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ABSTRACT 

To overcome disadvantages of the pulsed operation tokamak reactor, such as the rna-

terial fatigue , the energy storage system and so on, an Inductively Driven Long pulsed 

Tokamak reactor (JOLT) reactor is proposed for the DEMO reactor and the commercial 

reactor, and a Volumetric Neutron Source (YNS) is also proposed in thi s thesi s. IDLT re

actor could be build early phase because the R&D of the non-inductive current drive is not 

need. In the DEMO reactor, the low ne utral wall loading is stressed on the design. The ma

terial of the structure could be SUS316 which would be used International Thermonuclear 

Experimental Reactor ( ITER). ln the commercial reactor, shorter dwe ll time is beneficial 

for getting higher avail abi lity if the engineering issues are feasible and the plasma physics 

is reasonably acceptable. The careful design of the operation scenario is investigated of 

the commercial reactor. YNS is a compact irradiation machine for the compensatory the 

ITER weakness. 

A purpose of DEMO reactor is, of course, the demonstration of the engineering feasi

bility as an e lectric power plant , where a sufficientl y long pulse operation with an ignited 

plasma is indispensable. Giving a high priority to the earl y and reliable realization of a 

tokamak fus ion reactor ove r the cost performance, a low wall-loading DEMO reactor is 

designed, based on the scienti fic knowledge available from ITER plasmas and advance-

ments of the fu sion nuclear technology from the near-te1m R&D programs. At the first 

step, an austenitic stainless steel, which have a plenty of experiences under the neutron 

irradiation in fission reactors should be employed. A slight increase of ~0.5 m in major 

radius is suffi cient for lowering the fusion power necessary to achieve an ignition plasma 

from 1.3 GW to 0.6 GW in ITER-relevant plasmas , yielding a remarkable reduction of the 

neutron wall loading down to 0.4 ~ 0.5 MW/m2 . 

For commercial lDLT reactor, ze ro-dimensional (OD) plasma analysis is used for in

vestigating the sensibility of plasma paran1eters and estimating the plasma temperature 
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ramp-up time. The pulse length of IDLT reactor is es timated abou t 8 hours and the tem

perature ramp up time takes about 30 s wit h 40 MW auxi liary heating power. Plasma 

operation contour (POPCON) plot is also used for the inves tigati on of the characteri sti c 

of the operation point and it is stable for them1al instability. 

To detem1inate poloidal field (PF) coil position and number, the sensibi lity analys is of 

the plasma shape parameter to PF co il sys tem is studied. The plasma with a single null 

configuration and the elongation of 1.7 is adopted by IDLT reactor. Using these resu lt , 

the estimation of the plasma curren t ramp-up and ramp-down times is analyzed under 

the limitati on , such as, the capacity of PF coil power supply sys tem is about I GW. The 

ramp-up time of the plasma current is estimated I 00 s, that is, If, = 0. 12 MA/s, where 

fp is plasma current, and alternat ive current operati on makes the time for re-charging the 

transformer shorten. The dwe ll time of IDLT reac tor is from 7 to I 0 minutes, it is enough 

short compared with the operati on length. IDLT reactor wi thout the power compensate 

system could be adaptable within the power supply network. 

The advanced physics and engineerings are adopted to !DLT reactor called Advanced 

!DLT reactor. H factor of 2.6 and the Troyon coefficient of 4 .35 are assumed the major 

radius of 7.5 m and the miner radius of 1.85 m. Since long pulse operation of 5 ~ 8 hours 

in the daytime and of 10 hours or more during the night are avai lable with Advanced IDLT 

reactor, it seems that IDLT is attractive as a load- foll owing electric power plant, whi ch is 

adaptable for a large variati on of an electri c power demand during the day. 

In the Appendix, the Volumetri c Neutron Source (V S) has also been designed for in

vestigating the irradiation material data. VNS is designed by the OD system design code, 

and it has confirmed that its maximum of neutron wall loading is higher than I MW/m2 

VNS is operated by the non-inductive current drive, ne utral beam injection (N BI) of 

60MW ( l.OMeV) is needed. In the reversed shear mode, the maximum d is increased from 

2.8% to 3.8% and the demand aux iliary power is decrease to NB I of 24M W (0.55 MeV) 

v 

with lower hybrid resonant frequency heating (LHRF) of 14 .7MW. 

The new object-o ri ented system code is also described in the Appendix. This code is 

worked on the workstation and/or the personal compute r. The modules are di stributed on 

the computer on the network. The modules are loosely coupled, therefore, the existing 

code can be fitted eas ily. In thi s chapter, the abstract of the object-orient technology is 

described and the software development is investi gated. 

In the last chapter of the Appendix, a new method for a ramp-up scenario; i.e., the 

start-up with the small plasma surface instead of the low plasma density, is proposed with 

the resu lts of the simple OD time-dependence simulati on es timated L/H transition. The 

auxili ary power for ramp up can be decreased by new method compared with the usual 

scenario. The necessary auxil iary heating power is abou t 50MW with new method, wh ile 

70MW with full-size start-up scenario in the ITER EDA parameter. 
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Chapter 1 

Introduction 

1.1 Overview of fusion reactor 

The importance of energy sources to the human society is fundamental [ 1,2]. The energy 

consumption in developing nati ons is about five times lower than ones in advanced nations. 

The world population is 5.5 billion at present. United Nations projections for 2060 gives 

a medium prediction of population doubling. Clearly the demand for energy is like ly to 

increase by depending on the population growth and the achieved improvements in the 

mean standard of li ving. 

The majori ty of the present energy consumption is met by burning fossil fue ls. Fossil 

fuels are finite resource and estimated reserves correspond at present energy consumption 

rate to ~so years for oi l and gas, and several hundred years for coal. Very severe warn ings 

have come from scienti sts who have examined the impact of continued use of fossil fuel s 

on accumulation of C02 in the atmosphere and the assoc iated greenhouse effect [3]. 

The only alternatives to fossil fuels are solar, fission and fusion power. These are all 

at the different states of the deve lopment and have very different environmental effects 

and perce ived safety as pects. Given the magnitude of the long-terrn energy problem, it 

is clearly important to aim at diversity of supply and to develop each system to its full 

potential. The purpose of fusion research is therefore to explore the related science and 

technology and to develop prototype power-generation systems. 

3 
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The basic theoreti cal fonnu la covering the re lease of the fusion energy is the result 

of Einstein's special theory of relativity, E = !lfc2
, where E is the energy, AI is the 

equivalence of mass, c is the ve locity of light. Energy release by nuclear fusion is the 

process maintaining the energy output of stars, such as the sun . In the sun the main energy 

release is through the proton-proton chain in which effectively four protons fuse to fonn 

one he lium nucleus with the ene rgy re lea e of 26 MeV. The basic proton-proton reaction 

rate is far too low on the earth , fortunately there are other fusion reactions between the 

hyd rogen isotopes. deuterium and tritium with much larger cross secti ons. These are: 

He3 + n + 3.27 MeV 

T3 + H1 +4.03MeV 

He4 + n + 17.6MeV 

( I. I ) 

( 1.2) 

( 1.3) 

Deuterium occurs natura ll y on earth in sufficient abundance to cons titute an effect ive ly 

infinite resource . But tri tium which has half life of 12 years must be bred using the reac

ti ons between neurons and a surrounding blanket of lithium. At the temperature required 

for significant thennonuclear reaction rates(> 108 ° K) gases are fully ionized and consti 

tute plasmas wi th free electrons charge neutralized by positive plasmas. Magnetic fi elds 

can be used to confi ne the plasma since these restri ct the particles moti on perpendicu lar 

to the field . 

In the late 1950s a wide range of magneti c geometries was tried, uch as mirror and 

pinch. Confinement is however limited to the characteri sti c time for equilibrati on, at the 

temperatures of thennonuclear interest this rate is margi nall y too fast for an acceptable 

fusion reactor even before the influence of instabilities is included. Thus for the last decade 

attention has focused on so-called closed line systems, such as tokamak which a re latively 

strong toroidal field is added to give the required stability against gross modes of the 

instability. Since about 1970, the major magnetic fu sion effort in the world has been 
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concentrated on the tokamak sys tem . 

The basic requirement for the fusion power generation is that the Lawson parameter nr 

exceed 2 x I 020 s/m3 at T ~ I 0 ke V, where n is the electron density, r is the global energy 

confinement time, and T is the electron temperature, thus, the confinement time is one 

of the important parameters of the confined plasmas. Through the anal ysis of many ex

periments results with different devices, longer confinement time is observed when larger 

fusion experiments device. However, there have been no new tokamaks constructed or 

under construction for so many years now, in sp ite of several exce llent proposals, because 

the cost is too high to construct in only one country budged. Next generati on experiments 

continue to be caught up in the loop of design and redesign and so on. 

INTOR [4] and ITER [5] are one of them, which are cooperation among some coun

tries . Acti vi ty of the International Thennonuclear Reactor (!NTOR) had done from 198 1 

to 1987, and activity of the International Thennonuclear Experimental Reactor (ITER) 

started from May 1988. The activi ty of ITER is conducted under the auspices of the 

International Atomic Energy Agency (!AEA) jointly by Euratom, Japan, the Russian Fed

eration and the United States of America . The objectives of ITER are to demonstrate 

controlled igni ti on and extended burning of the deuterium and the tritium plasma, wi th 

steady state as an ultimate objective. 

1.2 Review of the reactor design 

In this secti on, the following conceptual design reactors are reviewed. 

• In 1980', STARFIRE 

• In 1990', SSTR, ARIES, PULSAR (STARLITE Project) 

• Recently, DREAM 
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1.2.1 STARFIRE 

The STARFTRE which is proposed by Argonne National Laboratory (ANL) is the first 

conceptual design of a commercial tokamak power plant wi th the cost estimation [6). 

The emphasis of the study is on the simplicity of the engineering design, maintainability, 

lower electricity cost, and improved safety and environmental feature. The reactor has a 

7 m major radius and produce 1200 MW of electric power. Figure I. I shows the cross 

section of STARFIRE and main parameter is listed in Table 1.1. 

The STAR FIRE operates in the steady-state operation with a lower hybrid ystem. The 

merits of the steady-state operation is the higher re li ability than the pulsed operation be

cause material fatigue is eliminated as a serious concern, the thennal energy storage is 

not required, the need for an intem1ediate coolant loops reduced. The electrical energy 

storage is significantly reduced or eliminated and an ohmic coi ls i simplified. It has been 

estimated that the combined benefit of stead y state could be a savi ng in the cost of energy 

as large as nearly 25 % to 30 %. The cost is estimated as considered to be the tenth plant 

in a series of commercial reactors. 

The absence of a large ohmic-heating coil penn its the strategic location of equilibrium 

field coils and the creation of an elongated, hi ghl y triangular plasma. The most suitable 

equilibrium at a volume-averaged beta of 6.7 % has /p = 10.1 MA with the current j 

peaked near the plasma surface. 

The plasma impurity control and the exhaust system is based on the pumped limiter 

concept. In order to minimize the heat load to the limiter, most of the alpha-heating power 

to the plasma is radiated to the first wall by injecting a small amount of iodine along with 

the deuterium-tritium fuel system. 

From the view point of the recent plasma physics , the STARFIRE cannot exist because 

such a optimism that Toroyon g of 7.46 is very high and iodine cannot injected the plasma. 

The method of cost analysis, however, has been effective to the today's conceptual reactor 
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design. 

1.2.2 SSTR 

SSTR stands for Steady State Tokamak Reactor is proposed by JAERI. The SSTR is 

designed as a DEMO or a power reactor to be built in the near feature [7]. The main 

feature of the SSTR is the maximum utilization of the bootstrap current [8] in order to 

reduce the power required for steady state operation. This requirement !eads to the choice 

of moderate plasma current (12 MA), high edge safety factor qa = 5, and high poloidal 

beta (/Jp = 2) for the device, which are archived by selecting moderate aspect ratio (A = 4) 

and high toroidal magnetic field (81 = 16.5T). The bootstrap current ratio is 75%, the rest 

of the plasma current (25%) is driven by a high energy negative-ion-based Bl system 

(beam energy of2 MeV and bean1 power of60 MW) is used for the central current drive 

to realize steady state operation. SSTR i a single null divertor configuration to reduce 

magnetomotive force and the power supply capacity of the PF coils. The shallow pellet 

fuelling to reduce the hot neutral influx to the blanket first wall and to control the edge 

plasma in the H mode. 

The SSTR is based on the small ex tension of the present physics and technologies can 

produce net e lectricity of~ I GW if the proper physics and engineering R&D are con

ducted. Figure 1.2 is shown the cross section of SSTR and the main parameter is li sted in 

Table 1.1. 

1.2.3 ARIES, Starlite Project 

ARIES 

The study of ARIES is a US multi -institutional effort Jed by UCLA [9, I 0]. The ARIES 

study is aimed at developing the several vision of tokamak power reactors with enhanced 

economic, safety, and environmental features. The first design, ARIES-I is a DT burn

ing, I 000 MWe reactor. The physics basis of ARIES-I is under the consistent with ex-
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isting tokamak experimental data. From the technological view point , ARIES-I makes 

choices that in several cases, extend beyond the present engineering ac hievement. In all 

cases, however, the technology and engineering are supported by the labo rato ry data and 

by industry trends, and it is expected that with the proper R&D, these technologies will 

be available within the next 20 to 30 years and could be utili zed in DEMO and power 

reactors. In a second study, ARIES-II , the team ass umes the potential advances in the 

plasma physics such as high plasma beta in the second MHO stable reg ime, that are pre

dicted by the theory and are now es tablishing experimentall y [II]. The AR IES team is 

also exploring the potential of advanced fuel cycles, speci fi call y D-3 He. in the contex t of 

the ARIES-Ill design. AR IES-IV is also des igned assu me the second-stabi lit y operation, 

however, the blanket and shield material is different wi th AR IES- II [12]. 

A major goal for all ARIES design is to maximize the environmental and the safety 

attributes of fusion through innovati ve design and careful selection of !ow-activation ma

terials. The blanket and shield are to be cons tructed of silicon-carbide (SiC) composi te that 

has a low tritium inventory and the minimum induced radioactivity and the afterheat (Fig

ure 1.4). Simultaneously, the des ign has a superio r nuclear perfonnance and a hi gh coolant 

exit temperature (650 °C), leading to a high-efficiency Rankine-cycle power-conversion 

systems (49% gross). 

The major parameters of the AR IES-I reactors are given in Table 1.1. The e levati on 

view of ARIES-I is shown in Fig. 1.3. The design uses moderately high aspect ratio 

(A = 4.5), low plasma current (Ip = 10 MA), and high magneti c field(~ II Tat the 

plasma center) . Steady-state operation is presumed, based on ICRF fa t-wave current 

drive to supplement a large (68%), theoreti ca ll y predicted the bootstrap cu rrent. Impurity 

control and particle exhaust are based on high-recycling poloidal di vertors in a double-null 

configuration. Self-consistent core and scrape-off-layer plasma ca lculations predict that 

with a ratio of a:-particle confinement in the core to plasma energy confinement (rn/1'f.) 
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of 4, the alpha exhaust efficiency is 50% and the helium as h concentration is 8% 

PULSAR 

The PULSAR reactor study examined the poss ibility of obtaining better fusion eco

nomics by usi ng a pulsed, inductively-driven tokamak des ign instead of the commonly 

proposed steady-state, non-inducti vely driven tokamak designs . The operating cycle con

sists o f a set of 2 hours burn phases separated by a 200 seconds dwell phase. During the 

burn phase, plasma confinement is partially sustai ned by an inductively-driven plasma 

current. The thermal ou tput during the dwell time is compensated by the blanket and 

shield. The cross section of PULSAR is shown in Fig. 1.5. The blanket and shield are 

rather thick, they can do the storage heater in the dwell time. 

PULSAR- I and PULSAR- II are 1000 MWe pul sed inductively-driven tokamak des ign. 

PULSAR-I uses a helium-cooled SiC composi te as a structural material and Li 20 as a 

breeder [ 13]. PULSAR-II utilizes a blanket made of the vanad ium alloy, cooled with 

liquid lithium. The shield is made of a mixture of the low activation austenitic steel and 

vanadium. The tructure is made of vanadium alloy and cooled with liquid lithium [14]. 

The major parameter of the PULSAR-II reactors are given in Table 1.1. The reactor size 

comparison with AR IES and PULSAR reactors are shown in Fig. 1.6. 

Starlite project 

The Starlite project has eval uated the following five tokamak physics regimes as can-

didates to be used in conceptual des ign of the US Demo Power Plant by ARIES team; 

I. a steady state, first stability regime similar to ARIES-I. 

2. a pulsed, first stabili ty regime similar to PULSAR. 

3. a steady state, second stability regime similar to ARIES-II/ IV. 

4. a steady state, reversed shear tokamak. 

5. a steady sta te, low aspect ratio tokamak. 
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In each area, this assessment was aimed at investigating ( I) the potential to sati sfy the 

requirements and goa ls, and (2) the feasibility (c riti cal issues) and credibi lity (degree ex

trapolation required from present data base) ( 1 S). 

A sys tem assess ment of the above five tokamak plasma regimes has been performed 

[ 16]. In order to provide a common basis for comparing the cos t of power plant s, a simi 

Jar blanket and shield concept has been used wh ich uses vanad ium alloy as the structural 

material of the first wall, blanket, and divertor and liquid lithium as the breeder. It should 

be noted that it is not clear if such a de ign can be utilized in a spheri cal tokamak. In addi 

ti on, a main tenance scheme for radial removal sec tors is utilized. This integrat ion sector 

arrangemen t eliminate in -vessel main tenance operat ions and provides a very sturdy con

tinuous structure able to withstand large loads. Lastly, in order to minimi.~:c unsched uled 

interruption of plant operati on, all de igns opera te at 90% of maximum theoretical .3 in 

order to avoid plasma disruption. 

An assessment of the five tokamak physics regimes of operation was made based on the 

economic performance and based on the maturity of the exis t tokamak data base. The first

stability pulsed-plasma and steady-state regimes are closest to present data ba e. On the 

other hand, the economic perfom1ance of pulsed-plasma operati on is poor (COE is 130.2 

mill/kWh). First-stability steady-state (99.7 mi ll/kWh) did not achieve the economic re

quirements for Starlite project. Starlite requirement and goal for COE arc 80 mill /kWh 

and 6S mill/kWh, respectively. The second-stability regi me has a better economi c perfor

mance (92.6 mill/kWh) but experimental data base for this regime is ve ry small. The data 

base for the sphericaltokamaks is not mature ( 116.0 mill/kWh) and, in add ition, many crit 

ical issues remain . The reversal-shear of operation offers the best economic perfonnance 

(69.7 mill/kWh). The data base for thi s regime, whi le small, is growing rapidly. Based 

on the superior economic performance and the growing ex perimental and theoreti cal data 

base , the Starlite project has chosen the reversed-shear as the re ference plasma operati on 
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regime. 

1.2.4 DREAM 

In a matured stage of tokamak power plant, three major requirements of the low con

struction cost, the high availa bility operation, and the envi ronmental safety must be real

ized simultaneously as the final goal. DREAM which is proposed by JAERI is stands for 

DRamatica ll y EAsy Maintenance [17]. It has a new concept, an easy maintenance scheme 

for the high availabi lit y operation. For the easy maintenance scheme, a high aspect rati o 

confi gurati on o f 8 and very low activation material SiC/SiC composite are introduced. 

The torus system is radially divided into equal sector fonns an assembling unit. Each sec

tor of the torus sys tem is removed horizontally in a single radial straight moti on between 

the adjacent TF coi ls (Fig. I. 7). High temperature helium cooling system of 900 °C is 

introduced for achieving a high thennal efficiency more than SO%. 

One advantage of the high aspect ratio configuration is to enable all the piping and 

the feeder system to be ex tracted in the torus inboard region. The relatively low plasma 

current of9.2 MA and high bootstrap current fraction of87 %, the fusion gain "Q" of more 

than SO is expected. The high toroidal field of 20 T, which 14.5T on the plasma center, 

lead to hi gh fusion power of 5.5 GW in spite of relati vely small plasma volume (80 % 

of ITER plasma volume). The other plasma parameters are same as ITER . For example, 

MHO safety factor of 3, Troyon factor of 3 for beta limit, and the H-mode enhancement 

factor of 2 are used. 

The activation dose of the SiC(Li20 blanket and SiC/TiH2(B4H shields one day after 

shutdown after twenty full power years operation of the reactor has been enabled as the 

blanket activation dose decay by S orders of magnitude and the shield activation dose 

decay by 3 orders of magnitude. TiH2 is very efficiently neutron shielding material. It is 

found that radwas t from irradiated SiC/SiC compos ite with impurities could be disposed 
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be nearly the same way as the shallow land burial method presently applied to the low 

level waste in Japan. 

1.3 Review of the system code 

The following system codes are rev iewed in thi s sec tion. 

o TSC 

o SUPERCOIL 

o TORSCA 

o TRESCODE 

o ASC 

o SUPERCODE 

1.3.1 TSC 

The Tokamak System Code (TSC) was developed at the Fusion Engineering Design 

Center (FEDC) in Oak Ridge ational Laboratory (OR L) [ 18]. The TSC ca lcu lates the 

tokamak performance, the cost, and the configurati on as a function of plasma and engi

neering parameters. It does not conside r tokamak configurations that generate electri cal 

power or incorporate breeding blankets. The code has a modular (o r subroutine) structure 

to allow independent modeling of each major tokamak component or system. The inde

pendent modules are linked by a driver or executi ve routine. The geometrical configura

tion for the tokamak is established by starting at the plasma major rad ius and progress ing 

radially inward to the ohmic heating solenoid co il and radicall y outward to the TF outer leg 

location. Certain combinations of input parameters will result in a configuration that has 

inadequate radial space between the plasma and the machine centerline to accommodate 

aJJ the tokamak components, in which case an error message is printed and the run is tenni-

nated. The independent modules are following; Physics module, Torus module, Toroidal 

13 

field coil module, Poloidal field coil module, Inductance module, Flux linkage module, 

Plasma heating systems, Neutron Beam{fF co il inte rface, Poloidal field power conver

sion module, Reactor cell, Torus vacuum module, Tritium process ing module, Fueling 

system module, TF power conversion module, Facilities module, Heat transport module, 

AC power module, Instrumentation and control module, Maintenance equipment module, 

and Cost module. 

1.3.2 SUPERCOIL 

SUPERCO IL is a code for the computational design oftokamaks, including in particular 

ign ited next-generation devices developed at Max-Pianck-lnstitut fUr Plasmaphys ik. It 

takes into account all physics. technical and geometrical constraints relevant to the basic 

design of a tokamak. Among the sol utions of the model equations that meet aJI constrains 

the one optimized with respect to a prescribed figure of meri t (typically capital cost) is 

determined [ 19]. To find the optimized point, the input parameters are divided two group, 

"fixed parameters" and ·'grid parameters". The majority of fixed parameters describe basic 

design characteri sti cs . Typical exan1ples are the blanket and sh ield attention lengths or the 

parameters characteri zi ng the co il conductors. The remain independent parameters ("grid 

parameters") are elf-consistent ly determined. In the SUPERCOIL, plasma minor radius, 

plasma aspect ratio, shield thickness, and magnetic field on axis are grid parameters. Once 

a combination of grid variables is specified, a consistent soluti on of the model is obtained 

by solving the whole et of model equations. A unique solution is found by determining 

that combination of input parameters that in addition minimizes or maximizes a prescribed 

figure of merit , typically the cost of a machine. The Next European Tokamak (NET) is 

studied in Ref. [ 19] . 
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1.3.3 TORSAC 

The TOkamak Reactor Sys tem Analys is Code "TORSAC" is developed by Japan Atomic 

Energy Research Institute (JAERI) in order to assess the impact of the des ign choices on 

reactor systems and to improve tokamak des igns in wide parameter range [20]. This code 

has 

I. Sys tematic sensiti vity analys is for a set of given des ign parameters. 

2. Cost calcul ation of a new reactor concept des igned automaticall y as a result of sys

tematic sensibility analys is. 

This code is used for INTOR [2 1], Fusion Engineering Reac tor (FER), and Swimming 

Pool Type Tokamak Reactor (SPTR) which is s in ked in the huge pool for the shi eld instead 

of the so il shie ld structure proposed by JAERI [22, 23] . 

1.3.4 TRESCODE 

The Tokamak REactor System COncep tua l Des ign Code (TRESCODE) is also deve l

oped at JAERI on the bas is of FER design studies [24]. There are two objects for this 

code. The first object is that TRESCODE can be applied to the parametri c studies for 

various reactor concepts. In thi s objects, re lative cost estimations in tenns o f volume, 

weight, input and output energy can be carried out under the des ign dri ver, constraints of 

the physics and the engineerings. The second object is that TRESCODE can be used for 

the engineering des ign of the tokamak core structure for the se lected reactor concept. In 

thi s object, accurate radial-build and verti cal-build based on the shi eld calculation, tress 

and strain analysis of magnet sys tem can be carri ed out under the des ign con train ts and 

conditions. Operation scenario is included with the plasma equilibrium and the poloidal 

field cal culations to obtain the des ired reactor concept. 

IS 

1.3.5 ASC 

The ARIES system code (ASC) analyzes the tokamak fusion powe r plants under gi ven 

condition of plasma parameters and engineering guidelines, and estimates the cost of 

electricity (COE) based on the cost of each component in the fusion power plant [25] . 

In addition, the optimum mac hine size, whi ch gives the minimum COE value, is auto-

mati call y determined by the major radius at a fi xed aspect rati o. Central to the ASC is 

a zero-dimensional, steady-state pl asma-power-balance model that includes separate ion 

and e lectron energy balance, particle continuity, a specified impurity fraction, charge bal

ance, and a ,J constraint [26]. The development group is in Uni versity of Californi a, Los 

Ange ls (UCLA), Argonne National Laboratory (AN L), General Atomi cs (GA), and oth 

ers. The mai n targe t of ASC is the Starlite project. The Starlite project has evaluated the 

several tokamak physics regimes as candidate to be used in a conceptual des ign of the US 

Demo Power Plant as described in Sec. 1.2.3 [27]. ASC also used to estimate the COE of 

the IDLT reactors and comparison with P LSAR-11 [28] . 

1.3.6 S UPERC ODE 

The SUPERCODE is developed to fi ll the gap be tween currentl y available zero dimen

sional system codes and highl y sophisti cated, multidimensional plasma performance codes 

[29]. The SUPE RCODE upgrades the reli ability and acc uracy of system codes by ca lcu

lating the self consistent I I / 2 dimension plas ma evo lution in a reali sti c engineering en

vironment. By a combination of vari ati onal techniques and the careful formation there 

is only a modest increase in CPU time over 0-D runs, thereby making the SUPERCODE 

suitable for use as a system studies tool. The SUPERCODE is written by C++ language 

to enhance the flexibi lit y of the progran1ming [30], and user-fri endly by using graphical 

use r interface (GU I) [3 1]. The SUPERCODE is developed at the MIT plasma fusion center 

at fi rst and later Lawrence Live m1ore National Laboratory (LLNL), Oak Ridge National 



16 

Laboratory (ORNL) and other sites are joined the development group for SUPERCODE . 

This code used for the study of ITER-like tokamak [32] and the wide range o f parameter 

survey on the several different class of tokamak reactors, that designs are optimized in 

tenn s of COE [33]. 

1.4 Structure of the thesis 

The organization of the thesis is as follows: In Part II , the simulation code for toka

mak fusion reactor is described. Many codes are u ed for designing the reactor because 

tokamak fusion reactor is very complex system. The brief explanation about the tokamak 

fusion system and the codes is described. The detail of OD sys tem code is expli cated. 

Part lll , The Inductively Driven Long pu lsed Tokamak (IDLT) reactor is designed. The 

concept and philosophy of IDLT reactor are described in Chapter 3. Two type of IDLT 

reactor are designed in this pan, a DEMO reactor and a commercial reactor. The DEMO 

reactor is the next step after the experimental reactor such as ITER. The IDLT DEMO 

reactor is designed with the stress on the low neutron wall loading in Chapter 4. The 

first wall is made by SUS316 which would be also used ITER. The commercial reactor is 

designed two type. One is designed based on the conventional physics and the technology 

and another is designed the advanced physics such as supporting the very high confi nement 

mode in Chapter 5. The conventional commercial reactor is designed the firs t of the IDLT 

tokamak series [34]. The advanced commercial reactor is also studied to know that how 

compact the reactor with the advanced physics in comparison wi th conventional one. The 

conclusion of IDLT reactor series is in Chapter 6. The IDLT reactor overcome the demerits 

of the pulsed reactor, i.e., the fatigue and the dwell time, by making the pulse length very 

long (several hours). The rationale of realizing the IDLT reactor is described. The meri t 

and demerit of pulsed reactor is also discussed he re. 

In Part IV, i.e., Chapter 7 is the conclusion of thi s thesis. 
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Appendix A is described about the volumetric neutron source (YNS). YNS is a material 

test device to accomplish the selec ti on of the material and the blanket for DEMO. The 

overview of neutron test facilities and why YNS needs albeit ITER wi ll be there is in 

this chapter. In this chapter, the design of YNS with plasma eq uilibrium, MHD instabili ty 

analysis, and non-induct current drive are investigated. We also attempt the reversed shear 

mode to enhance the reactor ability to get the high wall loading. 

Appendix B is described about proposing the new-type system code. It is a distribute, 

network-oriented code. Each code is run on the each machine connected to the network 

and communicate the input and the output date each other. The grain of the software is 

very large. It could be fast ca lcu lation more than one machine. 

Appendix C is described about L/H transi tion during the ramp-up phase. The plasma 

ramp-up is sim ulated by point model wi th L/H transition. The used parameter for sim

ulation is ITER EDA. The new method for lower auxiliary heating is estimated in thi s 

chapter. 
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Table 1.2: Review of the system codes. 

code organization main target Ref. 

TSC ORNL [18] 

Table 1. 1: Comparison plasma paramete rs of ITER EDA, STARFIRE, 
SSTR, ARIES - I, PULSAR- II , and DREAM . 

SUPERCOIL IPP NET, ASDEX- U [19] 

TORSAC JAERI FER, !NTOR [20] 

TRESCODE JAER! FER [24] 
ITER STARFIRE SSTR AR IES- I PULSAR- II DREAM ASC UCSD, etc. ARIES-I [25] 

(ED A) 

plasma major radius R [m] 7.7 7.0 7.0 6.75 7.91 16 
S UPERCODE LL L , ORNL, etc. TPX, ITER [29) 

plasma major radius a [m] 3.0 1.94 1.7 1.5 1.98 2 
aspect ratio A 2.56 3.6 4.0 4.5 4.0 
elongation l'i 1.6 1.6 1.85 1.8 1.6 1.3 
triangularity 6 ~0.3 ~o.s ~o.5 ~0.2 0.35 0.1 
plasma volume 1' [m3] 2 189 832 760 540 840 16-12 

flux safety factor Q'o/ ~2.85 3.4 5.0 4.5 3.54 3.0 
plasma currentlp [MA] 24 10.1 12.0 10.2 13.4 9.2 
bootstrap currem fraction 0.21 0.75 0.68 0.37 0.87 

plasma temperature (T) [ke V] 13 17 17 20 14 14 
electron density (n) [I020m-'J 1.07 1.2 1.4 1.5 1.03 1.7 
average toroidal beta ,J [%] 4.2 6.7 2.7 2.0 2.8 1.0 

max. toroidal field B1 max ITJ 12.8 II. I 16.5 21 12.5 20 
toroidal field on axis Bt [T] 5.7 5.8 9.0 11.3 7.31 14.5 

heating method NB I, etc. LHRF N-NB I ICRF Induct ive NB I 
heating/C. D. power [M WJ 50 63 60 100 50 
fusion power output [MW] 1500 3490 3000 2544 1830 5500 

power multiplication ~40 ~ t o 50 ~20 >500 >50 
operation time ~0.28 hrs steady- steady- steady- 2.5 hours steady-

state state state state 
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Figure l.I: C ross section of STAR FIRE [6] . 

Figure I.2: S ide view of SSTR [7]. 
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Chapter 2 

Calculation Code for Designing the 
Reactor 

2.1 Tokamak as the complex system 

The tokamak is a toroidal magnetic confinement system. It was first proposed indepen

dently in the early 1950s by Igor E.Tamm and Andrei D. Sakharov and Lyman Spitzer. It 

has been the most promising and well developed concept in the magnetically controlled 

fusion research [35-37] . 

The schemat ic figure of a tokamak is shown in Fig. 2.1. The tokamak magnetic con

figuration is cons isted of three components. The main component of the magnetic field, 

so-called toroidal field. is produced by toroidal field co il s surrounding the vacuum vessel 

(blueD-shaped rings coil in this figure). The toroidal field in the center of plasma (pink 

doughnut) is typically of the order of several teslas by present technology, and such an 

toroidal field is required to suppress the magnetohydrodynamics (MHD) instabilities. The 

second component of the magnetic field, so-called the poloidal field, is generated by a 

toroidal plasma current. The most efficient method to generate the plasma current and 

to maintain it is to use the transformer principle with a powerful central solenoid (yellow 

cylinder) as the primary winding and with the plasma acting as a one-turn secondary wind

ing. Also the plasma current provide the ohmic heating to the plasma. The combination 
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of the poloidal field with toro idal field lead to the helica l magnetic field lines that form a 

set of magnetic surfaces and keep the plasma away from the vessel walls. The third com

ponent of the magnetic field, so-called the verti cal field , is produced by a set of poloidal 

fi eld coi ls (orange rings), which is used to shape and stabili ze the position of the plasma. 

Tokamak fusion reactor is very complex system. For example, to sustain the pl asma 

burning, external magnet coi l , fuel inject system , auxiliary heating sys tem, vacuum sy -

tem, the refrigerator for superconducting coils and others are needed. The plasma consist 

of a main plasma and a scrape of layer (SOL) plasma; the main plasma consists of a parti 

cles and the plasma curren t which is composed by inducti ve current, non-inducti ve current 

and bootstrap cun·ent. Each component is important for the tokamak system. One example 

which is disso lved the tokamak system is show in Fig. 2.2. 

The each device is not independent. Each porti on has an important effect on the other 

portions. When the magnet field of poloidal field (PF) coil is varied, then the plasma 

position or the plasma shape is modified. The heat from the plasma to the fir;,t wall and 

the divertor is changed, the pump of the divertor is effected. The refrigerator of the PF 

coil is affected by changing the current which makes the the magnet field of PF coi l. Of 

course, the plasma physics such as the confinement of the energy and the particle, i.e., 

the transport of the particle and the thennal, also changed. To keep the pl asma status 

constant, the field of PF coi l is control by a feedback system which is cons isted of the 

magnetic prove to detect the variant field and the computer system. The fuel sys tem and 

the auxiliary heating system also the part of the feedback system. 

2.2 Calculation code for designing the tokamak fusion re
actors 

The brief descriptions of the codes used for designing the reactor are explained. Most 

of code is already accomplished, some codes are converted to out laboratory's computer, 
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some codes are modified for this thesis. OD system code was constructed from scratch. 

OD system code [38] Before using the hi gh dimensional elaborate code, this code check 

the cri terion, such as the stress of poloidal fi eld (TF) co il and center solenoid (CS) 

coi l, the flux made by CS co il for ramp-up consumption and others. The output are 

the elevation view of the plasma, TF coil, CS coil and bucking cylinder, ground 

view, radial build, and neutron wall loading [39] . 

30 magnetic field code: MGFLD [40) This code produce the 3D magnetic field with 

high precision. For example, it is used for the validation of TF co il ripple on the 

plasma surface. The co il shape is settled from any combinati on by the rectangular 

element and the arc element. 

20 tokamak plasma equilibrium code: EQUCIR [41-43] The PF co il currents for the 

plasma eq uilibrium are produced when a plasma size and shape is specified. The PF 

coi l position is determined to minimize the stored energy of PF co il. The demand 

value of power suppl y for PF co il is calculated by simulati ng the plasma ramp-up, 

that is calculate the plasma eq uilibrium at each time step. 

Plasma stability analysis code: ERATO [44,45] This code analysis the MHD instabil 

ity by the energy principle. The Mercier criterion, ballooning mode, and kink mode 

can be examined. The criti ca l beta (the maximal beta value of the plasma which 

stables these instabi lity) is detem1ined by changing the pressure profile and the cur

rent profile. This code is combined 2D plasma equi librium code EQLAUS for this 

study. 

Eddy current analysis code: EDDYTOR [46) The eddy current on the shell which comes 

from the movement of the plasma is produced. From the distribution of the eddy 

curren t, the vertical instability can be investigated. 

Plasma non-inductive current drive code: DRIVER [47, 48] The current profile driven 

by non-inducti ve drive such as neutral beam injection (NB I) and lower hybrid reso-
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nant frequency (LHRF) heating is produced. The injected beam profile is moderated 

to produce the given the current and the pressure profile. Bootstrap current is also 

calculated in this code. With EQLAUS and ERATO, self-consistent MHD analysis 

can be investigate automaticall y. 

2.3 OD system code and its validity 

The use of the specialized code is consuming the time and the parameter survey is con

suming the long time for the substantive results. OD sys tem code is used for quickly check

ing the basic criterion, such as the power balance, estimating the coil stress and making 

the radial build, before using the hi gh-dimensional code. 

The OD sys tem code, point model sys tem code, is constructed that its physics and the en-

gineering guideline is same as International Thermonuclear Experimental Reactor (ITER) 

Conceptual Design Activity (CDA) and Engineering Design Activity (EDA). The part of 

the estimation of the co il stress obeys the baseline of Fusion Experimental Reactor (FER) 

proposed at Japan Atomic Energy Research Institute (JAER I). 

The OD system code is constructed wi th referring the ITER CDA physics guidelines 

[49]. the TORSAC code [20] , and TRESCODE code [24]. Figure 2.3 is the flowchart of 

the OD system code. The rest of thi s section, the detai l relation of the pl asma parameter 

calculation, TF coil design, CS coi l design, bucking cy linder (BC) des ign, the radial bu ild , 

and the neutron wall loading are described. Finally, the results (radial build) is compared 

with ITER EDA for the validity of OD system code. 

2.3.1 Basic plasma and coil analysis 

Plasma analysis 

The formulas described here are co llected for ITER CDA [49]. because almost all of 

these formulas were established with relatively high reliability based on the latest data 
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base in the fusion field. 

The DT plasma is considered with major radius R, minor radius a, plasma elongation n,, 

and triangularity b and it is assumed that the temperature of ions and electrons are same. 

The profil e is assumed as, 

( 
2)0, 

X(r) = X(O) I - ~ , (2. 1) 

for density 11, current density j, and temperature T, with indices a .. . a 1, aT, and where x 0 

is the value at the plasma center. o., "" 0.5 and a 7 "" 1.0 is assumed in thi s thesis. The 

volume-averaged plasma power density is given by 

(
DII "1h) . . -----r51 / 1 p = (PoH + Pr<- Pcond- Par- Psync + Paux)/1 p. (2.2) 

where ll" is plasma thermal energy. and PoH, Pa, Pcond• Pg,, Psync, Faux are total pow

ers of ohmic heating (OH). alpha particle heating, confinement loss, Bremss trahlung radi-

ation loss, synchrotron radiation loss and additional heating in MW, w ith plasma volume 

I p = 21f
2
na

2 R. Detai ls of these terms are given in Appendix Din the Ref. [49]. Effect ive 

plasma charge Zeff is defined as, 

Zeff = I + 2/o + Z(Z - 1 )fz . (2.3) 

where fo is alpha particle fraction of ion density defined by fo = n
0

/ne. Z is the charge 

number o f impurity ion, and fz is the impurity ion fraction of ion density. 

The energy confinement time Tt: is taken as follows [50], 

I ( I I ) 
112 

-= -2-+-2- . 
TE 7NA 7 EH 

(2.4) 

where 7NA is Neo-Aicator OH confinement time [51] . TEH is the energy confinement time 

for auxi liary heated plasmas. The eo-Aicator confinement time takes the fonn 
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where (n20 ) [ l020m- 3] is the volume-averaged electron dens ity, q. is the cylindrical equiv-

alent safety factor expressed by 

Sa2 IJ0 l + ~; 2 ( 1 + b2 - 1.2 i~3 ) 
q. = Rip 2 (2.6) 

where Eo [T] is the toroidal fi eld at the plasma center, Ip [MA] is total plasma current. For 

the energy confinement time of auxili ary heated plas mas, the enhanced lTER-89 power 

law scaling is adopted which is given by 

f H * 7 tTER89-P 

f H * 0.048.4?· 5 Jg·s5 Rt.2a0·\,o.5112~·' Eo.2 pho.s ' (2.7) 

where f H is the H-factor, the enhancement factor from the L-mode, .-I; is the ion ic rn a s 

number, and Ph [MW] is the total heating power defined by 

Ph = PoH + Pn - Pcond - Psr - Psync + Paux . 

Greenwald density limit is defined as 

(2.8) 

Plasma inductance is given by 

( 
8R [. ) 

Lp = JloR ln (a) + i - 2 (2.9) 

where Jl.o is the vacuum permeability, (a) = ao;05 is the effective plas ma radiu , and I; is 

the internal inductance of the plasma. 

The loop voltage of the plasma becomes 

(2. 10) 

where ( c) is the enhancement factor of the Spitzer resisti vi ty due to the trapped particle 

effect given by 

(2. 11 ) 
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(T10) [10 keY] is the volume-averaged temperature, lind [MA] is the inductively driven 

current de fined as lind = fp - Ibs• and c is the inverse aspect rati o. 

The toroidal beta limit by Troyan scaling [52] is represented by 

(J max ['!! J fp 
t o = g aEt' g = 2.5 ~ 3.5. 

The rati o of the bootstrap current to the to tal plasma current fbs is 

where 

Cbs= 1.32- 0.235!f¥(a) +0.0 185 (q'l'(a))
2 

q(O) q(O) 

I tot 
Epa= S(a)' 

(2.12) 

(213) 

(2. 14) 

(2. 15) 

where Qo is the safety factor at the plasma center and fJ'l' is the safety factor at 95% flu x 

defi ned as 

Q'l'(a) = q· j(E). 

where Ibs and ! 101 are the boots trap curren t and the tota l current, and 

Non-inductance curren t drive efficiency is generally defined as 

_ (ne) IpRp 
'leo- p ( I - fbsl, 

CD 
(2. 16) 

therefore, the density limit by 1co is 

71 
.. _ 1coPcn 

ltmll - IpRp(l - fbsl . (2.17) 

The current drive efficiency of neutral beam injection (NBI) /Ne t is described in Ref [49]. 

From Fig. 2.4 which shows the reactor geometry, the following relations are obtained. 

The available tota l flu x of the center solenoid (CS) coil is 

( wcs) 2 

't'tot = 2 · 1r R - a - d - WTF - -
2

- E J. , (2.18) 
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where d is the di stance between the plasma and the to roidal fi eld (TF) coi ls and WTF· wcs 

are the thickness of the TF and CS co il s. The verti cal fi eld magneti zed by the CS coi l, 

represented by BJ. , swings in both the pos itive and the negative directions. The stored 

energy in the CS co il is 

. ( wcs) 2 Bi 11 CS "" 7r R - a - d- 1L'TF - -- 2h:(a +d)- . 
2 2fto 

(2. 19) 

The stored energy in the TF co il is 

(2 .20) 

where the minor radius of the TF coi l is chosen to be a + d, and the elongation is take n to 

be the rune as that of the plasmas . The TF coi l current de nsit y is given by 

. RBJ. 
JTF = ftoll'TF(R - a-d- II'TF/ 2) . 

(2 .2 1) 

The thickness of the TF and CS co il sho ul d be determined by two criteria. One is the 

current densi ty of the superconducting coi l, given by Eq. (2.2 1 ), where the cri tical curren t 

density is a functi on of the maximum field stre ngth. The other is the mechanical stress 

due to the electromagneti c fo rce, and th is criteri on is di scussed in the rest of this secti ons. 

Stress analysis 

TF coil TF coil is approximated by the three-arc approximation. By the three-arc ap-

proximation, the center of each arc, (.r 1, z1), (1·2 , z2), (.r3, : 3), their rad ii , A 1 , :·h , .43, and 

their angle , 11 1, ll2, ll3 are determined automatically with giv ing either the fi rst arc's angle 

ll1 or the radius A3 . The in-plane electromagneti c forces such as hoop force F11 , centering 

forth FR and vertical force Fz are given as the following equations. 

(2 .22) 
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(2.23) 

Fz 

(2.24) 

where N I is the total ampere turns and N is the number of TF co il s. The centering force 

and verti cal fo rce are also given in analyti cal form such as, 

[N/m] , (2.25) 

Fz = (2.26) 

On the other hand, overturning forced Fy is defi ned as 

XI 
Fy = BJ. x ;::- [N/m] , (2 27) 

where B J. is used for the plasma stability. 

TF coi l case The fo llowing stress occur in the coil case and the bucking cy linder. 

1. Outer ring The tensile stress due to the tens ion fo rce and the bendi ng stress due to the 

centering force at the upper and lower shoulders of inner leg. 

2. Inner ring The tensile stress due to the tension fo rce and the bending stress due to the 

out-of-plane force. 

3. Side plate The tensile stress due to the tension fo rce and the bending stress due to the 

out-of-plane force. 

4. Bucking cy linder The compress ive stress due to the centering force. 

The principal stress of the coil case is shown in Fig. 2.5. The steel in the winding is not 

counted in the TF coi l stress calculation. 
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The average in-plane stress by in-plane force is obtai ned by 

- Fz lTt = J,o-- , 
A can 

(2 .28) 

whe re Acan is the co il case cross secti onal area. The bending stress of the outer ring by 

the centering force and overturning force are given by the following, 

( . ) I- FR ( b ) 2 0"31 outer n ng = ' 1- --
b Llcan I 

(2.29) 

0"32(outer ri ng)= I\2 _!j__ ( 1 + ~) 
211can I 411can I 

(2.30) 

where ~lean 1 is the thi ckness of outer ring of the case and 

7r 
b = 2ftsflt tan ""\; . (2.3 1) 

The bend ing stress of the inner ring by overt urn ing force is given by 

(2.32) 

where 11can2 is the thickness of inner ring of the case and LlTF is the thickness of the 

conduc tor of TF coil in major radius direc tion. 

The bendi ng stress of the side plate by overturning force is given by 

(2.33) 

where 

7r b 
11can3 = R, tan N - 2· (2.34) 

Criterion of stress intensity Table 2.1 is li sted the data for the yield strength lTy and the 

tensile strength lTu of coil case materi als. SUS3 16LN is used in th is thesis. 

An allowable stress intensity for the primary membrane stress, Sm, is given by 

(2.35) 
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Constructi on on the stress intensity of TF co il case is set by 

(2.36) 

where i = I, 2 , 3 represent the outer ring, the inner ring and side pl ate. SF; shows the 

engineering safety factor. The co il case is determined to satisfy the following criteri a; 

outer ri ng. lT t + lTJ t - 0"32 ::; lTat , (2 .37) 

inner ri ng. 0"3(inner ri ng) ::; lTaz , (2.38) 

side plate . lTt + lTJ(side plate) ::; lTa3 . (2.39) 

CS coil The CS coil designed to be self-supporting fo r the hoop forces. Namely the 

cross secti ona l area of the sta inless steel condu it is chosen ass uming that each turn in the 

CS co il woul d be locall y se lf-supporti ng. The tensi le stress o f condui t materi als by hoop 

force is then calcu lated by 

where Rsol is the outer radius of CS coil, L'.p is the th ickness of conductor and 

f = conduit area . 
conductor area 

An allowable stress intensity for CS co il is given by 

< Sm 
lTeS - SPes, 

where SPes is the safety fac tor of CS co il. 

(2.40) 

(2.4 1) 

Bucking cylinder A bucking cy li nder (BC) is mainly used for supporting the system 

over centering force. An average compress ive stress of bucking cylinder is given by 

NF 
lTc( Bucking cylinder) = __ R_ , 

2rrilse 
(2.42) 
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where 6sc is the thickness of the BC. On the other hand , allowable stress of BC is given 

by 

Sm 
aa,• = SF. , 

and the al lowable bucking stress of BC is given by 

EX 6 2 

aca(Bucking Cylinder) = 
2 

BC 
2 12( I - 11 ) x R BC 

(2.43) 

(2.44) 

where E is Young's modulus and 11 is Poisson's ratio. The thickness of the buck ing cy lin 

der is detem1ined as 

2.3.2 Coil design 

Inner radial build 

(2.45) 

The outer radius ofCS coil, Rsol• is evaluated by the following equations, if a necessary 

volt second 6 0 is given be the operation scenario. 

6 o = 2Brmax0 - IEQ) x ( R~01 - Rsol · 6p + 
6
;) 

Brmax = ap 1 Irs Po Jpw 6p. 

(2.46) 

(2.47) 

where Brmax and Jpw are an allowable maximum field and a maximum current density 

of the CS coi l, which specified as design conditions . 1 i a correction coefficient for the 

finiteness of the CS coi l. Irs is a space occupation ratio of the superconductor over the 

CS coil including support structures . a p is a ripple correction factor for the discreteness 

in Z direction. IEQ represent a fraction of the field reduction due to the divertor coi l 

field on hybrid-type CS coil. IEQ strongly depends on the plasma shape and the operati on 

scenario. fEQ is initially given in thi s code, Rsol is determined by the location ofTF co il. 

The thickness of TF coil is calculated from the following equat ion, 

BTmax Jl.oJtw · 27r lts(RT + 6T/2)6T 

QT 27r(RT + 6T) 
(2.48) 
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RT = Rsol + 6gap + 6sc + 6can 1 , (2.49) 

where BTmax and Jtw are an allowable maximum field and current density, which are 

specified as design condi tion. Its is the space factor of the conductor in the toroidal di

rection. QT is the ripple correction factor due to the di screteness at the inner leg. 6gap is 

specified, 6sc. 6can 1 and 6can2 are determined from the stress calculation. 

The shield thickness 6, the di stance between TF coil and inner plasma edge, is specified 

as initial input data. It i necessary to calculate the thermal and neutron shield from the 

plasma to the coil in the future. 

TF coil design 

TF coi l is designed after the calculation of plasma parameters. The criteria of TF coi l 

design are, 

I. to make the current density of the conductor of TF coil to the allowable current 

density. 

2. to make the stress intensity in the case of the TF coil to the allowable stress intensity. 

The thickness of TF coil 6TF, 6cant, 6can2 and 6can3 are calculated by the above criteria. 

The position of inner TF coil leg which is defined at the center of the conductor R 1, is also 

determined. 

On the o ther hand , the position of the outer TF coi l leg R2, is detem1ined by a constraint 

of the toroidal field ripple /rat the plasma surface Re = Rp + aa, i.e., 

(2.50) 

where (J is correction coefficient and 11 is the number of TF coi l [20]. 

CS coil design 

CS coi l is connected to TF coil, the outer radius of OH co il , Rsol is determined from 

the position of the inner TF co il leg. The thickness of CS coi l dsol and the current density 
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of CS coil Jsol are calculated the following equations to correspond the hoop s tress and 

the allowable stress, 

fl2 d _ Pmax 

sol- B~max +Sm/SF'ott · Op'fcsfrsl to' 
(2.51) 

. Brmax 
Jsol = f 1 · 

Op/CS PS /IoC sol 
(2.52) 

When Jsol is larger than the allowable current density, the design is calculated again with 

corresponding Jsol and the allowable current density. The design would be failed if dsol 

is larger than Rsol· 

Bucking cylinder design 

Bucking cylinder is connected to CS coi l, the outer radius of BC, R s c is dete nnined 

from the positio n of CS coil. The thi ckness of BC tlsc is detennined as compress ive s tress 

is equal to the smalle r one, the allowable stress and buckling stress. The design would be 

failed if dsc is larger than Rsc-

2.3.3 Neutron wall loading 

An neutro n density produced by the fusion reacti on is calcu lated from the mesh points of 

the poloidal cross sec ti on of the plasma. The elongation and Shafranov shift are considered 

in this calculation. The fusion reaction cross section (ut•) is given by 

(2.53) 

where T[keV] is the temperature, r = 0.2935, a 1 = -2 1.377692, a 2 = -25.204654, a 3 = 
-7.1013427 X 10- 2 , 0 4 = 1.937545 X J0- 4 , a5 = 4.0246592 X J0- 6 , a6 = -3.9836572 X 

10- 8 [53] . 

Figure 2.6 shows the explanation of the calculation of neutron wall load. The neutron 

wall loading n is defined as 
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where n(r) is neutron de nsity at the point r , n is a normal unit vector at the observe point 

on the plasma wall , u is a unit vector in the direction from the observe point to point r. 

The contribution from the dead space is eliminated in thi s integration [39]. 

2.3.4 The validity of OD system code 

ITER EDA is simu lated by thi s OD system code with the parameter li sted in Table 2.2 

for validity of the system code. The position and the thickness of TF coil and CS coil are 

listed in Table 2.3. The result of the code has a good consis tency with the data from ITER 

EDA. The result of this code by ITER EDA parameter, the elevation view, the ground 

view, radial build and ne utron wall load ing are shown in Fig. 2.7. The radial build and the 

cross section of TF co il is also show in Fig. 2.8. 
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Table 2.1: Yield strength and the ten ile strength of the stainless teels. 

SUS304LN SUS316LN 

yield strength uy 765 .2 MPa 86 1.2 MPa 

tensile strength uu 1648.1 MPa 1378 MPa 

Table 2.2: Parameters of OD system code. 

parameter value parameter value 

hQ 0.0 lo u 1.0 

U p 1.0 fps 0.70 

Jpw 2 1.31 1.0 

h s 0.70 'h 0.02 

I 1.0 j,-0 1.5 

},-1 0.5 1\2 0.75 

],·3 0.5 /,·4 0.91 

J fJU' 2 1.31 s /·()// 1.2 

SFI 1.0 F2 1.0 

SF3 1.0 S f~ 3.0 

Table 2.3 : Comparison with the result of OD system code and ITER ED A. 

radius of thi ckness of thi ckness of inner radius of 

CS coi l CS coil TF coil the outer TF coil 

ITER EDA 2.0m 0.8 Ill 1.25 Ill 13.3 Ill 

system code 1.8 m 0.7m 1.40 Ill 13.5 m 

Figure 2.1 : Schematic view of a tokamak. 
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Figure 2.2: Tokamak as a complex system. The diagram of the components 
of the tokamak fusion reactor and its relati on. 
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Figure 2.3 : Flowchart of OD system code. The des ign baseline of ITER is 
used in thi s code. 
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Figure 2.4: Schematic plasma cross secti on. The distance between plasma 
and TF coil is denoted by d, the thickness of the TF and CS coils 
are denoted by WTF and wcs. and the thickness of the BC is 
denoted by WBC · 
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Figure 2.5: Stress of the TF coil 's can. The thickness of can is varied to 
sati sfy the allowable stress. 
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Figure 2.6: Distribution of the neutron wall load_ 
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Figure 2. 7: Results of the OD system code, ITER ED A. The elevation view, 
the ground view, radial build and neutron wall loading are 
shown. 
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Part III 

Inductively Driven Long Pulsed 
Tokamak (IDLT) Reactor 



-----

Chapter 3 

Introduction 

3.1 Concepts of IDLT Reactor 

The most experiment reac tors are pulsed operated reactor because the plasma current 

is inductively cu rrent whose operat ion time is limited by magneti c flu x of ohm ic heating 

transforme r. Recently, Inductively operated Day-Long Tokamak reactor (JOLT reactor) 

has been proposed [54]. 

3.1.1 Objectives of IDLT reactor 

The principal object ives of JOLT reactor are "to realize the commercial fusion reactor 

as soon as possible in the conservative technology" and "to clarify a critical path to the 

realization of the fusion reactor through the discussions on merits and demerits of the 

pulsed reactor and the steady-state reactor. " If ultimate goa l of fu sion reac tor is steady

state reactor, many part of technology of long pulse reactor, such as JOLT reactor, could 

be used for its des ign and construction. 

ITER project, the Concept Des ign Acti vity (CDA) phase, started on April 1988 and 

fini shed on December 1990, and the Engineering Design Activity (EDA) started on July 

1992 and now continue it s vi talit y activity in order to start the operation in 2004 and will 

terminate in 2020 [55]. As nex t step, DEMO reactor wou ld be planned. Commercial 

reactor might be rea li zed after the des igning, the construction and the operati on of DEMO 
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reactor. These scenarios come from avoidance of the ri sk, especially enonnous physical 

and technical R&D. 

The development of high efficiency current driven device is one of them. IDLT reactor 

does not use the current driven device for sustaining the plasma current but use it only 

during ramp up and down of the plasma current, therefore, IDLT reactor require lower 

output and shoner time of non-inductive current drive than that of steady state reactor. It 

may be possible for lDLT reactor to shonen the tenn of R&D. 

The two essential problems re lated pulsed reactor, materi al thennal fatigue and compen

sation for electric output during re-chargi ng transformer, are solved by very long pulsed 

operation. The di scuss ion of this problems was described in Chapter 6.1. 

3.1.2 Design baseline of IDLT reactor 

The lDLT reactor design is based on the scienti fic knowledge from the operation of 

many tokamaks around the world over the past two decades and on the technical know

how following from the activity of ITER and Steady State Tokamak Reactor (SSTR) to 

substitute for the extensive technology R&D. The fusion perfonnance of the pl asma has 

been increased by two orders of magnitude in the last fi ve years [55] and the technology 

is rapidly improved. 

The design policies of JOLT reactor are 

1. non-optimistic plasma physics and conservative technology are applied to approach 

the ri sk reduction. It is desired to need no or a few R&D programs for constructi on. 

2. Pulse length is imponant but it would be restricted by the plas ma physics and the 

technical issues. 

These policies are come from objectives of IDLT reactor. 

---
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3.2 The series of IDLT reactor 

3.2.1 The structure of this part 

The series of JOLT reactor are consist of DEMO reactor, commercial reactor, and ad

vanced commercial reac tor. Each reactor is studied the following chapters. the summary 

and di scuss ion of the seri es of JOLT reactor is described in Chapter 6. 

DEMO reactor is des igned as to produce the low fusion output and the low neutron wall 

loading. DEMO reactor would also produce the high fusion output, if materials tolerated 

for the high neutron fluence will be developed. The major radius is I 0 m, the low fusion 

output is 0.8 GW and the high fusion output is 5 GW. In the case o f the low fusion output, 

the early construction is possible because SUS316 can be used for the first wall which is 

also used ITER ED A. DEMO reactor is studied in Chapter 4. 

The commercial reactor is the main reactor in this thesis. It is designed in the conven

tional plasma physics and the engineering or a little ex trapolation from the sta te-of-an of 

technology. The dwell time is one of the problem for the continuous electrical output, so it 

should be short. the major radius is I 0 m and the fusion output is 3 GW. The commercial 

reactor is studied in Chapter 5. 

The advanced commercial reactor is also des igned with the advance plasma physics 

such as H factor of 3 and the large bootstrap current ratio. The main purpose of this 

design is to compare the major radius between the conventional commercial reactor and 

advanced one. The major radius is 7.5 m, and the fusion output is 3 GW in the daytime 

and 1.5 GW at the night. The advanced commercial reactor is studied also in Chapter 5. 

The pulsed reactor has two major di sadvantage compared with the steady state reactor. 

• Them1al and mechanical fatigue of structural materials caused by repeated opera-

tion. 

• The electric power output of pulsed reactor is not constant. 
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The merits and the demerits of the pulsed reactor are discussed and summarized in Chapter 

6. 

3.2.2 Parameters of IDLT reactors 

The birdview of early commercial IDLT reactor is shown in Fig. 3. 1. It contains the 

thermal power regulation system which consists the hydrogen tank and boiler [56], and 

these devices is not necessary if power line grid accept the output of the pulsed operated 

reactor. 

The principal parameter of lDLT reactors is shown in Table 3. 1. IDLT reac tor is high 

aspect machine, for enough volt-second of inducti ve trans former to sustain the plasma 

current. The plasma effi ciency is improved with high elongati on, however, ve rti cal insta

bility grow up. Toroidal fi eld is limited under the rest ric ti on that maximum experience 

magnetic field of 13 T whi ch is san1e as ITER EDA design. Plasma current lp is deter

mined by safety factor q ex I j Ip to avoid the disruption. 

Comparison plasma parameters wi th ITER EDA [57-63]), SSTR [64,65], AR IES- I [9] 

are li sted in Table 3.2 [66]. The all of parameters of commercial lDLT reactor arc listed 

in Table 3.3. The cross section of ITER, IDLT reactor, YNS, SSTR are shown in Fig. 3.2. 

YNS (Volumetric Neutron Source) is described in Append ix A. 
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Table 3. I: Principal parameters of the series of IDLT reactor. 

parameter DEMO Commercial Advanced 

pl asma major radius 10.0 m 10.0 m 7.5 m 

plasma minor rad ius 2.9 m 1.85 m 1. 85 m 

elongation , 95% flux surface 1.5 1.7 1.7 

maximum toroidal field 12.5 T 13 T 13 T 

nominal plasma curren t 20.3 MA 12.4 MA 10.6MA 

nom inal elec tri cal output 0.24 GW IGW IGW 
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Table 3.3: Parameter list of IDLT commercial reactor. 

lDLT 

Table 3.2: Comparison plasma parameters of JOLT reactor with other proposed re-
Commercial 

actor. Comm. and Adv. stand for commercial reactor and advanced major radi us R [m] 10.0 
commercial reactor, respectively. major radius a [m] 1.87 

ITER IDLT JOLT JOLT SSTR ARIES-I aspect rati o A 5.35 

(EDA) DEMO Comm. Adv. elli pticity " 1.70 

plasma major radius R [m] 7.7 10.0 10.0 7.5 7.0 6.75 triangularity b ~0. 3 

plasma major radius a [m] 3.0 2.9 1.87 1.87 1.7 1.5 plasma volume\ ' [m3] 1173 

aspect ratio A 2.56 3.45 5.35 4.0 4.0 4.5 

elongation li. 1.6 1.5 1.7 1.7 1.85 1.8 max. toroidal field flt max [T] 13 

triangularity 8 ~0.3 ~0.3 ~0.3 ~0.3 ~o.s ~0.2 toroidal field on axis Bt [T] 8.75 

plasma volume V [m3] 2189 2490 1173 880 760 540 fl ux safety factor !J'l' 3.0 

plasma current fp [MA] 12.4 

flux safety factor Q'l' ~2.85 3.0 3.0 4.0 5.0 4.5 bootstrap current fraction 0.46 

plasma current Jp [MA] 24 20.3 12.4 10.6 12.0 10.2 

bootstrap current fraction 0.21 0.14 0.46 0.63 0.75 0.68 
He concentration f He [%] 10 

plasma temperature (T ) [ke V] 13 12 13 12 17 20 
effective charge number Zeff 1.5 

electron density (n) [l020m- 3] 1.07 0.6 1.45 1.8 1.4 1.5 
average plasma temperature (T) [keY] 13 

average toroidal beta fJ [%] 4.2 1.3 2.1 3.1 2.7 2.0 peak plasma temperature T0 [ke V] 22 

average electron density (11 ) [I020m- 3] 1.45 

max. toroidal field Bt max [T] 12.8 12.5 13 13 16.5 21 peak plasma de nsi ty no ( J020m- 3] 2. 18 

· toroidal fie ld on axis Bt [T] 5.7 7.12 8.75 7.33 9.0 11.3 Greenwald dens it y li mi t HGr [ l 020 m- 3] 0.96 

Troyon fac tor g [o/o ·m-T/MA] 2.8 

heating/C. D. power [MW] 50 30 40 40 60 100 average toroidal beta Pt [%] 2. 1 

fusion power output [MW] 1500 800 2700 2700 3000 2544 average polo idal beta J p 1.55 

power multiplication ~40 > 500 > 500 > 500 50 ~25 confi nement enhancement factor fH 1. 80 

operation time ~0.28hrs ~4.5hrs ~7hrs ~6hrs steady- steady continued on next page 
state state 
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co11ti11uedjrom previous page conti11uedjrom previous page 
JOLT lDLT 
Comm. Comm. 

energy confinement time 'T'E [s] 2.26 fusion burning time tb [hour] 7 

dwe ll time lctw [sec] ~ 600 
net electric output power Pnet [MW] 1026 current ramp up time tu [s] ~ 40 
gross electric output power Po [MW] 11 38 curren t ramp down time lct [s] ~ 120 
fusion power Pr [MW] 2700 

them1al output power Pth [MW] 3348 

power to SOL PsoL [MW] 446 

Bremss trahlung power loss Ps [MW] 78 

synchrotron rad. power loss Ps [MW] 26 

synchrotron power loss recovery fraction 0.9 

divertor heat flu x Pdiv [M W/m2
] 26 ~ 33 

divertor temperature Tctiv [MW/m2
] 25 ~ 60 

inboard blanket-shield thickness [m] 1.4 

OH coi l field BoH [T] 10 

OH coil flux 2'PoH [Y·s] 1654 

OH coi l energy 11'1 [GJ] 46 

TF coil energy 11'1 [GJ] 11 0 

energy multiplication factor in blanket fo.1 1.3 

heat to electricity conversion e ffi ciency 17 0.34 

plant e fficiency 1)pJ 0.31 

electric power fraction for plant operati on E 0.099 

power for auxiliary systems Paux [M W] 80 

plasma heating power Ph [MW] 40(50) 

heating duration [s] 40(30) 

co11ti11ued 011 next page 
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Figure 3.1: Bird view of IDLT reactor with power regulation system. 
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Figure 3.2: Cross section of ITER (EDA), IDLT Reactors, VNS and SSTR. 
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Chapter 4 

IDLT DEMO reactor 

4.1 Introduction 

4.1.1 DEMO reactor, the next step from ITER 

Recently, the International Thennonuclear Experimental Reactor call ed ITER is be ing 

designed under the international collaboration [67], and the demonstrati on of the scien

tific feasibility on DT ign ition plasmas might be expected in ITER dev ice. Based on thi s 

scientific knowledge on the plasma physics and the advancement of fus ion nuclear engi

neering in the near-tern1 R&D program , it is quite worthwhile to study on the feasibility 

of a DEMO reactor [68]. It is needless to say that the general definition of the DEMO i a 

demonstration of the engineering feasibility of a fusion reactor as an elec tric power plant , 

while detailed criteria and parameters which has to be equipped in the DEMO are not so 

clear. 

Recently, the design activity on the DEMO has been started in U.S., where the general 

mission of the DEMO is clarified to demonstrate that fusion power is a secure , safe, li 

censable, and environmental ly attractive power source that is ready for commerciali zation 

at an economically superior total cost [15]. While, Stacey has discussed on the DEMO 

from the viewpoint of the reasonable extens ion from the ITER, where two versions with 

conventional austenitic stainless steel and advanced vanad ium alloys are designed for the 

DEMO [69]. 
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So as to reali ze an attractive and economically-competitive fusion reactor, many R&D 

issues such as advanced material, high-field coils and high heat flux components are 

pointed out. For shortening the path to the fusion power plant, a pilot plant in advance of 

fu ll-scale facilities has been proposed [70], where various types of tokamak plasma de

vice are designed. In parallel with the design of the DEMO reactor, these R&D programs 

should be strongl y promoted , and more attractive fusion reactor should be pursued. 

4.1.2 Object of IDLT DEMO reactor 

Our principal philosophy for the DEMO reactor is "the early realization of the fusion 

reactor", especially in the earl y phase of the nex t century and we believe that the con

struction of the DEMO reactor leads to launch a fusion energy into an argument on energy 

strategy. In our DEMO reactor design, therefore, the priorit y is given to the early and reli

able reali zati on of the DEMO reactor over the cos t perfonnance, because we should avoid 

optimistic expectati on of the success on many R&D issues. Here we design the DEMO 

wi th the database based on presently-established knowledge on plasma physics and fusion 

engineering, most of which are employed in the design of ITER device and are planned in 

the near-term R&D program. 

The schemat ic program for the fusion reactor development which we are proposing is 

shown in Fig. 4. 1. Referring database available from ITER-BPP (Bas ic plasma perfor

mance) ignition plasma and Fusion Nuclear Testing, such as YNS described in Appendix 

A, we can complete the design of the DEMO reactor. After several-years' construction 

phase, we can start to operate the DEMO in 2023 with a full or a limited fusion power, de

pending on the material development. This development scenario is extrapolatable to the 

fusion commercial reactor such as commercial Inductively Driven Long pulsed Tokamak 

reactor called IDLT reac tor desctibed next chapter. 



66 

4.1.3 Review of the material for DEMO reactor 

One of the most important R&D issues for fusion reactors is a development of the ad

vanced materials such as ferriti c steel, Vanadium, SiC and so on. S iC has a quite high 

tolerance for neutron irradiation, but engineering experience for the large-sca le structural 

material seems to be quite premature. Vanadium alloy is a candidate for blanket materials 

on ITER EPP-phase, but the industrial applicati on is quite poor, and the compatibility with 

coolant might be seri ous. The tole rance for neutron irradiation in ferritic steel might be 

acceptable in DEMO reactor, and the irrad iation test for various types of ferritic steel is 

strongly promoted [71]. However, recent stud y on plasma disruption points ou t the re

quirement on the remarkable reducti on of the error field ( fl / 80 = 10- 4 ~ 10 5 ) [72]. 

The error field due to ferritic steel might be carefu ll y taken into acco unt , even though the 

ferritic steel is used in the magnetically saturated condition. 

Characteristic of the austenitic stainles steel and its limitation for the advanced fusion 

systems are summarized in Ref. [73]. where swelling resi stance, radiation hardening, he

lium embri nlement, and irradiation assisted stress corrosion cracking (IASCC) seems to 

be main concerns, and the neutron fluence of I ~ 2MW·a/m2 seems to be an upper limit in 

fusion reactors. While, we have a plenty of experiences and ac hievements in fission reac

tors on the austen itic stain less steel s, and the improved aus tenitic stai nless steel tolerable 

up to~ 100 dpa (displacement per atom) has been developed in FER as PNCI520 [74]. 

From these standpoints we believe that the earliest path to realize a DEMO reactor is the 

utilization of the austenitic stainless steel in the first stage. The long tenn of R&D of the 

material is not needed. To satisfy the des ign criteri on for the austeniti c sta inless steel, 

the DEMO reactor has to be designed so that the ignition plasma is achievable even in 

a low fusion power, being sacrificed a slight increase of the plasma volume. Since this 

DEMO reactor has a capabi lity to produce a further fusion power, a step-wise increase on 

the fusion power is poss ible, keeping in step with the material development. 
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4.1.4 The demand for the power supply on DEMO reactor 

Other cri tical criterion of the DEMO reactor is an electri c power suppl y in the range 

of a few hundreds MWe continuously (or inte rmillently) to the commercial network with 

high availability. The steady-state operation is preferable for continuous supply of the 

electric power, but the pul sed operati on with a suffi cientl y high duty factor is not exclu

sive, because in DEMO reactor the continuous output of electric power to the commercial 

network is not indispensable. 

According to above mentioned philosophy, we design the pulsed DEMO reactor, and 

discuss its performance and perspective as a test reactor for the developments on the ad

vanced physics and technology. 

4.2 Basic parameter design 

4.2.1 Basic parameter decision 

Calculation basis 

Plasma design is based on the guideline proposed in ITER-CDA (Conceptual Design 

Activity) [49] . A plasma wi th a major radius Rand a minor radius a is considered. and as

sume a profi le of the plasma parameters with the form of .r(r) = 1'(0)( 1 - (r / a)2) 0
' , where 

x denotes plasma densi ty and temperature . Here we assume to be G ., = 0.5 and C\r = 1. 

The safety factor at the plasma surface q'l'(a) is chosen to be 3. According to the increase 

of a plasma elongation K and tri angularity b, the plasma perfonnance such as plasma con

finement and beta limit is improved, but the controll ability for a vertical instability such as 

VDE(Vertical Displacement Event) and the compatibility with the divertor configuration 

become worse. In addition, in order to keep a stabili ty for a highly elongation plasma such 

as ITER-CDA des ign (e.g., K > 1.8 ~ 2), the feedback coil interlinked wi th TF coil is re

quired. While, in ITER-EDA des ign, U1e plasma elongation is remarkably reduced down 
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to n, < 1.6, and the triangularity of 0.24. As the aspect ratio is increased, the vertically 

elongated plasma becomes more unstable, resulting in the increase of the growth rate on 

the vertical instability. Taking this vertical stabilit y criterion into acco unt, we reduce the 

plasma elongation, as the aspect ratio is increased. 

We employ ITER89-P scaling with a confinement enhancement factor H of 2, and take 

the beta limit given by Troyon scaling into account. The accumulation of helium ash 

strongly affects on the ignition condition, although the pumping efficiency through the 

divertor region is not so clear. In ITER-EDA design, the fraction of the he lium in the 

core plasma is assumed to be 12.3% in lTER89-P caling. We also adopt thi s value for 

the helium fraction. As a primary impurity we conside r a beryllium, and assume to be 

I ~2%. 

In general, there exist two operating points; one is in a hi gh-density/low-temperature 

regime and another is in a low-density/high-temperat ure one. The Fonner is preferable for 

the compat ibility wi th the divertor plasma, however, the thennal instability is caused in 

this regime. Therefore, we select low-density/high-temperature operation point because 

of the thermal stability. 

The maximum magneti c field strength of TF coil Dt,max and OH coil Bou.max are 

selected to be 12.5 T and 13 T. The di stance dpc between the plasma surface and the TF 

coil position at the maximum magnetic field strength is assumed to be 1.4 m. The widths 

ofTF coi l WTF and OH coil w011 are detennined by the mechanical stress and the current 

density of the superconducting coil with OD sys tem code described in Chapter 2. The 

toroidal field strength at the plasma center B1 and the available flux <l>oH at the central 

solenoid are resultantly given by 

Bt,max(R- a- dpc) 
Bt = R (4. 1) 

<1>011 = 2Bo11 <R - a- dpc - 711TF - wou/2)2
. (4.2) 
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The average neutron flux ?J;n and the maximum neutron flux are calculated by OD system 

code. 

Calculation results 

The device size for satisfying an ignition condition is explored for various aspect-ratio 

plasmas. Figure 4.2 shows a critical fusion power necessary for igniting a plasma as a 

function of the major radius for various aspect-ratio plasmas. If we want to reali ze an 

ignition plasma with a smaller device, we have to increase the fusion power extremely, 

although the beta limit imposes the upper limit of the maximum fusion power. For exam

ple, in ITER-EDA plasma with the major radius of 8. I m, the fusion power of 1.3 OW 

is indispensable for achieving an ignited plasma. However, thi s high fusion power yields 

other engineering problems such as handling of high heat flux at the di vertor plate and 

developments of the first wall material s tolerable for the high neutron flux. 

Here, we should pay attention that the critical fusion power is a very strong function of 

the major radius. In other words, a slight increase of the major radius yields a remarkable 

reduction of the critical fusion power. For example, if the major radius is increased from 

8.1 m to 8.5 m, the critical fusion power becomes to be 0.6 OW. Although the cost of 

the device might increase with the major radius, the reduction of the fusion power would 

make it possible to adopt more established technology, and to guarantee a high reliability 

of the plant. 

In Fig. 4.3 an average neutron wall loading is estimated for these parameters. The 

neutron flux of 1 MW/m2 is expected in ITER-EDA . Here we set the design criterion on 

the neutron flux less than 0.5 MW/m2 When a poloidal asymmetry of neutron flux is 

taken into account, the maximum neutron flux might become 0.8 ~ 1.0 MW/m2. Even if 

the austenitic stainless steel is employed in this DEMO reactor, replacement in every 2 -

3 years might be suffici ent in the circumference for high duty factor of 50%. 
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Another requirement for the DEMO reactor is the operation period , when the pulsed 

mode operation is adopted. Figure 4.4 shows the operation period for each paran1eter. 

The dwell time of the inductively-operated tokamak is , roughly speaking, about 5 - I 0 

minutes. To realize a high availability of the DEMO reactor, the operation period of a few 

hours would be required. In the case of .4 = 2.7, it would be not available to design a 

device with a long operation pe riod more than a few hours. 

The construction for the long operation period up to 3 ~ 4 hours requires the device with 

the aspect ratio of A ~ 3.5. From these consideration we have selected device parameters 

of DEMO reactor as follows; R = 10m, a = 2.9 m (A = 3.45), Pr = 0.8 GW, 9n = 0.4 

MW /m2 , (T) = 12 keY and operation period of 4.5 hours. The cross secti on of DEMO 

reactor is depicted in Fig. 4.5 , where all of the poloidal co il s arc located outside of the 

TF co il s, and the suffi cient space is prepared for the divertor room at the lower part of the 

vacuum chamber. 

The POPCO plot of thi s DEMO reactor is shown in Fig. 4.6, where lines of Pr = 

0.8 GW and Troyon g = 3 are also depicted. There exists two operation points; one is 

low-temperature/high-density regime ((T) = 8.7 keY, (n20) = 0.84) and another is high

temperature/low-density regime ((T) = 12 keY, (n20) = 0.6), and the operation periods 

are 2.7 hours and 4.5 hours. Since the latter is thennally stable, and give a long operation 

period , we select the high-temperature/low-density operation point. 

Since thi s DEMO reactor is operated at the reduced power leve l with a Troyon factor 

g of 1.2, there exists a great margin for the beta limit. This gives an opportunity for thi s 

DEMO reactor to be operated at the elevated fusion power. Usually the maxi mum fusion 

power is limited by the Troyon factor. If the beta limit with the Troyon factor of 3 is 

acceptable, the fusion power of 5 GW is available in this DEMO reactor with an advanced 

neutron wall loading of2.5 MW/m2 . The pulse length is prolonged up to 6 hours at the full 

power operation, because of increase of the bootstrap current fraction. Therefore, if the 
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materials tolerable for high neutron flu x are developed, and high heat flux can be handled 

at the divertor region, this DEMO reactor is conceivable for high power fusion reactor. 

Parameters of the DEMO reactor is li sted in Table 4.1 for limited and full power cases. 

4.2.2 00 system code, the wall loading 

OD system code is used the previous parameter survey, and Figure 4.7 shows the result of 

JOLT DEMO reactor. It shows elevati on view, ground view, radial build , and the neutron 

wall loading. The neutron wall loadi ng of IDLT DEMO reactor is lower than that of ITER 

EDA (Figure 4.8). The struct ure material for ITER EDA is SUS316 for the enonnous 

experiment by fission reactor. Therefore, SUS316 is also used for IDLT reactor for the 

structure materi al. 

4.3 Operating scenario 

4.3.1 Ramp-up time 

From the POPCON plot, in Fig. 4.6, the auxiliary heating of20 MW would be enough 

to reach the self-ignition region, however, the investigation that how long the auxiliary 

heating turn on is necessary for JOLT DEMO reactor. The ramp-up simulation based 

on OD power balance equation is calculated for detern1ining the length of the auxiliary 

heating. The detail of the ramp-up simulation is described in the next chapter. 

The calculation result is shown in Fig. 4.9. The auxiliary heating power of 20 MW is 

enough to enter the self-ignition region, however, it takes about more than SO seconds. 

The heating time can be shorten by increase the heating power; The auxiliary heating of 

25 MW and 30 MW, it takes about 40 and 30 seconds, respectively. The IDLT DEMO 

reactor adopt the auxiliary heating of 30 MW. 


