CREST as an example for early
realization of net electric generation by fusion energy. To complete this development path,
the required development element concerning plasma physics, engineering technology and

maintenance process in each stage is being assessed precisely.

4.5.4 Summary

In this section, MHD stability and current drive analysis were carried out to confirm the
operation path from the ITER-like plasma (Ox ~ 1.9) to the CREST-like plasma (Gy ~
4.0) with the same NBI heating system. To achieve the CREST-like plasma, two operation
phase is considered as shown in Table 4.7. The initial phased named “Demonstration
phase” focuses on the demonstration of net electric generation as a power plant. The
latter phase named “Development phase” focuses on improving plasma performance and
reactor technology similar to the commercial reactor CREST. In the development phase,
the advanced blanket system with conducting shell for kink mode will be replaced from
the conventional one based on the ITER test blanket module. With such development
method, operation path consistent with MHD stability and current profile control is
confirmed, and the net electric power similar to CREST can be finally achieved as shown
in Table 4.7.
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Table 4.6:

Representative

operation points of

EQLAUS/ERATE[4-51, 4-52] and DRIVERSS[4-53).

Demo-CREST

confirmed by

OP1 OP2 OoP3 OP4 | OPRS | CREST
On (-) 1.9 2.5 3.0 3.4 4.0 5.5
R,/a, (m) | 7.25/2.13 — — — — | 5.4/1.59
K/§ (-) | 1.85/0.35 — — — —12.00/0.50
I, (MA) 15.9 15.4 15.6 14.7 13.2 12.0
fos (-) 0.24 0.34 0.40 0.50 0.73 0.83
qy (-) 5.0 5.0 5.0 5.2 6.5 4.3
40/ Gmin (-) 1.3/- 1.7/- 2.1/- 2.3/-13.8/3.6 2.9/24
B (-) 1.11 1.55 1.86 2.15 2.84 2.5
B (T) 8.0 8.0 8.0 7.8 8.0 5.6
(Te) (keV) 17.9 18.7 20.7 18.4 17.3 15.4
(T3) (keV) 18.8 19.5 21.5 19.2 18.2 16.4
Loft (-) 1.7 1.7 2.1 2.1 2.1 2.2
(ne) (102°m~3) 0.625 0.789 0.873 1.05 1.21 2.1
fnew (-) 0.56 0.73 0.80 1.0 1.3 1.3
H/HHgg ()| 1.5/0.96 | 1.7/1.1 | 1.9/1.2 | 2.0/1.2 | 2.4/14 3.2/1.3
By (MeV) 1.5 1.5 1.5 1.5 1.5 2.5
Pxar (MW) 188 190 185 191 107 97
on axis 164 163 157 166 93 35
off axis 24 27 28 25 14 62
P (MW) 1260 1940 2460 2840 3160 2970
Q (-) 6.7 10.2 13.3 14.9 29.7 31
pret (MW) 30 230 390 490 1050 1163
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Table 4.7: Develpment of net electricpower in Demo-CREST

Development of reactor technology

ITER

Major radius 6.2m
Max. magnetic field 13T

Demo-CREST

Major radius 7.3m
Max. magnetic field 16T

Demonstration . Development

CREST

Major 5.4m
Max. magnetic field 13T

phase ' phase Thermal efficiency 41%
Thermal :
efficiency 30% !
g LLER (demonstration of
S | Reference biiting plastin) OMWe
o plamsa :
u i
% ITER (development of the
3 | Advanced | plasma required for a 500MWe :@ 900MWe
o plasma power plant. )
° !
o CREST { :
7] : 1200MWe
3 | Advanced i 1100MWe e
2 plasma : (C‘OE‘. @m:IVkWh) :
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Figure 4.26: MHD stability analysis result on y-qo space. Stable points of Demo-CREST
are plotted with open circles (o). Unstable points are black circles (o), and stability limits
for n=1,2 kink mode and ballooning mode are delineated with broken lines. Operational
points with reversed shear configuration, OPRS and CREST like, are also plotted in the
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Figure 4.27: Safety, current, and pressure profiles for operation points (from OP1 to OP4)
of Demo-CREST.
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Figure 4.28: NBI deposition profile for each operation point of Demo-CREST.
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Figure 4.29: Profiles of safety factor, current, pressure, and beam deposition for a reversed

shear configuration with Gy = 4.0 of Demo-CREST.
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4.6 Operation Condition Analysis for Highly Elon-
gated Advanced Plasma

4.6.1 Consistent control of current profile and plasma elonga-
tion

The economical and environmental attractiveness are required for fusion power plants.
Our economical analysis for fusion power plants reveals that the most important plasma
parameter is the normalized beta value [y, and that the normalized beta value is needed
to be about 5.0 in order to achieve the competitive cost of electricity[4-59, 4-38]. The
reversed shear plasma has the potential to realized such high (Gy[4-60], and experimentally
was confirmed by TFTR and D-ITID[4-61, 4-62]. The plasma shape control also has a
great impact on the plasma performance. High elongation is essential for the high Sy,
and high triangularity has also found to be a good effect on the plasma performance from
the experimental view point, for example, DIII-D and JT-60U[4-63, 4-64, 4-65].
Recently, several conceptual designs of the future DEMO or the commercial fusion
reactor based on the reversed shear and high elongated plasma, that is, Advanced Toka-
mak, are proposed such as CREST[4-54], ARIES-AT[4-66] and A-SSTR2[4-67]. They
includes the scope of an economical and safety view points in order to be accepted as one
of the attractive energy sources in the future. In the former two designs, it is supposed
to be possible to achieve high Gy = 5 ~ 6 as the result of the full potential exertion of
the reversed shear plasma. In the last design, it is a little more conservative than the
formers, but it is also based on the reversed shear plasma and other advanced engineering
techniques, that is, high toroidal magnetic field with a high temperature superconductor.
On the other hand, the pursuit of the advanced plasma makes the plasma operation
difficult such as the current profile control, the plasma shape control and the plasma po-
sition control. The analytically simulated result for the positional instability considering
the passive and active coils shows that the elongation is attainable to 2.3 in the reversed
shear discharge of the triangularity 6 = 0.5 and the internal inductance I; = 0.3[4-68].
This result is considered as the ideal case for control of the positional instability. Indeed,
its consistency with the engineering condition such as blanket design (tritium breeding
ratio, the position and shape of the stabilizing coils and so on) should be confirmed in
the design of the future devices, the upper limit of the elongation in ref.[4-68] is consid-
ered as a challenging guidepost. This result also implies that the simultaneous control

of plasma shape and current profile is inevitable during the plasma ramp-up phase, be-
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cause a discharge usually starts from the circle plasma and the peaked current profile.
The controllability and operation space of the plasma elongation and the plasma current
profile is considered as a key issue in the future devices.

CREST is a cost competitive fusion reactor concept design based on the reversed shear
plasma configuration with the major radius 5.4 (m), the aspect ratio 3.4 , the elongation
2.0, the triangularity 0.5, the total plasma current 12 (MA) and normalized beta value
5.5[4-54]. Figure 1.5 shows the bird’s-eye views for CREST. In the CREST design,
positional instability is stabilized by the control coils which are located just outside the
outer shield, but the stability margin with active and passive control coils is not large.
On the other hand, because of the nature of a reversed shear configuration, the kink
stabilizing shell is installed into the tritium breeding blanket, and it is supposed to be
effective on positional instability from the theoretical view point. The effect of the kink
stabilizing shell has the possibility to enlarge the stability margin for positional instability
and to enlarge the plasma elongation. In this study, the detailed analysis including the
kink stabilizing shell is carried out , and we make clear the possibility of elongation
over 2.0. Furthermore, the operational space for the positional instability on the plasma
elongation and the internal inductance space during the current ramp-up phase is also

discussed.

4.6.2 Analysis method

In the present paper, we consider only the vertical motion of plasma column for simplicity.
The equation of motion of displacement for the plasma column in the vertical direction,

Zyp, is described as follows,
0?7 B
2% en,1, <_% 743 %) (4.46)

P 7

where M, and R, are the plasma mass and the major radius of the plasma column, I,

and I; are the total plasma current and the current of the i-th eddy current mode, v; is

the average radial field of the unit current of the i-th eddy current mode which defined

as follows,

o
2R,

where M), is the Z-derivatives of mutual inductance between the plasma and the i-th

Vv, =

(4.47)

eddy current mode. The circuit equation of the eddy current modes is

i+ LM, Z,+ ;=0 (i=1,..,N). (4.48)
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By the Laplace transformation of equatioins(4.46) and (4.48), we derive the stability
criterion for the vertical instability as follows,

n+mns>0 (4.49)

aBe:vt jp
— 4.50
"9Z 1,Bz ds (4.50)

n;sT;

s - 4.51
" ; 1+ s7; ( )
n; = —M,;1,/21 Bt (4.52)

where 7; is the time constants for the eddy current mode,

Bt and By are the equilibrium radial external field and the vertical field at the
plasma center, which is calculated by the plasma equilibrium code, TOSCA[4-69]. The
stability for the positional instability is estimated by the eddy current analysis code,
EDDYCALI4-70].

4.6.3 Analysis Results for CREST

The CREST design is a proposition of a fusion power plant based on the maximum [y
derived theoretically with the reversed shear configuration, which shows the possibility to
realize a cost competitiveness with another energy sources[4-54]. The main parameters
of CREST are listed in Tab.1.1 and the poloidal cross section of CREST is shown in
Figure 4.30. CREST plasma is sustained by NBI current drive and MHD stability for
ideal kink for n = 1, 2 and 3, ballooning and Mercier modes is confirmed by a 2-D
ideal MHD code, EQLAUS/ERATO[4-51, 4-52]. As for positional instability, five control
coils are located just out side the shielding blanket and the stability margin of positional
instability, ms = — (ns + n;) /n;, is about 0.1 for CREST. The larger mg value is more
favorable.

As mentioned in Section 4.6.1, kink conducting shells are installed in CREST as shown
in Figure 4.30. The detailed analysis of positional instability is carried out including these
kink conducting shells. Figure 4.31 shows the dependence of shell stabilizing factor, n,
on the growth rate of the positional instability for CREST. The kink stabilizing shells
are made of Zr because shell is located in the breeding blanket and Zr has the good
penetration of neutron for keeping tritium breeding ratio (TBR) high. The control coils,
which are made of Cu, are also located just out side the outer shield. These resistance
and thickness are listed in Table 4.8. The stability condition is obtain only by the control

coils around the growth ratio, v, ~ 4. The shell stabilizing effect follows in the range
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of 7 > 10 and contribute to increase the stabilizing margin, ms = — (n +ns) /n. The
stabilizing margin with the kink shell effect is about 5 times as large as that without the
kink shell effect.

In the advanced tokamak reactors such as CREST, the bootstrap current is the large
part of the total plasma current. Consequently, total plasma current profile results in a
hollow profile. However, we dare to suppose that the current profile is controllable and
examine the effect of current profile on the positional instability for CREST. Figure 4.32
shows the analysis results for the peaked current profile with internal inductance, I; = 0.9.
v, increased about 400, which means the power for the active position control is not
negligible in comparison with NBI current driving power. The indispensable prerequisite
for the growth rate, 4, is roughly considered as 7y, < 50 [1/s][4-71]. According to this
results, the current profile in the advanced tokamak with high beta and high elongation
such as CREST is supposed to be needed to control at the plasma ramp-up phase because

the initial plasma current profile is peaked.

4.6.4 Criterion for current profile control at the ramp-up phase

As long as we consider the tokamak configuration as the future fusion reactors, the
fraction of the bootstrap current will be large because of the reduction of the power for
driving the plasma current, which means that the current profile is mainly determined by
the bootstrap current resulted from the plasma transport phenomena in the steady state.
Increase of bootstrap current results in more hollow current profile, which is effective on
positional instability. But as mentioned in the previous section, plasma position is found
to be unstable in case of the peaked current profile, which means that we have to pay
attention to the current profile control during plasma ramp-up phase because the plasma
current is peaked at the beginning of discharges. In order to confirm the stable plasma
ramp-up, firstly, we have to make a series of equilibriums during plasma ramp-up phase
in order to confirm the plasma ramp-up scenario.

In CREST case, a plasma heating and current driving method is NBI (Neutral Beam
Injection). The heating area with NBI are fixed in the plasma poloidal cross section.
The one is plasma upper region with 35MW and the other is plasma lower region with
65MW as shown in Figure 4.33. The lower region enables to achieve the high confine-
ment plasma earlier than the upper region because of higher heating power. The thermal
control is also important problem because CREST is relatively compact, which is almost
as same as ITER-FEAT, and its fusion power is 5 times as large as that of ITER-FEAT.

148



That means that the transform form limiter configuration to divertor one is needed as
earlier as possible. Considering two requirements mentioned above, a series of plasma
equilibrium is established as shown in Figure 4.34. The initial plasma with elongation
1.0 is discharged around 65 [MW] NBI heating region and plasma elongation is gradually
increased as shown in Figure 4.34. Poroidal beta value and total plasma current are grad-
ually increased from 0.2 to 2.5 and from 1.0 to 12.0 [MA], respectively. The configuration
change from limiter configuration to divertor one occurs at around x = 1.5

Under the condition that the time evolution of plasma equilibrium in the ramp-up
phase is as in Figure 4.34, the analysis of positional instability is carried out and stable
region in the k — [; plane is made clear as shown in Figure 4.35. The unstable region
is Kk >~ 1.5 and [; >~ 0.7. The initial point is considered to be around x ~ 1.0 and
l; ~ 1.0 and the steady state operating point is K ~ 2.0 and [; ~ 0.55. We find the
criterion for plasma profile control of CREST at the current ramp-up phase considering
only the positional instability. We have to change from the peaked plasma current profile
to the hollow one before attaining elongation x = 1.5. As mentioned in Section 3.2, the
fraction of bootstrap current has the great impact on the total plasma current profile as
for the advanced tokamak such as CREST. The route from the initial plasma(x ~ 1.0
and [; ~ 1.0) to operated plasma (k ~ 2.0 and [; ~ 0.55) is closely concerned to the
plasma transport process, especially, the plasma confinement. To find the way to operate
without acrossing instable region, we have to carry out the transport analysis and exam-
ine the consistency between dominated parameters, x and [;, and plasma confinement.
This restriction is not specialized only to CREST but common problem to the advanced

tokamak with a high Gy and highly elongated plasma.

4.6.5 Summary

The stabilizing method for the positional instability such as the installation of control
coils and shells has to keep the consistency with engineering factors, for example, tritium
breeding ratio, the structure of blankets and so on. In this section, we derive the criterion
for the control of the current profile of CREST which can lead the stable ramp-up scenario,
which is to change from the peaked current profile to the hollow current profile before
attaining the plasma elongation, k = 1.5. The operation guideline is applicable not only
CREST plasma but also other elongated plasma for a commercial power plant such as

ARIES-AT, while stable operation boundary for plasma elongation has to be optimized.
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Table 4.8: Resistivity and thickness for control coils and shell

Control Coils  Shell

Material Cu Zr

Resistivity [ - m)] 1.55e-08 8.8e-07

Thickness [m] 0.05 0.01
TF coil Control Coils First Wall

Plasma — |

T/

EO

~

™ p ‘ [~ Control Coils
|
8| W .
P Blanket Shield
PF coil 0 R(n% 12 16

Figure 4.30: Cross section of CREST
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Chapter 5
Concluding Remarks

In this thesis, plasma performance required for a development scenario of a tokamak-type
fusion power plant is investigated.

Chapter 2 shows the plasma performance required for an electric demonstration plant
and a commercial power plant. In this thesis, these conditions are named Electric Break-
Even Condition and Economic Break-Even Condition, respectively. Under the condition
of engineering parameters, a thermal efficiency 30%, a NBI system efficiency 50%, a
maximum magnetic field 16 T, and restriction of NBI heating power less than 200 MW,
the electric break-even condition requires the simultaneous achievement of 1.2 < Gy <
2.7, 0.8 < HH, and 0.3 < fngw < 1.1. It should be noted that relatively moderate
condition of Oy ~ 1.8, HH ~ 1.0, and fngw ~ 0.9, which corresponds to the ITER
reference operation parameters, has a strong possibility to achieve the net electric break-
even condition. When the economic break-even condition was analyzed, the break-even
price required for introduction in the year 2050 of fusion energy into the world energy
scenario is applied to the comparison of economic performance. This break-even price
is considered as the necessary condition. Under the same engineering condition except
a thermal efficiency 40% and feasibleness of a simplified radial build without CS coils,
the economic break-even condition requires Gy ~ 2.5 for 135mill/kWh of upper limit of
break-even price and Gy ~ 5.0 for 65mill/kWh of lower limit of break-even price. The
demonstration of steady state operation with Oy ~ 3.0 in the ITER project leads to the
prospect to achieve the upper region of break-even price in the world energy scenario.

Chapter 3 shows a conceptual design of the electric demonstration plant, which is
named Demo-CREST, toward the commercial plant CREST. With this conceptual de-
sign, the development scenario of fusion energy with ITER, Demo-CREST and CREST

was proposed. The plasma configuration for Demo-CREST was optimized so as to sat-



isfy the electric break-even condition with the plasma performance of the reference ITER
inductive operation mode. This optimization method is considered to be feasible and
credible for the design of a demonstration power plant for early realization of net elec-
tric power generation. Within the plasma performance as planned in the present ITER
program, net electric power from 0 MW to 500 MW is possible in Demo-CREST with a
maximum magnetic field 16 T, thermal efficiency 30 %, NBI system efficiency 50 %, and
NBI current drive power restricted to 200 MW. The equilibrium and current ramp-up
analysis for the operation point OP1 was carried out as the most severe case for the
poloidal field coil system of Demo-CREST. Non-inductive current ramp-up of 2.4MA
(15% of total plasma current) is found to be required, however, it is considered to be
achievable after the establishment of 85% plasma current.

The operation condition of the divertor plasma is also investigated by using the two-
point model. Under the condition of ng ~ 2(n.)/3, the outlook for ggq;, < 10 MW /m?
of the divertor heat load for Demo-CREST is obtained by the same operation method of
impurity seeding as CREST, and the upstream SOL density is found to be the critical
parameter for the divertor operation. The precise analysis of the divertor plasma including
its effect on the core plasma will be required.

Finally, we have proposed the development path with ITER, Demo-CREST, and
CREST for early realization of net electric generation by fusion energy. This development
path shows that the early realization of net electric generation such as the Fast Track
Approach is feasible. The concept of this development path is based on the effective use
of the blanket replacement.

Chapter 4 shows several critical issues on plasma performance in each development
stage as for the development scenario proposed in the previous chapter. In the ITER
stage, one of the critical issue is the plasma transport phenomena. Generally, the study
on the plasma transport is divided into three plasma region, that is, the core plasma
region, the core-edge boundary region, and the edge plasma region. As for core plasma
region, the validation of plasma transport model with the ITER database was carried out,
and the new comparison method, i.e., dimensionally similar simulation, was proposed. As
for the core-edge interface region, a model for LH transition phenomena is constructed by
using the ion orbit loss concept, and it is found that this model can reproduce the magnetic
field and density dependence of LH transition threshold power observed in experiments.
As for the edge plasma region, simple Core-SOL-Divertor modle to investigate a operation
space is developed, and this model shows the possibility of divertor density oscillation
during LH transition phase for ITER.
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In the Demo-CREST stage, the critical issue is to get the outlook toward the commer-
cial reactor CREST. The development method of the physical and engineering technolo-
gies of the commercial plant CREST with the electric demonstration plant Demo-CREST
is suggested by the method of replacing the blanket system. This new idea to improve
both of plasma and engineering performance by only replacing the blanket system is
advantageous for a tokamak fusion reactor. Based on this development method in Demo-
CREST, MHD and current drive analysis was carried out, and plasma operation path
from ITER-like plasma to CREST-like one was optimized with the same NBI system ca-
pacity. In this development scenario, the advanced plasma performance and the advanced
engineering technology required for the commercial plant CREST can be demonstrated
in the Demo-CREST. When the advanced blanket system with higher thermal efficiency
and conducting wall is installed in Demo-CREST, net electric power of about 1000 MW
similar to CREST can be produced with a reversed shear plasma configuration.

At last, plasma operation region for highly elongated plasma is discussed. The highly
elongated plasma is one of the key to improve the plasma performance. We derived
the criterion for the control of the current profile for stable current ramp-up in CREST,
and the result is that control from the peaked current profile to the hollow one before
attaining the plasma elongation, (k = 1.5 in case of CREST) is required. This issue
corresponds not only to CREST but also to other designs of a commercial plant with a
highly elongated plasma.

In conclusion, this thesis clarified the fundamental conditions (i.e. electric break-even
condition and economic break-even condition) and several critical issues on plasma per-
formance as for the proposed development scenario of ITER, Demo-CREST and CREST.
Those conditions and critical issues are useful to structure a development scenario, espe-
cially, the electric break-even condition and the economic break-even condition discussed
in this thesis will contribute to the feasibility study of the develpoment scenario after
the ITER project. From now on, it is important to carry out the feasibility study of the
development scenario as proposed in this thesis, and accordingly, the priority of the devel-
opment issues for plasma physics and reactor technology in the fusion energy development

should be assessed.
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Appendix A

Physical elements of the design

database

Table A.1: The physical elements of the design database

for tokamak fusion power plants
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plasma aspect ratio

magnetic field on TF coils

magnetic field on magnetic axis

confinement improvement factor for H-mode
plasma current driven by NBI

bootstrap current

total plasma current

multiplication factor of neutron energy in blankets
alpha particle component of total fusion power
NBI input power for current drive

neutron component of total fusion power
circulating electric power

gross electric power

net electric power

total fusion power

total thermal output power

averaged neutron wall load

energy multiplication factor
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Appendix B

Conceptual design studies of fusion

power plants

Figure B.1: Major parameters of the previous design studies for fusion power plants and

ITER.
A-SSTR2[3-3] ARIES-AT[3-2] CREST(3-1] IDLT([3-26] SEAFP(3-27] SSTR[3-28] ITER[3-10]
Major radius 6.2 5.2 5.4 10.0 9.4 7.0 6.2
Aspect ratio 4.0 4.0 3.4 5.35 4.5 4.0 3.1
Plasma elongation 1.8 2.2 2.0 1.7 1.66 1.8 1.7
Plasma triangularity 0.4 0.84 0.5 0.3 0.2 0.3 0.35
Plasma temperature 19 16 15.5 13 10 17 8.8
Plasma surface safety factor 4.8 4.0 4.3 3.0 3.9 5.0 3.0
Max. magnetic field 20.5 11 12.5 13 12.8 16.5 12
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